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SHOCK ANALYSIS AND SIMULATION

MEASUREMENT AND ANALYSIS OF SPACECRAFT SEPARATION
TRANSIENT RESPONSE FOR MARINER-TYPE SPACECRAFT®

Phillip Barnett
Jet Propulsion Laboratory
Pasadena, California

The Mariner spacecraft separation transient event and the efforts of the Jet
Propulsion Laboratory to design ground tests for this event for both proof
tes{ mode!l and flight spacecrait sre described. A test program is described
for measuring and evaluating the structaral response of the spacecraft for
the separation transient event is presented.

Measured spacecraft acceleration transient-response data in the form of time
histories, shock spectra, and Fourier transforms are presented for a series
of ground tests of pyrotechnically initiated spacecraft V-band separation
events. Conclusions are drawn pertaining to the relative magnitude of the
spacecraft transient-response parameters for the range of V-band tensions
used during the test program and to the feasibility of generating proof 1est
model and flight spacecraft ground tests for this event. Instrumentation, data
acquisition, and data handling techniques are briefly discussed.

INTRODUCTION

A slgnlficant shock transient is experienced
by the Mariner spacecraft (Flg. 1) as a result of
spacecraf. separation. Prior to separation, the
spacecraft is secured to an adaptor atop the
booster by means of a tensioned V-band that
secures the eight feet of the spacecraft to eight
matlng surfaces on the adaptor. To separate
the spacecraft from the adaptor, two pyrotechnic
release devlces spaced 180 deg apart around the
V-band are fired simultaneously, suddenly re-
leasingthe 2500-1b V-band tenslon, ard preloaded
springe ln the adaptor separate the spacecraft
from the booster. This action, of pyrotechnic
firing and the sudden release of the V-band ten-
sion resulting In the rapid release of sfored
energy ln the structure, reprezents a significant
shock transient for the spacecraft structure and
the electronlc assemblies mounted throughout
the vehicle. For a transient environment as
slgnificant as this (or for that :natter any sig-
nificant environment), g..ound tests to reproduce
the effects of this environment on both proof
test models (PTM) and flight spacecraft are

necessary to demonstrate spacecraft design
compatlbility and flight worthiness, respec-
tively. This requires a method of controlling the
«ransient-response parameters (which would be
a measure of the test severity) throughout the
spacecraft. Then test levels and test margins
for PTM and flight spacecraft consistent with
the overall environmental test philosophy and
methodology at the Jet Propulslon Laboratory
could be obtained: PTM test leveis would be 1.5
times flight test levels, which in turn would be
obtained frorm the 95th percentile of measured
flight data.

To determine the feasibility of such a
ground test sequence, a test program was con-
ducted by the Jet Propuision Laboratory to
evaluate the spacecraft transient response for
various V-band tensions and pyrotechnic con-
figurations using an instrumented structural
test mocei (STM) of the Mariner Venus 67
spacecraft. The objectives of this program
were tc:

1. Empirically determine if a relationship
could be derived between the measured

*This research was carried out under Contract NA3 7-100 from the Nationa! Aeronautics and Space

Administration.
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transient response of the structure (accelera-
tion vs time, shock spectra, or Fourier trans-
{ f.rm magnitude) and the initially applied

i V-band tension,

2. Determine the effect, if any, of the size
of the pyrotechnic charge in the release mech-
anism of the V-band on the transient response
of the structure;

3. Enhance the general knowledge and state
of the art in the areas o: instrumentation, data
acquigition, and data handling and analysis for
pyrotechnic shock testing to be better able to
cope with the unique problems of pyrotechnic
shock phenomena.

TEST DESCRIPTION

The test vehicle for this program was a
Mariner structural test model, shown in Fig. 2.
The solar panels and omniantenna were cmitted
since it was felt that the absence of these as-
semblies would not affect the high-frequency
structural response. The STM was structurally

Fig. 1. Mariner Venus 67 spacecraft

complete with dummy assemblies in the baye,
wiring harnesses, midcourse motor, and higl:-
gain antenna.

All testing was performed with the Mariner
STM atop an adaptor, which was similar to the
adaptor used to secure the spacecraft atop the
Agena booster. The spacecraft was secured to
this adaptor with a V-band fabricated of 7075
aluminum. This V-band secured the eight feet
of the spacecraft ‘o eight mating surfaces on
the adaptor. The tension in each of the eight
individual segments of the V-band was continu-
ously adjustable and measurable (with 8 strain-
gage bridge circuits, one in each segment of the
V-band), providing uniform load distripution at
each of tne eight mounting feet. The transient
shock wus generated by tensioning the V-band
to the prescribed value and rapidly releasing
this tension by means of the two pyrotechnic
devices on the V-band positioned 180 deg apart
at bays Il and VI (see Fig. 3).

There were nine V-band releases during
this test program using three different V-band
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Fig. 2. Mariner Venus 67 stractural test model:
overall view of test setup

TABLE 1
V-Band Separation Test Sequence
V-Band
Run | Tension Pyrotechnic Configuration
(Ibj

190C |2 live pyros per release device
1900 |2 live pyros per release device
2200 |2 live pyros per release device
2200 12 live pyro3s per release device
5a 2500 |2 live pyros per release device
62 | 2500 |2 live pyros per release device
2500 |1 live pyro per release device

2500 |1 live pyro per release device

2500 1 release device inertand 2 live
pyros in the other

PN 7 U

a;_
Flight configuration

tensions and various pyrotechnic con.gurations
as shown in Table 1. The range of V-band ten-
sions was 1900-2500 lb. The lower limit is the
minimum load that can be applied to the release
device and still be assured of separatlon. The
upper limit was governed by spacecraft struc-
tural and V -bana limitations.

Tensionlng operations proceeded as follows:

1. The eight segments of the V-band and
release device.: were assembled, lcosely placed
around the spacecraft, and secured.

2. Tenslon in each of the segments was in-
creased gradually to approximately 500 lb.

3. At a tension of 500 lb, a rubver protec-
tive covering was placed over the V-band and
the lanyards connected from the adaptor to the
V-band. These lanyards pull the V-band down
into the adaptor after s¢paration and prevent
the V-band from flying off uncontrolled.

4. The V-band tension was increased in
200-1b increments to the prescribed tension. At
each 200-1b increment, all strain gages on the
V-band and the structure were recorded.

5. After the desired tension was obtained,
the rubber protactive device was removed and
the live pyros installed into the release device
and wlred.

6. The room was cleared of all personnel
and the pyrotechnics fired by a remote switch
in an adjacem room.

INSTRUMENTATION

To record and analyze the transient re-
sponse, the structure and V-band were instru-
mented with accelsromoters and strain gages.
The spacecraift tructure was instrumented with
triaxial accelerometers and strain gages. The
accelerometers were cemented onto structural
webs cf the upper and lower rings of the space-
craft (Fig. 3). Three strain-gage pads were
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located on the lower ring of the structure to
record the load taken by the structure during
tensioning operations and also to record the
stress release during the V-band separation.
There were gages located on the radial webs at
foot A and foct C (Fig. 3). The third gage was
located on the inner channel between foct C and
foot I* (Fig. J) at bay III. These gages were
wired to cancel all bending lozds and to serse
tension and compression only. In addition, they
were temperature compensated.

The V-band instrumentation (Fig. 4) con-

sisted of 10 strain gages. There was one 1/2-in.

gage in each of the eight V-band segments.
These gages were used to measure and record
V-band tension during tensioning operations
prior to the V-band reiease. Two additional
1/8-in. gages were located as shown (Fig. 4),

in the b~y II segment (with one of the release
devices). Data from these 1/8-in. gages, along
with the existing gage in bay i, were recorded
during the release to measure V-band response.
These gages were also wired to cancel all bend-
ing loads and were temperature compensated.

The accelerometer data were limited by
the natural frequency of the accelerometers
used (28 kHz). Therefore, the accelerometer
data presented here are considered accurate up
to 7.0 kHz oniy.

(6) 178-1n. GAGE 178-1n. GAGE
RECORDED DURING RECORDED DURING
RELEASE

S o RELEASE DEVICE
0.60 n

i72-in. STRAIN GAGE USED TO MEASURE V-BAND
TENSION RECORDED DURING RELEASE

Fig. 4. V-band instrumentation:
bay II segment

DATA HANDLING

Data Acquisition

Al strain-gage data (10 V-band gages and
3 structure gages) were recorded or digital
readout and chart paper during the V-band ten-
sioning :peration. Prior to testing, th2 V-bands
were pulled in a tensile-testing machine and the
strain gages 'were calibrated in pounds. The
structure gage calibrations were derived from
the known gage factors and the modulus of elas-
ticity of the magnesium structure. During the
V-band release, the accelerometer and six
strain gage outputs were recorded on FM mag-
netic tape with frequency response flat to 20 kHz.

g




Dat» Reduction and Aralysis

The transient accelerometer data were re-
duced digitally to plots of time history, shock
spectra (primary and residual), and energy-
density spectra. The shock spectra and energy-
density specira were derived {rom the tape-
recorded signal using JPL programs 5628 [1]
ard 5695, respectively. Phase data were ob-
tained for the Fourier transform of the tran-
sient p:1ses, but are not presented here. The
energy-density spectrum is the square of the
magnitude of the Fourier transform of the re-
sponse pulse plotted against frequency. Hence,
if the response pulse is expressed as g(t), then
the magritude of tte Fourier transform of this
response can be called [G(f)! and the energy-
density spectra may be expressed as (G f)|2
The area under |G(f)|2 vs frequency curve is

@ @

I [C(fyi2df = I g(t)2dt

® e

and is a measure of the '"tctal erergy' of the
pusge.

The shock-spectra data presented here
represent the peak response of a single-degree-
of-freedom oscillator (Fig. 5) to the shock tran-
sient. The peak response of the oscillator is
presented as a function of the natural frequency
of the oscillator over the frequency range of
interest. There are two shock-spectra curves
associated with each transient: the primary
and the residual. The primary spe-frum rep-
resents the peak response of the single-degree-
of-freedom oscillator during the time the tran-
sient exists. The residual spectrum represents
the peak response of the oscillator after the
pulse has passed. The analysis can be per-
formed for any chosen value of oscillator damp-
ing; the damping ratio used in this analysis was
0.025 (Q = 20). Figure 5 is a simplified single-
degree-of -freedom oscillator model of the
shock-spectra analysis process. All data pre-
sented here are primary shock-spectra data.

RESULTS

During each of the tensioning operations
previously described, the stress response in
several structurai members of the spacecrait
lower ring and in each of the eight segments of
the V-band was recorded. Figure € is a pre-
sentation of tne scatter of the measured tension
around the eight V-band segments prior to the
pyrotechnic release. Except for run 5, ali ten-
sions fall within +2 percent of the tension
desired.
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Fig. 5. Single-degree-of-freedom
oscillator model for shock-zpectra
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eight V-band segments vs nominal tension

Figure 7 presents a sample of the stresses
recorded in the structural members for one of
the five "'similar” tensioning operations up to
2500 lb (flight tension). In spite of the attempt
to control carefully the spacecraft loading by
means of the tensioning operations, there were
noticeable differences in the stresses produced
in the structure for each of the runs at the same
nominal V-band tensior. Figure 8 presents the
scatter in the spacecrait stress for the nominal
value of V-band tension for the five runs to
2500 1b. The largest stress variation just prior
to V-band release occurred in the gage at the
radial web of foot C, showing approximately a
500-psi spread from run 6 (4550 psi) to run 8
(4050 psi), or about a 12.5 percent variation in
stress at this location for these runs.

Sample strain-gage data recorded during
the V-band reiease are shown in Fig. 9. These
data indicate that:

1. There is a time lag of nominally 100 to
200 usec between the release of the V-band ten-
sion and the subsequent ""relaxation' of the
structure.
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2. During the energy release era, the siope
of the stress-time response of the structure is
less than the slope of the tension-time response
of the V-band.

The time history of the response accelera-
tion (samples shown in Fig. 10, a and b) result-
ing from the V-band releases are characterized
by very complex oscillatory transients with rel-
atively high peak g levels, jagged irregular de-
cay rates, ard a low net velocity change. Typi-
cal peak g values recorded during this test
ranged from 100 to 1000 g at the bottom ring
and from 40 to 125 g at the top ring. The pre-
dominant part of the pulse lasted for approxi-
mately 5 to 10 msec.

Comparison of sample response spectra at
the top and bottom of the spacecraft structure
for the V-band tensions (Figs. 11-13) of 136U
and 2500 1b and various pyrotechnic configura-
tions reveal the following pertinent resuits:

1. The scatter in response spectra for two
tests of "identical’ test conditions can be ex-
pected to be at least 10 db (approximateiy 3:1°
ratio of shock spectra) at some frequencies
throughout the range of interest.

2. The variation in the shock-spectrum re-
sponse between a 1900-1b release and a 2500-1b
release is of the same order of magnitude as
between two identical tension releases. The
magnitude of these indiviriual spectrum responses
does not increase "'nicely’”’ with increasing
V-band tension, and it can be stated that no em-
pirical relationship could be found relating
V-band tension and response spectra. However,
the data show that u higher shock-spectrum re-
sponse is more probable with the highest V-band
tension than with the iowest tension.

3. The size of the pyrotechuic charge bears
no measurable relationship :0 the magnitude of
the structural response.
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Fig. 10. Acceleration transient time history for
V-band relcase (2500 1b): bottom of structure
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4. The spectral responge at the top of the
structure (farthest from the Y-band) is typically
one half to one fifth of the response ai the lower
ring of tiie structure (2pproximately in the plane
of the V-hand). In addition, there appears to be
no agreement between the shock-spectrrum re-
sponse scatter and the relative magnitudes of
the compression stress recorded in the space-
craft lower ring prior to release for runs of
similar tension.

Typical of the shock-spectrum responses
was the "knee" in the curve at approximately
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Fig. 13. Composite shock spectra
for 2500-1b V-band tension, three
different pyrotechnic configurations:
lower ring of spacscraft

3000 to 5020 Hz, where the spectra peaiied and
leveled out at approximately 150 to 700 g at the
top of the spacecraft and between 1000 and 5000 ¢
at the lower ring.

All shock-spectrum data for runs of similar
tension and pyrotechnic configuration ware aver-
aged independently of accelerometer location
and orientation, and a composite piot of average
response spectra for each test configuration was
generated (Figs. 14 and 15). These curves are
a gross presentation of the spacecraft spectra
response as a function of V-band tension and
are another indication of the lack of sensitivity
of the spacecraft response to the initially applied
V-band tension or pyrotechaic configuration.

Energy-density-spectrum data were alse
derlved from the response transients in an at-
tempt to determine if some definable trend in
the response could be discerned. Samples of
these data are shown in Figs. 16 and 17. As
might be expected, these data reveal basically
the same results as the shock-spectrum data
when comparing spacecraft structura! response
for the 1900- and 2500-1b V-band tensions at the
tcp and bottom of the spacecraft:

1. Simnilar scatter for identical events and
for wo separations of 1900- and 2500-1btension;

2. No detectable relationship between pyro-
technic charge size and response transient.

However, there is another parameter asso-
ciated with the Fourler trunsform or energy
density (aside from phase) that may be usefui
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in expressing the "'severity” of the response
transient. This is a measure of the "total en-
ergy' as expressed by

T L

J G f) 2df - j g(t)2dt  area under energy
@ " density spectrum

where

g(t) - transient time history,
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It is of interest to exaniine and compare the
areas under the energy-density spectra, derived
from the response transients at the various
spacecraft locations for each run, to see if a
trend exists in this parameter. Table 2 presents
all "total-energy'' data derived from the tran-
sient response for all test configurations. As
before, a scatter between data of similar runs
exists, and this scatter is consistent with the
erergy-density data.
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TABLE 2
Total Energy Recorded at Response Accelerometer Locations
Run: 1 2 3 4 5 6 ] i 8 8
V-Bund Tension (1b): 1900 1 1300 | 2200 | 2200 | 2500 | 2500 | 2500 | 2500 | 2500

Accel. | Sensitive i a 2

Code A& Location Tota) Energy (g--sec)

B3 z Top 7.7 1 1.3 10.8 9.8 | 1.9 7.4 4.1 12.9 | 12.7
B1 X Top 70 ; 7.4 9.71 9.4 8.8 6.9 3.4 10.5 | 14.0
B2 Y 46 | 5.7 60| - 6.7 4.6 2.9 6.9 9.4
B3A Z 59 | 5.6 8.6 -~ 12.1 7.2 3.9 104} 12.4
B4 X Top 22| 3.8 41| - 3.2 5.9>| 3.8 3.8 2.6
B5 Y 15 | 2.4 1.6 - 1.8 2.5b| 1.5b 1.6 1.4
B6 Z 1.2 ! 1.4 1.8 - 2.0 2.6 1.30 1.7 1.4
BBl X Bottom |96.0 | 97.8 | 141 -~ 132 65.6 | 45.6 | 156 170
BB2 Y 44.2 1584 | 763 37.1 ! 685 | 173 | 12.9 77.3 | 4.7
BB3 Z ~ |21.8 | 274|243 | 28.1| 125°| 7.2 30.0 | 31.8b
BB4 X Bottom | 64.1 | 87.5 - - - 110.3 | 68.2 58.1 | 42.5
BBS Y 19.8 | 36.0 - - = 46.4 | 27.3 17.7 | 116
BB6 Z 7.2 1 9.6 - - - 12.3 8.5 6.8 5.6
BB7 X Bottom [19.1 | 21.0 { 27.4/ 29.3 | 31.2 | 25.0 | 15.2 30.9 | 27.6b
BBS Y 56.8 155.1 | 60.2| 94.0 | 62.7 ] 40.5 | 24.8 53.0 | 68.5
BB9Y Z 6.8 6.6 10.0 | 15.0 9.8 9.5 6.1 9.6 | 12.7b

3Measurements taken at top or bottom of spacecraft structure.
Data taken from shortened sample length due to V-band rebound.

Table 3 presents the "'total-energy'' param-
eters averagec for those runs of similar tension
and pyrotechnic configuraiior. This table is
partlcularly revealing in that the lowest tension
rurs never produce maximum 'total-energy’’
responses and rarely exceed the flight tension-
pyrotechnic configuration of runs 5 and 6. Also,
the runs employing the half-pyro charge in the
V-band release devices never result in maxi-
mum "total-energy' responses and exceed the
flight configuration "total energy'' at only 2 of
16 locations. Furthor analysis of this table re-
veals the app~rent anomaly that the "total en-
ergies” of runs 3 and 4 (2260-1b tension) exceed
those of runs % and 6 for more than 50 percent
of the response locations.
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CONCLUSIONS

1. Increasing V-band tension for this test
configuration does not produce a controllable
increase in the transient response as described
by the parameters discussed here: shock spec-
tra, Fourier transform, or "total energy." How-
ever, the chances of producing a greater re-
sponse appear to be increased when a iarger
V-band tension is applied.

2. The pyrotechnic coniiguration (full
charge or half charge in tae release devices)
does not appreciably alter the frequency-
response characteristics of the «tructure. The
"total-energy’ parameter suggests that there
may he a relationship between pyrctechnic size
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TABLE 3
Total Erecgy Averaged for Ruas of fimilar Tests
Run: i, 2 3,4 5,6 7, 8 9
V-Band Tension (lL): 1900 2200 2500 2500 2500
Half 1 ful’
Accel. Sensitive Location2 Full Pyro Charge Charge 1 inert
Code Axis
Average Total Energy {g?-sec)

B3 z Top 1.5 10.3 10.9 8.5 (12.7)
Bl X Top 7.2 9.6 8.4 7.0 14.0
B2 Y 5.2 6.0b 5.2 4.9 (9.4)
B3A z 5.8 8.6b 10.9 7.2 {12.4)
B4 X Top 3.0 4.1b {4.6)c 2. 2.6
B5 Y 2.0 1.6b {2.2)¢ 1.6 1.4
B6 z 1.3 1.8 {2.3) 1.5¢ 1.4
BB1 X Bottem §7.0 141.0b 98.8 101 (170)
BB2 Y 51.3 56.7 42.9 45.1 73)
BB3 z Z1.8 25.8 20.3¢ 18.6 (32)c
BB4 X 75.8 - {110.3)b.c 63 42.5
BBS Y 27.9 ~ {46.4)b.c 22.5 11.6
BB§ Y 8.4 - {12.3)b.c 7.7 5.6
BBT7 X Bottom 20.1 (28.9) 28.1 23.1 27.6¢
BBS8 b 56.0 717.1 51.6 38.9 {69.8)
BB9 z 6.7 12.5 9.7 7.9 (12.7)c
Percentage of accelerometer loca-
tions where total energy exceeds
or equals that of runs 5 and 6: 25 61.5 100 12.5 50

Note. — Data within parentheses give maximum value for all runs.

3aMeasurements taken at top or bottom of spacecraft structure.

Data from only one run available.

€Data taken from shortened sample length due to V-band rebound.

and response, but this appears remote and re-
quires further consideratior:.

In spite of the failure of this evaluation to
produce a more controllable ground test for the
spacecraft separation event, this type of test is
considered extremely important in the environ-
mental test program for spacecraft employing
this type of separation. This test method pro-
v'des an excellent simulation of the actual ii-
flight phenomenon experienced by the space-
craft during separation. It might be necessary

11

of course, to repeat a ground test several times,
taking advantage of the wide response variations,
to achieve the desired responses; but after the
initial setup each release can be accomplished
in a matter of hours.
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DISCUSSION

Mr. Geztel (Allied Research): You do not
hav> to apologize for an operatloi:al type of ex-
plosive test such as this. Even though the shock
spec ‘ra from one condition to the next do :t
reall7 repeat, it looks like an excellent type of
servl e test to prove that something functions
as it rhould. Tn connection with the shock spec-
tra that were plotted, I noticed in at least one
of the hock time histories that the peak accel-
eratlor. of the complex shock motion was about
400 g. Yet at the extreme high frequency end of
the shock spectrum, where one normally antici-
pates an asymptotic approach to the peak accel-
eratlor. of the input, your spectra showed ap-

moxirrately 1000 g instead of the expected 400 g.

Wculd you comment on that?

M.. Barnett: If I understand your questlon
correctly, you ar~ wondering why the ratio of
the shock spectrum to the peak g response is
around two or a little bit more. We were a lit-
tle blt surprised at ihat ourselveas since we have
data not only irom this test, but from the fligh.
spacecraft {or which we did derive thes~ same
ratios. Typically, a ratio iarger than three
would be unusual as far as our data is concerned.

Mr. Schell (WPAFB): May 1 say something
about this question? It is generally asymptotlc
when you have a simple peak, but a great deal
of oecillatory motion in your input gives you
resonant bulldup which amplifies the spectrum
above unity.

Mr. Carpenter (Radiation Inc.): In your
shock spectrum analysis, were you considering
residual response? What were you really iook-
ing at?

Mr. Barnett: These are primary shock
spectra. All of these data were reducad digi-
tally on a 7094 with our shock spectrum program.

Mr. Mustain (Douglas Aircraft Co.): Did
you experience any failures nf equipment or
structure during these tests?

Mr. Barnett: We were using 2 test model.
There were no struct al failures. FHowever,
in addition to running ¢ test, we conducted
pyrotechnic tests on bx.. .f ¢ = Mariner flight
spacecraft and experienced no iailures.

Mr. Mustain: I don't think we have ever
had any real structural faiiures, but there have
been a few reported equipment failures. On the
Saturn program we have had much higher ex-
plosive vaiues than you had on our shock tests,
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yet we failed aimost on equipment. Fortunately,
we had a lot of isolators on our equipment which
attenuated the shock beautifully. I think the best
thing of all is to test the functional ordnance
item with the type of test that ycu've done. But,
if you can't do this, how would you specify the
test? This is the question that people are al-
ways asking.

Mr. Barnett:
ask that question.

I wag hoping that you wouldn't

Mr. Mustain: It is a good one.

Mr. Barnett: Well, at JPL we have an-
swered it for ourselves and I think this is the
key. You have to do the best that you can with
what you have. It certalnly wouldn't be feasible
to mount the spacecraft on a shaker or a shock
machine and try to perform a meaningful shock
test to take care of this particular environment.
That still doesn't mean that this environment 1s
not considered significant.

Mr. Mustain: Surppose we had to specify a
test for a vendor to test his equipment to a
shock spectrum or some other type of shock
input, such as a Fourier spectrum or time his-
tory. How would you best specify for that
vendor ?

Mr. Barnett: We specify a test that can be
done uniformly by all vendors which does not by
any means ercompass this pyrotechnic shock
event. It does give us some increased confi-
dence that the component will survive when we
get it on the spacecrait. I would like to hear a
better idea, frankly.

Mr. Barvey (Goodyear Aerospace Ccrp):
We dld a similar test on our base diameter at
the interiace of the V-band to the heat shirld. it
was 5 feet in diameter and we used a stainless
steel band. As a word of caution 1 might add
that initially we had 2 or 3 strain gages on the
band to check tension and later we put on eight.
We found that the tension is in no way uniform
around the band. This may be one reasor that
you could see no difference between the 1900
and the 2500 lbs. In some cases there was a
variation of from 2500 1bs to 1200 lbs on the
band. As a result we develcped a method for
the Air Force with which we tensioned the band
checking all eight gages during the tensioning
process. We did have a lot of trouble getting
uinform tension ‘n the bands Lefore our first
pyrotechnic test. Incidentally, our results were
very simiiar to yours.
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Mr. Barnett: We did monitor tension con-
tinnwously during tensioning operations and up to
the instant of pyvro firing. For this configura-
tion we detected at most a 2 percent difference
in tension around the entire eight segments of
the vehicle. We had one gage in each segment
and three gages in that bay two segment with
the release device. The tensions were fairly
urniform, again, within two percent.

Mr. Harvey: That's what 1 was saying. We
initially had about three gages on the band as
you did. After we put eight gages on, we found
out that ouz tension distribution around the band
varied ¢c . “iderably without clapping the band
into place 2ach time.

Mr. Barnett: That is one thing that I will
look Into.

Mr. Burton (Martin-Marietta Corp.): With
respect o the occasion when the accelerome-
ters for two similar tests did not respond in the
same manner, was time enough allowed for the
accelerometer to recover? In cther words,
after being shocked, what was the time lag be-
tween that test and the next one ?

Mr. Barnett: I cculdn't tell you to the hour,
but in scme cases we ran the test and then shut
down for the night. At no time was there ever
less than 2 or 3 hours between runs.

Mr. Burton: We have done many similar
tests and have found that the accelerometer was
not able to recover, sometimes within a period
of 24 hovrs. Do you have any comments in this
respect?

Mr. Barnett: immediately after the test
was over, we recalibrated all accelerometers
and found them to be satisfactory.

Mr. Regillo (MIT Lincoln Lab): On the
plots of your acceleration-time bistory you
showed one peak at about 1000 g and the other
about 400 g. Do you recall the duration of the
initial peak on each one?

Mr. Barnett: We feei tl.e important part of
the pulse is nominaliy & milliseconds. I don't
recall offhand what that slope was on the rising
g curve, but T couid get it for ycu.

Mr. Regiilo: Did you use triaxial acceler-
ometers?

Mr. Barnett: No, they were single axis ac-
celerometers mounted as closely as possible in
one location.

Mr. Regillo: Do you recall the frequency
response

Mr. Barnett: Yes, they had natural fre-
quencies of 25,000 Hz. Our tape recorders
were flat to 20 kHz, and, as you might have no-
ticed, we plotied our data up to 7000 Hz.

Mz. Parmenter (Naval Weapons Center):
What was the digitizing rate that you used”

Mr. Barnett: For the shock spectra, itwas
326,000 samples per second.

Mr. Painter (Lockheed California Co.): Your
shock spectrum plots looked rather smocth.
1 would assume you used some value of dainping
rather than undamped spectra. 1s that true?

Mr. Barnett: We need a Q of 20.

Mr. Painter: Do you have any explanatiun
as to wny things leveled off as you increzsed the
pcwer of the explosion? Certainly if one dropped
it low enough you would think that eventually the
spectra would shift and start falling.

Mr. Barnett: This is our feeiing, too. If,
for example, we couid tension the V band to two
pounds, then to four pounds, we certainly would
expect to see a corresponding change in the re-
sponse. However, you cculd see that when we
appliedour lcad, it was fairly linear. The struc-
ture was not designed for this kind of a test. If
we were to design a structure to do what we
would like t to do, I'm sure we vrould design it
quite differently.

Mr. Fnley (Sandia Corp): With your partic-
ular digitization rate of 320,000, how much corn-
puter time is required for your program to turn
out one of these shock spectrum presentations ?

Mr. Barnett: 1-1/2 minutes per spectrum.

Mr. Richardsor (Consoiidated Electrody-
namics Corp.}: How does the pyro device act to
release the tension?

Mr. Barnett: It shears a disc in the release
mechanism. The two pyros are screwed into
their chamber. They ignite, filling the chamber
with gas which pushes o1 a piston that shears
the thin disc. There is a diaphragm in there
that is supposed to contain ali the combustion
and not ailow any of it o escape.
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MECHANICAL SHOCK OF HONEYCOMB STRUCTURE
FROM PYROTECHNIC SEPARATION

J. R. Olsen, J. R. West Jr., H. Himelblau
North American Rockwell Corporation
Los Angeles, California

and

C. D. Knauer, Jr., and P. E. McHorney, Jr.
Hughes Aircraft Company
El Segundo, California

Mechanical shock was measured ot various locations on a half-section
of the Apollo service module, a structure of mainly honeycomb con-
struction. The shock was generated by twin strands of mild detonrating
fuse which simulated the sepa:ation of the service module from the
spacecraft/lunar-module adapter. Shock [or response) spectra of ap-
proximately 10,000 g were measur=d in the vicinity of the separation
line. There was not as much attenuation with distance from the sepa-
ration line as that reported previously for conventional sheet-stringer
construction. The structure, the test program and data acquisition
performed by North American Rockweil, and the data reduction and
shock spectral analysis perforrned by Hughes Aircraft are described.

INTRODUCTION

The Apolle spacecraft, shown in Fig. 1 in
its earth orbital coniiguration, uses a number
of ordnance devices to accomplish separation
of various modules or subsystems throughout
the phases of the Apollo mission. The largest
of these separations is the deployment of the
four panels of the spacecraft/lunar-module
adapter (SLA), shown in Fig. 2; separation is
performed by detonating twin strands of 7 grains
per foot mild detonating fuse (MDF). For the
lunar mission, this event occurs shortly aiter
the Saturn S-IVB stage boosts ‘he spacecraft

from its earth orbit into a translunar trajectory.

After separation, the command and service
modules (CSM) dock with the lunar module (LM)
and extract it from the spent S-IVB, as shown in
Fig. 3. At the present time, the SLA deploy-
ment constitutes the largest pyrotechnic sepa-
ration occurring in an aerospace vehicie in
terms of the total energy expended and the total
length of the separation line. The details of the

separation line configuration are shown in Fig. 4.

Over the past four years. several papers
have appeared in the literature which have dis-
cussed the "'pyro shock"” problem, reporting
that very high intensity. high-frequency tran-
sients are transmitted from these ordnance

v

devices [1-11}. Occasionally, equipment items
which have successfully passed conventional
shock and vibration tests have failed or mal-
functioned during exposure to mechanical shock
from these devices [3,€.9]. Because ¢ the
proximity of service module {SM) equipment to
the SLA separation lines, especiaily the upver
circumferential line (A in Fig. 4j. it was de-
cided to perforni a ground test on an SM with
equipment items installed to determine their
possible susceptibility to the mechanical shock
transmitted from the separation line. Previ-
ously reported shock measurements were rmade
on conventional sheet-stringer structure, with
the exception of those reporied in Ref. |10],
where there was ablative material on the struc-
ture. Since the Apollo SM is almost entirely of
honeycomb construction, the decision to per-
form the test was reinforced by the lack of data
on its shock transmission properties.

The SM structure, shown in Fig. 5, com-
prises six outer panels. six radial heams, a
forward bulkhead, and an aft bulkhead. The
overall diameter is 154 in. and the length (irom
forward to aft bulkheads) is 155 in. The outer
panels are bonded aluminum honeycomb with
16-rail facesheets of 7178-T6and 1-in.-thick
core of 3 '16-in. by 3-niil 5052 H39. (The core
di:nensions refer to the distance across the
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Fig. 4. Details of the separation lines of the SLA

hexagon flats and the wail thickness, respec-
tively.) Some outer panels contain thermal ra-
diators, using z double outer facesheet on the
honeycomb. Each radial beam is 7075-T6 alu-
minum chem-milled to form stiffeners 2 in.
deep and a web thickness of only 18 mil. The
forward bulkhead comprises six segments, each
of bonded aluminum honeycomb with 16-mil
facesheets of 7178-T6 and 1.1-in. core of 0.25
in. by 1-mil 5052 H39. The aft bulkhead is
bonded aluminum honeycomb with 63-mii face-
sheets of 7178-T6 and 2.88-in. ccre of 0.25-in.
by 4-mil 5052 H39. Figure 5 shows that the SM
holds many items of equipment necessary for
the Apollo mission. Four cylindrical prcpellant
tanks (two fuel zad two oxidizer) are iocated in
the iargest four of six pie-shaped sectors. (The
sectors are not of equal size. They are 50° +
60° + 70° + 50° + 60° + 70° = 360+.) Two spher-
ical pressurization tanks and the combustion
chamber of the SM rocket engine partially fiil
the "hole" in the center of the SM. Most of the
remaining equipment is located in the two 50-
deg sectors, some on shelves and bulkheads,
and others on radial beams. The equipment
items considered most susceptible to mechani-
cal shock are located ir. liiese two sectors.

TEST PROGRAM

When CSM program management gave its
approval to the shock test, no SM's were avail-
able. However, vibroacoustic testing was being
performed at that time on haif of an SM, which
is called a 180-deg segment. Figures 6 and 7
show the segment instaiied in the acoustic test
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facility at the Los Angeles Division of North
American Rockweli. The segment was sup-
ported off of the flour of the facility by resilient
pads. It was estimated that the segment would
adequately simulate the SM dynamic behavior if
the equipment to be tested was installed at a
sufficient distance from the resiliently sup-
ported edges. On this basis, and because the
S segment was available, the decision was
made to use the segment for the shock test.
The test was performed betweer. phases of the
vibroacoustic test program.

Rather than expose alf SM equipment to the
shock, it was decided to test only those items
that were considered most susceptible to high-
intensity, high-frequency transients. These
items contained such possibiy sensitive ele-
ments as relays, inertial switches, IF and RF
circuits, and certain brittle materials, such as
ceramics and glass. Since the major part of
the SM shock was expected from the SLA upper
separation line, it was decided to use a simu-
lated upper line for the test. Figure 8 shows
the details of this line, which may be compared
with the detaiis of the flight separation line
shown in Fig. 4. It was estimated that the dif-
ferences in the installation would produce only
minor differences in the shock transmission to
the SM.

DATA ACQUISITION

With the exception of the accelerometers
conventionai instrumentation was used for
data acquisition: charge ampiifiers and tape
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Fig. 7. Service module 180-deg segment in the acoustic test
facility prior to installation of equipment
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Fig. o. Details of the simulated SLA separation
line of the SM 180-deg segment
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recorders (vperating in the FM mode), produc-
ing a frequency range of 20 Hz to 20 kHz. End-
evco model 2225 accelerometers were used, at
the recommendatior of McDonnell-Douglas, be-
cause of their high resonant frequency (approx-
imately 80 kHz). Previous experience with
accelerometers of lower resonant frequency
showed that they had an unacceptable resonant
response and zero shift under mechanical shock
from pyrotechnic devices [2,4]. (However, pre-
vious tests on a small noneycomb cylinder,
using tape recording in the direct record mode
to cover the frequency range of 100 Hz to 300
kHz, showed no substantial excitation above 20
k4z.) Nineteen accelerometers were attached
at various locations on the segment, as shcwn
in Figs. 8, 10, and 11. Nine of these were io-
cated adjacent to or on equipment, like those
shown in Fis 12,

DATA REDUCTION

Magnetic tape copies of the acceleration
signals were transmitted from North American
Rockwell to Hughes Aircraft with appropriate
identification and calibration information. From
these, cscillograms of the accelerometer sig-
nals were made. A few reproductions of these
data are shown as Fig. 13. A tape speed of 7.5
ips was use/i for playback, as opposed to 60 ips
for recording, to lower the apparent frequency
regime of the data. The effective frequency re-
sponse of the osciliograph galvanometers was
thereby increased from 3 to 24 kHz. The max-
imum amplitudes of all 19 oscillogram traces
were well below {less than half of) the calibra-
tion level, but most of these maximums were
greater than one fifth of the calibration.

877 (77 in. RADIWS) 1
22
|~
Eo__ 208
)
5VDC
s POWER
' SUPPLY
19 23
X278 FORWARD BULKHEAD
1
HELIUM
I~ SOLENOID
[ YALVE
-
10
X203
RADIAL SEAMS
xsm
i AFT BULKHEAD
X 35 w1
avo POWER
CONTROL DISTRIBUTION
00X 00X
SECTOR IV SHELF
[ F']
X, 200

50° OUTER PANEL

Fig. 9. Accelerometer locations on the SM 180-deg segment
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Fig. 10. Accelerometers installed on the outer panels
(simulated SLA separation line is also shown)

Fig. 11. Accelerometers installed
on the af{ bulkhead
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Fig. 12. Accelerometers installed on the
radial beam and equipment items

The positive and negative maximum values
were read from each trace and are shown in
Table 1. In some cases significant accelera-
tions persisted for long durations (about 100
msec), but the ""duration’ of the shock varied
greatly with location on the structure. Except
for one trace (accelerometer 21), the maximum
arnplitudes associa’ed with sustained high-
frequency oscillation (above 10 kHz) appeared
relatively low.

Eleven accelerometers were selected for
reducticn to shock (or response) spectra by
virtue of their locations and high signal guality.
These locations (with one exception) are on
structure, rather than on items of equipment,
and are identified in Table 1. An MB Electron-
ics N980 shock spectra analyzer was used. This
machine obtains maximum positive and negative
response peaks at natural frequencies spaced
one-sixth octave apari.. A tape loop was used
to input the raw data. A time-reference pulse
was recorded on a separate track of the tape
loop and was used to trigger the analyzer dur-
ing each cycle of the lcop so that only a specific
portion of the loop (excluding the splice) was
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analyzed. The plus and minus response peaks
were machine plotted, and then enveloped to
obtain the final shock spectrum, as shown on
Figs. 14 through 24. A Q of 10 (5 percent of
critical damping) and natural frequencies rang-
ing from 10 Hz to 10 kHz were used for deter-
mining shock spectra.

TEST RESULTS

The various items of equipment were moni-
tored for operational performance during the
test. No performance degradation was observed
despite the high shock levels. No ctructural
failures (other than the separation lire!) were
observed after the test.

The complete set of 11 shoc spectral plots,
as shown in Figs. 14 through 24, are plotted
with a linear acceleration scale. In addition,

10 of the spectra were replotted with a logarith-
mic scale in groups on Figs. 25 through 28 for
comparison purposes. In general, the reduced
data are a mixture of the expected and the un-
expected, and may be considered typical of py-
rotechnic shock data in this respect.

The outer panel data, shown in Fig. 25,
show relatively little attenuation from X _ 206
to X, 366, a distance of over 13 ft. This lack
of attenuation is considered a result of the uni-
formity of th panels and the lack of numerous
joints, corners, and attached equipment.

The spectra from the aft bulkhead locations
are shown on Fig. 26. The highest levels occur
at R45, although the R75 accelerometer is closer
to the shock source. This result is discussed
more fully in a subsequent paragraph.

Figure 27 shows data from four locations
on the radial beam. The aitenuation of the high-
est acceleration levels, above 100C z. at the
more distant locations is readily apparent. The
reasons for other differ¢nces between the
curves are not >0 obvious. For example, the
close proximity of the two forward accelerom-
eters is not reflected in their spectral levels.

Spectra for the forward bulkhead and a
piece of equipment mounted on the bulkhead are
plotted on Fig. 28. The decrease in levels as-
sociated with the transition from structure to
component are apparent. Thesc data contrast
sharply with the aft bulkhead spectra. which are
much lower in the lower frequency range. This
may be justified in terms of the resonant modes
of the bulkheads and the accelerometer orienta-
tions. The aft bulkhead measurements are ra-
dial (in-plane), while the forward bulkhead
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TABLE 1
Apollo Service Module Shock Test Maximum Acceieration Values
‘ Maximum
Instantaneous Maximum
Accelerometer Location Orientation | Accelerations (from Shock
Number oscillngrams) (g) Spectrum
Value (g)
(Positive) | {Negative) }

1 50° outer panel, X 352 Longitudinal 1189 1320 -

4 50° outer panel, X, 206 Longitudinal 383L 2920 11,560

5 Power supply Longitudinzl 141 115 -

6 Radial beam X 242, R 75 Longitudinal 980 823 3,120

7 Aft bulkhead, R 75 Radial 1620 1760 4,220

8 Radial beam, {wd end, R 75 Longitudinal 354 276 -

9 CM-SM fairing, X_366, R 77 Longitudinal 894 1230 3,180
10 Radial beam X _ 210, R 75 Longitudinal 1490 1290 5.120
12 Control box, sector IV shelf Longitudinal 162 216 -

14 Radial beam X, 270, R 35 Longitudinal 321 363 970
18 Power box, sector IV sheli Longitudinzl 84 130 =
19 Radial beam X _ 278, R 45 Longitudinal 275 196 -
20 Fwd bulkhead, R 45 Longitudinal 306 157 1,680
21 Solenoid valve Longitudinal 222 222 -
22 Aft bulkhead, R 45 Radial 2930 2730 9,810
23 Radial beam X, 278, R 23 Longitudinal 316 ! 276 1,250
24 SM jet controller, {wd bulkhead | Longitudinal 231 206 1,110
25 Sector IV shelf, R 48 Longitudinal 363 252 1,134
26 Aft bulkhead, R 23 Radial 1600 3600 -

meacurements are longitudinal (transverse to
the bulkhead) and may be ervected to show more
low-frequency response.

Thke maximum value from each spectrum
was plotted against the maximum peak value of
the corresperding measured acceleration his-
tory (Fig. 29) to show ihe correlation of these
two ""amplitude'’ parameters. All of the ratics
are between 2.5 and 5.0, and 5 of the 11 are be-
tween 3.0 and 4.0. It may be seen that the rela-
tion between history and spectrum is relatively
consistent for a wide range of ievels and loca-
tions. Also, the ratios are well below the max-
imum obtainable value of 10, which corresponds
to a steady sinusoidal input, even though the
various shock histories persist for periods of
time which are equivalent to many cycles.

A single shock spectrum using a Q of 100
was obtained {or accelerometer i14. This curve
and the "Q = 10" spectrum for the same loca-
tion are plotted on Fig. 30 for comparison.
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Typically, the effect of using a higher Q for
shock spectral analysis is an increase in the
general Icvel which is iess thar the increase in
Q, and mc.e emphasis of the peak values.

The test results are summarized by iwo
plots, Figs. 31 and 32, showing attenuation as a
function of distance. Figure 31 was obtained by
reading the maximum acceleration value frocm
earh spectrum and calcu:ating distance as the
sum of longitudinal and radial distances from
the shock scurce. The normalized attenuation
curve published by Lockheed Missiles and
Space Company {LMSC) |9] for aluminum skin-
and-stiffener structure is shown for compari-
son. This curve was actually derived f{rom
acceleration history peaks, but is also a good
representation of attenuation for shock spectra.
Another attenuation curve wac generated from
normalized spectra data points reported in Ref.
{10], for the M. rtin Company SV-5D lifting re~
entry vehicle, and is also pintted.
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Fig. 31. Pyrotechnic shock attenuation data based on shock spectra

Figure 32 is another type of attenuation
plot obtained by using marximum peak accelera-
tions from each oscillogram. The same LMSC
curve used in Fig. 31 has also been added to
this figure, along with individual data points
froin a Douglas Aircraft Company test {4].

These plots snow that shock levels were
not greatly attenuated by distance during the
SM test. In particular, the maximum value of
the shock spectrum for the outer panel was re-
duced by a factor of only 3 for a distance of
13 ft. In addition, these plois show increases,
rather than attenuation, with distance on the aft
buikhead. It is possible that this results from
focusing (in time) of the waves from the semi-
circular source. Referring to Fig. 9, the R22
location is most nearly equidistant from the en-
tire length of the source, and would experience

the most concentrated excitation. Besides the
potential time-focusing effect, it may be noted
that the geometric center (c.g.) of the source is
actually at about R33. Therefore, the inner lo-
caticns are actually at shorter mean distances
from the distributed source. One reason that
the conception of mean distance was not used in
plotting the data is that this would imply that
each increment of the source has an equal ef-
fect at a given location. Thus, a mean distance
conception would amount to assuming no atten-
vation with distance.

CONCLUSIONS

The accelerometer data from this shock
test are significant because of the type of struc-
ture involved. No other pyrotechnic shock data

o
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Fig. 32. Pyrotechnic shock attenuation data based on acceleration history

have been published fcr honeycomb structure.
There was a marked lack of attenuation of the
shock with distance for both the honeycomb
structure and the chem-milled radial beams,
in contrast to attenuations reported for other
structures. However, levels on equipment items
were reduced considerably.

It may be concluded that previously reported
atienuation data for other structures shouid not
be generalized to apply to this type of structure.
The basic reason for this is not clear, and may
not necessarily be the type of structure. Unfor-
tunately, no analysis of honeycomb under high-
intensity, high-frequency shock has been re-
ported. Mathematical modeling of the individual

cells, rather than substituting an equivalent
shell iayer, may be necessary because possible
cell resonances may be excited by the verv high
frequencies associated with the shock. The
limited amount of data from the Apollo service
module indicates that joints and mass loading
(from equipment) are the most important causes
of attenuation.
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SIMPLE STRENGTH CONCEPT FOR DEFINING PRACTICAL
HIGH-FREQUENCY LIMITS OF SHOCK SPECTRUM ANALYSIS®

M. Gertel and R, Holland
Allied@ Research Associates
Concord, Massachusetts

Simple analyses have been ccnducted to define the shock spectrum
equivalent static accelerations necessary to produce yield stress in
idealized cantilever and pin-ended beam structures as a function of
their normal mode frequencies and deflections. The accelerations to
produce yielding failure arebasedupon a superposition of the maximum
stresses at a common point for all modes, including correctior. for
modal participation factors. Simple summary plots defining the 'fail-
ure acceleration' required for yielding are presented for {amilies of
uniform cantilever and simply supported beams as a function of mate-
rial, dimensions, and modal frequencies. It is aeen from these plots
that beams with high natural frequencies are inherently stronger than
low-frequency beams and require proportionately greater acceleration
to cause yielding failure, A concept for utilizing these plots in con-
junction with the peak acceleration of a given shock motion is presented
for definirg the upper frequency limit of shock sp_ctrum anclysis,

INTRODUCTION DEVELOPMENT OF THE BEAM
FAILURE-FREQUENCY CONCEPT

At the present state of the art, analysis of

measured environmental transient data for The shock response for an elementary
shock spectrum characteristics up to 2000 cps structure, such as a cantilever beam, is de-
and frequently higher is commonly required. picted in Fig. 1. The completely generalized

Ia view of the great amount of preparation de- response is considered to be the superposition
tail, time, and cost associated with performing of the separate responses at each of the normal
precision high-frequency analyses, it is appro- mode {requencies of the structure. Modal re-
priate to determine a practical upper frequency sponse and frequency analyses for a variety of
limit based on the possible utilization of these cantilever and simple beam structures which
data. The concept which is presented here for are of possible interest here are presented in
defining the upper frequency limit of a shock Appendixes A, B, and C for convenient reier-
spectrum analysis takes cognizauce of the in- ence. The principal results of the analyses in
uerently greater strength of high-frequency the appendixes are equations relating beam
structures and considers the utilization of dimensional parameters, e.g., thicimess and
either a cantilever or a simply supported beam length, to the modal natura! frequencies of the
as a reference structural element. The fre- beams and also the equivalent static accelera-
quency range of interest is defined as the high- tion to produce yielding failure. The beam fre-
est beam natural frequency at which the accel- quency equation is as follows:

eration required to produce failure exceeds the

expected peak acceleration of the shock spec- h fa (1)
trum, iz C,

*The study reported herein was pcrfcrmed for the Frankford Arsenal under centract DA36-0338
AMC-4295 (A). This program was conducted under the overazli cognizance of David Marcus and
James Wiland of the Environmental Laktoratory of the Test and Evzluation Division of Frankford

Arsenal,
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Fig. 1,
depicted as summation of separate mcdal
responses

Transient response of cantilever

where

C,, = coefficient for the nth mode frequency

of a given beam

f, = natural frequency for the nth mode
(cps)

h = thickness of beam (in.)

4 = length of beam (in.).

The beam failure equation is 28 follows:
h AG N
— T memm———— 2
42 F/p (2
where

A = constant based on summatioa of
stress produced at a given point by
an Infinite number of normal modes
assumed to exist simuitaneously

F,, = yield stress for the material (psi)

G = cquivalent static acceleration to pro-
duce yieid stress {number times g)

p = density of the beam material
(Ib/in.3).

Figures 2 and 3 are piots of the equivalent
static "faliure" acceleration from Eq. (2) for
cantiiever and simpiy supported beams of vari-
ous imater:ials as a function of the dimensicnal

parameter h/4?. For the case of the cantilever
beam, the stress constant A = 3 from Appendix
B. For the case of the simply supported beam,
the stress constant A = 0.814 from Appendix C.
Superimposed as alternative abscissas in Figs.
2 and 3 are nomographic scales identifying the
fir st three modal frequencies for direct corre-
spondence with the beam dimensional parameter
h/4%, in accordance with Eq. (1). Also nrted for
refcrence in Figs. 2 and 3 are the cumulative
percentage contribution of the first three modes
to the maximura stress piroduced by superposi-
tion of an infinite number of modes with the
same equivalent static acceleration but adjusted
for modal participation factor. The derivation
of these percentage stress contributions is pre-
sented in detail in Appendixes B and C.

Equating Eqs. (1) and (2) and solving for
the cquivalent static acceleration te produce
yielding failure, we obtain:

(F.,/P) §
o) pd _n 3
G:= d . (3)

n

Thus, the failure acceleration is directly pro-
portional to natural frequency, and high-
frequency systems will inherently exhibit
greater strength than low-frequency systems.
This may also be noted by inspection of Figs. 2
and 3 wherein the region above each curve de-
fines failure conditions.

An approach to defining the highest fre-
quency of practical interest from a structural
failure point of view may now be conceived by
superimposing a beam failure-frequency curve
on 3 generalized shock spectrum representa-
tive of all transient environments. Figure 4
shows a beam failure-(requency curve super-
imposed on a completely general four-coordinate
shock spectruin curve represented by constant
asymptotes of displacement, velocity, and ac-
celeration. Note that the superimposed beam

- fajilure-ifrequency curve plots parallel to lines

of constant sinusoidal velocity. This occurs
because the failure acceleratior, as indicated
by Eq. (3), is equal to a constant muitiplied by
the frequency. The faiiure-frequency curve in-
tersects and exceeds the constant displacement
asymptote at iow frequencies and the constant
acceleration asymptote at high frequencies.
For purposes of the present discussion, the
iow-frequency intersection is of no practical
interest. The high-frequency intersection, how-
ever, can serve to define the highest critical
frequency from a faiiure point of view. Above
this frequency, the beam ''strength’ exceeds
the shock spectrum vaiue representative of the
input transient; hence no faiiure wiii occur.
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Fig. 2. Failure acceleration for uniform cantilever
beams as a function of dimensions and corresponding

modal frequencies

The failure-frequency concept can be
adapted for application to both simple sheck
pulses and complex vibratory transients, as
depicted in Fig. 4. In the case of a simple
shock pulse, ine high-frequency asymptote of
the shock spectrum will correspond to the peak
acceleration of the shock pulse. In the case of
a complex vibratory type of shock motion where
the peak acceleration may be magnified by a
short-term ''transient resonance’ condition,
the shock spectrum constant acceleration as-
ymptote at high frequencies should be increased
to account for this. A transient resonant am-
plification, or Q, of from 3 to 5 is suggested as
appropriate for most conditions.
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APPLICATION AND DISCUSSION
OF CONCEPT

For purposes of illustrating the application
of the beam ..ilur>-frequency concept, consider
the complex shock motion with a peak acceler-
ation of 300 g as reproduced from Ref. 1 in
Fig. 5. The computed shock spect~um for this
transient is reproduced in Fig. 6. Beam
failure-frequency curves respective:y defined
by each of the first three mode frequencies for
a 2024 aluminum cantilever beam have been
superimposed for reference on the shock spec-
trum in Fig. 6. Preliminary observations
relative to the application of the beam failure-
frequency concept are offered below.




T TS

Velocity

“E
[ 1 Ffrw Moo
| ") Second Mo
= |}
e " Thed Mode
g s
% o _ i i
- o FO7S Al-
2 i 4130 Swe!
{080 by
§
g
4
a4,
i . Firw Mooe produces S5% of Moswrum Swess
First Two Moces grocuce S8S % of Mormum
Swess
Frst Three Modes procs 99 3% o
Mozenwm Siress
! |
o' 14|x11111 L 11;;111' L PR O ST
o™ o™t wio™ 3
Thockness/ (Length)® {1/}
1 " deded bk i b e b, i I S ST
" g ic*
First Mode (cps)
I i 4 a2 aaal i T | i P ST
'G. DC 1 ]
Second Wode (cps)
A4 aaaagd I S S I S . et aal ol
10° o 0*
Third Mode (cps)

Fig. 3. Failure acceleration for uniform simply
supported beams as a function of dimensions and
corresponding modal frequencies

——

. -—
Freg.oncy Range
of Interest 1
-

toeieeds N i C\‘\"ﬁ,l
Shoc? Spectrum = ' *

Regron of No Foilures ) }\

Frequency

Fig. 4. ldealized representation of
beam failure curve superimposed on
shock spectrum

46

The first mode failure curve intersacts and
passes above the undamped shock spectrum at
approximately 200 cps and 900 g. Inasmuch as
the peak shock input acceleration was 300 g, it
is evident that a transient resonance condition
exists in the vicinity of 200 cps. Thus, if we
assume that the present reference 2024 alumi-
num cantilever adequately represents the fail-
ure strength of systems we are concerned with,
then we can infer a transient resonance magni-
fication factor of 3 for application to the peak
shock input to determine a shock spectrum
analysis cutoff frequency. In other words, prior
to computing the shock spectrum for the shock
motion of Fig. 5. we could have multiplied its
peak acceleration by a factor of 3 and then en-
tered Fig. 3 directly with an allowable failure
acceleration of 900 g. In Fig. 3 we would then
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Fig. 6. Shock spectra for sample complex shock
transient with superimposed aluminum cantilever

beam failure curves

read a first mode frequency of 210 cps. Since
the beam {faiiure curve includes stress contri-
butions from all modes, and the major stress
contribution is from the first imode, the 210-cps
frequency represents a oracticai upper frequency
limit for shock spectrum analysis.

Alternatively, if we assume that the shock
motion contains frequency components in excess
of the 210-cps first mode, we could also have
read 1300 cps and 4000 cps, respectively, for
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the corresponling second and third mode failure
frequencies in Fig. 3. It can be seer that the
900-g allowable tailure acceleration at both of
these frequencies exceeds the failure curve in-
tersection indicated in Fig. 6 at approximately
800 g and 1000 cps for the second mode, and
400 g and 2069 cps for the third mode. Ac-
cordingly, on the basis of these trial observa-
tions is appears reasonable to use a transient
resonant magnification factor of 3 to defi:.c an
allowable failure accelerution corr~sponding to




the reference beam's first three modal fre-
quencies. The selection of which modal fre-
quency should be used to define the shock spec-
trum analysls cutoff frequency now becomes a
matter of judgment with consideration of the
relatlve contributlon to the failure stress by
each modal frequency.

SUMMARY

A concept 1s presented for defining an upper
cutoff frequency for ¢ hock spectrum analyses
based on expressing the strength of simple rei-
erence beams in terms of the equlvalent static
acceleration to produce yleldlog fallure. This
concept has been presented ‘or informatlon and
discussion purposes only.

Appendix A

RESPONSE OF DISTRIBUTED MASS SYSTEM TO A BASE MOTION

From Ref. 2, the relatlve displacement
response © of a distrlbuted mass system, such
as shown in Flg. 1, is equal to the sum of the
separate modal responses as follows:

B(x,t) = ) vy ¢a(x) Ry(t) (in.) (A-1)

ntl
where

n is the natural mode number of the
vibration response

¢.(x) 18 the nth mode shape deflection of
the structure as a function of length
dimension (x)

R, is the Duhamel's Integral

t
;-:'_J' G(7) sinw,(t - 7)dr (in.)
"<y

v,, is the nth modal participation factor

n

R

J o, dx
[
24

f utldx
0

x is the mass per unit length.

7rom basic texts on elementary strength
of materials, such as Refs. 3 and 4, the maxi-
mum bending stress o is as follows:

M(x)c

omll(x) - 1

(A-2)

(psi)
where

M is the bending moment (in.-1b)
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c 1s the distance from the neutral axls to
the most remote element (In.)

I is the area moment of inertia (In.*).

The difterentia! equatlon of the elastic
curve of a beam, from Ref. 3, ls:

2
Er 928 . M(x) (in. -1b)
dx?

(a-3)

where E 18 the modalus of elastlcity (psl).

By substitution of Eq. (A-3) in (A-2) we
obtain:
o (x) = (EI d_zé’)i Ec 4% (psi). (A-4)
783 dx?/ I dx?

\

When Eq. (A-1) is substituted into Eq. (A-4), it
becomes

2 [ ¢
Omax(X: 1) = BC — {Z ynnbn(x)Rn(t)} (psi). (A-5)

inel J

By differentiating Eq. (A-5) twlce with respect
to x, we obtain:

ale (x)

=2 R(1) (psi). (A-8)
X

7mll(x't) = EC Z: 7I‘I

n=1

By deflnitlon the shock spectrum relative
displacement d is defined as the maximum
absclute value of the undamped response as
follows:

d, = IR ()l (in.). (A-T)

The shock spectrum acceleration a com-
monly called 'ae equlvalent sta‘ic acceleration,
is defined as:
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a wld = |;4-"22“{t)!”" (in. sec?). (A-8)

By substitutlon of [R (t)|_, = a ! into Eq.
(A-6), It becomes

-3

Oqax{X) = Ec Z ’n

n=]

dz (x) a, .
dnl o (ssi). (A-9)
X L

The quaatlty d%¢,(x)/dx? can be expressed as a
dimensionless quantity ¢ (x). From Ref. 6, we
obtain the followlng two relationships for beam-
type structures:

d¥ (x)
. N n
o (x) = -3 -
P dx

(A-10)

! El .
w = (B A /= (rai'sec). (A-11)
= " ‘/»“

By substituting

di (x)
i o)
and
EI
w 2 3 g ——
n ( n ) #{4
into £q. (A-9), we obtain
o (x) = Ec iy ';20"()()—:"_
max EI‘//‘A'{‘ = n"n n (.,f"i)‘

2 «©
= 5“11 L Ya V) ——(psi). (A-12)

(51?2

n=l

The quantities ), and (5 4) are not a func-
tion of x and can be summed from n = 1to ~
for simple beam structures. The quantity
®.(x) can be selected to correspond to the lo-
catlon on the beam of the maxlmum bead:ng
stress. Therefore, for any specific beam:

= Y& (x)

—_ 2 < constant (A-13)
(51

n*1

Equatlon (A-12) becomes for any one specific
beam configuration:

O ax A Z a, (psi) {A-14)
nel

where

cptr & 7,‘0,"(2
1 (ﬁ"{)l :

n=*1

A.I:

At high frequencies the shock specirum
ec- lvalent static acceleration a of Eq. (A-14)
will become asymptotically equal to the peak
acceleration of the shock time history Gg.
This 1s commonly referred to as the structural
system acting like an accelerometer at high
freguencies. Therefore, to facilitate the beam
failure analysis, it w'™' %e assumed here that
the shock spectrum ecuivalent static accelera-
tion is constant and qual o the peak accelera-
tion of the shock time history, as follows:

8, - Gg for n=1.23.... = (A-15)

where G is the peak acceleration (g), and g is
the gravitatlonal constant (386.4 in./sec?).
(This is true for simple pulses. It is necessary
to multiply the peak acceleration input Gg by a
"transient resonant magnlfication’ {actor when
the shock record is complex and contains many
frequencies.)

Substiteting Eq. (A-15) into Eq. (A-14) we
obtain:

52 Ya®rn(x)
"max ~ = i = Z (ﬂ j)z (psi). (A'ls)
;In

n=1

Fer & beam with a rectangular cross seciion

bh’ (A-1T)

where
h is the thickness of the beam (in.)

b is the width of the beam (in.)

« is the weight density of the beam (lb/ir. 3.

Thereiore, for a rectangular cross section

Cu h 2 ,bhE h. (A-18)
1 bhi 12 vh?

and Eq. (A-16) becomes
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(psi). (A-19)

By equating the maximum bending stress o
to the allowable yield stress of the beam mate-
rial F, , Eq. (A-19) is rewritten as follows:

Yo Pn(x)
0 2 (A-20)
L il (/3“{) G:=A G (1/in.)
17 Fo,/» = Fty/'" {V/in.

where

F,,/¢o is the materiz! strength to weight
°  ratio

A is

Y ®n (%)
6 ———
L G

and is constant for a given beam
structure.

A relationship exists between h/{? and the
modal frequencies of beam structures as pre-
sented in Ref. 5, and is derived as follows, from
Eq. (A-11):

w, = (ﬂ,{{,)’ % (rad/sec). (A-2)1)

I

For a rectangular cross section the square root
in Eq. (A-21) is:

]/ﬂ-_‘]/“_h”'}-il/i‘/i‘ (A-22)
plt 42V pbhig g2V a2¥ e

For most structural materials £/» = 108;
therefore, Eq. (A-22) becomes

El h
—= = 5.6745x 10* — . (A-23)
ult 12

Substituting Eq. (A-23) into Eq. (A-21), we
obtain

w, = 5.6745-10% (3. 1)? % (rad/sec). (A-24)
Since
£, - %ﬂe (PE) - (A-25)
Eq. (A-24) becomes
fo = o g5 (P9 (A-26)

where
C, = 9031 (8, 4)?

and is constant for each mode of vibration of a
beam.

Equations (A-20) and (A-26) are equated to
provide a relationship between modal frequen-
cies of a beam structure and the peak acceler-
ation of a shock time history that will yield the
beam. The relationship is as follows:

1 Lo ffa
fo=C."A F:;/; * G (cps). (A-27)

Appendix B

FAILURE AND FREQUENCY ANALYSES FOR A UNIFCRM CANTILEVER
BEAM WITH AND WITHOUT A POINT MASS AT THE FREE END

Appendix B is a continuation of Appendix A
for a uniform cantilever beam with and without
a point mass at the free end. Two equations
derived in Appendix A that are utilized in this
appendix are Eqs. (A-20) and (A-26) as follows:

h G
’ B-1
7 A F., /0 (1/in.) (B-1)

where

L4 ¢,
A-e ) Do n(*)
RERY ('Gn{)2

and

-
m
)
L

{B-2)

where
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C, = 9031 (2, 1)?

The coefficients A and C_ are evzluated for 2
cantilever beam with and without an end mass.

From Ref. 6 the characteristic function «
is as follows:

@a(x) = cosh 3 x- cos 5 x-c (sinhf x-~sin & x).

(B-3)

The charactertatic function has been normal-
ized 80 that

{
[ ¢¥Mx = £(in.) for n=1,2,3,... =. (B-4)

o

[

From Ref. 6 the quantity ¢ (x) from Lq.
(B-1) is maximur:: at x/£ = 0 for al! modes and
equals 2.0, This beam location corre:zponds to
the maximum stress at the root of the canti-
lever beare. The quantity 2 { is tabulated be-
low for the {irst five modes of a uniform canti-
lever beam, and was obtained from Ref. 4. The
modal participation factor is also presented
and was obtained from Ref. 6.

Mode B4 “
1 1.8751 0.4830
2 4.6941 0.4339
3 7.8548 0.2544
4 10.9955 0.1818
5 14.1372 0.1415

The summation of the infinite series of Eq.
(B-1) is as follows:

i Yoln ___20{ 0.7830  0.4339 N 2544

B T L(1e751)? (4.6941)2  (7.8548)2
, _0.1819 0.1415
(10.9955)? (14.1372)’}

N 7n T
+2.0 ) i -049745'22 G

n=6 \'n nee
(B-5)
For n > 5,
ap ol . A7k 4.
A= (1} 2 and 1)

from Refs. 6 and 7; therefore the summation of
Eq. (B-5) becomes:
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N
S’
-~
[*v’
P
3
~
¥la
=
-
At o
~
—
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g
'
—
S’
21

16 )’-‘ 1
e (2n-1)?

(B-6)

The upper and lowe: bounds for an infinite
serief ~ai be obtained irom Re!. 8, as follows:

j f(x)dx < Z u, < I f(x)dx (8-7)
N ntM N-1
where
f(n) = u,.

The integration of the uppe: and lower bounds
of the series of Eq. /B-6) yields:

©

pper bound: > 1 1 (B-8)
ueper - J; (2x-l)3 - 4(9)2 T 324

s mi____l_-_l. (B-9)
lower bound: J; - 1)} : 4(”)2 T

Therefore, the upper and lower bounds of Eq.
(B-5) are 0.50063 and 0.49958, respectively.
The average value i 0.50011, with a2 maximum
possible rariation of +0.00053 or :0.1 percent.
Therefore, for engineering purposes, Eq. (B-5)
is as follows:

2 o
2000 o s00it (B-19)
n=1 (ﬁn{)

Substituting this value of the summation into
Eq. (B-1), we obtain:

G 3G
Fo,/i F

(B-11)

&:l:—

= 6(0.500) -
ty 4y

The effect of using higher modes to com-
pute the maximum bending stress at the rcot of
a cantilever beam is indicated by Eq. (A-19) of
Appendix A, as follows:

o (B-12)

6 ,(ZG yO(x)
— Z e (psi) .
n=1

The summation from n ! to * is given in Eq.
(B-10) as 0.50011. The values of the quantities
¥, and 5,1 are tabulated above, and ¢/(x) has
been shown to equal 2.0. Table B-1 presents
the amount which the modes of vibration




TABLE B-1
Effect of Higher Mode= on Accuracy of Computing the
Maximum Stress at the Root of a Cantilever Beam

“ Percent ~ . Accumulative
M((:;e :"0'\' : Contributed Z T"o" - Percentage of
(B> { Dby Mode | . Ui Maximum Stress
1 0.44539 89.06 n,44539 89.06
2 0.03938 7.88 0.4847% 96.94
3 0.00825 1.85 0.49302 98.59
4 0.00301 0.60 0.49603 £9.19
) 0.00142 0.28 0 49745 99.47
85 .7 0.00266 0.53 ¢.50011 100.00

contribute to the maximum stress at the root of
the uniform cantilever beam subjected to a con-
stant acceleration shock spectrum. Obtaining
8,4 from the tabulation above, Eg. (B-2), for
the first three bending modes, is:

o)
"

h h
1 (1. 1’—): —
9031 (1.8751) (L’ 31,753 IE (cps)

11 ~ 2 h \
f, = 9031 (4.6941) (F) = 198,993 -; (cps)
1 o[k h ]
i1 - 9031 (7.8548; {,) SS7.188 % (cps) .
(B-13)

We now extend the investigation of the uniform
cantilever beam to include the case of a point
mass at the free end. The effective mass of
the beam to be added to the point mass is shown
ir Ref. 9 to be

(tb-sec?/in.)

me-

0.24267 m, (B-14)

where

m, is the effective mass of the beam as-
sumed to act at the free end {lb-sec?/in.)

m, is the mass of the beam (lb-sec %/in.).

Equation (B-14) is obtained in Ref. 9 by equat-
ing the maximum kinetic energy of 2 massless
cantilever beam with an end mass to a uniform
distributed mass cantilever beam with no end
mass,

The single-degree-of -freedom natural fre-
quency of the massless beam with an end mass

is:
1 ./k
o EVE

(B-15)
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whr.re for a cantilever beam,

k = 3EI/4% (ib/in.)
m = (N + 0.24267) &, (Ib-sec ?/in.)
N = end inass weight/s. im weight.

The mass m is equal to the end mass plus the
effective mass of the beam. For convenience
the end nmiass is represented as N times the
mass of the beam. For a rectangular cross
section, we obtain the following:

u‘l

12 (in. %)

(1b-sec?/in.) .

obh £
mb: 2

Therefore, Eq. (B-15) becomes:

1 3El

a e
f, = 3

£3 (N+0.24267) pbh4

1hE S 1 (B-16)
27 942 Ve YN+ 0.24267 Sz

Since VE’r = 10* for structural materials, Eq.
(B-16) becomes

_ 15,643
N+ 0.24267

i}

B (B-17)

(cps) .

The maximum bending stress of the massless
cantilever beam with an end mass is now
equated to the maximum bending stress at the
root of the uniform cantilever beam. The max-
imum bending stress of the uniform cantilever
beam is found by summing the infinite series
for all normal modes of vibration. The root
stress of the massless beam with an end mass
is due to the first mode only.
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The maximum bending stress for a rectan-
gular cross section is

Opax * B% (psi) (B-18)

where
M is the bending moment {in.-1b)

b and h are the width and thickness of the
rectangular cross section.

The bending moment at the root of the massless
cantilever beam with an end mass is

M= (W4 W, £ )G (in -1b) (B-19)
where
¥ is the weight of the end mass (1b)
W, is the weight of the beam (Ib)
4 is the length of the cantilever beam (in.)

1, is the effective length of the beam to
equate the maximum bending stresses
(1n.).

The eff~ctive lergth £, of the beam is found to
be equal to (1/2)1 by equating Eq. (B-18) with
zero end mass to Eq. (B-12). Equation (B-18)

with zero end mass is

6 .
Tex ° ;1—; W, 1. G (psi). (n-20)

Since W, = cbh 1, I£q. (B-20) becomes

- # ey (B-21

Equation (B-12) is rewritten, with the value of
the infinite summation of 0,500 1s Hbtained in
Eq. (B-10}, as follows:

Rl { g (0 S00) = 3P{ S (psi;. (B-22)

By com yiring Eqs. (5-21) and (B-22), it is
seen thut 7, - (1/2)4.

By substituting 4_ - (1.2){ into Eq. (B-19),
we obtain

. .
N (g %wb’\c (in -1b).  (B-23)

Since W_ - Nw,, we can rewrite Eq. (B-23) as
"R (N ' %)c (in.-1b)  (B-24)

By substituting the equation for the weight of
the beam, and Eq. (B-24) into Eq. {B-)8), we
obtain
1
6L(obhl) (V + -)G 617, C 1 .
(o4 = S " (N v 5) (psi).

bh?
(B-25)

By letting the maximum bending stress equal
the allowabie yield stress F, , we can rewrite
Eq. (B-25) as follows:

i 6 (N + %)
SIS 26 (Viny (B-26)
41 Fey/p

Equations (B-17) and (B-26) are the two
equati-ns relating the frequency to the peak
acceleration of the shock time history. By
substituting Eq. (B-26) in Eq. (B-17), we obtain

(15643 (N‘) 93 858

1
2

" G (ps1),
NTO.RET F ty/t’ Foy/ o¥53

(B-27)

which is the cutoff frequericy for data analysis
as a function of the peak acceleration of the
time history.

Appendix C

FAILURE AND FREQUENCY ANALYSES OF A UNIFORM SIMPLY SUPPORTED
BEAM WITH AND WITHOUT A POINT MASS AT THE MIDLENGTH

Appendix C is a continuation of Appendix A
for a uniform simply supported beam with and
without a point mass at the midlength. Two
equations de. ived in Appendix A that are utilized
in this appendix are Eqs. (A-20) and (A-26), as
follows:

h G
{—:' A—F'yv//; (1/an ) (C-1

where

v re®
A 6 =
A

n*l

x})
. f, C LS (cps) (C-2)

3] n £2
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where

C 9031 (B, ).

n

The coefficients A and C, are evaluated for a
simply supported beam with and without a cen-
ter mass.

From Ref. 10, the characteristic functica
¢ is as follows:

#o(x) = sin 3 x {C-3)
where
Ad:-nn for n=1,3,57....%.

Tt characteristic function has been normalized
80 that

¢, =10 for n=1,23,...@. (C-4)

The modzl participation factor is obtained as
follows:

where
nr
¢ (x) = sin —{:— X .

The quantity ¢.(x) is equal to 1.0 at x- £/2,
ard alternates in sign. Since the shock response
method of Refs. 2 and 11 is a summation of the
absolute values, the sign change presents no
problem. The summation of the infinite series
of Eq. (C-1) is as follows:

o . @ 4
Z 2 A
o (B! ntl, (ar)?
3.8 3,8

2
4 1
' Z, = (C-6)

n=*}

3.8

By using the same method utilized in Appendix
B to evaluate the infinite series, we obtain
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I
Z F = 1.05204 {C-17)
ne}
1.5

which hae & maximum p. ssible variation of
+0.001 or +0.1 percent. Therefore, £q. (C-6)
becomes

% 4
% T)? g -‘—, (1.052) = 0.13572. (C-B)

n=1,

3.8

By substituting Ec. (C-8) into Eq. (C-1), we
obtain

h G G
== 6(0.13572) - ——— = 0.8143 ——- . o
FER ‘¥ e U8B L (€9

The effect of using higher modes to com-
pute the maximvm bending stress at the mid-
length of a simply supported beam is seen by
inspecting Eq. (A-19}, which is

642G ! 7n°:|
Tmax © lh L ('3 L)z (p’i)' (C'IO)
n

n
3.

1,
L}

The summation of the infinite series in Eg.
(C-10) from n = 1,3,5,7,... © i8 given in Eq.
(C-8) as 0.13572. Table C-1 presents tae
amount which the modes of vibration contribute
to the maximum stress ai the midlength of the
uniform simply supported beam svbjected to a
constant acceleration shock spectrum. From
the second part of Eq. (C-3), Eg. (C-2) is, for
the first three bending mode 3, as follows:

2

1 h h
f, = 9031 (n)? (;) = P9,l35{—- (cps)

i1
£ 9031 (3,1)’( ) 802.215% (cps)

Sl=

17 - 9031 (5m)? (.’L) . 2,228,375 .{L‘, (cpes

{?
{C-11)

We now extend the investigation of the uniform
simply supported beam to include the casc of a
point mass at the midlength. The cffective mass
of the beam to be added to the point mass is
shown in Ref. 9 to be

m, - 0.4926 my (Ib-sec?in ) (C-12)

where

AN B oML VA b KA N B I . 95
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TABLE C-1
Effect of Higter Modes on Accuracy of Computing the Maximum
Stress at the Midlength of a Simply Supported Beam

. m-1 . Accumulative

Mode Tn®a Perce_ntage S e Percentage

(n) i0)? Contribyted b (3 1)? of Maximum
by Mode 3.8 Stress
1 0.12901 95.06 0.12901 95.06
2 0.67478 3.52 0.13379 98.58
3 0.00103 0.7¢ 0.13482 99.34
4 0.G0C.0 i 0.66 0.13572 100.90

=, is the effective masz >f the beam as-
sumed to act at t» : midiength (ib-sec 3/
in.)

r, i8 the mass of the beam (1b-szc ¥/in.).

Equation (C-12) is obtained in Ref. 9 by equating
the maximum kinetic energy of a massless sim-
ply supported beam with a center mass, to a
uniform cantilever beam with no center mass.

The single-degree-of-freedom natural fre-

quency of the massless beain with 2 center
mass is

fio - .%l/:; (cps). (C-13)

where, for a simply supported beam,

k = 48E1/4° (Ib/in.)
v = (N + 0,4928) m,
N = center mass weight/beam welght.

The mass m is equal to the center raass plus
the effective mass of the beam. For conven-
ience, the center mass 18 represented as N
times the mass of the beamm. For a rectangular
cross section, we obtain the following

bh? SL 4
I - 12 (12. %)

(Ib-sec?/in. ) .

obhd
mh = T

Therefore, Eq. (C-13) becomes

0 _1_‘/4851 2 _
") 4 (N4 0.4928) (bhi
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Since VE/p = 10* for structural materials, Eq.
(C-14) becomes

6z.571 h
f A . -
" N+ 0. 4928 {2 (5250 (C-15)

The maximum bendirg stress of the massless
simply supported !-?2am with a center mass is
now equated to the maximum bending stress at
the midlength of the un’srm simply supported
beam. The maxirnum bending stress of the
uniform simply supported heam is fourd by
summing the infinite serir:s for all normal
modes of vibration. The midlengtk stress of
the massless beam with a center is due to the
iirst mode only.

The maximum bending stress for a rec-
tangular cross section ig

S R (C-16)

“max bh?

where

M is the bending moment (in.-1b})

b and h are the width and thickness of the
rectangular cross section,

The bending moment at the midlength of the
massless simply supported beam with a center
mass is

L %('m( cW A6 (in b)) (C-17)
where
¥ is the weight of the mass (Ib)

¥, is the weight of the beam (Ib)

{ is the length of the beam (in.)




’, is the effective iengih of the beam. to
nquate the maximum bendin; stcr:ss
(in.).

The effective length {, of the beam is ‘ound to
be equal to 0.54284 by equating Eq. (C~16) with
zerc center mass to Eq. (C-10). Eqwr=tion
(C-16) with zero center mass is

Tpar 7 b:,( ¥ 4)6 (psi).  (C-18)
Since ¥, - cbh!, Eq. (C-18) becomes
4
Cax 2%9 (ps1) . (C-IQ)

Equation (C-10) i8 rewritten, with the value of
the infinite summation of 0.13572 as obtained in
Eq. (C-8), as follows:

601G 1
002G 0.13572) - _ﬁ_“ﬂd

— (psi).
(C-20)

o
max

By comparing Eqs. (C-19) aud (C-~20), it is
seen that <_ = 0.542881.

By substituting {,
(C~17), we obtain

= 0,54298 1 into Eq.

M- %{ (W, +0.54288W,)G (in.-1b). (C-21)

Since ¥_ - NW_, we can rewrite Eq. (C-21) as

1%
N —h (N+0.54288)G (in. -1b). (C-22)
By substituting the equation for the weight o’
the beam, and Eq. (C-22) into Eq. (C-186), we
obtain

64 (pbhi)(N + 0.54238) G
- 4bks?

_1.54%¢
TR

(N+0.54288) (ps1). (C-23)

By letting the maximum bending stress eqazl
the allowable yield stress F, , we can rewrite
Eq. (C-23) as follows:

1.5 (N+ 0 54288
—h:: -—(—_‘_)G (1in. ).
- F'y;

Equations (C-15) and (C-24) are the two
equations relating the frequency to the peak

accejeration of the shock time history. By
substituting Eq. (C~24) in Eq. (C~15), we obtain

(C-24)

( . 62571 1.5 (N+O 54.288) .
" JUN+0.4928 F,./p

ty

_93.85.5 N+ 0 54,288
T F, /P YN+ D, 4928

G (eps:.  (C-25)

ty

whick is the cutof! frequency for data analysis
as a function of the peak acceleration of the
time history.
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DISCUSSION

Mr. Kochler (Orenda, Ltd.): On the last
curve you extended the spectrum at the high end.
It seems to be asymptotic. What was the instru-
mentation threshold level for that curve ?

Mr. Gertel: These records were obtained
by environmental engineers at Frankford
Arsenal. 1 believe the capabilitizs of the in-
strumentation extended to approximately 2 kc.
We carried our spectral analyses out to about
4 kc just to get beyond the instrumentation
limitation.

Mr. Koehler: It is not 80 much the fre-
quency limitation I was concerned with, but the
amplitude limitation across the full frequency
band. Presumably there is a threshold of noise
which would be irrelev.nt as far as the test is
concerned. Where would this line be ?

Mr. Gertel: The shock spectrum line was
asymptotic to approximately 360 g, which rep-
resents the peak acceleration measured near
the beginning of that particular transient. The
peak was certainly well above the noise thresh-

o.d.

Mr. Angelopulos (Lockheed Missiles &
Space Co.): In your paper you discuss a simple
shock transient. It has been my experience
that there is more than one type of shock tran-
sient. How do you treat these different types
of shock transients ? Do you segregate them ?
Do you average them 7

Mr. Gertel: I'm afraid I am not familiar
with that problem. We digitized the transient
record without consideration as to what it was.
We did not make any attempt to separate dif-
ferent types of transients.
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TRANSIENT VIBRATION SIMULATION

Thomas E. Fitzgeraia and Louis C. Kula
The Boeing Companv
New Orleans, Louisiana

the transient engine shutdown.

The sinusoidal sweep test normally used to sirmulate transient-vibration conditions
was replaced by a short-duratien, high-intensity shaped random-vibration test de-
vised bv the Structural Dynamics Group of The Boeing Company, Aerospace Divi-
sion, Launch Systems Branch, New Orleans, louisiana.

During the reliability test program of the 5-1C stage of the Saturn V vehicle, cer-
tain critical system components were subjected to sirulation of the transient
vibrations that occur during the engine shutdown phase of static lirings. Criginally,
the simulation consisted of a rapidly scanned sinusoidal sweep. It became apparent
that the sinusoidal sweep did not truly simulate the engine shutdown pheromena,
since overly Cestructive resonance response levels were attained during the scan.
Ccasequently, the random-type transient simulation method was devised.

With pertiinent vibration data obtained during the static {irings of the test vehicles,
octave band analyses of the acceleraticn levels in the frequency range of 25 .{c."

Hz produced appropriate acceleration leveis for each octave band. Then, th. power |
spectral den: ity levels of a random equalizer-analyzer were adjusted so that the !
same acceleration levels could be obtained, in tie various octave bands, that were
obtained in the analysis of the static firing data. The test specimen was then sub-
jected to the resulting vibrativn spectrum for a tiine approximating the duratior. of

INTRODUCTION

Vibration response data obtained during
captive tirings of the S-IC stage, first stage of
the Satucn V vehicle, form the basis for con-
ducting the vibration portion of the reliability
test program. The acceleration data are di-
vided into two parts, the main stage condition
and engine cutoff condition (see Fig. 1). The
vibration resulling from main stage operation
is essentially random in nature, is of constant
intensity, and is simulated in the laboratory by
a constant rms acceleration (g,,.) random-
vibration test.

The vibration resulting from engine cutoff
is of high intensity and transient in nature.
Simulation of engine cutoff vibration was ac-
complished originaily by conducting a rapidly
scanned sinusoidal sweep test. It was found
that the sinusoidal sweep test was tco severe in
simulating the engine cutoff. A duct, located on
the S-IC stage, had repeated failures during tie
sinusoidal tests, although an identical duct sur-
vived several captive firings. For this reason
a new short-duration, high-intensity shaped
random-vibration test was devised to replace
the sinusoidal sweep test.
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PEAK  — 430 i
ACEL- — 0 ——WM————
ERATIGN — -30

MAIN ENGINE

STAGE CUTOFF
CONDITION CONDITION

FIRING TIME (sec)

Fig. 1. Vibration response data obta‘ned
during captive firings of the S-1C stage

VEHICLE VIBRATION ENVIRONMENT

The reliakility test program of the S-IC
stage required certain critical system compo-
nents to be tested to assure a reliability goai o
95 percent. The program was designed t¢ pre-
vent the failure of critical components which
would prevent the S-IC stage or Saturn V vehi-
cle from completing its assigned mission.

Vibration is one of the environments which
the S-1C stage must survive. It is of particular
importance because of the high loading condition
imposed on many of the critical system compo-
nents. The evidence to date indicates that two
primary stimulants of damaging vibration to the
S-IC stage are:
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1. The sound {ield of the rocket engiile;

2. The direct vibration transmission from
the rocket engines.

The vibration response data taken during
the captive firings of the S-IC stage are divided
into two parts:

1. Steady-statc random vibration occurring
during main stage operation.

2. High-level transient vibration occurring
at engine cutoff. The transient conditlon is
caused by an explosion of fuel and oxidizer
whilch accumulates after the engines are shut
off.

Maln Stage Condition

An analysis of response data obtained from
the primary structure during static firing of the
S-IC stage provided the basis by which the com-
ponents' input vibration environments were de -
veloped for the reliability test program. Data
from the main stage condition were analyzed as
shown in Fig. 2. The rms acceleration remained
constant during the main stage condition. An
envelope of the analyzed vibration data from the
main stage condition was constructed to provide
the regquirements for the simulation in the labo-
ratory. The enveloped spectrum is also shown
in Fig. 2.

RANCOM VIBRATION
RELIABILITY TEST

REQUIREMEN rs’_\

e

WAAGAS
\ANALYZED MAIN

STAGE DATA

POWER SPEC1 RAL DENSITY (9%cps)

FREQUENCY (cps)

Fig. 2. Analysis of data from main
stage condition

Cutoff Condition

The measured response vibration data ob-
tainer during t'ie engine cutoff condition were
analyzed by filteriug the data over octave fre-
quency bands and measuring the prak accelera-
tion levels within each of the bands (see Fig. 3
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and Table 1). The peak acceleration levels
werc enveloped (Fig. 4) to provide a sinusoidal
sweep test to slmulate the engine cutoff condi-
tion in the laboratory. The sweep rate was set
at 1C octaves per minute because of the short
duration (0.2-1.0 sec) of the cutoff condition. It
would have been desirable to sweep at a faster
rate, but maintaining the input vibration at the
desired levels is difficult hecause of laboratory
test equipment limitations.

TABLE 1
Engine-Cutoff Transient Analysis

Peak Acceleration

Frequency Measurements (g)

Range
(cps) mle|e|w|e

25-50 44 54 56 31 35
50-100 40 39 41 24 23
100-200 47 81 51 28 39
200-400 19 34 58 20 13
400-800 15 69 44 11 12
800-1600 17 65 21 8 20

SIMULATED CUTOFF CONDITION;
SINUSOIDAL SWEEP TEST

Historically the sinusoidal sweep test has
been used to simulate high-level random-
vibration environments such as the engine cut-
off condition. This has been done when the
simulation of high-level random-vibration en-
vironments is unattainable by random-vibration
tests because of laboratory equipment power
limitations. During the sinusoidal sweep test,
power is required only at a single frequency
and consequently higher levels may be obtained.

The sinusoidal sweep test simulating the
high-level cutoff coundition was used during the
early stages of the reliability test prograni.
Midway in the test program, repeated fatigue
failures occurred during the sinusoidal sweep
tests of a particutar duct. A reevaluation of the
sinusoidal sweep test as an adequate simulation
of the cutoff co.dition was undertaken. This was
done especially since the same type of duzt had
survived engine cutoff during captive firing.
The reevaluation resulted in the following
conclusions:

1. The sinusoida) sweep test did not simu-
lute the short-duration cutoff conditions.

2. The response acceleration of the test
specimen attained during the sinusoidai sweep
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test was far greater than during the cutoff con-
dition. The degree of difference would depend
on a number of conditions, namely, the n.ount-
ing conditions of the specimen, specimen con-
figuration, stiffness properties, and damping
devices.

3. The ratio of high-acceleration fatigue
cycles experienced during the sinusoidal sweep
test to those during the actual engine shutdown
condition was on the order of 200 to 1.

IMPROVED TEST SIMULATION

The conclusion noted above required the
deveiopment of an improved method of simulat-
ing the cutoff condition. The improved method
was devised after determining that the moticn
behavior of the vibrational stimulants and of che
complex motion system of the laboratory pos-
sessed statistical properties similar to a
Gaussian density function. Because of the
Gaussian properties, the probabiiity of peak
acceleration levels occurring at the 3-¢ levei
is oniy 0.27 percent. The cutoff condition is
reasonably dupiicated becauvsz these hizh-ievei
peaks occur for such a sni2!l percentage of the
time. In addition to the input, the response is
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aiso properly simulated, providing the main
reason for acceptance of the improved simula-
tion of the cutoff condition. For this reason,
the improved test simulation was formulated
The method consisted of specifying a peak ac-
celeration a* each octave band for a random-
vibration requirement. It is believed to be a
new approach to high-level, random-vibration
simulation.

The peak acceleration requirements for
conducting an improved simuiation of the engine
cutoff are given in Table 2. They are derived
in a manner similar to that used tc derive the
sirusoidal test requiremenis. Applicable S-1C
structure response measurements were ana-
lyzed and provided the peak acceieration of
each octave band for the specimens input
requirement.

Because the compiex motion vibration sys-
tem does provide a probability density functicn
that is reasonabiy Gaussian, the system wiil
produce peak accelerations which are at ieast
three times the overall rms acceieration. This
fact was incorporated in setting up the random
spectrum. An exampie of the final leveis of a
shaped random spectrum, as derived from the
peak acceleration requirenients, is shown in
Tables 2 and 3.
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TABLE 2
Input Specification {or Cutoff Condition
Octave Band | Maximum Peak Acceleration

(cps) ®
25-50 28
50-100 20
100-200 13
200-400 14
400-800 34
800-1600 32
1600-2000 32

TABLE 3
Corresponding Random-Vibration Spectrum
for Data Presented in Table 2

Octave Band Power Spectral Overall
(cps) Dinsny Level
(g%/cps) €,0s)
25-50 +9 db/oct? 9.5

50 7.5

50-100 0.8 6.5
100-200 0.2 4.5
260-400 .12 4.5
400-800 0.32 10.3
800-1600 0.18 9.5
1600-20G0 0.19 9.5

3Peak g¢'s for various frequencies within the
25-50 band occurred in a manner to provide
the +9 db/octave slope. This was verified
after reviewing the vesults of experimental
data vs engine cutoff data.

The time required for testing was obtained
by measuring the elapsed time of the actual cut-
off condition. Because the transient condition
is a response of basic siructure, the time varied
from 0.2 to 1.0 sec depending upon the location
of the response measurement. A number of test
runs were conducted to determine an acceptable
length of time in which tc obtain the required
peak acceleration levels. This time was deter-
mined to be a minimum of 6.8 sec. Tests in the
laboratory are conducted for 1.0 sec with a tol-
erance of -0.2 sec, +1.0 sec. The maximum
tolerance of +1.0 sec was specified becausza of
human response time. It should be noted that
the required time specified for the test is con-
servative. Electrical circuitry has now been
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provided to control the iength of test time to
within 0.1 sec.

Although the maximum peak acceleration
level found in the data samples was specified
as the required test level, a tolerance require-
ment was statistically determined to be 50 per-
cent. By taking three standard deviations on
either side of the mean (required test level),
§9.73 percent of the possihle peak occurrences
of the Gaussian distribution would be taken into
account and therefore provide the +50 percent
tolerxnce. Each frequency band was analyzed
for several input requirements and the +50 per-
cent tolerance held true within practical limits.
The tolerance therefore became a standard for
the remaining tests of the reliability test
program.

LABORATORY PROCEDURES FCR
THE NEW SIMULATION

To perform the new random transient sim-
ulation with a standard random-viuration con-
trol console, it is necessary to convert from a
specification of peak acceleration ner octave
band to a specification of constant power spec-
tral density level for that particular octave
band. Assuming that 3-o peak accelerations
occur in each octave band, the overall rms ac-
celeration level was computed for that band.
Then, assuming the spectrum to be flat within
each band, the power spectral density level for
the band was computed. Once the deslired power
spectral density levels were known, individual
filter adjustments of a standard multichannel
equalizer were made and the required levels
attained. In practice a 9-db/octave roll-off was
used below 50 =ps. The following procedure
was subsequentlyfollowed. Prior to performing
the test a closed loop plot of the programmed
input to the exciter was made. This plot was
made by feeding the output of the random equal-
izer into its corresponding analyz.r. A plot of
analyzer output in terms of power spectral den-
sity vs frequency was obtained.

The power spectral density levels of the
closed loop plot had to conform with the com-
puted levels. The closed loop plot, also, served
as a reference for subsequent testing.

The initial test run was then made and an
octave-band anziysis of the input acceleration
data performed. This analysis, which was in
the form of peak accr' ration vs time, was re-
viewed before furtuer transient simulation
tests were performed. If the octave band anal-
ysis revealed out-of-*olerance conditions, the
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appropriate changes were made in the specified
power spectral density spectrum.

Experience indica'es that a tolerance of 25
percent of the specified peak acceleration level
could be held t0 percent of the time, although a
+50 percent tolerance was used for the S-IC re-
liability test program.

CONZLUSION

The short-duration, high-intensity shaped
random-~vibration test should be used to replace
the sinusoidzl sweep test where applicable, be-
cause of the relative simplicity of the test and
the many advantages. Two pr imary benefits
realized were:

1. The simulated random environment
closely duplicated the true environment because
vibration motion was fundamentally of a Gauss-
ian nature. This provided a reasonably similar
amplification of the test specimen response and
a realistic number high-energy fatigue cycles.

2. The overdesign of a specimen, normally
needed to meet requirements of the sinusoidal
sweep test, would be unnecessary.

BIBLIOGRAPHY

R. L. Rich and J. A. Roberts, "S-IC Reliability
Program From Structaral Life Viewpoint,'
Shock and Vibration Bull. 36 (Part 7): 19
(1967)

DISCUSSION

Mr. Painter: Did you consider the use of a
short duratlor pulse for your test rather than
using the random burst. I so, why did you
choose to take a short burst of random signal
and shape it in the spectral sense ?

Mr. Kula: Ibelieve you are referring to
some type of shock pulse. Our required time
was one second in length, and therefore a sim-
ple sahock pulse would not apply. There was
more of a random type condition.

63

Mr. Painter: I wasn't really referring toa
simple pulse, but tc what you get when you apply
a simple pulse to an array of bandpass filters.
This gives a ringing type of vibration that is
probably rather similar to what you obtained
with your random input.

Mr. Kula: Another condition that we are
trying to simulate is the number of high energy
fatigue cycles that the specimen would receive.
With a pulse we wouldn't get this distribution of a
number of peaks oczurring within this time limit.




PREDICTING MECHANICAL SHOCK TRANSMISSION

Jerome E. Maruing and Kyung Lee
Bolt Beranek and Newman Inc.
Cambridge, Massachusetts

Classic methods of shock transmission analysis, which take into
account only a few modes of a structure, are inadequate for many
problems. Because of the broad frequency content of the shock,
many, often hundreds, of modes will be excited. A promising
energy-flow metiod of analysis has beexn developed. The method
yields a time bistory of the vibratory energy in varicus regions
of a structurc. The energy stored in a region of a structure can
be used to estimate the average vibraticn level in taat region.

The method has been used to obtain predictions for an aerospace
vehicle subjected to a pyrotechnic shock. The agreement between
Ltheory and experiment is satisfactory.

INTRODUCTION

This paper describes an energy-flow method
of analysis to study mechanical snock transmis-
sion. The method allows treatment of cases
where shock loading establishes resonant, high-
frequency ringing. These cases cannot be ana-
lyzed adequately by existing methods. The
normal mode approach accurately predicts the
responsge of the first few modes of the structure.
Wave propagatior. methods provide analysis of
the primary phase of the shock, which results
f.rom direct transmission of the source shock,
without reflections in the structure. Our method
i3 suggested as a complement to these classic
approaches.

The method has yet to be developed with full
mathematical rigor, and some of our procedures
are left unsupported. It evolved from a physical
under standing of shock transmission.

The fundamen:zi idea of our analysis is to
divide a complex structure into a set of coupled
subsystems. These may consist of eitner con-
tinuous or discrete elements. A time history of
the vibratory energy in each subsystem results,
if we equate the net vibratory-power input to
the subsystem with the rate of change of its
stored energy.

The major problem in such an anaiysis is
to calculate the coupling factors which govern
the rate of energy iiow between subsystens.
We have used gteady-state coupling factors. A
number of references give caiculations of
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steady - state coupling factors between basic
structural elements, e.g., beams, plates, cylin-
ders, etc. {1-5]. The use of steady-state pa-
rameters to study shock transmission gseems
valid for quasi-steady vibrations, where the
resonant ringing of the subsystems occurs with
a slowly varying envelope. The commonly ac-
cepted experimental technique (e.g., Ref. 3,
section IMI-C) of estimating steady-state cou-
pling factors and damping factors by decay-
rate measurements further supnorts this
approach.

MECHANICAL SHOCK

Mechanical shock may be produced by a
number of different sources such as pyrotech-
nic devices, missile staging, explosions, and
aircraft landings. The shock loading at the
impact point is characterized by short-rise-
time, high-intensity forces. These forces
cause corresgpondingly short-rise-time, high-
amplitude accelerations at the loading point.
Vibratory energy of the source shock propa-
gates throughout the structure in the form of
compressional, shear, and bending waves in

.o m ~ln
the structural ele

w
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At each discontizuity in the structure,
some of the incident energy is reflected and
the remainder transmitted. After several dis-
continuities, most of the ¢nergy {rom the pri-
mary shock pulse has been reflected. The re-
flected energy sets up a ringing in the structural
elements, which persists until it is damped out.




A typical shock at an equipment mounting
point, separated from a pyrotechnic device by a
beam-plate junction, is shown in Fig. 1. This
type of shock, with which we are specificaily
concerned, can be described as a fluctuating
signdl with a siowiy varying envelope.

aln)

200¢' - - - - /-!""'OM

Fig. 1. Typical acceleration
tirne history

DIVISION OF COMPLEX STRUC-
TURES INTO SUBSYSTEMS

The first step of our procedure is to divide
the structure into svbsvstems. This division is
somewhat arbitrary, ana shouid be guided by
both our ability (o calculate coupling factors
and the required detail of the solutions

To explain more fully, our procedure leads
to the eaery in each subsystem. But it does
not lead to the distribution of energy in the sub-
system. In general, a detailed modal aralysis
is required to gain this information. if, how-
ever, the ~ubsystem is reasonably homogenreous,
and many :;aodes contribute to its response, the
ensrrgy w.ll be distributed uniformly in the sub-
system. Plates, shellis, and beams qualify as
homogenceus subsystems. Ribbed plates and

Impulsive source ——

beam cross-section—/
aiea A

shells may or may not qualify. It depends on
whether ¢r not uniformity of the energy field
applies.

Coupling factors have been calculated, with
some approximations, for a number of idealized
cases: coupled beams, plates, cylindere, lumped
masses, and mass-spring oscillators. Applica-
tion of the analysis with different elements, or
for different types of coupling, requires calcu-
lation of the cougling factors.

Our conclusion is that a structure should
be subdivided into a set of coupled beams,
plates, shells, and simple lumped-parameter
syetems. An idealized two-subsystem si.uc-
ture is shown in Fig. 2. This structure consists
of a beam (subsystem 1) joined to a plate (sub-
system 2),

POWER BALANCE EQUATIONS

Consider a structure, such as that shown
in Fig. 2, which can be divided into two subsys-
tems. The division {8 shown schematically in
Fig. 3. For these subsystems we can identify
the stored energy (E) in each subsystem, the
power dissipated by each subs;stem, the power
input to each subsystem, and the power trans-
ferred between the subsystems. A cimple power
balance on each subsystem results in the fol-
lowing equations:

. P dE
nlln _ :1:;."‘ _ -"ll!’ F (la)
and

ptrans diss E (lb)
12 ‘2 dT )

Toe next step of the analysis is to relate the
power flows t¢ the stored energies through the
steady-state coupling factors. For the steady
state, the power flow in a frequency band is

/9Innod junction

 thin fat plate

Fig. 2. Beam-plate structure
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Fig. 3. Power-f{low diagram

proportional to ihe difference in modal energy
of the two subsystems:

hlrnn:J o
Ty, 037wy

[E'(‘) (2)

n,

E,(A)]

n,

where 7, is the coupling ioss factor between
subsystems 1 and 2, n, is the modal density of
subsystem 1, and E, is the energy of subsystem
1 in the frequercy band. To write this equation,
we must agsume that the response of each sub-
system is a result of resonant response of the
modes.

At this point we make an assumption, which
aliows us to use the steady-state coupling fac-
tors to predict transiert response. The assump-
tion is that the transient response is a result of
modal resonances; i.e., each mode responds at
its resonance frequency. This impliee that the
modal energy in one band does not contribute to
the response of modes with resonances in other
bands. I we et E(.,T)A. be the average energy
at time T of all modes with resonances .,
power flow between subsystems in the { requency

band A . can be written as

..trans I'El("T) EZ(”‘T)

by (T ""nnll n, . @)
where - is the center frequency of the band,

n,; 18 the steady-stare coupling ;arameter,
and n, is the modal density of element 1. The
power dissipated in the frequency band . is

E,(:.T)

n

.diss
1

(..T) - STy

(4)

Equations {3) and (4), in the power-flow equa-
fions, result in the following twe equations:

A . .
T.'-FEI("T) Voot EGGLTY

n

1 o
T 12—1E2('vT) ‘lln("T) (53.)

n
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and

9 n, ]
;}'Ez("‘r) ‘o [n_: Nypt 'zJ Ey(-.T)

=Ty Ey (e T) = 0 (5b)

We can now solve for the stored energy in sub-
system 1, E, (..T), and stored energy in su"-
system 2, E,(..T). The vibration amplitude
relates to the stored energy, £ince for resonant
response the time-average kinetic energy equals
the time-average potential energy:

M, <v?> = Ey. (6)

where N, is the tctal mass of the sub.iystem.
and <v?>_ is its squared velocity aseraged
over a cycle of vibration and ove1 th¢ spatial
extent of the subsystem.

BEAM-PLATE STRUCTURE

As an example of the analytic procedure
introduced in this paper. consider the beam-
plate structure shown in Fig. 2. This structure
is a model of the reentry vehicle sketched in
Fig. 4. % consists of a beam pinned to a thin
flat plate. Structural parameters are:

L = beam length = 2 ft

= =915 2
A, ... =beam cross-section area = 2 io.
‘beam = D€am material volume density =
0.1 1b/in.?
Speam = DEAM compressional wavespeed =
17,000 ft/sec
A1.c. = Plate surface area = 40 ft*
t = plate thickneas = 0.375 in.
Lone
Ring frame
Sir Strufs
Pyrolechnic
Separation
Device

Fig. 4. Structural model of
a reentry vehicle
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I T, B

= plate compressional wavespeed =
17,000 ft/sec

cyln!e

F ,(t)=Fosm27'tTfor0’t<T

four<

F, =50001b
T = 0.2 msec.

An impulsive source is located at one end of the
beain. We will calculate the vibration envelope
time history at an average point on the plate.
Bending of the beam i8s uncoupled to bending of
the plate because of the pinned joint. There-
fore, only compressional modes of the beam
need to be considered. The first compressional
beam mode is at 4000 Hz. This predicted fre-
Quency is not exact because of the end condition
at the plate junction. We have taken the reso-
nant frequency of a free-free beam. Our calcu-
lations will be restricted to interactions between
the first mode of the beam and the plate.

We can make three approximations for the
beam-plate structure that will simplify the re-
quired calculations. First, t..e beam dissipa-
tion loss factor can be taken to be much less
than the coupling loss factor between the beam
and the plate: n, << n,,. Then we can take the
modal density of the beam to be much less than
that of the plate, since we are considering in-
teractions involving only the first mode of the
beam. This allows the approximation n n,, <<
n,n,, which amounts to neglecting the power
flow from the plate back into the beam. Finally,
the source-shock time duration can be taken
short enough for the power into the beam to be
impulsive:

%Wy, T) = Eo(T). (M

The power-flow equationg, Eqs. (5a) and
(5b), can be simplified to the equations below:

Qo .
B E(wg.T) + womEq{wy.T) = Eq 5(T) (8a)
and

3
5 Ej(wy . T) ¢ cwqna Eq(wy . T) = womy B T), (8b)

where «, is the resonance frequency of the
first mode. These equations yield the follow-
ing solutions:

-0 T
F (v, T) E,e 0”12 (92)
and
n ewn T -wn T
E,(.T) - E, r‘,’n; {e B } (9b)
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where 7, ,~ v, has been assumed to be nonzero.
For cases in which 7,, = »,, a different form
of solution will be obtained.

To complete our example, we must calcu-
late the coupling loss factor »,, , the plate dis-
sipation loss factor 7,, and the input energy E,.

To calculate n,,, we consider the interac-
tion between the beam and an infinite plate. For
this case, the power input to the plate is given
as

Ty a(p:T) = w3 Eq(ug. TY (10)
where E, {8 the energy of the first mode of the
beam. Because of the impedance mismatch be-
tween the beam and the plate, we will agsume
that the beam acts as a velocity source. Then,
the mean-square velocity at the beam-plate
junction will be twice the spatial-average mean-
square velocity of the beam. The power into
the infinite plate becomes

21

infiniteplate
nl!(MO'T) == ube.‘ "be.- <v2>x.l (ll)

where 1, . i.c prate 18 the point input imped-
ance of the infinite plate, N, is the total
mass of the beam, and M, <v?> . i8 the total
energy of the beam in its {irst mode. It follows
that the coupling loss factor is

2.
2linfinitepl-le 4'6pylatet )

(12)

Ma =
wo“bran

“'o"bc-m
The dissipation loss factor of the plate 7,

cannot be calculzted theoretically. We must

rely on an empirical prediction that », = 0.025.

We will assume for this example that the
duration of the source shock is less than 0.25
msec, which is the time for compressional
waves to travel twice the length of the beam.
For such a short-duration force input, the ve-
locity in the beam can be giver as

F(t"X/C,)

vix,t) = I

(3)

infinite beam

where I, (i :..heem I8 the input impedance of
an infinite beam
i

(14)

After the source shock the energy in the first
mode of the beam can be given as

infinjte beam obramcfA'

e

7 2
1 ’ x 1
E, ub'.m{pbrlmc'A j; F kT' oo ) w(x) d= .

<¢
(15)
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where T is the shock duration and where v, (x)
is the mode shape

2 cos 2 (18)

Uy(x) = T L

The parameters =,,, n,, and E, have been
calculated numerically for the beam-plate sys-
tem. Calculated values are:

wy = 2nf, = fundamental beam resonance fre-
quency = 25,000 Hz

= coupiing lcss factor = 0.1

)
~
!

3
"

B beam dissipatior loss factor = 0

plate dissipation locs factor = 0.025
2.3 ft-1b,

The numerical solution of Eq. (9b) using these
values is shown in Fig. 5. The envelope of the
vibration has a rapid rise fo{lowed by a slow
exponential decay. The rise is a result of
energy flowing into the plate from the beam.,
while the decay is the result of energy being
dissipated in the plate.

m 3
~
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EXPERIMENTAL RESULTS

We have conducted experiments on a struc-
tural model of a reentry vehicle, sketched in
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Fig. 5. Response ac-
celeration envelope

Fig. 4. The impuisive source in this vehicle is
a pyrotechnic separation nui. The force gen-
erated by this device can be approximately de-
scribed as one cycle of a sine wave with an
amplitude of 10,000 1b. (The inpvt force for the
modei hag been reduced to 5000 Ib because the
relative angle between the beam and cone in the
actual vehicle is 45 deg.) Sensitive electronic
cormnonents are located on the cone of the ve-
hicle. An experimental program was conducted
in which accelerometers were located at vari-
ous points on the cone, and the resulting shock
frem the pyrotechnic separation nut measured.
The envelope of an acceleration time history
for a typical point on the cone is shown ia Fig.
5 and can be compared with our theoretical
calculations for the beam-plate model of this
vehicle. The comparison is quite good and in-
dicates that our method of analysis is promising.
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DISCUSSION

Mr. Mustain (McDonnell-Douglas Corp.):
I've been working on a shock monograph with
Dr. Ayre of the University of Cclerado. Dr.
Sheldon Rubin, Harry Himelblau, Ralphk Blake,
and several others were on the review board.
In our conclusions we indicated that, for a low-
frequency type of shock, an analysis of a math-
ematical model could be made by techniques
that are available. On the other hand, we have
definitely taken the stand that there is no anal-
ysis possible for the explosive type of shock.

€9

We find it very difficult to establish the imped-
1ces of a structure: you have io bnild the

structure and make impedance measurements.

You have hinted that an analysis may be possible.

Mr. Manning: We use the impedances of in-
finite systems to model the impedances of ac-
tual finite systems. This is vaiid for high-
frequency vibrations. In the problem th~t I
described, we evaluated the force output of the
py1otechnic device and got a rough idea of the
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input impedance, which we used to ca. ‘ulate the
power into the system. Knowing the power into
the system, one can proceed with the type of
analysis I have outlined. I think that the an-
swers would be fairly accurate, perhaps within
25 percent of the peak level or a little beiter.

Mr. Holland (Allied Research Assoc.):
How did you obtain the experimental values of
the response acceleratiur: on the plate? Did
you use strain gages or acceierometers ?

Mr. Manning: Accelerometers.
Mr. Holland: At how many points ?

Mr. Manning: We used a recording at one
point. We made recordings at many points, and
they were all similar.

Mr. Holland: Were they also similar for
many different pyrotechnic explosions ?

Mr. Manning: We did only two explosions,
and they were similar.

Mr. Holland: Did you vary your explosion
to see if the accelerometer read differently ?

Mr. Manning: I make no great claims about
the experiment that was done. I hesitated some-
what to present this paper because the work is
quite recent; I think a better experiment and a
more detailed analysis is called for. I am only
trying to get across rough ideas here.

Mr. Holland: Ybring this up because, in
the experimental work on comp -'». structures,
you get focusing and nodes with ceverberatior.
From one shot to another you can get many dif-
ferent readings. As we saw before, shock spec-
tra seem to be constant, independent of the pyro-
technic and the clamping on other spacecraft
structures.
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Mr. Manning: For our device, the frequen-
cies were very high. Hundreds of modes inter-
act; and I think you could make a strong argu-
ment that the vibration field, since it is a result
of 80 many modes, would be fairly uniform on
the plate involved. In the first drawing that I
presented, there was a predominant frequency.
This was tlie first resonant frequency of the
beam in the system. At that frequency, the
plate had many, many modes.

Mr. Kapur (Aerospace Corp.}. How did you
obtain the dissipation load factor and the cou-
pling loss factor ? They are obviously difficult
to calculate.

Mr. Maniing: It would be desirable to
measure them, However, I estimated the dis-
sipation loss factor and used a simplified the-
oreiical analyeis for the coupling loss factors.
To calculate the coupling loss factors, you as-
sume that the beam in the system and the plate
are both infinite. Then you know the driving
point impedances of the plate and the source
impedance of the beam, since it is infinite. Any
of the work done on statistical energy analysis
involves calculating these coupling loss factors.

M.. Painter (Lockheed-California Co.): In
the literature on the energy method, there are
some indications that one can, with circuit dia-
grams and the use of reactive elements across
the dis¢‘paiors, use that type of analogy for
transient work. Have you looked into this ?

Mr. Manning: The circuit diagrams that
have been drawn are vqaivalent circuits in
which the elements repregent rather complex
impedances. The reason that you can use the
lumped-parameter diagrams is that the im-
pedances of the infinite systems are fairly sim-
ple. Iknow the diagrams are used mainly to
calculate the coupling loss factors.
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SHOCK DAMAGE MECHANISM OF A SIMPLE STRUCTURE®

Lowell T. Butt
Naval Ship Rese¢arch and Development Center
Portsmouth, Virginia

Two sets of four cantilever beams loaded with tip masses were mounted on
the floating rhock platform ard shocktested by under.vater explosions. These
simple mechanical models were designed to under.”~ : ppreciable plastic de-
formations. Three analytical approaches to predict shock damage were ap-
plied to these beam-mass models: {a) one considering elastic, perfectly
plastic mode response; (b) another considering an energy balance to predict
displacement bounds; and (c) the third considering an inelastic deformation
mode approximation. The dirplacement bound and raode approximation meth-
ods were applied considering Moth elastic, perfectly plastic and rigid, per-
fectly plastic deformations. The analytical results were compared with ex-
perimental data. The elastic, perfectly plastic analyeis shows good agreement
with experiraent up to the initial peak displacement. Computed elastic-plastic
bounds and irelastic mode approximations also provide good estimations of

tke initial displacements.

INTRODUCTION

The shock design of shipboard equipment
ir based on elastic response analysis. How-
ever, a large class of ductile metal structures,
when subjected tc shock loadings from explo-
sions, may undergo considerable plastic defor-
mations before their performance is seriously
degraded. El~stic response analysis methods
cannot allow iur this. Shock design methods
which could take advantage of permissible plas-
tic deformations should result in greater shock
resistance of naval vessels, lighter shipboard
installations, and reduced space requirements.

Development of a design method for dynamic
plastic deformations is extremely difficult; first,
a good understanding of the damage ruechanism
is required. Brown University recently devel-
oped under Navy contract a number of approxi-
mate procedures in the theory of plasticity that
offered promise for a theoretical analysis of
the dynamic plastic deformation of structures
[1,7.3]. Consequently, as the initial phase of an
.nvestigation into shock damage inechanisms,
siraple mechar! ‘al models consisting of canti-
lever beams with tip masses were designed to
undergo appreciable plastic deformations when
subjected to the underwater explesion shock
loading on the floating shock platform (FSP).

Three plastic deformation prediction methods,
which are described her~, were applied to the
exparimental behavior of the beam-mass
models.

EXPERIMENT

The beams for these models were standard
3 15.7 beams machined to give uniforra dimen-
sions throughout, as shown in Fig. 1. The tip
masses were assembled from lead blocks and
bolted to the beams. Four pairs of models with
cantilever lengths between 29 and 11 in. and
frequencies between 18 and 139 Hz were tested.
Figure 2 is a schematic of the test array, and
Fig. 3 shows a typical velocity history at the
base of the cantilever. The input has been
idealized to make it more amenable to mathe-
matics. The duraticn time of the input motion
is about 52 msec.

The relative displacement history of a
beam-mass model measured at its tip mass is
shown in Fig. 4. The displacement is ralative
to the FSP inuer botton. Starting from zero,
the tip mass moves toward the FSP inner bot-
tom. The elastic limit deflection is reached at
point 1 of Fig. 4. 1ke tip mass continues on,
deforming the beam glistically unti! it reaches

*This papc:-p-;'eaents the results of one phase of research condiucted under Web Task 11.066, Sub
Project 5S-F013 10 01, Task 2960, sponsored jointly by the Defense Atcmic 3upport Agency and Naval

Ship Engineer‘ng Center.
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point 2. From thig peak, the tip mass begins to
move away from the FSP inner bottom elasti-
cally, locking in a permanent deformatior. in the
beam. The tip mass can continue elastically a
distance twice the elastic limit deflection, which
is reached at poirt 3; moving on from point 3,
the beam is being deiormed plastically. This
deformation is in reverse to that locked in at
point 2. The reverse plastic deformation con-
tinues until the tip mass reaches point 4, at
which time elastic response begins and contin-
ues. At no later time does the peak-to-peak
~esponge exceed twice the elastic limit deflec-
tion. Tuz total resper.se shown occurs within
the duration of the iuput.

THEORY

Three methods have been used in this study
to predict the maximur. deflection of the tip
masses.

Elastic, Perfectly Plastic
Mode Response

This method was derived from the complete
sclution of the equations of motion of a single-
degree-of-freedom system subjected to a base
motion which represents the idealized input ve-
locity. To investigate this mechanism, a
mathematical model with notation as shown in
Fig. 5 was used. A typical force-deflection
curve of the characteristics of the spring ‘or
this model is shown in Fig. 6. Here, F,_ i3 the
maximum force developed and is reached at the
limiting elastic deflection v,. If after exceed-
ing Y, the displacement direction is reversed,
the system remains elastic up to a change in
deflecti “n magnitude of 2 Y, The single mass-
spring system is subjected to a base input mo-
tion consisting of an instantaneous initial ve-
lccity rise V, which is followed by a linear
drop to zero over a time T, as shown in Fig. 7.

The response of this idealized system to
the idealized inpu\ velocily is briefly discussed
here solely on the basis of energy considera-
ticns. (The appendix of Ref. 4 discuases the
system in detail and presents curves for deter-
mining permanent sets.) By transferringtoa
set of coordinates attached to the base of the
system, one obtains an equivalent system (one
with the same relative displacements) by apply-
ing an initial velocity -V and a force mV T to
the mass. The force acts from the initiation of
motion up to time T. Thus the energy input to
the system may be divided into two parts: (a)
the initial kinetic energy mv? 2, and (b) the
work (mV T)Y done by the decelcrating force

73

m ?
€ (Y) £ SPRING FORCE Y :'Es‘-'t"'g““

Z:8ASE VELOOITY KB
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7 keSpring Constont
Y Displacement
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mV T acting through the relative displacement v
of the mass. The description of the motion is
characterized by two sets of solutions, each
valid over a different interval cf time, namely,
for 0 <t <T and t > T, The differential
equations valid over these time intervals are

F(Y L
'(T) <Z +d for 0 t <7 (1)

-y
:

Y

m

Y :-Z2:0 for t T (2)

where F(Y) - kY for 0 < Y < Y. and F(Y) F
for Y > Y,. The type of deformation depends
on the magnitude of the initial velocity and the
magnitude and duration of the force. Up to the
first displacement extremum Y,, which occurs
at time t,, the force extracts energy frcm the
system. However, after time t, the force puts
energy into the system so that the second dis-
piacement extremum Y,, at time v,, will ex-
ceed Y, in magnitude if Y, - -Y_. and will
exceed Y, 2v_if Y, -Y_ . After t,, the
force again extracts energy from the system so
that at no later time can the energy in the sys-
tem exceed that at t,; therefore, the system
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moves elasticaiiy for + > t,. Thus we are ied
{v threc deformation c.ate jories: fa) elastic
response (no permanert deformation), (b) singie
plastic phase, and (c) reverse plastic phase.
The eiastic response occurs in systems where
the input energy is not great enough to cause
permanent deformation. An eiementary mo-
mentum consideration wiii show that, for any
system, t, is iess than T. The total momen-
tum of the equivaient system is composed of
the initiai momentum -mV, the chapge in mo-
mentum produced by the deceieration (md)t,
and the momentum produced by the spring

t

JFd!.

0

Since F is greater than zero for t < t, and the
total momentum is zero at t - t,, it foliows
that min (T.t;)md-mV < 0 or min (T.t;) < T,
and t, < T. Therefore the system energy ix
aiways greater near t, than near t,. This
means that if oniy one plastic phase occurs, it
aiways occurs near t,. For reverse plasticity
we have bothy, < -y, and Y, > Y,+2¥_. On
the basis of energy considerations, the neces-
sary and sufficient condition for reverse plas-
ticity is

;—kYe: < -;-mV2 = m%Ye.
‘The minimum and maximum vaiues of Y are
given by

-F, (Yl»%Y(,) %m\"ﬂ +mdY,
or > for all T (3)
1, - ) 2
Y, - 3 (aVIeFY,) (F,+md) )
Fo¥o- Y- 2¥)  md(Y,-Y)) )

or >for T t,. (4)
F¥,

Y= ¥y ¢

Fr-m(—l J

No simple reiatlon can be obtained for T - ¢ ,;
however, curves have been derived for obtain-
ing approximate values [4].

The method is applied to the models of this
study by considering the cantilever fundzinental
mode and allowing the formation of a plastic
hinge at its base. The effective m in the funda-
mental mode was determined from the formula
of Ref. 5
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m:omp+ 0.236 @/ (5)

where mq is the tip icad mass and # is the
mass per unit iength aiong the beam length <.

Displacement Bounds

The rigid-plastic bound method may be
described as an energy balance between the
initiai kinetic energy, the work done by the
forces acting during the response, and the
plastic work. Early studies in the rigid, per-
fectly plastic approach were iimited to impul-
siveiy icaded structures, which can ke charac-
terized as probiems in which initiai veiocities
are given at each point in the structure; there-
after, no external forces do work on the struc-
ture. Recently, this work was extended by
Martin [1,2] and Oien and Martin 31 :o inciude
time -dependent body and surface forces acting
on the structure. Upper bounds for displace-
ments were estabiished, and a mode approxi-
mation method was deveioped for estimating
the defiections. Martin [1] proved that for a
rigid-plastic structure,

J.'%(v.v) dv > J.(P.uf) dA (6)
v A

where v is the initiai veiocity vector,  is the
mas3 density, uf is the finai displacement
vector, dv s differential voiume, and A is
surface area; P is a time-independent force
vector function. In addition, there must exist
at aii times a stress fieid which is everywhere
in equilibrium with the forces acting on the
body — P plus actuai surface and bodv forces —
and is everywhere at or bteiow the yield. To
obtain a rigid-plastic displacement bound at a
given point, we nced oniv seiect P - 0 every-
where eise and take the maximum P, consistent
with the stress limitation, at the point in ques-
tion. For an elastic-plastic materiai, one need
oniy add a term which represents elastic strain
energy to Eq. (6) to obtain

{lf(v_\-\dv + f(J iy do) dv > [ (P.uf)dA (7
v

v\ A

where -, is the stress fieid previously men-
tioned [3]. The elastic-plastic bound is obtained
in a manner similar to that for the rigid-plastic
bound.

For the models in this study, the initial
kinetic energy and the forces acting were de-
rived from the idealized revresentation of the
base velocity history. The resuliing equivalent
system is shown in Flg. 8. Here d is the
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Fig. 8. External loading of model

uniform deceleration of the idealized input ve-
focity, the verticai force P is placed at the
mass for this study. Equating the initial kinetic
energy to the work done by these forces pius
the plastic work results in the rigid-plastic
bound. For an elastic-plastic material, one
need only add an elastic strain energy term to
the initial kinetic energy.

Inelastic Mode Approximation

In the mode approximation method for a
rigid-plastic structur 2, we may use the same
system of Fig. 8; howev< -, a velocity mode
shape during deformation is assumed to be a
product of a singie space vector furction : and
a time function S(t); v* - S(t)¢. An equation
of the energy difference A(t) is defined as

Aty = J--S- [(v-ve), (v-ve)ldv (8)
v

where v is the actual velocity. It is aiso shown
that A is a monotonicaily decreasing function of
time, so that if A(0) is smali (com;ared to the
initial kinetic energy) then the mode is a good
approximation. To make A(0) as small as
possibie for the assumed mode, it is required
that

J. o{v.¢)dv
S(0) = = (9)

J’ p(¢.4)dv
v

Furthermore, the time of duration of the motion
is less for the approximate mode than for the
actual motion. The solution of the equation of
motion can be interpreted in terms of simgle
energy relationships in the assumed mode.

The solution may be very lengthy except for
time-independent loads. For this mode ap-
proximarion to hold with a reasonable degree of
accuracy, it is necessary that the energy input
be large compared with the elastic strain energy

the system is capabie Jf absorbing. For the
modeis described in this report, the elastic
strain energy accouats for a significant portion
of the energy dissipated and, therefore, must be
considered. There is no rigorous extension of
this method to elastic-plastic structures; hence,
an approxima‘e extension is d:vised to predict
the mamamum a=fiection.

The force-def’ »ction relationship of «n
eiastic, perfectly plastic system in a givea de-
flection mode may be represented as shown in
Fig. 9, where F, is the maximum resisting
foce of the system and Y, is the elastic iimit
deflection. The internai strain energy is equal
to the area under the force-defiection curve.
At Y - Y, the energy is:

—
<
-
0
W=

Feye ‘ (Yl - Ye) Fe

The force-deflection relationship for a similar
rigid, perfectiy plastic system may be repre-
sented as shown in Fig. 10, where F, is the
maximum resisting force of the system. The
internai strain energy at Y - Y ' is:

To determine the effect of the elastic portion of
the response, the twec energies are equated:

FORCE

7ot

v
t""" v | DISPLACEMENT
]

Fig. 9. Elastic--perfectly plastic
force -deflection relationship
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Fig. 10. Rigid—perfectly plastic
force-deflection relationship
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Thus it is seen that the peak displacement of an
elastlc, perfectly plastic single-degree-of-
freedom system wiil be greater than that for a
rigid, perfectly plastic system. However, the
permanent deformation will be less. For the
system uner consideration, the peak displace-
ment will be greater by at least one half of the
elastic limit deflection for equal amounts of
energy absorbed. This procedure is very simi-
lar to the rigorous procedure of Martin [2] for
the displacement bound for elastic-plastic sys-
tems. Therefore, we expect that the elastic
deflection system should be compatible with the
assumed plastic mode; i.e., the maximum
stresses should occur at the hinges of the
rigid-plastic system, and the stresses should
be In equilibrium wlth the forces acting. Since
Y, includes the elastic limit deflection Y,, the
plastic deformation which we wlll call 5 is

Y, -Y,.

To apply the rigid-plastic mode approxi-
mation to the cantilever beams, a simple lincar
veloclty distribution is assumed with a plastic
hinge at the base, as shown in Fig. 11. The
initial amplitude of the mode, S(0) - a, is ob-
tained irom Eq. (9):

L -
f ﬁV(-E) ix + mgV
- :iv<__’ﬁ"2'“7). (10)
2 \mt+ dnp

IR
=t R
0
Equating initial energy to energy of decelerating
force plus energy dissipated at plastic hinge,
all in the assumed mode, leads to
o 34V¢ (me+ 2mp)?

Y" -
! 4

] - (11)

(m’+ JmT)lZMO vd(mf e 2mpt)y

The correction for the elastic strain energy to
obtain the elastic-pi.stic mode approximation
is then made.

EVALUATION AND CONCLUSIONS

The elastic-plastic mode response accu-
rately predicts the response of a single-
degree-of-freedom system through the initial
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Fig. 11. Velocity mode shape

displacement extremum for the input assumed.
The prediction becomes poor in time, as shown
in Fig. 12, By the time of the second extre-
mum, the correlatlon is only qualitative. Con-
sidered the most accurate of the methods
studied, this method provides an excellent basis
for evaluating the simpler approximate meth-
ods. The solution obtained through the second
displacement provides insight into the second-
ary damage, and thus allows a sound basis for
neglecting the secondary damage in cases
where the initial set is of the order of at least
three or four times the elastic limit deflection
Y.. All of the methods predicted the initial
elastic-plastic displacement extremum equally
well. The inltial sets derived from these dis-
placements agree within 0.4 Y, and are within
0.9 Y, of the final set. The computed resuits
of each method and the measured result for one
model follow:

Initial Set
Deflection
Method {8,7Y,)
Measured -0.72
Elastic—perfectly plastic mode -0.97
response
Elastic—perfectly plastic bound -1.02
Elastic—perfectly plastic mode -0.99
approximation

—— - —EXPERIMENTAL
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o
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Fig. 12. Response correlation
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The rigid plastic solutions also predict perma-
nent set deflection adequately for many appli-
cations; however, they will generally predict
about 0.5 Y, greater set deflection than their
elastic-plastic counterparys.

While the elastic-plastic mode response
for a single-degree-of-freedoin system serves
very well in this study, obtaining a similar so-
lution for a system of more than one degree of
freedom wou.l be extremely difficult. The in-
elastic mode a;;proximation method has promise
of application to more complex structures with
the requirement of proper mode choice. The
effect of mode choice on results can he evalu-
ated only by further studies into mor: complex
structures. The displacement bound is also
applicable to a wide variety of structures. It
may be expected that the displacement bound

method will consistently give bounds in almost
all cases, at least on the order of magnitude of
the dispiacement at any point. By judicious
application, much greater accuracies should be
obtained. The acceptability of the accuracy of
the displacement bound method also must be
evaluated using more complex structures.

Thae intent of this study was to initiate an
investigation of shock damage mechanisms.
The methods presented here are by no means
directly ..pplicable as a shock design method,
but they do supply fundamental conceptions.
This study provides considerable insight intc
damage mechanisms and provides promise for
plastic design. Further studies of more com-
plex structures should furnish the basic tnols
required for the development of a plastic shock
design method.
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DISCUSSION

R. J. Fitch (General Electric Co.): What
was the materia! used for iie cantiiever beam?

Mr. Butt: The material was a medium
structural steel. This is a standard I-beam
with a yield strength of about 42,060 psi.

Mr. Fitch: Normally, when a material has
yielded in one direction the yield strength in
the opposite direction changes. This is called
a Bauchinger effect. Do you find that the
f£auchinger effect may have been important in

7

affecting the later response, not the first peak
but the shakedown effect ?

Mr. Butt: We suspected that this might
happen, and we had accelerometers attached to
the tip masters so that we could measure the
force throughout the response. However, the
lead blocks flowed considerably during the
shock, causing a lot of slop. We lost the ac-
celecrometer records and cculd not determine
exactly what the Bauchinger effect would have
been.




GENERAL MOTORS ENERGY-ABSORBING STEERING COLUMN
AS A COMPONENT OF SHIPBOARD PERSONNEL PROTECTION®

Jackson T. Hawkins and Arthur E. Hirsch
Naval Ship Research and Development Center
Washington, D.C.

The energy-absorbing elements from General Motors col-
lapsable steering columns has been tested and evaluated for
application to force limiting devices for protection of ship-
board personnel during underwater explosion aitack.

INTRODUCTION

Shipboard personnel are vulnerable to the
violent upward deck motions associated with
underwater explosions. Man's tolerance to
such short-duration shock motion is limited to
acceleratlons of about 15 to 20 g {1]. Effective
protection must therefore lir** the force trans-
mitted to the man to values below those corre-
sponding to his injury level. For example, a
seate’’ man weighing 180 1b can endure momen-
tary 'J:ices no greater than about 15 times his
own weight, or 2700 1b.

The Personnel Protection Branch of the
Navy Ship Research and Development Center
{NSRDC) has been developing various systems
which wlll reduce these shock motions to tolera-
ble levels within the space restrictions imposed
by shipboard applications. The General Motors
energy-absorbing cteering column shows great
promise for application in some of these sys-
tems. This report evaluates the force-limiting
capabilities of the crushable element of the GM
steering columns under shock loading similar
to that on board ships subjected to underwater
explosion attack.

BACKGROUND

In the design of a system of shipboard per-
sonnel protection against underwoter explosionr
shock motion, three main requiremsonts must be
considered: (a) the force transmittea to the
man must be within his tolerance levels; (b) the
thickness of the protection must be kept to a

minimum; and (c) the protection must be dura-
ble enough to meet service requirements.

The tolerance of seated and standing man
to short-duration shock motion is shown in Fig.
1. It can be seen that man's tolerance to shock
is dependent upon the duration of the loading. H
the load is applied for lese than 20 msec he is
sensitive to the velocity change and can tolerate
any acceleration so long as the Av is not greater
than 15 fps. If the duration is greater than 20
msec and not greater than about 100 msec, then
he can tolerate any Av so long as the accelera-
tion does not exceed about 15 to 20 g.

Full-scale shock tests have shown that dur-
ing underwater attack, shipboard personnel can
be subjected to velocity changes, occurring in
the 1- to 20-sec range, in excess of man's 15-
fps tolerance limit. One method of protection
would be to increase the time of application of
the shock load to man so that he can attain the
high velocity of the deck without experiencing
injurious accelerations.

This maximum acceleration, ibout 15 g,
corresponds to a transmitted force of 15 times
the weight of the protected man. The 1st to 99th
percentile variation in man's weight is from
about 120 to 220 ib {2]. The maximum allowabie
force that can safely be transmitted by .he pro-
tection therefore varies from about 1800 to
3300 1b. In the design of a single system the
lower value, 1800 lb, must be the criterion if
most men are to be protected. This corre-
sponds to accelerations of 15 g for the first and
about 8 g for the 99th percentile weights. The

¢Th: groj.-t was sponsored and funded by NAVSEC and NAVSHIP under SF 0150404 Task 1917, Per-

mission

‘. use human subjects 1t this study was granted by the Secretary of the Navy with the en-
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50th percentile, 168-1b man, would experience
about 11 g.

However this attenuation is accomplished
(e.g., mechanically, pneumatically, hydraulicaily,
by plastic deformation, etc.), it is necessarily
accompanied by a relative displacement between
the deck and the upper surface of the device.
The more nearly the useful force-limiting
stroke approaches the initial thickness of the
device, the greater the available protection for
any given thickness restriction. The highest
such stroke-thickness ratio for any of the pro-
tection systems previously investigated [3] has
been about 0.75 for paper honeycomb.

For a force-limiting device to be of prac-
tical value for shipboard applicaiion, it must be
able to withstand the same rough service use as
the deck of the ship itself without compromise
of its protective capabilities. Its shock-
attenuating characteristics must be virtually
unaffected by adverse climate, rough handling,
and freguent shock loading at levels below the
design yield strength. Low cost, ¢ase of instal-
lation, and infrequent maintenance are addi-
tional requirements.

No shock protection device has been found
that will vumpletely satisfy all of these require-
ments. A very effective and durable hydraulic
shock isolation pedestal has been developed for
seated personnel; however, this device is heavy
and relatively expensive, and has a stroke-
thickness ratio of less than 0.5. Paper honey-
comb deck modules for standing man, described
in Ref. [3], are inexpensive and efiective, and
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have a stroke-thickness ratio of about 0.73; but
they are unable to withstand normal service
climate and wear. The problem of shock pro-
tectior for shipboard personnel is of such im-
portance and urgency that despite their defi-
clencies, each of these two systems has found
some degree of Navy application.

GENERAL MOTORS STEERING
COLUMN

The GM steering column was developed as
protection against chest crushing or chest pene-
tration sometimes caused by rigid steering col-
umns in automobile accidents in which the
driver ls impelled forward. Figure 2 shows the
energy-absorbing portion of the commercially
mass-produced steering column element de-
signed for installation in many 1967 automobiles.
Its undeformed length, inciuding 1/4 in. on each
end to allow for welding in pedestal fabrication,
is 10-1/4 in., and its major and minor diame-
ters are 2-7/16 and 2-3/16 in., respectively,

Energy is absorbed during axial loading by
the plastic bending cf the diamond-perforated
sections. The average yield strength of these
columns can be controlled in the manufacturing
process by the selection of materials, dimen-
sions, and the degree of annealing. The fzoce
transmitted by a protection pedestal composed
of the columns is therefore not necessarily re-
stricted to the integral multiples of the force
determined herein for the strength of the pro-
duction model [4]. The column is relatively in-
expensive, durable under subyield strength




Fig. 2. The GM energy-
absorbing steering column

loading, and easily fabricated intc practical
modules.

TEST AND RESULTS

A series of tests was conducted to evaluate
the potential of the steering columns for appli-
cation in a system of protection for shipboard

personnel subjected te underwater explosion
attack. The obj~ct of the tests was to determine
the force-transmitting characteristics of the
columns, both aingly and in multicolumn con-
figurations, during shock loading similar to that
which might be experienced at shipboard duty
stations.

Test modules consisied of from one to five
columns mounted between parallel face plates
ag shown in Fig. 3. The NSRDC ship shock
simulator, described in Ref. (5], was used to
generate realistic input shock motion to the
lower plates; steel weighte were used to pro-
vide resistant forces on the upper plates. Fig-
ure 4 shows the test arrangement and the action
of the columns under shock lvading. The mass
of the steel weights and both the rise times and
peak velocities of the input motion were varied
to simulate shipboard shock conditions.

Valocity time records of both the lower
plate (input) and the upper plate (output) were
taken during the shock loading. Records of
several tests are reproduced in Fig. 5. The
congistency of the velocity-time slopes, or ac-
celerations, of the outputs in Fig. 5 indicate
that the force transmitted by the modules re-
mained virtually constant throughou! dynarmic
compression. The value of this transmitted
force was obtained as the product of the output
acceleration and the mass of the resisting steel

THREE COLUMHS

FOUR COLUMNS

FIVE COLUMNS

Fig. 3. Steering column test pedestals
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weight. Figure 6 shows the corresponding
stress-strain reiationship as - .eloped from
test velocity time records.

Table 1 summarizes the test conditions and
results. The valuves of the trausmitted force
per column are consistent within the range of
about 430 1b £15 percent, and the usefui stroke
of the coiumns ie about 7-3/4 in., or about 75
percent of the undeformed iength. These re-
sults indicated that a pedestal consisting of four
cciumns would most nearly approximate the
cesign transmitted load of 1800 lb, the criterion
fcr one-man personnel protection devices.

CONCLUSIONS

1. Pedestals composed of integral numbers
of the collapsable section of GM energy-
absorbing steering columns have force-limiting
capabilities which meet protection requirements
of personnei subjected to ship shock mutions
from underwater explosion attack.

2. The high stroke-thickness ratio of this
device permits its effective application for pro-
tection in low head-room areas. In this respect
it is the most efficient device yet investigated.

3. Ease of procurement, low cost, sim-
piicity, durability, and consistent and desirable
shock-absorbing characteristics make this a
most attractive device for incorporation into
personnel shock protection equipment.
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TABLE 1
Summary of Test Conditions and Results

Irput I Output
Number | Resisting —
Test of Weight Peak Rise Transmitted | Transmittec l Transmitted
Columns (ib) Velocity | Time | Acceleration Force Force per
(it/sec) | (msec) ) (Ib) Column (lb)
1 1 69.75 14 10 6.3 440 440
2 1 69.75 22 10 7.1 495 495
3 1 69.75 29 10 7.2 500 500
4 1 69.75 23 20 7.3 510 510
5 1 69.75 28 20 6.5 450 450
6 1 69.75 14 15 6.5 450 450
7 1 69.75 23 15 7.1 a¥5 495
8 1 69.75 28 15 6.8 470 470
9 2 129.75 13 15 1.2 935 467
10 2 129.7 23 15 “.8 1010 505
11 2 129.75 27 15 7.6 990 495
12 3 170.00 23 20 7.9 1240 447
i 5 170.00 22 20 12.7 2150 432
14 4 170.00 21 20 8.6 1460 366
15 2 128.75 24 20 6.2 805 402
16 1 129.75 25 20 3.7 480 480
17 2 170.00 24 20 4.9 830 415
18 3 129.75 23 20 9.7 1260 420
19 3 129.75 24 1 9.9 1285 428
20 4 170.00 23 20 9.0 1530 382
21 1 170.00 20 1 2.5 425 425
22 3 129.75 24 1 10.7 1390 463
23 4 129.75 22 1 12.9 1675 419
24 5 170.00 23 20 11.2 1905 381
2 1 129.75 26 1 3.9 505 505
26 4 170.00 22 1 9.4 1600 400
27 5 170.0 21 1 11.5 1950 390
28 3 170.00 25 1 7.4 1260 420
29 2 170.00 30 1 5.2 885 442
30 5 170.0C 20 20 11.6 1970 394
31 4 179.00 21 20 10.2 1730 432
32 3 170.00 22 20 8.0 1360 453
33 2 170.00 23 20 4,9 835 417
3. J. T. Hawkirs, and A. E. Hirsch, "Pro- 4. P.C.Skeels, "The General Motors Energy-
tection for Minesweeper Personnel: The Absgorbing Steering Column," Proc. i0th
Shock Attenuating Deck F 4 (1])," David Stapp Car Crash Conf., Nov. 1966

Taylor Model Basin Rep.. £-2265, Oct.

1966 (confidential) 5. R. M. Mahone, 'Man's Response to Ship

Shock Motione." David Taylor Model Basin
Rept. 2135, Jan. 1966
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DESIGN OF HEAVY WEIGHT SHOCK TEST FACILITIES

Carl G. Schrader
San Francisco Bay Naval Shipyard
San Francisco, California

Heavy (6000 to 60,000 1b) Naval shipboard equipment is
shock tested on board a floating platform by an underwater
explosion. Deaign objectives and criteria for fixtures and
I t28t results are presented. The results suzgest that in
simple cases the fixture {(or foundation) can be designed to

be an effective shock reducer.

Naval shipboard equipment that requires
shock testing but which weighs iess than 6000 1b
is usually tested on impact shock machines.
Heavier equipment (6000 to 60,000 Ib) is shock
tested by mounting the unit un a Floa!ing Shock
Platform (FSP) and subjecting the platform to a
series of underwater explosions. This test
procedure, described in military specification
MIL-S-901C, was developed by the Underwater
Explosions kesearch Division of the Naval Ship
Research and Development Center (formerly
David Taylor Model Basin) {1]. Two commer-
cial facilities, one at Electric Boat Division,
General Dynamics Corporation, Groton, Con-
necticut, and the other at Western Gear Com-
paay, Everett, Washington have recently started
cenducting FSP tests. The Underwater Explo-
siong Research Division does siniiar testing,
but their emphasis is more on research prob-
lems. Regular qualification ana developmental
shock tests of the Navy shock test program are
conducted at the West Coast Shock Facility.
Since 1963 a few practical things have been
12arned which may be of help to those who will
have their equipment tested on FSP’s.

The ¥SP deck is 3 ft above the bottom of
the hul and is made of 1/2 in. thick HY 80
steei. This, in turn, is supported by a grid of
transverse and longitudinal riates on 3-{t cen-
ters which connects to the botiom of the hull.
A supporting fixture (or foundation) that will
simulate the shipboard foundation i8 needed to
install the equipment to be tested. Although
this equipment i8 very heavy, it may be in-
stalled anywhere on a ship from the hull beams
up to the main deck. This creates the prcblem
of how best to mount the equipment on the FSP
to simulate the shipboard environment as
reaiistically ag possible. To simulate the hull
frames, the equizment is mounted directly to
the deck of the FSP which has similar stiffness
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and frequency. For equipment which is mounted
above the hull frames, the hull fixture design
becomes more difficult: the frequency of the
supporting structure becomesg iower as the
equipment is placed higher in the ship, because
of the additive effect oi the gpringiness of the
intervening structures [2]. In addition to design-
ing to the same frequency as the shipooard
foundation, the fixture must maintain a low cen-
ter of gravity, have adequate strength and low
weight, and fit within the limited space of the
FSP.

The fixture should have the rame frequency
as that of the shipboard foundation. Figure 1
shows the ability of a fixture to modify the deck
response of the FSP as "seen’ by the equipment.
The upper velccity-time curve shows a typical
shock on the deck of the FSP with a quickly ris-
ing ramp-shaped wave. The lower curve shows
the response as modified by the fixture to a low-
frequency wave which almost approaches a half
sine wave. This means that most of the shock
energy has been converted to relatively low-
frequency energy. This fraquency usually cor-
responds to the fundamental vertical frequency
of the fixture, since most of the shock energy
of a surface ship 15 in the vertical direction.
Many types of controls and structures used in
typical machinery have a low-frequency reso-
nance and therefore are excited by this low-
frequency energy. A rescnant frequency vibra-
tion can cause large amplitudes and stresses.
In a similar manner resonant shock excitation
will cause large motions, although to a lesser
degree. If we placed all the equipment on deck,
as directly as feasible, and with a short, stiff
foundation, we would not have the low-frequency
excitation as found in many shipboard founda-
tions. Instead, the impact loading would consist
mainly of high-frequency excitation not repre-
sentative of the expected shipboard shock and
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conducive to failures of a nature entirely dif-
ferent from that which the normal shiphoard
installation could expect. In such a case the
test could not be realistic. Although it costs
more to build a low-frequency fixture, the large
number of low-frequency structures and control
failures we have encountered justifies the
expense.

In designing the fixture, we need to deter-
mine the required frequency. If the equipment
is already installed on 2 ship, we can measure
the frequency by mechanical impedance tech-
niques: but in most cases we have to calculate
the frequency from the plans of the shipboard
fouindation. In our calcutations we usually as-
sume that the equipment acts as a single mass.
To determine what streng:h level we should
design to, we have used the surface ships input
curves of the dynamic catxz analysis metrod[3,4].

To design the very low frequency fixtures
that simulate equipment mounted several decks
above the bottom of a ship, the design may re-
quire pin jointg and alloy steel frames to keep

Deck ve fixture response

the large displacements within the elastic range
of the material. Figure 2 shows a pia-jointed
fixture designed by nne shipbuilder to simulate
a certain deck on an aircraft carrier which has
a vertical frequency of 13 cps. Figure 3 shows
a solid type of fixture with about a 50-cpe re-
sponse. Figure 4 shows the oscillograph velocity-
time traces of a solid fixture and a pin-jointed
fixture. The solid fixture shows a heavily damped
wave which was probably caused by the friction
of many bolted joints. The pin-jointed fixture
oscillated with a rather lightly damped sine
wave moticn for several cyclies. In Fig. 5, the
velocity-time response of a shipboard and a
floating platform solid-fixture shock test ¢f a
turbogenerator indicated that the solid fixture
very closely approximated the ship's response.
The pin-jointed fixture with its lcw damping and
resultant many cycles has a greater damage
potential when equipment or parts which have
slightly differing frequencies get out of phase
after several cycles and the parts collide with
doubled velocity. Since this low damping does
not occur on many ship structures that support
heavy equipment, it is believed that these

Fig. &.
carrier deck with vertical frequency of 13 cps

Pin-jointed fixture simulating aircraft
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Fig. 5. FSP vs shipboard response

pin-jointed fixtures could be improved by pro-
viding friction damping.

The question of g-loads on equipment tested
on the FSP is frequently raised. As shown by
Table 1, these g loads vary over a considerable
range and depend on the frequency of the FSP
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fixture. Teble 1 dues ot show all the equip-
ment that we have tested, but it shows a range
of frequencies and g loads encountered and the
effect that the fixture frequency can have upon
the same type and weight of equipment. These
frequencies range from 13 to 210 cps, which, in
turn, have resulted in accelerations ranging




-
TABLE 1
Results of FSP Shock Tests
Natural
Average Peak
Equipment Type of Frequency, Acceleration Velocity
Fixture?® Vertical (g) (fps)
(cps)
Filter P 13 11 7.8
Towing reel P 19 18.5 12.3
Filter P 23 28 16
Diesel generator R 25 32 i4
Gas turbine generator R 21 40 15
Deaerating tank R 50 43 14
Turbogenerator R 33 39 11
Turbogeneratcr R 210 220 10

AP = pir jointed, R = rigid joint.

from 11 to 220 g respectively. Figure 6 shows
our method of measuring acceleration. We take
the long time slope of the velocity curve and use
this for a basis of our g measurement. We do
not consider the high frequency peak g loads that
: are of very short duration, for our experience
indicates that the low-frequency parts involved
in most machinery are damaged by the longer
time energy.

'
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cases, however, for some machinery must stay
in very close alignment, or its pusition in the
ship may be so close to the main frames that it
is not practical to interpose a flexible foundation.

CONCLUSIONS

We have been fairly successful in designing
the desired frequency into our fixtures; if we

P
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S A w//'r
a= dv
dt
a
L R

TIME

As a by-product of this fixture study, we
can gee in Table 1 that the accelerations expe-
rienced by similar equipment raay vary as much
as 5 to 1, because of the stiffness or flexibility
of the foundation. Examination of foundation
plans indicated that cost difference between a
flexible and a very stiff foundation was nominal.
Since a 5 to 1 load factor may make a large cost
difference in manufacture of an equipment, it is
recoinmended that i simpile cases, the ship-
builder design flexible foundations and pass his
design criteria to the equipment manufacturer
who, in turn, may design adequate shock strength
at a minimum cost. This cannot be done in all
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Fig. 6. Methcd of reading accelerations

err, we prefer to be on the higher {requency
side, because this, in turn, will produce higher
g loads instead of lower ones. The resultant
g loads have not always been as close as
predicted, but they have given us safe design
values for our fixtures and fastenings. It
must be remembered these g loads are those
of our fixture. Designing to these particular
levels will not guarantce that everything else
on the equipment will survive, because cer-
tain high-frequency parts of the equipment
will feel higher g levels. The wave shape of
the motion of our solid fixtures has been
very close to shipboard motions. To improve

.
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pin-jointed fixtures, we will try to provide
friction damping so that the wave shape and

duration will come closer to that of the
ship's foundation.

REFERENCES

1. "The Floating Shock Platform for Shock
Testing Equipment up to 30,000 Pounds,"
UERD Rept. 7-61, May 1961

2. A. H. Keil, "The Response of Ships to Un-
derwater Explosions,” DTMB Rept. 1576,
Nov. 1961

3. R. 0. Belsheim, and G. J. O'Hara, "Shock
Design of Shipboard Equivment. Dynamic-

Design Analysis Method,' NAVSHIPS 250-
423-30, May 1961

4. R. O. Belsheim, and G. J. O'Hara, "Shock

Design of Shipboard Equipment. Interim
Design Inputs for Submarine and Surface
Ship Equipment,' NAVSHIPS 250-423-31,
Oct. 1861

DISCUSSION

Paul Duffy (KAPL, General Electric Co.): Was
any attempt made to simulate ver.ical and Iateral
stiffnesses of the foundation simuit.n:ouzly

Mr. Schrader. Most all this effort was on
the vartical, since the horizorta! shock load is
about 50 percent of the vertical load on the
floating shock platform. The horizontal stiff-
ness in foundations varies a great deal from
shipbuilder to shipbuilder, in that some will tie
them directly into the side of the ship and for
others the foundation will be fairly well pivotted
on the bottom frames. It is rather difficult to
have any real consistency here.
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Mr. Bort (Naval Research Lab.): I notice
that most of the accelerations seem to be
numerically equal to the frequencies. Is this
perhaps good enough to use as a rule for

anything ?

Mr. Schrader: No, I don't think it is good
to use as a rule. I tried fitting this to various
curves and formulas with little success. I want
to caution everyone that these levels are what
our fixture and the bolting see. There are
higher g loads on parts of the equipment than
our fixture sees. So do not use these data as a
guide for overall design.

*




DERIVATION AND !MPLICATIONS OF THE
NAVY SHOCK ANALYSIS METHOD

F. J. Heymann
Westinghouse Electric Corporation
Lester,Pennsylvania

l The wnrking equations of the Belsheim-0'Hara dynamic analysis method are developed
nonrigorously, with 2 minimum of mathematics, on the basis of physical and logical
reasoning.

The expressions for modal equivalent (or effective) mass, equivalent displacement, and

shock response of system rmascses are derived here using no postulates other than (a) a

i definition of dyramic equivalence between vibratory modes of different systems, (b) the

i assumption that system modes of equal frequencies and equal equivalent masses will re-
spond to the same shock condition it levels consistent with dynarnic equivalence, and (c)

: the requirement that the responses of arbitrary single-degree-of-freedom systems be

|1 known, as from test data. The conce 3. of equivaleat cisplacement ratios is preferred to

§ that of the more commonly used nart:cipatioa factors; the forme=- are shown to be fixed

quantities for a given system move, whereas the latter are not.

This approach reveals clearly that the method is not predicated upcn any particular shape
or nature of the shock input to the system {such as a step velocity input) and can yield noc
information about the initial phase relationships between the various modes.

Since in a real system the responses also decay rapidly, it follows that there is an in-
herent difficulty, in this method, of summing the effects of the various modes without
being overly conservative.

INTRODUCTION F, M X PV (1)
In the analysis of complex structures sub- This expression is not derived in Ref. | 1], al-

jected to shock excitation, particularly in naval though undoubtedly rigorous derivations can be

shipboard equipment, the so-called dyramic found elsewhere.

analysie method of Belsheim and O'Hara | 1]

must often be used. The procedure involves, as This paper shows how Eq. (1) can be devel-

a first step, reducing the actual structure to a »ped nonrigorousiy, using a minimum of mathe-

lumped-parameter mode! of a finite number of matics and a maximum of physical-logical rea-

degrees of freedom and calculating by any ap- soning, with the thought that this may help to

propriate method the normal modes of vibration clarify what assumptions are implicit in the

of this system, as represented by their frequen- method and what the physical significance is of

cies and mode shapes (normalized displacements some of the terms involived.

of the masses). From this information two suit-

ably defined quantities, equivalent mass M_ and

participation factor P, must be coinputea for PHYSICAL ASSUMPTIONS AND
each mode. Next, a shock velocity input v, the LOGICAL ARGUMENT
design spectrum value, is prescribed for each

mode and is a function of modal frequency . and In the more usual rigorous approach to a
equivalent mass M_. These inputs are empirical normal- mode analysis, the complete response
values which have been deduced from the ob- of a multi-degree-of-freedom system is ana-
served responses of single-degree-of-freedom lyzed for some assumed complete base motion
oscillators of various masses and frequencies, or excitation. Then that response is broken

3 placed in actual vessels subjected tc shock tests. down into normal modes, and the modal equiv-

alent mass is deduced by noting the similarity

The final expression for the equivalent static beiween the form of the mocal response equa-
force on mass k, in the particular mode, can be tion and the single-degree-of-freedom equation.

stated as follows: In this nonrigorous approach, we shall regard
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each mode as an entireiy independent entity
irom the beginning. We shall make no assump-
tions concerning the total system excitation, but
merely assume that each mode responds zaalo-
gousiy to a dynainically equivalent gingle-
degree-of-freedom system subjected to the same
shock environment.

First let us consider two systems in steady-
state vibration. We shali define as "'dynamicaily
equivalent' two systems vibrating at the same
frequency, if the net momentum and the total
energy of the two systems are the same. Since
this statement is quite general, each system may
represent a multi-degree-of-freedum system
vibrating in a particular mode, or a single-
degree-cf-freedom system vibrating at its natu-
ral frequency. (The equality of net momentums
also implies that the two systams apply equal
forces to the "fixed base' at their points of at-
tachment.) We shall show that, if one of the
systems is indeed a single-inass-spring oscil-
lator, then dynamic equivalence requires a
definite relationship between the mass of the
latter, which we can now refer to as equivalent
mass M_, and the masses and mode shape of the
other system. We shail also show that dynamic
eguivalence requires a definite relationship be-
tween the vibratory displacement amplitude of
the single-mass system, which we can now refer

to as equivalent displacement X,, and the masses,

mode shape, and excitation level of the other
system.

It should be cleariy noted — though one would

hardly expect anything otherwise — that the equiv-

alent mass is independent of the excitation level
of the multimass system, whereas the equivalent
displacement is proportionai to the excitation
level of the multimass system. This implies,
however, that the ratio of the displacement of
any one of the masses in the multimass system
to the equivalent displacement is once again
independent of the excitation level, and, like the
equivalent mass, can be considered 3 property
of the given system vibrating in the given mode.
Let vs caii such ratios equivalent displacement
ratios.

To apply the foregoing io shock analysis,
we must make the physical assumption that if
two systems of the sanie natural frequency and
the same equ.valent mass are subjected to the
same transient disturbance at their base, their
steady-state responses will be such that they
are dynamically equivaient as defined previ-
ously. Hence, the vibratory amplitudes of the
two systems can be reiated to each other by
means of the equivalent displacement ratios.

Furthermore, w2 assume that the totai re-
sponse of a muiti-degree-of-freedom system to
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a shock 1nput is a superposition of the independ-
en: responses in each ncrmal mode and that the
response of each mode car be computed by
means of the previous arguinent from the re-
sponse of a single-mass oscillator of the same
frequency z2nd equivalent mass. The responses
of single-degree-of-freedom oscillators to
typical shock inputs, as a function of their mass
and {requency, are assumed known from em-
pirical data.

Note what assumptions do not have to be
made; ia particular, the nature of the shock
disturbance, i.e., the displacement-time history
of the hase, is not prescribed or defined in any
way, and, therefore, it also follows that no
phase relationships can be adduced for the re-
sponses in the various mod:s. Furthermore, in
real systems with damping the responses rep-
resent maxiicum rather than steady-state vi-
bratory amplitudes.

MATHEMATICAL DERIVATION

Consider a unidirectional, multi-degree-
of-freedom system vibrating in one of its nor-
mal modes, the angular frequency of which is
«,. All displacements are assumed to occur in
the x direction. The subscript a identifies the
particular mode under consideration; the sub-
script i identifies the particular mass.

The net or algebraic momentum K, associ-
ated with a mode of harmonic oscillation in a
nulti-degree-of-freedom system is

K. H ;‘Y. Z Mi xill X (2)
The corresponding kinetic energy is
E'a . %‘nz Z MiX:. ' (3)

The X;, values here represent any arbitrary
set of displacement amplitudes. Their relative
magnitudes are of course determined by the
mode shape or eigenvector of the mod= under
consideratfon.

If the mass and displacement, respectively,
of the dynamically equivaient single-degree-

system a2re M_, and X_,, it3 momentum and
energy a:e expressed by

f'.» ‘a Melxen (4)
and

E Lo ¥ (5)
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Since by "dynamic equivalence’ we mean

that K, - K, and E_, - E,, we can equate Eqgs.
(2) with (4), and (3) with (5) to obtain

Me. xc. Z Ml xi. (6)
and

Ml‘l x:l Z: l‘] xlzl (7)

Dlviding Eq. (7) by (8) we obtaln the equivalent
displacement, i.e., the displacement amplitude
of the dynamically equlvalent syscem:

EMi xiza
xe- - ZM‘X- N (8)

Substituting Eq. (8) back into (6) results in the
expression for the equivalent inass:

{Eui xi_]z
M, - — (9)
Zui xizn

1

It is important now to note that equivalent mass
M“ is independent of the absolute values of the
'8, as iong as they bear the proper relation-
sfups to one another as prescrlbed by the mode
shape of the mode considered. Any arbitrary
or arbitrarlly normallzed set of displacement
amplltudes describing that mode can be used to
compute M_,. On the other hand, equivalent
displacement X_, does depend on th~ excitation
level; if all X, 's are multlplled by some given
factor, the corresponding X,, is alsc multiplied
by that factor. This means, simply, that if the
amplitudes of a multi-degree-of-freedom sys-
tem are, say, doubled, then the amplitude re-
quired for dynamic equivaience
masgs singie-degree system, is also douhled.

We can now draw our attesntlon to any par-
ticular mass k in the system, and deflne its
equivalent displacement ratlo R,, as follows:

)(‘(a x\(n Zi:u.xia

ka x0T <~ o2
xp- Lui Xi_

(10)
The R , values, which represent the ratlos of
the displacements of the individual masses in
the multimass system to the dlsplacement of
the dynamically equivalent single- mass system,
are once again functions of the masses and
inode shape oniy and can be computed from
arbitrarily normalized X, vaiues.

, in the equivalent-
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We are now ready to make use of the fore-
going relatlonships tc deduce the response of
our multimass system under a typical shock
environment. We suppose that enougn single-
degree systems have been observed under
typical shock environments to predict from
these measurements the displacement response
of any single-degree-of-freedom system of
arbitrary mass and frequency.

Therefore, for each normal mode », we
can compute the frequency ., and equivalent
mass M_,, and then from the empiricai data
predict what actual shoch displacement would
be recorded by a single-mass system of that
frequency and mass. Let this be denoted by
X,.s- We then assert that the response of the
multimass system under the same environment
would be such as to satisfy the complete con-
ditions of dynamlc equivalence as previously
defined. This implles that ratios of the shock
displacements of the multimass system to that
of the equivalent single-mass system would
once again be given by the values R , which
have been computed. Thus, the shock displace-
rent for 1ass k, In mode a, is given by:

xkll : Rk.xfns' (11)

The Inertia force on mass k, wh h we in-
tend to uge as an equivalent static loading in
the computation of shock stresses, is

M, X o2

F k “kas a

ka L N S "." (12)

If the shock response of the equivaient sys-
tem is specified in terms of the veiocity ampii-
tude v, rather than displacement X__ , we
can substitute the relationship x__, . v . .,
to obtain

Fkl M\(R‘klvhns'n (13)

The physical significance of Eq. (13) is evident:
the force is the product of the mass (M, ) being
considered, the shock acceleration of the equiv-
alent single-mass system (v, -,), and the
ratio R, which relates the acceieration, veloc-
ity, or displacement of masas & to that of the
dynamically equivalent single-mass system.
Equation (13) can be shown to be identicai to
Eq. (1), and it will be seen that Belsheim and
O'Hara's participation factor P, is nothing
more than the reciprocai of our equivaient dis-
placement. Hence R, X, P,.from Eq. (10).
The writer feels that the ratios R, ,, which are
invariants for a given system and mode, are
more meaningfui than a participation factor
whose magnitude depends on how the dispiace-
ment values have been normalized. In fact,

the R, , vaiues could be regarded as rationaily




nermalized displacements for the particular
system and mode. Note that the equivalent
mass can be expressed Ia terms of the R, val-
ues simply as follows:

Men - ZMiRi- (14)

This can readily be seen by comparing Egs. '9)
and (10).

The physical arguments which we have ad-
vanced make it easy to see how the equations
must be modified when a multidirectional sys-
tem (one which, when shock excited in a glvea
direction, wili exhlbit regponses In all direc-
tlons) is considered. Due attention must then
be given to the fact that .momentum is a vector
quantlty whereas energy Is scalar. The com-
ponent of momentum which ig significant is that
in the shock iirection; therefore, in carrying
out the summation of Eq. (2), only the displace-
ments in the shock direction should be included.
On the other hand, in comguting the system
energy by Eq. (3), the total cnergy as deter-
mined by all responsge directions must be in-
cluded.

SUMMAKY AND CONCLUSIONS

The expressions for modal equivalent (or
effective) mass, partlcipation factor, and shock
response of system masses have been derived
here using 1.0 postulates other than (a) a defi-
nitlon of dynamic equ:valence between vibratory
modes of different modes of different systems,
(b) the assumption that system modes of equal
frequencies and equal equivalent masses will
respong to the same shock condition at levels
conslstent with dynamic equlvalence, and (c) the
requirement that the responses of single-degree
systemas are known, as from test data. The con-
cept of equivalent displacement ratios is pre-
ferred to that of participation factors. Implicit
in thls approach is the assumption that the modes
considered are uncoupled and the response of
each 1s completely unaffected by the existence of
other modes.

The term ''starting velccity' is sometimes
used; this can lead to the erroneous inference
that this method is somehow based on the physi-
cal assumption of step velocity inputs. This
approach shows that the method makes no al-
legations about the shape or nature of the shock
input to the system or to the ship as a whole,
or about the initial phase relationship cf the
modal vibrations.
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The prescribed design spectrum values
are based cn the maximum measured responses
of certain instrumented equipment in full-scale
and model tests |1, pp. 26-27]. How and when
the bulldup to the maximum response level oc-
curs will differ for different modes, depending
on the relatioaship of the frequency of vibration
to the veloclty-time proflle of the shock input
at the hull cr foundation, and on the time re-
quired for propagation of the shock or stress
waves through the system. The latter is not an
inslgnifica-t effect, since the duration of the
shock puls« 18 on the order of milliseconds,
and in a mlllisecond a stress wave in steel
travels only 16 ft. Thus, design spectrum val-
ues obtained from compact equipme:t close to
the hull may not be valid for more extenslve or
distant systems where the time delay and at-
tenuation inherent in the propagation process
would be expecied to reduce the maximum re-
sponse in a given mode. The damping in a
complex system could be expected to be greater
than in a simple mass-spring osciliator.

There still follows the question of how the
effects (i.e., stresses or loads) of the various
modes are to be combined, which is one of the
outstanding problems in the application of this
procedure. Some of the remarks above, to-
gether with the known fact that shock-induced
vibrations decay rather rapidly from their peak
values, wil) suggest why phasge coincidence of
many modes at their peak values is most un-
likely. Yet the normal-mode method is inher-
ently incapable of dt riving, on a theoretical
basis, anything but the very conservative upper
bound obtained by direct superposition of the
maximum loadings 1n all modes. This is one
of its most serious deiiciencies. To obtain
hopefully more realistic ''rules' for combining
modes and predicti..,g maximum stresses, re-
course must be had to empirical data once
again, or, perhaps, in systems with very many
degrees of freedom, to statistical methods.
Also, it will be found that the predicted maxi-
mum stresses can be very sensitive to the man-
ner in which the structure 1s broken down into
discrete masses and flexibilities to form the
analvtlc modei. The gridelines proposed to
date for dealing with tiiese problems have
seemed rather arbitrary, and more work, or
more englightenment, in this area is to be
encouraged.
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DISCUSSION

VYoice: Could this method apply to all
systems? Could it be extended to very large
systems?

Mr. Heymann: The method is no different
from the DDAM. It is just one way of seeing
how the equations are arrived at. This method
does specify the velocity input and frequency for

any mode of a larga system and equivalent mass.

You are making the analogy between one mode
of a large system and the response oi a single
degree of freedom system. I think what I am
trying to show is that you can't tell from this
analysis what the maximum response is going
to be when you superimpose modes. It can't
tell you anything about the time interval between
the arrival oi a shock front at the hull and the
maximum response for different single degree
of freedom systemns. You don't know what the
phase relationship is going to be, so you have
to look elsewhere for the rationale of some of
the modes.
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Mr. Forkois (Naval Research Lab.): How
do you determiiie the equivalent rotational moties
of vibration from that single mass? You show a
three mass svstem which obviously has some
unbalance. How dc you determine the equivalent
mndes on 2 single mass?

Mr. Heymann: In this case I don't. This is
simply a one-dimensional model to show the
principle. I have indicated in my paper that the
analysis can be extended to three dimensions.

I don't know about rotation. If the dynamic
equivalence is defiried in terms of the energies
and momenta, when you have r<sponse in three
directions, you would oniy take the sum of the
momenta in the shock directior. Since eneryy
is a scalar quantity you would take the energies
involved in all three response directions. 1
think maybe that you cculd extend that to include
rotational response, but [ really haven't thought
it out.

*




DYNAMIC ANALYSIS OF A TYPICAL ELECTRONIC EQUIPMENT
CABINEY SUBJECTED TO NUCLEAR-WEAPON-INDUCED SHOCK

John H. Putukian
Kaman AviDyne
Burlington, Massachusetts

The ressonse to nuclear weapon effects of sensitive electromc compo-
nents hcused in equipment cabinets on ihe third floor of a steel-tromed
structure was analyticall cdetermined.

The objective of the investigation was 10 generate a structurai design
criterion for the electronic comporents. Computer storage capability
was the controlling consideration in generating the mathematical mod-
els. The analysis had to be done in steps:
for ground shock, and the rcof for air blast, to the third floor columr
lines; (b) going from the column lines to the ''black poxes'' considered
as rigid bodies; and finally {c) going from the response of the black
boxes to the components. It is shown that this approximate analysis
using the modal superposition method gives satisfactory results. The
parametric considerations affecting this analysis are discussed.

{a) goirg from the ground

INTRODUCTION

This paper outlines the analytic effort of
generating the structural design criterion {for
the electronic components of equipment cabinets
resting on the third floor of a stee'-framed
structure and subjected to nuclear-weapon-
induced ground shock and air blast.

This investigation consisted of the following:

1. A typical bay at the third floor level
was represented by its mathematical model.
The eight cabinets in the typical bay were
idealized as single masses, with their weights
acting at their centers of gravity and having the
same fundamental frequencies in the three major
coordinate axes as the original cabinets. Using
the shock spectra as input and the modal method
of analysis, the response at the cabinet center
of gravity was determined.

2. A typical cabinet was representaed by its
mathematical model. The cabinet was visualized
as a multimass stable space frame v ith the
mass lumped at the joints. Using the shock
spectra and the modal method cf analysis, the
response at the cabinet joints was determined
in the same manner as a cabinet mountec at the
ground level with an infiaitely rigid base (i.e.,
no intermediate framinz effect). The ratio of
the average acceleration of a cabinet io the ac-
celeration of the c.g. of the cabinet obtained in
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step 1 above gave us the "feedback factor" rep-
resenting the floor-cabhinet interaction.

3. The design criterion to be used for the
electronic components was discussed. This
phase of the investigation is of prime interest
to the component designer. In this investiga-
tion, we used the response vaiues from the
medal method of analysis at the black box, rep-
resented by a joint on the cabinet space-frame
idealization, as our new shock input to deter-
mine the response of the components, It was
shown that this approximate analysis gave sat-
isfactory results, thus eliminatirg the need for
the time-consuming exact analysis.

NUCLEAR WEAPON ENVIRONMENT

A structure subjected to a nuclear weapon
environment is affected by two shock pulses as
shown in Fig. i. The first pulse is the ground
shcek, which resembles an earthquake-caused
disturbance and is characterized by its low-
frequency oscillatory motion. The duration of
the pulse is enough to excite substantially all
the lower frequencies of the structure. The
second pulse is the air blast, which has a
greater energy content and usually controis the
design.

The ground shock effect on the overall pre-
liminary structure showed that the structure
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Fig. 1. Representation of
nuziear weapon environment
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had a low fundamental frequency and the ground
shock environment was causing an amplification
of about 8 times the peak input acceleration val-
ues. The structure was subsequently stiffened,
changing the fundamental frequency from about
2 to 7 cps, and this caused the amplification
factor to drop to below 1. This modification
made the ground shock effect negligible com-
pared with the air blast effect.

For the air blast effect, the overpressure
functions, obtained by shock tube measurements
on a simulated moduie, were resolved to force
functions by two operations. First, the over-
pressures were converted to forces by multi-
plying by a load factor, using equal energy tech-
nique, and C.. approximate area {the mcduie
roof area). Second, the instantaneous rise
times of the overpressure functions were con-
verted to finite rise times. The rise time of
each function corresponds to the time required
for a sharp-front blast wave to sweep over the
roof area of the analytic module.

The air-blast forcing function was used as
input in the equations of motion of the nm.athe-
matical model of the structure, and the time
history of the response at various locations in
the structure was computed. The air blast re-
sponse was found to be the controlling design
factor,

DETERMINING RESPONSE OF CABI-
NET WITH NO INTERMEDIATE
FLOOR FRAMING EFFECT

A typical equipment cabinet is repre-
sented by a three-dimensional structure com-
posed of welded structural members forming
tne basic skeleton of the cabinet with shear
panels on three of the vertical sides and on the
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top and bottom. Omne of the vertical sides is
generally an oper framework which is covered
by a nonstructural door.

Figure 2 is the mathematical model of a
typical cabinet weighing about 4460 b, with the
mass distributed at the joints The diagonal
members simulated the shear webs by using
the Hrennikoff method [1]. In Getermining the
response at the joints, the modal method of
analysis for z raultidegree system was used
[2,3]. Using the shock spectrum as input and
the eigenvalues and eigenvectors obtained frem
the computer program [ 4], one proceeds to
compute the response accelerations at the
joints, These results are presented in Table 1.

Mathematical model
of cabinet

TABLE 1
Response of Cabinet to Shock Spectra Input

! I Acceleration? (g)
Joint L_——‘ T IR
| a, ay ‘]' a,
i
I - I = e — T. e
1 2.77 214 | 6.7
! 2 | 2.93 2.15 | 3.87
3 3.05 295 | 6.49
4 3.50 2.57 421
5 3.49 2.16 5.04
6 ’ 3.41 2.11 | 4.33
7 2.60 1.67 2.50 |
8 263 | 234 281 |
9 {271 | 327 | 262
10 | 2.26 3.44 3.99 |
il | 212 | 237 | 257 |
L 12 | 203 | 169 | 4.09
4Average acceleration 7 Ma, tM oG v
D T S 0 A P I A T P 2 1 u—,) 397




DETERMINING R:ZSPONSE CF CABI-
NETS INCLUDIMG EFFECT OF
INTERMEDIATE FLOOR FRAMING

Figure 3 is the structurat floor plan of a
typical bay at the third floor level of the steel-
framed structure. The floor slabs were made
of steel grating,
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Fig. 3. Typical bay fleor framing

Figure 4 is the mathemaitical model of this
same typical bay. The computer program [ 4]
restricted the system being analvzed to no more
than 123 degrees of freedom. This restriction
has been met in Fig. 4 by replacing each cabi-
net by one single mass having the same funda-
mental frequency in the three major coordinate
axes as the cabinet, and by modifying the floor
framing.

In deriving the mathematical model for the
floor framing, it was necessary to relate the
torsional rigidity of the actual floor framing to
the torsional rigidity of the representative
members in Fig. 4. For example, member 2-9
of Fig. 4 replaces two members spaced 64 in.
apart as shown in Fig. 3. By investigating the
relative bending stiffnesses of members 2-9
and 6-11, it was possible to compute the per-
centage of the load at joint 14 carried by mem-
ber 2-9. This load was applied, in turn, as a
horizontal static force on the cabinet to com-
pute the associated reaction forces on the ac-
tual floor members replaced by member 2-9.
Knowing the deflections in the actual flocr
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Fig. 4. Mathema‘ical model
of typica! btay

members, it was then possible to compute the
angle of twist, and hence the necessary tor-
sicnal rigidity, of member 2-9. For member
2-9, the torsional rigidity was computed to be
199 in. 4

To allow for the effect of adjacent bays,
the moments of inertia of the members joining
the column lines were reduced by half along
their horizontal axes.

Response values at various points of the
typical bay are presented in Table 2.

EVALUATING EFFECT OF INTER-
MEDIATE FRAMING

The fundamental frequencies of the modu-
lator and capacitor shown in Fig. 4 were 8.9
and 14.3 cps, respectively. Tne first six fre-
quencies for the complete mathematical model
of the typical bay shown in Fig. 4 were 8.9,
10.5, 14.3, 18.5, 19.5, and 25.5 cps, respectively.

Note that the shock spectra do not include
feedback. Feedback occurs when the reaction
force of a spring- mass combination affects the
motion of its supporting mass or floor. Thig,
of course, is what always l.arrens to some ex-
tent. However, it is felt that any appreciable
feedback effect would occur only if a iarge sin-
gle mass was spring mounted and had an un-
coupled natural frequency near the primary
frequer.cy of the floor's response. In this in-
vestigation, with the masses of the cabinets




TABLE 2
Response of Cabinets Including Effect of Inter-
mediate Floor Framing to Shock Spectra Input

Acceleration (g)
Joint
8" ay a‘
22 0.46 = 3.97
3 0.67 = 4.06
5 1.86 0.51 2.97
6 1.86 0.04 2.97
8 0.69 4.58 4.06
9 6.50 3.9 3.91
11 2.28 0.27 2.97
12 4,14 0.55 2.97
13 3.41 4.40 4,14
14 2.30 4.70 4,14
15 2.30 3.75 4.16
16 2.29 1.28 4.17
A 1.21 1.11 3.32b
19 1.21 1.11 3.27°
21 1.21 1.11 3.32b
23 1.21 1.11 3.27b
18 1.19 1.34 3.20¢
20 1.19 1.34 3.15¢
22 1.19 1.34 3.20¢
24 1.19 1.34 3.14°

aRestraints in the y direction.
bModulator.
CFilter capacitor.

greater than that of the floor, it was not surpris-
ing to see an appreciable amount of feedback,
which has the effect of reducing the response of

the cabinets. QOur results substantiated the
above argument. For example, the average re-
sponse of the filter capacitor cabinet to the
shock in the x direction was found to be 2.79 g
(see Table 1), whereas the response at the cen-
ter of gravity for the same cabinet including the
cabinet-floor interaction was found tobe 1.19 g
(see Table 2).

DESIGN CRITERIA FOR ELEC-
TRCNIC COMPONENTS

Assume that one of the black boxes contain-
ing sensitive electronic components is located
at joint 1 (see¢ Fig. 2). Table 3 shows the re-
sponse of this black box to the shock input with-
out feedback effects (no cabinet-floor interaction
effect) to be 2.67 g. Note that only the first 10
frequencies of the cabinet are listed; the com-
puter response for all the frequencies was 2.77g.

Here we make some important observations:

1. Consider the black box as the primary
structure xnd the sensitive component inside it
as the secondary structure. Because the mass
of the component is much less than the mass of
the black box, it follows that the response of the
component follows very closely the response of
the black box.

2. The time history of the respconse of the
black box as a rigid body to the air blast ap-
proaches that of an oscillatory motion which
builds up to a peak and then decays more or
less sinusoidally to zero, all within about 1.0
sec. This time history is our forcing function

TABLE 3

Sample Computation for Filter Capacitor at Joint 1 in X Direction
f; g’ V'ib ¢y le; v, 04,1 (R ¥; ¢;)°
14.3 1.19 1.42 0.998 1.69 2.86
18.6 1.34 -4.41 -0.317 1.68 3.52
34.0 2.0 -221.4 -0.0007 0.31 0.10
36.5 2.08 1.25 0.131 0.34 0.12
40.9 2.2 0.67 0.415 0.61 0.37
48.9 2.23 -2.24 0.062 0.31 0.10

84.3 2.35 -1.64 0.024 0.09 -
86.9 2.36 -183.1 -0.0604 0.17 0.03
88.4 2.36 1.14 0.052 0.14 0.02

100.7 2.4 1.19 0.002 - -
| Total: 7.12

Note.--Response of joint 1 = (7.12)! ? = 2.67 3.

dg, = Acceleration value.

- omd

bparticipation factor ¥ - ¢
' mj(‘iji)

sulting from normal mode i (normalized to the largest component 1n

that mode).
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mode shape at joint j re-
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for the component, and the relativeiy iong dura-
tion of this time history will induce quasi-
steady- state vibration in the component.

On the basis of these observations, the
design criterion for the component contained in
this black bax was specified as being equai to
the absoiute vaiue of ¢; ¥, ¢,, of Table 3 mul-
tiplied by the feedback coefficient of 1.19/2.77
for this cabinet and by the appropriate vibration
amplification factor, i.e., the transmissibiiity
ratio of the ciassic steady-state vibration re-
sponse. Assuming a critical damping value of
0.05, this transmissibiiity ratio has an upper

Lmit of 10 when the frequency of the component

approaches one of the frequencies of the excit-
ing forcing function shown in Table 3.

CONCLUSION

This paper presents one aspect of a com-
piex probiem: the design criterion for the
components of a cabinet suhjected to nuciear-
weapon-induced shork. It ic hoped that ad-
vances in computer technology wiil enable the
analyst to attack the probiem as a whole and
thus determine the resnonse of the component
to a nuciear-weapon-induced shock directly.
Meanwhiie, the anaiyst is limited to the approx-
imate step-by-step method described here.
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DISCUSSION

Mr. Pakstys, GD/Eiectric Boat: You men-
tioned that this was a shock spectrum type of
analysis and I assume that you have to combine
the modes in some manner. How did you
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combine the modai responses to get your ex-
pected value at each joint?

Mr. Putukian: I used the modal superposi-
tion technique.

*
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DEVELOPMENT OF A ZERO-G COAST PHASE AIR GUN®

Stanley Rodkin
General Electric Company
Philadelphia, Pennsylvania

The distance-measuring switch for a missile required testing in ac-
cordance with a unique acceleration-time profile followed by a zero-g
coast phase. An air gun was designed and built specifically to carry
out these tests. The gun provided variable performance parameters,
making it useful also as an accelerator. Althougt the air gun was de-
signed as a test tool, it serves also for calibrating all distance-
measuring switches received, since there is no other knowrn facility

{ for calibrating this type of device.

INTRODUCTION

To provide adequate simulation in testing a
distance- measuring device to be used in a mis-
sile, a unique acceleration-time profile was re-
quired. The rates of acceleration rise and de-
cay were extremely high, and a zero-g coast
phase was required. An operating mechanism
within the component lent additional restraint
to the sclution of the testing problem.

Fundamentals of the distance-measuring
switch exerted a great deal of influence on
selection of a test method. Basically, the
switch censists of a case, wheel, and lead
screw. An acceleration applied to the case
causes the whee! to move along the lead screw
in a direction opposite to the applied accelera-
tion. The total energy, rotational energy, and
translational encrgy acquired by the wheel
during the acceleration phase causes the wheel
to continue its travel during the coast phase.
Electrical contacts are closed by the wheel at
the end of its travel. The distance traversed by
the unit from onset of acceleration to contact
closure was of particular interest.

Among test methods considered and dis-
carded were conventional and unconventional
centrifugal testing methods. 1t was decided that
test results obtained with any type of centrifugal
testing would be obscure and Ilnaccurate because
of gyroeropic forces, Coriolis-induced side
loads, and unwanted variations in the intensity
of the acceleration vector.

Another undesirable feature is that true
distance measurements could not be obtained.

103

The running time of the wheel is the only param-
eter that can be measured. This ther. would
have to be analytically converted to distance.

As in all analytical work, some assumptions
would have to be made, and this would lead to a
lessening of confidence ir the results. Deter-
mination of the accuracy of the unit was of
prime importance; consequently, it was decided
that linear acceleration was required.

When the required coast distance was added
to the distance represented by the acceleration-
time curve, it became apparent that the overall
distance was too great for even a modified shock
machine of the Hyge type. The problem became
one of Jacating or designing and constructing a
linear actuator, such as an air gun, having the
required performance parameters. A survey of
known operating air guns disclosed that. al-
though some could meet the rise-time require-
ment, none could meet the riecay-time or zero-g
coast requirement.

An on-site inspection of several air guns at
the Naval Ordnance Laboratory (NOLJ), Silver
Spring, Maryland, revealed that oraking on the
NOL air guns is achieved by sealing the muzzle
and allowing the piston to pressurize the volume
forward of it as it progresses. This causes the
force system acting on the piston to change
graduzlly from an accelerating system to a
decelerating system. The resulting generai
acceleration-time curve is shown in Fig. 1.

DECISION TO BUILD

Since no suitable air gun could be located,
it was decided to design and build a new air gun

*Work performed while the author was employed by Martin Co., Orlando, Florida.
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Fig. 1. Acceleration-timne curve

to meet the specific acceleraticn-time profile
of Immediate interest and to make it flexible

enough to provide general usefulness as an
accelerator,

The first step in the predesign process was
to determine the cylinder diameter. To insure
that the air gun would be generally useful to the
program, a survey was made of the size of some
of the black boxes planned for the system. Over-
all dimensions of 10 to 12 in. and ever larger
were found to be not uncommon. It was decided
that the cylinder diameter should be at least 16
in., and larger if possible.

Commercially available piplng of the type
used in gas transmission lines was investigated,
but two problems were evident. First, the inter-
nal diameter is neither closely controlled nor
highly surface finished; this would cause piston
sealing and cocking problems. Second, it would
be costly and time consuming to weld and ma-
chine the flanges to maintaln the required align-
ment between sections.

A large number of surplus slotted steam
catapult cylinder sections were discovered at
the Naval Engineering Laboratory of the Phiia-
delphia Naval Base. These sections were de-
eigned with a worklng pressure several times
the anticipated air gun pressure. Their inside
diameter is 18 in. The flanges were designed
to maintain adequate alignment for piston veloc-
ities higher than the expected velocity 2nd to
maintain thls alignment while the vessel in
which they are mounted is underway in rough
seas. Iaspection of these cvlinder sections in-
dicated that, although they were badly worn and
considered to be unfit for further use by the
Navy. they were well suited to the intended pur-
pose. A set of two worn catapult pistons was
also inspected, and 11 cylinder sections and
two pistons were secured.

Figure 2 shows the material upon arrival
at the cons:ruction site, which is in the remote
testing area of Martin Company's Orlando
facility. Figure 3 shows the completed air gun.

Fig. 2. Construction site
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Fig. 3. Completed air gun

DESIGN AND CONSTRUCTION

Two problems were approached simultane-
ously: accelerating the piston (which was to
contain the test item) and decelerating it. No
valve could be used to transfer gas from an ac-
cumulator to the cylinder, because the valve,
with its associated operating gear and a powcr
source, would be too costly. It was decided
simply to restrain the piston at some intermedi-
ate position along the cylinder while the cylinder
volume behind the piston was pressurized. When
the desired cylinder pressure was obtained, the
piston would be released and accelerated by the
expanding gas. Here a tradeoff was necessary.
Expansion of the fixed volume of gas provides a
pressure-vs-volume curve, kence an accelera-
tion vs stroke curve, having the shape of an
adiabatic or an isothermal expansion curve. In
tnis application, the curve probably approaches
an adiabatic because of the extremely short
time for release of energy. Although this type
of acceleration curve is not desirable, it was
judged acceptable if sufficient initial volume wes
available (o prevent too great a decay of pres-
sure. The velocity was to be the controlling
factor; that is, when the velocity of the air gun
piston (and the test item) equals the peak pop-up
velocity of the missile, the inertia wheel in the
test item will have received the proper energy
input.
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The acceleration achieved with the air gun
peaked earlier than the missile acceleration;
however, the velocity vs time and displacement
vs time curves for the air gun wer~ almost
eract duplicates of those curves for the missile.

A holdback and release mechanism (Fig. 4)
was desigred, which performed quite effectively.
Control of the piston is possible for something
less than one half of the diameter of the pin or
approximately 1/2 in. This provides a higher
than de.ired acceleraticn rise rate. The higher
rise rate was considered acceptable since the
wheel of the test item would be in, or very close
to, its "home" or safest positicn when the peak
acceleration occurred.

After complete release of the piston by the
holdback mechanism, the piston is accelerated
in the cylinder by the expanding gas behind it.
As discussed earlier, no gas is added to the
cylinder. The initial volume of gas mesely ex-
pands to lower pressures as the total volume
behind the piston increases. The approximate
point at which the required piston velocity would
be obtained was calculated. Two large ports
were cut into the ¢ylinder at this point to vent
the pressure as rapicly as possible. The cyl-
inder slot was sealed in the three 12-ft sections
used ‘o form the accumulator. It was also
sealed in additional sections to provide for the
power stroke. Beyond the power stroke the slot
was left open to prevent bvildup of pressure
frrward of the piston. The final sizing of the
ports was done experimentally. The pressure
(acceleration) decay ultimately obtained closely
approximates that of the tactical unit.

After porting, the piston travels at essen-
tially constant velocity. The dynamic pressure,
Q. which acts on the forward face of the piston
to produce negative acceleration was quite small
for the anticipated velocity. The followup pres-
sure acting on the rear face of the piston to pro-
duce positive acceleration was assumed to be
equal to or slightly greater than Q. The other
force considered at this time was the {ricticnal
force. Taking 0.1 as the -oefficient of friction,
the frictional foree expressed in gravitational
units was 0.1 g. The sum of these theoretical
and assumed forces is seen to be trivial. Ex-
perimenta! results proved that the sum of these
forces is actually trivial.

The test itery was to be used in a vertically
launched missile. Since the proposed air gun
was toou long to be erected vertically, the trade-
off betweesn horizontal and v. ~tical operation
showed that a very subtle difference cxists in
the operation of the test item depending upon
whether it is constrained to move vertically or
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Fig. 4. Holdback and release mechanism

horizontally. The inaccuracy induced by hori-
zontal rather than vertical travel was insignifi-
cant and, furthermore, inmeasurable.

BRAKING

The braking device is the most interesting
aspect of the air gun system. The acceleration-
time curve for an air gun using gas compression
braking is shown in Fig. 1. The portion of the
curve between points B and C may be brought up
to zero by ports located forward of the piston.
Porting, then, could provide a coast phase for
an air-retarded piston, but rebound is not elim-
inated. Rebound could be reduced by relief
valves that dump some of the pressurized gas,
but this becomes a difficult problem since the
pressure builds relatively slowly until tne pis-
ton approaches the end of the cylinder. At this
point, the time available for gas egress issmall,
and the valve must be large in order tu be effec-

tive; if it is large, its response time #il! be slow.

In addition, the danger of releasing too -such gas
and allowing the leading edge of the piston to
impact the end of the cylinder is always present.

A braking method other than compression
of air or gat. was desired. Various picans ol
absorbing kinetic energy from the piston or of
causing its mass to be increased were consid-
ered. The simplest and most direct solution is
to align the cylinder with a 1/2-deg forward
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pitch. Water is then placed in the cylinder (Fig.
5). The water depth at the forward end con-
trols the aftermost reach of the water and,
consequently, the point wrere deceleration
begins. This point can be readily varied to
meet other kraking requirements. With the
deceleration point 56 ft from the forward end of
the cylinder, the water depth at the forward end
is approximately 1 fi. There is no danger of
the piston impacting the end plate.

Another desirable feature of the catapult
cylinder sections functioned in the design and
operation of the water braking system. This
feature is the slot in the top of the cylinders
(Fig. 6). The slot permits some of the water
scooped up by the piston to escape to the rear
when the piston velocity is high. This reduces
peak deceleration since the water which es-
capes rearward does not undergo as large a
change in momentum as that which remains
with the piston,

INSTRUMENTATION

Instrumentation was provided to monitor
the piston's longitudinal and lateral accelera-
tion and the performance of the test item. The
instrumentation cable is attached to the front of
the piston and brought out through the slot (Fig.
7). The bungee is used to provide tension on
the cable until the piston passes the ports, thus
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Fig. 6. Slot in cylinder

keeping a loop or kink from flying out through
the ports and being cut off as the piston passes.
When th.: cable becomes slack because of the
advance of the piston, the piston simply gathers
the cable before it and pushes it down the cylin-
der. A small protruding lip or scoop around the
outside diameter of the piston is provided for
this purpose. This system has been quite effec-
tive, and one cable can be used 10 times before
it becomes damaged.

It would have been quite time consuming to
integrate each acceleration trace to obtain ve-
locity as a check on the energy imparted to the
piston and as a check on the constancy of veloc-
ity during coast. The velucity curve would also
have had to be integrated to obtain distance. This
wculd have been a costly effort, and the overall
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Fig. 7. Instrumentation cable

accuracy of the system might have been com-
promised by the data reduction process. Con-
sequently, it was desirable to have a means of
comparing piston positior with time. The oscil-
lographic recorder provides the time reference,
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and breakwires are a convenient method of €s-
tabiishing position, provided they do not break
prematurely Of course, if position and time
are known, average veiocity is immediately
krown. An effective breakwire, or contact--wire
system, was devised and buiit from bits and
pieces available in the instrumentation labora-
tory. The system is cheap, accurate, and fool-
proof. A sietch ~f one eiement is shown in Fig.
8, and a wiring diagram in Fig. 9. The wires,
which protrude through the cylinder wall, are
insulated from it. A potentiai of 6 v is applied
across the recorder. When the piston passes,
the wires are bent over against the cylinder
wall, closing the circuit and aliowing current to
fiow through the recorder. Each eiement in the
system is accurately located with reference to
the battery position of the piston., The velocity
i8s determined by the time between circuit
ciosures. The overall time tc pass all break-
wires is used to determine average piston ve-
locity. Velocity is quite nearly constant
throughout the interval. The precise point at
which test item actuation occurs also can be
determined. Actuation of the test item resuits
in a change in voltage across the recorder. The
velocity in the 2-ft interval preceding actuation
is determined, and the elapsed time between
passage of the preceding breakwire and test
item actuation is read from the osciilograph.
Since the exact distance to any breakwire is
known, and since the veiocity remains constant
across the breakwire system interval, it is a
simpie matter to determine the distance at
which test item actuation occurred. This may
be stated mathematically as § = §, + Vt.

BANANA PLUG

PHENOLIC
INSULATQR

\
AIR GUN CYLINDER

BREAKWIRE AFTER SHOT
{SHORTED AGAINST CYLINDER
AS PISTON PASSES)

’
BREAXWIRE BEFORE SHOT
{WIRE PROTRUDING INTO THE
PATH OF THE PISTON}

Fig. 8. Breakwire
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TEST BED

The test bed is simply a shelf mounted in-
side a watertight chamber. The chamber-shelf
assembly is mounted inside the piston. The
piston in the air gun is a worn catapult piston
acquired with the cylinders. It has a length/
diameter ratio of approzimateiy 0.66. Perhaps
the largest single risk concerned with develop-
ment of the air gun was in firing this relatively
short piston down the cylinder. In the original
steam catapult application, the piston merely
provides the pressure area for an assembly 8
to 10 ft iong. This assembiy consists mainly of
the piston, a relatively long barrel, a forward
guide, and a brake spear.

The short pisten has performed well; ac-
celerometers mounted within it have shown that
it has no tendency to cock and jam in the ¢ylin-
der. The vertical accelerometer has indicated
a transient response equal 1n amplitude to ap-
proximately 20 percen: of the longitudinal ac-
celeration. This response is due to the reiease
mechanism. The response dies out 2fter one
cycle, and no verticai motion is detecicd again
untii the water entry phase.

The piston incorporates what is believed to
be a unique application of an O-ring (Fig. 10).
The O-ring is placed at position A before the
pistor is retracted into the battery position, and
sealing is accomplished while accumulator
pressure is increased to the desired levei.
When the piston is released and icrward motion
takes place, the O-ring drops to position B,
where it is free of the cyiinder walis. Gas leak-
age is considered negligible because of the short
time involved. Relatively little wear takes place
with this arrangement, and the O-ring needs to
be changed only when deterioration due to expo-
sure to the elements takes place.

CONCLUSION

The air gun has performed very well and
has been utilized much more than was originally
anticipated. Upwards of 400 shots have been
made. Although initialiy designed as a test tool,
it was subsequently used for calibrating all the
distance- measuring switches received, since
there is no other known facility where true dis-
tance calibration can be done. In addition, the
air gun was used to investigate to what degree
the acceleration intensity applied to the iest
item could be reduced before the unit would
fail to actuate.




SYSTEM D"
AMPLIFIER

CEC MOOEL
3-124
RECORDER
©
S
S
S
C
O
O,
©
S
O
®
©
©

gigla|lPDl a J.uv
m“mmmm«.mummum Bixgxsxgxsps T
o] o} &1 8] 4] etelelelel @ I
BN e
K ) !
1 Tz e 1
3 _ 2.3 X
- 9 ] 32 -
& %< i xhE zx
= %9 q_« =
1 | C i uz ml_
'™
( WM > > | &% ©
3 3o e © (D -
il j___ It
z ' + ! +
Q — —
>
«
=
L3
&
3 3
g8
cleErn _.. 1 _ﬂ..u.,.ucu.L:.uuu:uu-qu .“
| [ | )
! ) " : ! A_ ﬁ r_._ “
V- ] ) $ I I
-”L i, ] | | "
| g ! 18 | ] [ |
(s T I Ina- — ! !
§ | 182 I 18 I |
o _J 2 e S I S J ]

AR 0 s N o 4 d =

Fig. 5. Wiring diagram
109




POSITIONB POSITION A

S,

i

o

s

DIRECTION OF
MOTION

¢

0" RING

POSITION AFTER

.

-

0" MING
POSITION

PISTOM MOTION FOR SEALING
BEGINS

Fig. 10. Piston showing 1)-ring arrangement

ACKNOWLEDGMENTS

The author thanks Val Dvest of the NOL for
providing information on various aspects of

110

piston sealing and braking. He also acknowl-
edges the O-ring innovation providad by William
E. Dickson of Martin's Engineering Proto-
type Laboratorv.

3

e OO AN i, AR A A RN S S S Bl




” AT TN PP

i b

et

T T

W AR AT e e,

DEVELOPMENT OF A MISSILE LAUNC.{ SHOCK
TEST FACILITY FOR SHILLELAGH

Richard W. Stevens

Marur-Marietta Corporation
Orlando, Florida

the piston.

time for tests is as low as 30 min.

The facility described was developed to test Shilielagh antitank missile com- W
ponents in a unique shock and acceleration environment. It is a 96-ft-long
launch tube made from aircraft carrier catapult sections. Test samples, or
complete missiles, are mounted in a carrier piston which has hard-wire pro-
visions for electrical power, sigrals from a guidance simulator, and monitor-
ing of subsystem or missile responses to guidance command during the simu-
lated launch skock tests. The carrier piston is accelerated by high-pressure
nitrogen whick is released by a specially designed valve which is described in
detail. During a 50-msec pulse time (10-msec rise and 40-msec decay}, lon-
gitudiral acceleration loads greater than 250 g are attaired. (The facility has
a 600-g capacity.) Terminal velocity for a 250-g shot is 240 fps. A water
brake is used to absorb approximately 300,000 ft-1b of kinetic energy from

The facility has been used successfully since the beginning of the y-ar in
Shillelagh pilot lot and relizbility confidence tests., Test conditions are re-
peatable within the limits of accuracy of pressure instrumentation. Recycle

INTRODUCTION

The Army's Shillelagh missile is a ground-
to ground, command guided, solid propellant
weapon designed as main armament for armored
combat vehicles. It is launched from a 152-mm
combination gun-launcher on the Sheridan and
the M-60 AIEI tanks. The missile is 43 in. long,
6 in. in diameter, and weigns approximately 62
Ib. The missile is controlled in fiight by a gas-
generator-powered jet reactor thrust system.
When the missile is launched frem the gun-
launcher it develops a launch shock profile of
approximately 250 g during the initial part of
the boost phase. This long pulse shock profile
is unique to the Shillelagh missile and requires
a unique test facility, The development of a
launch shock test machine to test the Shillelagh
missile and its components is discussed here.

TEST REQUIREMENTS

The limitations and constraints imposed
upon this prcgram presented a challenge. They
required a vehicle to shock the test specimens,
to providc a watertight container, to record
test parameters, and finally to stop the vehicle
with a uniform braking force. Testing of live
ordnance missiles and gas generators was also

required. Both time and fund:s for development
of the facility were very limited,

Two basic types of test programs were
conducted, the first being qualification testing,
commonly cailed pilot lot acceptance. This
required shock testing at the 250-g level. The
second type was reliability confidence testirg.
A number of components of each type were
subjected to increasing shock levels to deter-
mine failure levels. The components were
first shock tested at thc 250-g level and then
at levels increasing tc 600 g or the point of
failure.

By specification the shock pulse was de-
fined as a skewed half-sine shape, with a 10-
msec rise time to a peak acceleration of 250 g,
then a decay to 25 g for another 40 msec. The
total pulse length was wo be 50 msec. The
shock pulse length for levels up to 600 g was
shiortened to 30 msec (the shock pulse profile
is shown in Fig. 1).

Operational performanre of the electrical
components during each shock e¥posure re-
quired continuous electrical monitoring during
the boost and glide phase or for approximately
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Fig. 1. Launch shock profile

20 sec. Besides monitoring, it was necessary
to supply ac and dc voltages to the test compo-
nents and high-frequency modulated command
signals, some of which required separate
shielded conductor cables.

DESIGN APPROACH
Existing System

We had an air gun system composed of 11
Navy surplus catapult tubes, each 12 ft long,
with a 100-g capability. The tubes had a bore
diameter of 18 in. and a 1.5-in slot at the top.
Three sections welded shut provided a 63-cu-ft
accumulator tank. The other 8 tubes joined in
line provided a 96-ft run for the carrier pistorn.
Test items were fastened to a flat plate ineide
the carrier piston. The piston was mechan-
ically restrained between the accumulator sec-
tions and the laurch way with a hook and lug
device. Mecharical release was effected when
the hook was pulled up, disengaging it from the
lug. The unrestrained piston was accelerated
down the tube by the expanding compressed air.
The acceleration level was controlled by the
gas pressure, The puise length was controlled
by the location of the exhaust ports cut through
the side of the tube. Braking wus accomplished
when the piston encountered water in the lower
end ot the tube. The piston came to rest near
the end of the tube. The acceleration pulse was
recorded through a hard-wire system which was
severed during each shot.

Aithough the existinrg system was available,
it was operationally limited to shock proliles of
approximately 100-g acceleration. The re-
straining release niechanism and the accumula-
tor sections were the limiting factors becauce

112

they were structurally critical above the 106-¢
level of operation. It was determined that 2
new method of release or valving was required

to meet the Shillelagh requirements for a 600-¢
system.

An Investigation of cost and lead time re-
vealed that it was not feasiole to buy suitable
test equipment. Equipment of this type and
size would require special design and manu-
facturing. In addition it would be necessary to
build a new test site. Both phases would re-
quire considerable time and expense above
that available. Therefore a decision was made
to modify the existing air gun.

Analytical and empirical data were instru-
inental in developing an approach to a design
for the new launch shock valve. On the basis
of mass and acceleration the operating pres-
sure or force could be calculated. Pressure
and volume at the end of the power stroke
along with the energy equation were used to
determine the size of the accumulator. Inte-
grating the area under the velocity curve prc-
duced the length of the power stroke and thus
the location of the exhaust ports.

The New Valve

A number of valving and restraining meth-
ods were investirated. The first approach was
to *beef up” the existing system. The massive-
ness of the restraining mechanism would have
imposed a large weight pepalty. Also the re-
quired rise time of 10 msec would be difficult
to vbtain with the necessary large hook and lug
design, to say nothing of the friction problem.

Another conception which was investigated
consisted of a pilot-valve-operated sliding cyl-
inder. The cylinder contained large orifices
which allov ed the gas to flow into the plenum
r-hind the carrier piston. The pilot valve was
electrically controlled anc hydraulically pow-
ered. A large storage tank was to supply the
air pressure through a large pipe. Cylinder
opening time was found to be 30 msec at best.
Mass flow calculations proved this valving
method to yield only 50 percent of the required
pressure-volume ecessary to accelerate the
piston in the prescribed 16 msec. In addition
the cost and time for manufzcturing this type
of custom hardware was excessive.

It was decided to use a mechanically re-
jeased, pressure-actuated vent valve with one
9-in-diam valve (Fig. 2). The valve opens
into the plenum bchind the carri~r piston. Ac~
cumulate- nressure tehind the valve drives it
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Fig. 2. Valve cross section

open when the valve rod is mechanically re-
leased. By use of a small, £-in. valve rather
than an 18-in, piston, workaole loads and
stresses are handled more efficiently. The
valve operates with a varied reaction time
because of the snubber system. The stroke of
the valve and opening at the throat can also be
adjusted by this same snubber provision. The
plenum at the rear of the carrier piston was
streamlined with a liner to improve the valve
efficiency. It was anticipated that the time
delay for the gas to expand into the plenum
would provide the 10-msec rise time required.
This was verified later during tests.

Prior to firing, the rod is restrained by a
scissor clamp operated by an over-center
linkage. When the lanyard is mechanically
pulled, the scissor clamp opens. Once tae
scisenr has released the rod, the valve pops
open, allowing the high-pressure nitrogen t»
flow into the plenum and drive the carrics pis-
tuvz down the catapult tube,

A method of preventing the valve from
striking the carrier piston and regulating its
opening charar. -sti.. was provided with the
snubber arra .geiient ot the rear of the valve
rod. 7The snubber cons!sted of a piston which
traveled in a closed steel cylinder containing
oil and a mechanical stop. Metering holes in
the piston head were added during test to reg-
ulate the oil {low. Adjustment cf this flow was
necessary to cushion the impact of the valve
during its short stroke of 4 to 5 in. After a
number of test shots, the proper metering and
oil level was determined. The snubber piston
was threaded to the rod to allow longitudinal
adjustment. As stated above, by adjustmcnt of
the snubber piston, the 0il level, and the me-
chanical stop, the stroke could be regulated
and the valve throat opening changed. The flow
rate and the rise time coulad also be adjusted.
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The release mechanism was built in the
same principle as a pair of wire cutters or
pliers (Fig. 3). The handle applied a large
mechanical advantage to the clamping surface.
An over-center linkage was designed to hold
the scissor handles apart and close the clamp
on the valve rod. When the lanyard is pulled,
the handles close, the cla-ip opens, and the
rod slides free between .“e grips. During
tests the contact angle between the rod and
scissor grips was increased to near 45 deg
before the mechanism would release properly.
At first the friction in the contact plane ex-
ceeded the force on the rod.

LANYARD : 2]

Fig. 3. Release mechanism

The accumulator volume was determined
by the following expression:

VP VP, = M2 K

where K = valve efficiency approximately 80
percent, VP, = initial value or total require-
ment, and v,P, = duration of the powe: stroke.
This expression combines Boyles gas law for
static-state gases with the energy equation. The
accumulator volume could be regulated by the
addition of water inthe bottom of the tank. This
technique was planned for shaping the pulse.




The Piston

The carrier vehicle consisted of an alu-
minum cylindrical piston 18 in. in diameter and
24 in. long. The piston was designed around an
aluminum tube slightly larger than the missile
diaineter. Test specimens slide into the water-
tight tube from an access plate in the front.
The piston rides on bronze shoes which are
mounted at each end. The design of the piston
was governed mostly by weight. Previous alu-
minum pistons of a similar design weighed
three times as much, requiring a correspond-
ingly higher operating pressure.

A longer piston, 50 in. in length, was built
to accommodate testing of the whole missile. A
three-piece collar clamp fixture secures the
missile inside the carrier piston tube.

BRAKING

Another factor important to this test system
was the braking. At peak velocity, the carrier
piston develops approximately 360,000 ft-1b cf
kinetic energy. Stopping the piston with a uni-
form braking force posed an interesting prob-
lem. Several types of friction-braking systems
were first investigated. None of these couid be
adanted to the catapuit tube without extensive
mod fications to the system. Following this,
water scoop schemes were studied, and it was
decided to use the existing water brake. After
some test runs the data proved that the decel-
eration peak did not exceed the allowable 20
percent of the acceleration peak, nor did the
lateral pitch acceleration exceed the 10 percent
allowable. During the water scoop study the
following exnression was helpfu{ based on 180-
deg transier:

9Av? 2
=

F -

where F is the decelerating force, Q is the spe-
cific weight of water and A is the cross sec-
tional area of the water.

The water brake system works very sim-
ply. The catapult tube, 96 ft long, is sloped
down approximately 1.0 deg. Wit a steel plate
over the end of the tube, water is filled to a
point about 60 ft from the end. At peak velocity
the piston contacts the shallow water first. As
the piston continues, ‘vater builds up in iront of
the piston until it ejects vertically out the ton
of the tube. The piston comes to rest near the
end of the tube with virtually no acceleration
indicated from the data. The highest accelera-
tior occurs when the velocity is maximum in
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accord with the energy expression K.E.
1/2Mv 2,

ELECTRICAL MONITORING SYSTEM

A hard-wire system was developed to sup-
ply control voltages and to monitor electronic
functions during launch shock exposure. This
coinmunication was also necessary to simulate
guidance commands during operational per-
formance. The cable penetrated the front
bulkhead of the carrier piston witn a pressure
fitting to prevent water penetration. After a
number of test shots the :able assembly and
the rigging were perfected. At first the cab.e
broke frequently.

The cable was made up of a 30-conductor
Belden cable, two shielded pairs, and a steel
reinforcing wire. All were covered with plas-
tic sheathing. The cable had to be lightweight
and flexible. Once this assembly was devel-
oped and the proper rigging set up to prevent
cutting or breaking because of whiplash, the
cable became 4 very reliable system.

TESTING

During the test phase a number of experi-
mental shots were made to check out and ad-
just the valve. In particular, the snubber and
the release mechanism were operationally
tested and perfectcd tu a point of reliable per-
formance. Pressure, acreleration, and dis-
placement measurements were recorded to
establish the oil level and the metering to
cushion the valve stroke. Acceleration vs
operating pressure curves were established.

Prior to the complete assembly of the
valve assembly, the accumulator and other
pressure bearing components were hydrostat-
ically proof loaded to a factor of 2.0 to verify
safe performance. This was based on a peak
overating pressure of 800 peig. So far the op-
erating pressure range for 600 g has been 350
to 450 psi, depending on the piston weight.

Flight axis acceleration control and re-
peatability were verified to be within the read-
ing accuracy of the Bourdon pressure gage, or
less than 1 percent. Lateral acceleration
(pitch or yaw) approached but did not «:xceed
the 10 percent allowable.

From a continucus operating basis, turn
around time between shots varied for different

AR

Wk




L

AT

.

2 A AT VAT e 0 T LU RTTEPN

TN

A AL 'nv -

types of tests. Some reliabhility tests were ac-
complished in less than 30 min while others
required 1 hr or more.

CONCLUSION

The Shillelagh missile launch shock test
facility has performed well during the last year
of operation. Both of the Shillelagh test pro-
grams, pilot lot and reliability coniidence, have
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completea a large number of tests. The systen.
has functioned well at levels of 250 to 600 g.
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USE OF EXPLODING WIRE APPARATUS FOR
LABORATORY SIMULATION OF SHOCK WAVES*®

i Fred B. Safford!
E Northrop-Nortronics
Palos Verdes Peninsula, California

e

and

t Raymond C. Binder
University of Southern California
Loos Angeles, California

The results of an inve.ligation of the potential of the exploding wire for gen-
erating shock waves ir the laboratory are reported. Previously unavailable
information was obtained. Two main features are discussed: the develop-

ment of apparatus and the use of this apparatus in particular experiments. :

The apparatus consists of a power supply, a capaciter storage unit, an explo-
sion chamber for electiodes, ducting for the shock wawe, and a termination
at the end of the duct. Shock wave velocities, sound pressure levels, and
shock front curvature were measured with high intensity microphones.

The shock waveform is similar to that mcasured for nuclear and chemical
explosions, The shock wave system has proved to be a reliable, convenient,
repeatable, inexpensive, and safe laboratory tool, with the capability of ex-
pansion to higher energy yields, Prediction of peak side -on pressures for a
ducted configuration can be made from system parameters.

Transmission studies were made with solid plates. The results indicate that
transmission loss follows the acoustic mass law with respect to panel weight
and frequency, but yields a higher loss because of the transient nature of the
disturbance. Exploratory studies of screens (porous barriers) has disclosed
substantial transmission loss,

While used primarily for shock waves in air, the =xploding wire apparatus
can also be used for shock waves in water.

INTRODUCTION EXPERIMENTAL APPARATUS
AND INSTRUMENTATION
This paper reports the development of a

laboratory apparatus for producing transient The blast wave system developed is sche-
pressure waves by electrical discharge. Char- matically represented in Fig. 1. This apparatus
acteristics of concern in this work comprise consists v a 40-kv dc power supply, a 7-uf
; repeatability, waveturm, contrcl, pressure capacitcr bank, an expiosion chamber for elec-
range, far-field effects, growth potential, sim- trodes, ducting for the blast wave, and 2 non-
¢ plicity of operation, ease of maintenance, and reflecting termination at the end of the duct.
safety. Transfer of sto.ed enercy to the expioding wire
electrode is accomplished by a simple manuai
Demonstration of this apparatus as an in- siide switch. The test station is iocated in the
vestigative tool is covered by studies of tran- duct 5 ft from the plasma source and consisis
sient waves in transmission through solid and of a high-ioss enclosure with one iace equipped
porous barriers, for mounting test panels for transmission and

*This paper was not presented at the Symposium.
'Now at Mechanics Research Inc., El Segundo, California.
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Fig. 1. Schematic arrangement of blast wave apparatus,

instrumentation, and panel tranemission tests

reflection studies. Figure 2 pictures the appa-
ratus. The duct is 15 ft long and has an inter-
nal diameter of 20 in. The explosion chamber

and ducting are acoustically lined.

Detailed instrumentation of the: system is
shown in Fig. 3. Time histories of electrical
and acoustic signals are obtained frem oscillo-
scope cameras. A chromel current shunt in
the return circuit of electrodes provides for
current monitoring. High intenslty microphcnes
used were Altec-Lansing type 21BR200. Netlc
and Conetic material was extensively used to
suppress electromagnetic interference from

the plasma. Shielding is routed to power ground,

and electrlcal and acoustlc signals are equipped
wlth a separate ground.

SYSTEM PERFORMANCE

System control is provided by voltage
charge level In the capacitor banks and by type
of electrode (exploding wire) employed. Maxi-
mum energy storage of the capacltors is 5600
w-sec. Electrodes studied covered a wide va-
rlety of conducting materials, cross sectlons,
lengths, and configurations. A 4-mll-dian
copper magnet wire was eventually selected as
the standard, allowlng electrode length as a
coniro varlable. Electrode lengths varied
from 0 to 19 in. Because of the explosion
chamber conflguration, straight wires up to 8.8
in. could be employed; above this lengtn a zig-
zag configuration was required. Above the
19-in. length, the plasma failed to develop and
the electrode exhlbited a simple burnout with
sllght energy loss.

Discharge characteristlics of the system
showed a time hlstory for voltage or current as
a damped sinusoid under all control settings.
Decay times for current discharge ranged from
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Fig. 2, Blast wave system (generating end)

66 usec for a 5-in. electrode at 28 kv to 13 usec
for a 19-in. electrode at 20 kv. Oscillatlon
frequency was quite constant over this range

of voltage-electrode combinations being meas-
ured at 75 kc. Peak currents ranged from 41.6
ka for 19-in. electrode at 20 kv to 145 ka for a
5-in. electrode at 28 kv.

The characteristics of the electrical time
history during discharge suggest representation
of the electrical subsystem as a lumped R-L-C
circuit. With an initial charge E, on the ca-
pacitors, the dlscharge current i is given as:

“E, -R/2L
1 : Y o sin ot (l)
i ()]

and
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Fig. 3. Block diagram of instrumentation system

T (2)
o VE .
and
AN, (1‘_‘\
R (tz-t,> n Lz)‘ (3)
where R = resistance, L = inductance, . = {fre-

quency and t = time.

Measurements of current discharge from
direct shoris to various lengths of electrodes
over an appropriate voltage range provide val-
ues for the determination of source impedance
and load impedance. These values, together

with the schematic of the circuit, are shown in
Fig. 4. Load impedance of the plasma is com-
posed of a low impedance 0.06 pth which appears,
within measurement resolution, to be independ-
ent of electrode length and 2 normalized co:i-
ductance. Conductance has been normalized
directly with length and inversely by the square
of the voltage. Electrode configuration provides
a further effect by lowering the conductance in
a zigzag configuration compared to a straignt
wire. As is to be expected arcing at ithe switch
affects source resistance as a function of volt-

age.

Stored energy transferred to the plasma %,
is given by:

SOURCE IMPEDANCE

SOURCE IMPEDANC™H

Cyr Tpt 30MO AT 2B kv
Ry [27MQ AT 24 kv
Lsc059uh "% 15 M0 AT 20 ke

lLoao :
IMPEDANCE

—-n-_ou—] — i —

_ LOAD IMPEDANCE
L, C6uM ELECTRODE
0190 mhs - in/kv?  (ZIGZAGI

b 0295mho - sk (STRAIGHT)

Fig. 4. Lumped parameters of electrical subsys’
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where R, = plarma resistarce and T = decay
time of current oscillation.

Output plasnia energy as a function of
transfer efficiency from stored energy is given
in Fig. 5 for electrode lengik and discharge
voltage. Transfer efficiency varies from a low
of 49 percent for a 5-in. electrode at 28 kv to a

high of 95 percent for a 19-in. electrode at
20 kv.

O — I9INCH ELECTRODE
22k} — 138 INCH ELECTRODE
QO — 8.8 INCH ELECTRODE
21100 — 5 INCH ELECTROCE

20k

28 Kv
DISCHARGE

PLASMA ENERGY (KILOWATT ~SEC)
P
T

15
24 KV
R DISCHARGE
1 =
13 =
1.2+
20KV

ik D{SCHARGE
1ok @

i i 1 ] 1

se S0 70 80 90

ENERGY TRANSFER EFFICIENCY (PERCENT)

Fig. 5. Output plasma energy
a3 a function of transfer effi-
ciency, discharge voltage, and
length of electrede

The sudden release of electrical energy
into a {ine wire or across an air gap creates a
rapid plasma expansion, giving rise to a series
of shocks in the atmosphere which radiate out-
ward from the discharge [1.2]. At a short dis-
tance from the source, these shocks coal«sce to
form a steep pressure front having a generally

3
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x
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»n
)
w
@
e
g \
(=]
T
g1 '
| | |
I |
Tp R Ta —
POSITIVE NEGATIVE
PHASE PHASE
TIME (ms)

Fig. 6. Transient wave
genzrated by system

exponential decay into a regative piessure, with
subsequent return to ambient level. Figure 6
illustrates the pressure-time history of this
phenomenon which is similar to waveforms en-
countered with nuclear and chemical explosions
[31. Absolute values of Fourier transform com-
ponents of a blast wave side-on pressure are
shown in Fig. 7. This dispiay has been com-
puted from a standardized test of a 13.8-in.
electrode at 28-kv discharge with microphones
located in the duct at a distance of 5 {t from the
explosion source.

Peak side-on overpressures are given for
control settings of voliage and electrode type in
Fig. 8 ior combustion chamber location and
Fig. 9 for the test station 5 ft downstream in
the duct. In the combustion chamber a maxi-~
mum 28-psi peak side-on overpressure was
measured, while at the test station the maxi-
mum peak was measured at 4.2 psi.

Conversion of plasma energy intc acoustic
energy in the combustion chamber ranges from
15 to 52 percent, depending upon control settings
of voltage and electrode in accoerdance with
Fig. 13, Acoustic energy %, was determined
from:

SAC, P2 T
T 0215-u0359p£‘ (5)

0 O

—

where

A = Duct cross section

C, = Local velocity of sound




PR oy

1 ' L L 1 L J

g

s 20p

z \

4

o

o

2

[shn]v]

-4

w

3

-

z

-

= L L L 1 L
0 039 ore

1
.7 1.56 19% 23
FREQUENCY (k¢!

Fig. 7. Absolute values of Fourier -omponents of
blast wave side-on pressure as functica of frequency
(28-kv discharge using 13 8-in. electrode; micro-
phone Jocated at test station 69 in. from source)

/:—:'_:j
5k

14 I8

o ’e///e
1 5= BB IN SRy

7TIN ELECTRODE

PEAK SIDE-ON FRESSURE (ps:)

L 1 J
24 28
DICHARGE VCLTS (kv)

Fig. 8. Peak side-on pressure (psi)
for discharge voltage and electrode
in combustion chamber

3 e
S / ’,/f\
a I / /
w
g ) 19 IN
S rn_‘! g N
s
Wb M ELECTRODE
w
x L /Q
o 7IN ELECTRODE
a _
E‘—_‘ 1 J
Z0 23 28

DISCHARGE VOLTS {hv!}

Fig. 9. Peak sine-on pressure {psi) for
discharge voltage and electrode at test
station 60 in, from source

-]
f

Peak cide-on overpressure

P, = Ambient pressure
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Positive phase duration.

An empirical relation between plasma en-
erzy and acoustic energy was found 10 give:

V.o a6-10H w0 (6)

Peak side-on pressure may be determined

by:
P (s 6. 10 %)

B Told 0
p? (1~ 0 166 —) —_

P, AC, T,

3 16
[ R CL?.ZEF (1
Ri4L - R¥CH(R? « 4L? %)

From the 9-in.-diam combustion chamver,
the blast wave expands through a conical horn
into a 20-in.-diam duct to the test station. For
a standard test of 13.8-in. electrode at 28 kv. it
was found that the shock wave velocity U de-
cayed exponentially with duct distance

U 873" %1127 {8)

witere d = distance in feet. This gives a blast
wave velocity of 1167 fps at the test station.
Local sonic velocity wt this point in the duct
was measured as 1045 ips [4], such that the
Mach number of the wave was 1.12,
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sion efficiency from plasma energy
in combustion chamber four elec-
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Pulse duration (positive phase) varied with
wave energy ard ranged from 1.5 to 2.15 msec.
In general, the one-third power law was followed
at the same measurement location oaly.

Wavefront curvature was measured at vari-
ous locations in the duct system using two mi-
crophones over the cross section. Within the
1imits of instrumentation, the wavefront was
found to be essentially flat. Variation in
sressure-time history over various cross sec-
tions of the duct and repeatability of the wave-
form for fixed microphone positions were
examined by small-sample theory. Student's t
distribution showed sample means were well
within the process mean at the 1 percent criti-
cal ievel. Confidence limits for variance by
distribution indicated a 96 percent confidence
that deviation ranged between 5 and 10 percent
of the mean [5].

Between the combustion chamber and the
test station, duct losses ainmounted on the aver-
age to 16.5 db (re 0.0002 ubar). Spreading loss
in the horn expansion accounted for 8 db in
additvion to 5.2 db for the horn. Loss in the
20-in. duct amounted to 3.3 db.

An eiectroacoustic bioch diagram is used
to represent the system with associated matrix
notation for peak vaiues as shown in Fig. 11.
Figures 12 through 15 are plots of the overall
transmission matrix for plasma voltage and
current to test station pressure and particle
velocity [5].

TRANSMISSION TESTS
A series of alurninum plates rarging in
thickness trom 0.017 to 0.093 in. were tested

for transmission characteristics for the

122

[ 3
\ v p| "z P!
Ni— o x o f 7T —
1 v, vy uy
ENERGY COMBUSTION  EXPANSION ouCT
STORAGE CHAMBER HORN

=] () =
Lo J=[e] [»] (=]
=L 0]

Fig. 11. Electrcacoustic system block
diagram and matrix representation

transient conditions of the blast wave. The
panels were simply supported at only 0-deg
angle of incidenze of the blast wave. Partially
clamped plates were used at angles of incidence
ranging from 0 to 90 deg.

Pressure transfer functions for the plates
indicated four general characteristics:

1. All plates exhibited a iow-frequency
single peak in the 0- to 60-deg range, as shown
in Fig. 16.

2. Thick plates showed a partial dual-peak
low-frequency characteristic in the 0- to 60-deg
range.
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3. Thin plates exhibited multipeak charac-
teristics above 70-deg angle of incidence.

4. Predominant high-frequency peaks with
near unity transmission occurred at angles of
incidence near 90 deg, suggesting coincidence
effects, as shown in Fig. 17.

Fourier transform .epresentations of plate
transmission responses are shown in Fig. 18
for 0-deg angle of incidence. For these simply
supported plates, there was very close agree-
ment between blast loading function, pressure
transform, and response function in profile and
center fi‘equencies of the peaks.

The effect nf simply supported edges and
partially clamped edges is shown in Fig. 19.
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tion for values of exit velocity from duct

The simply supported plates closely follow the
mass law, showing a 4-db greater loss than the
steady-state case. The partially clamped plates
exhibited the constraints of the boundary at all
angles of incidence.

Exploratory studies of a porous plate were
also made for transmission characteristics.
This plate, consisting of a 66 percent open area,
comprised five layers of screens rpaced 0.25 in.
apart. Transission loss at high angles of in-
cidence {90 deg) amounted to 65 percent. Fou-
rier transform presentations of the transfer
function and response function are ~iven in
Figs. 20 and 21.

CONCLUSION

This paper is a summary of activities con-
ducted to date at the Hypersoni¢c Range Labora-
tory at the University of Southern California.
The ext2nsiveness of the system, together with
its applications, has permitted only briei cover-
age in many area: The technique for measure-
ment of the four-pole parameters [6] was
omitted, as well as the individual parameter
plots of each duct element. Phase angles asso-
ciated with Fourier transform displays, while
available, were not included.

While expansion of the system for higher
energy yields is quite feasible, extensive
shielding of the capacitor banks and explosion
chamber is necessary to suppress electromag-
netic interference in the instrumentation system.
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NIKE-X SHOCK TUBE FACILITY

Richard G. Donaghy and Jokn I. Healy
Office of the Ckief of Engineers
Department of the Army
Washington, D.C.

A new compressed a1r shock tube facility is being built by the Office of
the Chief of Enginecers at Aberdeen Proving Ground, Maryland, to test
operating prime movers under simulated air tlast conditions. The test-
ing to be performed is in support of the development of power systems
for the NIKE.-X Anti-Ballistic Missile Systera. Two shock tubes are
provided, one 5.5 ft in diameter and 610 {t long and the other 8.0 ft in
diameter and 500 ft long. The performance characteristics of the
facility are discussed, along with consideration of the special desiga
problems encountered in the areas of dynamic reactions and stresses,
traveling waves in the tube shells, fatigue, and brittle fracture. A sum-
mary of the testing to be performed is included.

E (BRL), Aberdeen Proving Ground, Maryland. of verification, and the result was the develop-

E The testing to be corducied at the facility is ment of a test program which will be performed

: part of the CCE research and development pro- at the shock tube facility. This test program

1 gram leading to the design and construction cf has two coequal purposes: (a) to verify the

i power systems for the NIKE-X Anti- Ballistic methods of analysis used, and (b) to obtain actual

4 Missile System. hardware experience on large prime movers

E under scaled test conditions.

: The powerplants for the various types of

L NIKE-X sites will range in size from 7 to 68

4 Mw. Very precise control of voltage and ire- THE SHOCK TUBE FACILITY

3 quency must be maintained at all times, - :-

£ cluding those periods when under attack. To Configuration

¥ meet the large power demand, prime movers

! up to 25,000 hp are beirg considered to drive Figure 2 shows the major features of the

5_? the -generators. The shock tube facility has facilitv. The two parallel shock tubes are

E been designed to test prime movers up to the shown with ducts leading to <he prime-mover

Eﬁ maximum size, intake and exhaust stacke. A control center and
a building for diaphragm change and compres-

; The duration of the environmental disturb- sors provide support spaces for the test

i ance for the worst-case attack condition postu- operations,

i lated for the NIKE-X system is long enough to

: preclude isolating the prime-mover air inlet

and exhaust ducts from the atmosphere. Anal- Shock Tubes

b yses have been made which indicate that exist-

INTRODUCTION

The Office of the Chief of Engineers (OCE),
Department of the Army, has under constru. tion
a new compressed air shock tube iacility de-
signed to test the performance of diesel engines
and gas turbines under cenditions of air shock
loading. The facility, designed by Black and
Veatch, Kansas City, Missouri, is being built at
the U.S. Army Ballistic Research Laboratories

ing diesel engines and gas turh;ines can per-
form satisfactorily when air shock is imposed
on their air inlet and exhaust systems. Figurel

shows typical cutput speed responge, the major
area of concern, when the diesel engine and gas
turbine are subjected to air shock.

The analytical programs which have been
developed to analyze prime-mover performance
are unique in that there has been no previous
detailed etfort in this area. There is, also, no
test data with which to verify the analyses.
Studies were made to determine the best means

The air blast wave moving over the tactical
powerplant structure will produce a simultane-
ous overpressure load on the intake and exhaus:
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Fig. 1. Output shaft speed response; simultaneous
air shock, maximum ‘overpressure

Fig. 2. Shock tube installation

stacks of the prime mover, The problem of
reproducing the duality of this Ioad in the test
facility, when coupled with hreathing and tem-
perature problems under normal operating con-
ditions, dictated the conception of two parallel
shock tubes, The need for uncontaminated air
behind the shock wave ruled out an explosively
driven shock tube. The compressed-air-driven
tube, therefore, was adopted as the operational
mode. A thin metallic dirpbragrm is used to

128

contain compressed air in the driver chamber.
The air shock wave ia produced by rupturing
the diaphragm with a Primacord cutting charge.
The intake shock tube has a diameter of 5 ft 6
in. and is 610 {t long. The exhaust air shock
tube is 8 ft in diameter and 500 ft long. The
tubes are supported by carriages on crane rails.
Figure 3 shows the principal components of the
tubes. The driver section i8 restrained by a
reaction section. A diaphragm retaining section
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Fig. 3. NIKE-X shock tuhe

is bolted to the driver section on the down-
stream side of the reaction section. A clamp-
ing ring for the diapkragm is bolted to the re-
taining section flange at the end of the driver.
To facilitate diaphragm changes, a slipring
section i8 moved downstream by pneumatic
cylinders to disengage the diaphragm section.
Provision is made to install a branch takeoff
in the expansion chamber to connect to the in-
take or exhaust stacks of the prime mover.
The driver section of the intake shock tube has
externally mounted heating elements and is
sheathed with rigid insulation. The reaction
section shown in Fig. 4 is restrained by a pier-
supported truss at the top and by anchor plates
at the sides and bottom. The longitudinal

reaction force is transferred to the truss and
anchor plates by iarge wide-flange ring beams.
A similar reaction section is provided at the
branch takeoff to handle the lateral thrust in-
duced by the branch takeoff.

Foundation

A reaction block with shear keys as shown
in Fig. 5 extends from the main reaction section
to the downstream side of the branch takeoff
section. The reaction fcrces are transferred
to the soil by shear at the base of the shear
keys. Because of a high water table in a fine-
grained silty soil, a subdrain system has been
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Fig. 5. Reaction foundation
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located below the Liottom of the shear keys to
preclude liquefaction in the soil and loss of
sk rar strength for load transfer.

Control Building

The control building is a reinforced-
concrete single-story structure deslgred to
reslst the biast effects of a drlver-section tube
rupture. The deslgn overpressure was deter-
mined by consldering the release of the energy
stored In the driver section by a rupture to pro-
duce a polnt source detonatlon of an equivalent
quantity of TNT. This energy release was as-
sumed to be located at the center of the driver
chamber and calculated to have a 10 percent
energy loss because of work on the tube shell.
The energy stored in a 20-ft sectlon of the
driver chamber located a‘ the dlaphragm was
also evaluated as an equivalent TNT detonation.
The two detonatlons would produce the same
overpressure at the control building. The con-
trol building contains all the Instrumentation
recording equuipment and an operational control
station, It dves not have windows and 1s fitted
with blast doors.

Diaphragm Change Building

The diaphragm change bullding is a light
prefabricated structure providing covered space
for replacing diaphragms. The air compressors
for charging the shock tubes are also located in
this bullding. It is unoccupied durlng the shock
tube charging and firlng cycle. The dlaphragm
section is moved to the diaphragm change bulld-
ing on a crane rail track by special carriage,
thus making it unnecessary to lift the diaphragm
section during the change process.

Prime-Mover Foundation

The prlme movers under test will be located
on a foundation between the shock tubes and con-
nected by takeoff ducts. Combustion air and ex-
haust flow preshock will be provided through the
open ends of the shock tubes. Electric gener-
ators and load banks will be used to load the
prime movers. The resistive load banks and
prime-mover auxlliary equipment will be
located adjacent to the tubes.

SHOCK TUBE PERFORMANCE
CHARACTERISTICS

Pressure

Classical linear, one-dimenslonal, unsteady-
flow wave theory was used to establish the shock
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characterlstics of the shock tubes. Using equi-
tions for conservation of mass, momentum, and
eaergy, flow equations were determined in the
time and distance domaln and in the velocity-
denslty domain. When the temperatures of the
driver chamber and expansion chambers are
equal, the requlred driver-chamber pressure
can be obtained from:

/p,)
P, P,I 5/ !
PR YT TRy T2 (1)

L b))

where P, = expansion chamber pressure, P, =
shock wave pressure, and P, = drlver chamber
pressure, After diaphragm rupture, an expan-
sion wave proceeds toward the head of the driver
section. This expansion wave was divlded into
a number of pressure reglons over which condi-
tlons were averaged. The progress of the ex-
panslon wave was computed by a time step proc-
ess using the flow equatlons. When the expan-
sion wave reaches the closed end of the driver
chamber, It is reflected as a second expansion
wave and Interacts with the origlnal expansion
wave. An alr shock wave moves toward the open
end of the expanslon chamber after rupture of
the diaphragm. The shock wave also reflects

as an expansion wave at the open end of the tube
and Interacts with the shock wave. A third in-
teraction | : ocess occurs when the expansion
wave reflected by the drlver chamber head
meets the expanslon wave reflected by the open
end. An analysis of this type was used to obtaln
a pressure-time history as shown In Fig, 6.

The dotted portion of this pressure-time history
showse the effect of flow loss In the takecff duct.

Duratlon

The positive pressure phase, required to
provide an adequate simulation, was determined
by study of predicted prime-mover performance
and the pressure decay curves for the range of
weapons being considered. It was concluded that
the shock tubes must deliver a good simulation
of the largest weapon for periods long enough
to generate the maximum speed excursion in
the prime mover. The flat top characteristic
of the pressure wave is the critical portion for
the simulation. The duration of the flat-top
portion of the shock wave is a function of the
overpress-ire level and the respective lengths
of the driver and expansion chambers, Each
overpressure level has its own optimized tube
length characteristics to obtain maximum
duration of the flat-top wave. A compromise
was necessary to ootain suitable durations for
a selected range of overpressures. Typical

Sl
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results of an analysis of duration derived from
the flow relationships discussed above are

shown in Fig. 7. Lengths for the intake and ex-
haust tubes were selected so as to produce
similar durations over a range of overpressures.

Heating

The air .ehind the shock vave formed after
rupture of the diaphragm will have a significantly
lower temperature than that of tl.e driver cham-
ber. This manifests itself as a contact surface
discontinuity behind the sheck front. Because
this temperature-density discontinuity at the
contact surface can affect combustion in the
prime mover, it represents a phenomenon which
is not desired as a simulation of the real air
blast environment, The discontinuity is elimi-
nated by heating the air in the driver chamber
to offset the temperature loss experienced
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during shock formation. When the tempera.
tures of the driver and expansion chambers
differ, the driver pressure is modified by the
ratios of specific heat and speed of sound in
both the driver chamber and in the region ahead
of the shock wave. The interrelationship be-
tween shock pressure, open-tube pressure, and
pressure in the driver section is shown in Fig.
8. The curves shown are for various ratios of
expansion-chamber temperature to driver-
chamber temperature. From these considera-
tions a driver pressure/temperature relation-
ship was selected.

STRUCTURAL DESIGN
Dynamic Anaiysis of the
Driver Section

Stresses in the tube sheil of the driver
section and reaction loads to be transferred to
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the foundation were obtained from a dynamic
analysis. The driver section was modeled as a
stiff rod or spring restrained from translation
by the reaction block as shown in Fig. 9. A step
pulse was applied to the free end of the spring.
The pulse was egqual in magnitude to the pres-
sui2 force applied to the driver head.

_}-—»PA

A\

Fig. 9. Dynamic mcdel

The equation of motion [ 1] is:

E 2d %y 0 (2)

P ax2 ok

where E = Young’s modulus, » = density, and
u = displacement.
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The toundary conditions are:

w0, t) = 0,
FA%’:(L.{) = P(1).

where A = area of shell material, L = distance
from driver head to reaction, and P(t) = step
pulse. A solution for this equation can be ex-
pressed as follows:

_ BPUL 5 ot -1y
u(x,t) = m'ﬁl (- 1)’ {sxn l(—-T> —l-:]}

TR TR

where

| tw

Using longitudinal stress in the shell expressed
as:

= £ = i = ?t_j.

S:RTT B )
and substituting in Eq. (3) above, stress be-
cc.nes:

. 8L net {(Zn- 1) _}
712A LER} (2‘ - 1)2 2 L
¥ {cos [(————2“; l) :Ll]} {l-cos [(—-——2“2— l)lE-t-]} .
(5)

Evaluation of this equation gave a dynamic load
factor of 2 to be applied to the stati. icad oo
the driver chamber head.

Traveling Wave Anralysis

As the shock wave moves into the expan-
sion section, bending stresses at the wave {ront
must be examined. The problem is analogous
to a moving load on an elastic foundation [ 2].
The compatibility equation for a step load mov-
ing at constant velocity is:

44
dx

D

<
2ie

k4

= B(x) (6)

&

where D - En?/(12(1-y?)), R = radius, h = tube
thickness, and . - Poisson’s ratio. Similarly,
the compatibility equation for a beam on an elas-
tic foundation is

g
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d4y
EI P + ky = P(x). )]

Thus

The equation of motion for a beam of infinite
length with a point load is then

a4 33 3
E—Y . 22y, c X ky: Py(xt).  (8)

where a = cross-sectional area of the beam,
v = weight of the beam per unit volume, ¢ =
gravitational acceleration, and the critical
velocity is

,\1/4
v, (4“’3’ 8‘) : (9)
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Tang | 2] has determirzd the bending moment
for the case with no damping to be

12
woFojettoh )y
4A (1_(;2)1/1

_ g2 1/2 )
Q8D Gin (10 62V Ik
(1 + 42)1'1

+ cos (1+ 92)“2 /\x} (10)

where

KV o
x-(m) R

cr

This moment is a maximum at x - 0:

P
M, e —

max 4\ | (11)
(1-eh

1.2 "

in which the dynamic load factor is

s
(1_;;2)1 2

For the uniformly distributed load and a
large x, as siown in Fig. 10

-(1-8%yax

M- - 2 :__llsin (10(‘2)l 2")( (12)
4r1 o 12
(-0 7]
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For the static case M_,,, occurs at tan Ax, - 1:

R T
max %’e sinisa . (13)

with a dynawic load amplification factor:

S(1-afyan, 12
F- 1 - € s”‘(}'."h) Axl,(l‘)
(1+5%) e” 4 sin 4

¢ is determined from:

12 22
tan (14 62) Ax:(“e)
1-62

Thermal Stresses

The transmission of heat from the sun
produces an elongation of the top of the tube
resulting in a longitudinal bending stress in the
tube. An analysis of tube heating resulting
from this solar radiation was made. A 30°F
temperature gradient was calculated to produce
a longitudinal bencing stress of 3120 psi in the
tube shell of the 8-ft tube.

Fatigue Failure

The oscillatory nature of the loading in the
driver section gave cause for concern with re-
spect to susceptibility of the shell to fatigue
failure. Following the approach outlined in
Section III of the ASME Boiler and Pressure
Vessel Code, sirain amplitude was evaluated in
terms of the number of loading cycles | 3] as
shown in Fig. 11. An experimental stress his-
tory in a shock tube at BRL is shown in Fig. 12.
Looking at the driver-section longitudinal stress
in Fig. 12, a high-frequency low-amplitude
oscillation is superimposed on a major low-
trequency stress excursion. The major stress
amplitude is approximately 1.5 times the peak
positive amplitude or approximately 40,000 psi
for the shock tubes. Using one half of this value
in Fig. 11, fatigue failure is estimated at greater
than 10% cycles. The magnitude of the higher
frequency components is low enough to preclude
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any fatigue efiects. It is not expected that nor-
mal shock tube ofperatioc will approach the
number of cycles indicated for fatigue failure
during its useful life.

Brittle Fracture

The failure mode of primary concern for
the shock tube is brittle fracture. For this rea-
son an examination of necessary properties of
the shell material in terms of brittle fracture
sensitivity was made. Figure 13 shows a fracture

aralysis diagram for typical mild steel plate [ 4].
It combines the influence of the nil ductility tem-
perature {NDT), slze of flaws, and temper:ture
on the crack propagation problem. Based on thls
kind of analysls, a shell materiai with an NDT

of -50°F was specified. Thls would allow oper-
ation of the shock tube at 10°F amb'ent temper-
ature which is within the yield limit of the shell
piate. The steel chosen for these properties was
ASTM A-516 to which was applied the A-300
normalizing specification. Charpy V-notch tests
were specified for 15 ft-1b at -50°F. The steel
is thus a fully killed, fine-grained practice, nor-
malized mild steel. The fabricator is being re-
quired to furnish test specimens for additional
Charpy V-notch tests. These specimens are for
the "as rolled and formed" condition with and
without typical welded joints. The results of
these tests wiil establish conclusively the safe
minimum operating temperature to avoid brittle
fracture.

Stress Criteria

The design p.oblem required a definition
of allowable stress levels for all conditions of
loading. The large amount of energy being
stored in the driver section was a principal
concern in establishing stress limits.
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Fig. 12. Stress history, rmidsection of
driver section (BRL test data)
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The ASME Boiler and Pressure Vessel
Code for unfired pressure vessels provided a
basis for the static design of the tube shell.
The major siresses for the dynamic case were
in the longitudinal direction. In addition to
these longitudinal stresses produced by the
reaction force and the thermal bending stress,
secondary bending stresses were introduced by
the reaction support ring beams and the con-
necting flange at the diaphragm section. The
ASME Boiler Code for unfired pressure vessels
permits working stresses at 25 percent of the
specified minimum tensile strength or 62.5 per-
cent of the expected yield strength for 0.2 per-
cent offset strain. For design, we established
the stress limit for the dynamic czase at 1.%
times the working stress for the static case.
This limits stresses to 37.5 percent of the
specified tensile strength for A-516 steel hav-
ing a 70,000-psi tensile strength. The stress
limit for dynamic stress combinations ls
26,250 psi. It should be recognized that the
structure moves out from under secondary
bending stress concentrations as the yield con-
dition is approached. This results in a redis-
tribution of stress and an adjustment toward a
more stable stress condition.

TEST PROGRAM

The testing to be performed at the NIKE-X
Shock Tube Facility is scheduled to begin in

July 1968. Four prime movers will be tested:
a 2200-hp diesel engine, a 6600-hp diesel en-
gine, a 3150-hp gas turbine, and a 25,000-hp
gas turbine. The smaller diesel engine and gas
turbine will oe tested with scaled shock-
attenuation equipment placed between the shock
tubes and the prime mover to verify the theory
of attenuation being used in the design concepts.
Initial shock tes's will be at low overfrressure
levels, and will be increased gradually to
slightly over th: pressure which our predic-
tions indicate is the limit of satisfactory per-
formance. There will be no attempt to deter-
mine the pressuvre at which structural failure
will occur. A typical test schedule is shown in
Table 1.

The shock tubes will be operated and main-
tained by personnel of the Ballistic Researct
Laboratories. The operation of the prime
mover and the overall test direction will be the
responsibility of Artnur D. Little, Inc., under
coatract to OCE. The facility has been designed
to complete a test cycle requiring the maximum
shock pressure level within a period of 8 hr. It
is anticipated that several tests per day can be
made at lower pressure levels. The testing of
the diesel engines is scheduled for completion
in April 1969 and the gas turbine tests in
May 1970.




TABLE 1
Tests to be Conducted with Prime Movers
- Application of Shock
Ele&:;cal Peak Over- at Inlet and Exhaust
pressure
(% Rated) Simultaneous Staggered
Ncormal Operation 50 I 0 - -
75 0 - -
100 0 - -
Step Load 100-75 0 - -
Overpressure 100 1/3p2 Yes -
(Without attenuators—
all prime movers) 2/3P, -
P, -
‘ 4/3P, =
5/3 po -
% Xp,t -
100 XP, No (VER, 4
XP, (VEX,
XP, (VE},
= & XP, Yes (E/In
75¢ XP,
100¢ XP, No (VEX
Xp, (E/It
Step Load 100-75¢ 0 - -
Normal Operation 50 0 - -
5 0 - -
100 0 - -
Overpressure /3P, Yes -
{With attenuators—
small prime movers
only) 2/3P, -
P, -
5/3P, -
N —-¢ XPO

4Pressure levels in shock rube at duct takeoff will be those that induce overpressures in the ducting
equivaleat to that predicted for the condition where the {ree-stream peak overpressure from a nu-
clear blast is P, or & ‘raction thereof as indicated.

bXPo represents a fraction of P, to be selected on the basis of the results of preceding tests.

CRepeated tests.

d(1/E)t,~-Shock applied to inlet before exhaust with a time interval of t,; (E/I)t--Shock applied to
exhaust before inlet with a time interval tobe selected on the basis of the results of preceding tests.
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DESIGN AND PERFORMANCE OF DUAL MODE SHOCK MACHINE

W. Douglas Everett
Naval Missile Center
Point Mugu, California

In response to several widely varying shock test requirements, a naw shock
test machine was built. This somewhat novel machine satisfied all the test
requirements by incorporating the following operational features: (altwo
modes of operation (drop test and hammer test), (b) poitability between sev-
eral test sites, and (c) flexibility in accommodating test items of widely
varying configurations. The machine consists of two dynamic elements:

a chain drive test table and a pneumatically pcwered anvil-hammer mass.
This second element provides a dual test mode capability by functioning as a
seismic anvil during drcp tests and as an adjustable mass hammer head dur-
ing hammer tests. In its first year of uperation, the machine has performed
a variety of Military Specification and simulated underwater shock tests on
specimens as large as a 3000-1b, 14 by 3 by 2 ‘t shipping container. The dual
3 mode shock machine performance has been highly satisfactory with respect
to both shock pulse fidelity and operational reliability.
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INTRODUCTION in the sea level climatic hanger at the En’iron-
mental Laboratory.
The Environment Branch at the Naval Mis-
sile Center was confronted with two distinct 3. Adaptability to widely varying test pack-
i test requirements to be met by the design and age configurations. The extremes of the test
construction of a new shock machine. First, requirements in the immediate future includea
there was a general requirement for a2 machine a 3000-1b shipping container to be shecked
that would extend the shock test capability with through its 14 by 3 it base and a 1000-1b mis-
respect to test specimen size and resuitant sile to be shocked through its 15-in-diam aft
shock forces. Second, there was a Navy pro- end.
gram requirement for a machine capable of
testing a new missile shipping and stowage con-
tainer concej tion to the extremes of simulated DESIGN, CONSTRUCTION,
shipboard u.iderwater explosion shocks. AND OPERATION
Those test raquirements der.anded the fol- The dual mcode shock machine (Fig. 1), sat-
lowing test machine capabilities: isfying the aforementioned performance require-
ments, consists of three basic elements: (a) a
1. Two modes of operation: (a) the hammer pneumatically powered anvil-hammer asserably,
test mode, wherein the test package is set into (b) an electric-motor and roller-chain drive,
motion by a hammer blow from beneath, to sim- table-positioning assembly, and (c} a rectangu-
ulate shipboard shock motion; (b) the drop test lar frame structure to contain and support the
mode, wherein a test item's free-fall motion is anvil and table assemblies.
terminated by impact with an anvil, for the
more conventional tests. The pneumatic anvil-hammer assembly 1s
basically a 4000-1b lead mass attached to the
2. Portability from one test site to ancther. upper end of a 3-ft-stroke, 2-ft-diam piston,
The machine would hze to be sufficiently iight, which is powered by a 3.5 cu it compressed-air
rugged, and weather resistant to withstand being reserveir. Because of the anticipated extremes

moved repeatedly between several possible test
sites. The test site atmospheres would include
the damage potentials of ocean salt fog at an
outdoor explosive hazard test site, and temper-
ature extremes from -65°F to +160°F, generated
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of test package configurations, two anvil-hammer
mass elements wese fabricated for initial ma-
chine test ope. itions. One of the mass elements
ig an aluminua: box, § ft long, 2 ft wide, 15 in.
high, weighted with 3000 ib of lead. This long
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Fig. 1. Sketch of dual mode shock machine cross section

mass element is used in conjunction with the
14-ft-long, 3.5-1t- wide, 2-ft-high alumirum test
table (Fig. 2) to provide for a distribution of the
shock forces over the length of the table. The
other mass eiement is a cylinder of steel and
lead, 28 in. in diameter, 17.5 in. high, com-
prised of four 3-3/8-in.-thick lead wafers sand-
wiched between 2-in.-thick steel plites. This
element, used in conjunction with a 30-in.-diam,
cast aluminum test table (Fig. 3) can ke reduced
in mass by removal of one or more of the fcur
lead wafers to accomplish high impact veloci-
ties !n hammer test operations.

The test table positioning system consists
of a specimen test table attached via hydraulic
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shack absorbers to four vertical roller-chain
drive loops. These four chain loops, positioned
by idler sprockets at the base, are driven by
two parallel shaft and sprocket assemblies
overhead. The two overhead shafts are in turn
driven by a 3-hp motor, driving through an
electromagnetic clutch and two mechanical
ratchet-type c:u. :hes. The electromagnetic
clutch in the drive system provides for the re-
lease of the table and chain drive system from
the motor for free-fa'l drop tests. Because the
four vertical chain loops and the two overhead
shaf{ts remain attached to, and are thus driven
by, the falling tab's, the table descent rate is
reduced to app-oximately three fourths of that
of true free fall. The ratcnet-type clutches, on
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Fig. 2. Dual mode shock machine configured
with rectangular test table and rectangular
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Fig. 3. Dual mode shock inachine configureud
v1th cylindrical test table and cylindrical anvil -
harmmmer mass
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the two overhead drive shafts, allow the table
to move upward, free of restraint from the mo-
tor drive system:, following a hammer impaci.

The frame supporting the two dynamic ele-
mente is an 8-ft-square, 18-ft-high structure
employing a 6-in.-diam, 18-ft-iong structural
steei pipe at each of the four corners separat-
ing the angle iron and steel piate anvil support
base from the overhead angle-iron motcr drive
assembly support frame. A telescoping feature
of the 18-ft vertical pipe members allows the
machine to be shortened to a 12-ft height to
facilitate transportation between test sites.

The sequence of events required for a drop
or hammer shock test involves the following
operations:

1. For a drop test the table and test speci-
men assembly is raised via the motor and chain
drive system to an appropriate free-fall height
above the impact point. The anvil-hammer as-
sembly is then raised pneumatically to approxi-
mateiy a 2-ft stroke of the piston. The table
drive ciutch is then deenergized allowing the
table to fall, impacting via appropriate .ubber
or iead pads with the pneumatically supported
anvil-haminer assembly. Then, the shock iia-
pulse reaction is transferred to the laboratory
floor through the seismic motion of the anvil-
hammer assembly on the approximately 1-cps
air spring pneumatic cylinder.

2. For a hammer test the table and test
specimen assembly are positioned at the appro-
priate distance (6 to 18 in.) above the retracted
anvil-hammer assembly. The compressed-air
reservoir is charged with air pressure appro-
priate for the desired anvil-hammer impact
velocity. The air reservoir is then rapidly
vented to the underside of the anvii-hammer
piston, driving the anvil-hamnier assembiy into
impact with the suspended table. Following im-
pact, the tabie moves upward against the re-
straint of gravity to a noint of zers velocity,
whereupon the ratchet ciutch in the motor drive
system reengages the table, preventing down-
ward motion. ‘The anvil-hammer assembly is
brought to rest independently of the table by the
increasing pressure of the tragped air above
the rising piston.

DESIGN INNOVATIONS AND
TEST EXPERIENCE

It may be noted from the description of the
shock machine construction and operaticu that
two features represent rather basic departures
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from the conventional shock machine design.
Perhaps the more significant feature is the
duality of the anvii-hammer element. This
moderateiy heavy element represents a com-
promise, in magnitude, between the "infinite”
mass concepiion norma;'y associated with drop
tester anvils and the smail-mass, high-velocity
projectiles associated with hammer, slingshot,
and air gun shock generators. Because the re-
sultant compromise’ machine can generate the
shock puises associated with most operational
vehicle environments and Military Specifica-
tions, and at the same time generate the more
appropriate acceleration and velocity phase re-
lationship of either an accelerating or deceler-
ating shock, it is felt to be a successful com-
promise for our laboratory requirements.

The second feature is the absence of a
conventional vertical guide rod system for ver-
tical constraint of tabie motion. This function
is accomplished by the four vertical ~hain drive
loops, slightly pretensioned for a low-frequency
constraining effect. Obtaining lateral restraint
in this manner not only eliminated the complex-
ity of precision vertical guide rails and bearings
but resulted in a guide system. more amenabie
to relocziion for the accommodation of unusual
test specimen configurations.

Test experience to this date is confirming
the expediency o both the aforementioned de-
sign innovations. The foilowing review of teat
experiences is offered to iliustrate the machire
versatility. Official use of the machine began
in September 1966 with deveiopmental testing
of a 3000-1b missile shipping and stowage con-
tainer, 3 by 13 ft at base and 2 ft high, evaluated
under shock conditions simulating gh:pboard
deck response to an underwater expiosion. Sub-
sequentiy, tests have been conducted on: SPAR-
ROW III shipping containers, tested to MIL-S-
901C shock impuises in combination witk high
and low temperature extremes; an airbcrne
computer mockup, tested to MIL-E-5422 shock
specifications; an Aero 21A missile handling
skid, tested to MIL-S-901C shock impuises; and
a shipboard electronics cabinet, tested to IL-
STD-810A sawtooth shock impulse. The most
recent test, involving the sawtooth shock pulse,
was the most critical of machine performance,
because of (a) the ciosely defined 3hock pulse
toierance limits, (b) tae reiativeiy heavy, 1000-
ib test package, and (c) the potential of a saw-
tooth pulse to excite high-frequency resonant
responses ir, the shock generating equipment.
Unfiltered oscilioscope data from that test are
presented in Fig. 4 as an index of performance
for the machine.




Fig. 4.

on record)

CONCLUSIONS

The successful test experlence with the dual
mode shock machine can be attributed primarily
to its design simplicity. The acknowledgment
that shock furcee are simply generated by the
transter of momentum between two masses led to
the creation of a machiae utillzlng this principie

Unfiltered acceleration vs time
records of test table motion during three
successive 50-g, 6-ms sawtooth shocks
(time progressing from right .o left

in a very direct manner. Thus, both d-op test
and hammer test operations are accomplished
Ly the transfer of momentum between an anvil-
hammer mass and the test specimen mass. The
incorporation of a minimum number of simple
machine elements to faciiitate this interaction
of two masses results in a machine with inher -
ent qualities of flexibility and reliabiiity.

DISCUSSION

Mr. Hughes (Naval Ordnance Laboratory):
What are the upper limits of frequency and ac-
ceieration reached? What sort of strains can
you go to on this facility ?

Mr. Everett: We pushed the facility no
further than the shock test requests we have
had up to this time. We have not had the oppor-
tunity to explore its limits. The most difficult
test was the sawtooth test because of the poten-
tial of the sharp corners.

Mr. Hughes: What was the peak accelera-
tion on the sawtooth?

Mr. Everett: Fifty g with a thousand-pound
package.

Mr. Berkman (Lltton Data Systems): You
said you couid simuiate the Navy 301-C spec.
Could you give us more details; do you have
more lnformation on it?

Mr. Everett: No, and that is probabiy mis-
leading. The only way to simulate that spec is
to build a machine. This is not that machine.
But what we propose is to simulate the initial
phase of the shock impulse with the appropriate
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momentum exchange between the hammer eie-
ment and the table and test specimen. perhaps
a little more effectively since we have buiit this
harmmer and table to work up to higher frequen-
cies.

Mr. Hammaker (Naval Ship Engineering
Centel'_): How quickiy can you open that vaive
to get a decent shock pulse?

Mr. Everett: The pressure buildup occurs
over about 30 ms. It is not considered criticai.
During the eariy phase of the pressurization the
piston is not muving. The intent is to transfer
the energy in the air tank to the pision as kinetic
energy.

Mr. Levin (Naval Ship Engineering Center):
The summary menticned the use of the machine
combined with other environments such as heat.
Perhaps humidity was included. Could you give
us some idea of the variations you may have
found in test resuits when the shock test was
combined with temperature, as opposed to per-
forming the tests on a seriai basis”

Mr. Everett: The one test we ran that com-
bined shock with temperature extremes was on




a Sparrow container. In this case the effect of
the temperature was to alter the response of
the rubber shear mounts in the container. The
shift in'resonant frequency was on the order of
10 percent—2 or 3 cycles—and somewhat of an
increase, in at least the initial pulse, of the re-

sponse of the missile isolated with these shear
mounts.

Mr. Levin: Have you had the opportunity
to compare the damage eifects that might have
been caused by combining testing method ver-
sus the single test method? Did you go far
enough to determine anything in this direction?

Mr. Everett: No, this is the only combined
environment test we ran and there was no dam-
age. The test was conducted at ambient as well
as at the two teraperature extremes. There
was an appreciable shift in resonances but no
damage resulted during any of the tests.

Mr. Levin: You mentioned the test invoked
by MIL-STD-810A in which a triangular wave-
form was used and implied that therz was a
similar shipboard requirement. Where is this
requirement that the triangular pulse called out
by 810A be used for shipboard environment,
or was this a requirement of the individual
problem?
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Mr. Everett: It was a spec applied by one
of our engineers. He felt that the sawtooth pulse
probably wouid excite all frequencies that would
be encountered throughout a ship, and that this
cabinet might be located at any of several points
within the ship. Therefore, the exciting irequen-
cies ranged from 10 to 50 cps.

Mr. Levin: There seems to be some diver-
gence of opinion as to which waveform produces
the most damaging effect or the greatest accel-
erations. It has been argued that by testing with
a aalf-sine pulse the damage potential will be
maximum. In fact, there are many references
in the literature stating that by using the half-
sine waveform you maybe, in some cases,over-
testing. But in order to be safe this testing
method is recommended by these same sources.

Mr. Everett: I think that is the case. In
this Instance the sawtooth was used as an ex-
ploratory or developmental tool. It was not in-
tended necessarily to qualify this cabinet. The
cabinet had no electronics in it.

Mr. Peete (Naval Undersea Warfare Cen-
ter):” What is thc approxXimate diameter of your
piston?

Mr. Everett: ‘fwo feel.
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AIR BLAST AND GROUND SHOCK

INFLUENCE OF SHIP MOBILITY ON INTERNAL
FORCES PRODUCED BY BLAST®

Alexander Chajes, Frederick J. Dzialo, anc Merit P, White
Department of Civil Engine=ring, Universir; of Massachusetts
Amherst, Massachusetts

A study of the effect of hull mobility on the dynamic behavior of an air-
craft carrier subjected to blast loads is presented. Using a simplified
model of the carrier, equations of motion and their solutions are de-
rived. From these equations, natural modes, frequencies, and dynamic
displacements resulting from a triangular load pulse are obtained for a
numerical example., Two cases are studied: one assurnes the hull to
remain fixed in the water and one allows the hull to mcve. Comparison
of the results for these two conditions indicates that inclusion of hull
mobility in the analysis results in a sizable reduction of the design
shears for the vertical bulkheads. Hull mobilitv is also shown te have
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a significant effect on the natural modes and frequencies,

INTRODUCTION

The purpose of the investigation is to study
the effect of hull mobility on the dynamic be-
havior of an aircraft carrier subjected to blast
loads. In an earlier investigation [1], the dy-
namic response of the structure above the main
deck to blast loads was determined, assuming
the huli below the main deck to remain fixed in
the water. In the present study the hull of the
carrier is assumed to move as a rigid body in
the water while the structure above the hull de-
forms elastically as a result of the blast loads.
Of special interest is the effect that hull mobil-
ity has on tne shear forces for which the verti-
cal bulkheads and frames above the main deck
must be designed.

THEORY
Model

The basic structure of the carrier is de-
pictec in Fig. 1. It consists of two main sec-
tions: (a) a flight deck supported on a series of
transverse frames and bulkheads, which extend
from the flight deck down to the main deck, and
(b) nurrerous transverse bulkheads and hori-
zontal d¢ cks below the main deck, comprising
the hull oi the carrier. An ideaiized mode) of
this structure is shown in Fig. 2. The flight

TRANSVERSE FRAMES
AND BULKMEADS

_\\ / FLIGHT DE_C'K

L |
1 L/
i

1
]‘
1
HULL —/

Fig. 1. Basic carrier structure

\-~ MAIN DECK

deck is approximated by n lumped masses, m_,
connected to one another by massless webs of
bending stiffness EI,,. Vertical webs of stiff-
ness k  represerting the vertical buikheads
and frames extend from ‘he flight deck masses
to the main deck. The hull, comprising ali of
the structure below the main deck, is assumed
to be a rigid body. The mass and mass moment
of inertia of the hull combined with an upparent
mass of water are M and 1,, respectively. The
moment of inertia, 1, is about ¢-0, the lon-
gitudinal centroidai axis of the hull. The use of
a lumped-mass team, instead of a cntinuous
one, to represent the fiight deck makes it pos-
sible to account for variations in the properties
of the flight deck

”‘Thi.s_utudy was conducted in the course of wcrk performed under Contract N600(1(7}65486(X)FBM
between the Dzvid Taylor Model Basin and the University of Massachusetts,




Fig. 2.

Model of carrier

The dynamic loading on the ship is shown
in Fig. 3. It consists of a set of forces p_ ap-~
plied at the flight deck masses, and a single
force P applied to the rigid hull. The forces p,
and the force P are applied at distances of r
and h above the hull centroid, respectively.
This loading causes a rigid body translation
and rotation of the hull, and elastic deformation
of the structure above the hull. Figure 3 de-
picts the model in a displaced configuration.
The rigid body motions of the hull are x and ¢,
and y,, is the displacement of a mass m_, of the
fiight deck relative to the huil.

Equations of Motion

Setting the horizontal forces and the mo-
ments about axis 0-0, for the entire ship, equal
to zero, leads to

|
L_ /

[ "7"

A

4

Yom iemey ) s ME-Pe Yp (1)

and
= 1.t
Lmn;iﬂ r¢’o§ﬂ)o-—°—-~&; : (2)

Another equation is obtained by setting the hox -
izontai forces acting on a single lumped mass
of the flight deck equal to zero (see Fig. 4):

mn(if ré#in) + kyn + Rn : Py (3)

An expressiou similar to Eq. (3) can be written
for each of the n masses comprising the flight
deck. In Eq. (3), R_ is the net restraining force
applied to mass m_ by the flight deck web. R,
is given as a function of y, by the matrix equa-
tion

R, - [Klly,] (4)

whore (K] is the stiffness matrix of the lumped-
mass flight deck beam and [R,] and (y,] are
column matrices.

— R“ . PO
Py — -G mn(xuéoy,,)
L

Fig. 4. Forces acting ca a
single mass m_of flight deck

Equations (1) through (3) can be solved
simultaneously for x, #.y, ...y,. The solu-
tica can be simplified considerably, however,
by eliminating x and ' and solving only fer the
y.'s. If Egs. (1) and (2) are used to express x
ard ¢ in terms of y, and the result is ssbsti-
tuied into Eq. (3), the following relation is
obtaired:

mny;\ Y Zmni':n thky, t Ryoop, - '7mn' (5)
n

Equation (5), like Eq. (3), represents n expres-
sions, one for each of the n lumped masses
comprising the flight deck. The constants o and
/i, appearing in Eq. (), are given by

I/t + M

3 6
(1,/12) (M ' Zmn\) P MY m, 2

n n
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As M -3 the hull becomes immobile in the wa-
ter. For this case 2 and 7 are equal to zero
and Eq. (5) reduces to

mnyn * knyﬂ * Rn = Pp (8)

Comparison of Egs. (5) and (8) gives a
qualitative indication of the effect that hull mu-
bility has on the vertical bulkhead shears. If
the iirst two terms in Eq. (5) 2. e considered to
represent an effective inertia force and last two
terms an effective blast load, then comparison
of Egs. (5) and (8) indicates that hull mobility
causes an apparent decrease in both inertia and
loading. In: both equations the maximum value
of the bulkhead shear k_y_ is equal 0 the sum
of the load and inercia minus the horizontal web
restraint R . It can therefore be assumed that
inclusion of hull mobility in the equations «of
motion will probably decrease the maximum
bulkhead shears.

Orthogonality Conditions

The rigid boGy motions of the hull, obtained
by solving the homogeneous parts of Egs. (1}
through (3), can be expressed in the form

X = X ¢+ X (9)

v np
and
A A (10)

» np

where x, and ¢, are the periodic parts of the
motion and x _ and ¢, the nonperiodic parts.
Since the normal modes of vibraticn contain
only the periodic part of the motion, the abso-
lute displacements of the hull and flight deck
masses during any of the normal modez can be
exprzssed in the form

X, Xci®t, (11)

“'p Qci t, (12)
and

2, (Y s Xer@)eltt, (13)

where z_ is the absolute motion of m .

If the principle of virtual work is applied
to the system, neformed in accordance with
Eqs. (11) through (13), the following orthogonal-
ity relaticn is obtained:

Dom 2, Z, +MX_ X, + 1,8,8, -0 (atb). (14)

Subscripts a and b refer to any two normal
modes, and Z_,, the absolute displacement of
mass m_, dur.ng the ath mode, is given by

Zn. - x. M rO. * Ynl‘ (15)
Y,, i8the displacement of m_ relative to the
hull during the ath mo ‘e.

If Eqs. (1) through (3) are solved simulta-
neously for x, ¢, and the y_'s, the orthogonal-
ity condition given by Eq. (14) applies. If, on
the other hand, x and ~ are ¢liminated and Eq.
(5) is used to solve for the y_'s. then an orthog-
onzlity condition free ¢f x and - is necessary.
This relationship may be obtained by substitut-
ing expressions for X and 8 in terras of Y, into
Eq. (14).

Substitution of Eqs. (11) ihrough (13) into
expressions for the linear and angular momen-
tum of the system during free vibrations leads
to

X - =C, D (m Y. (16)

and
® -C, 0 (m Y. (17)

where
o 1
! 5 2 18
weln (1o%2)
n 4]
and
2\

If Eqs. (16) and (17) are substituted into Eq.
(14), the following orthogonality condition, {ree
of X and @, is obtained:

Z mn\'naynb Skl (Z mnYn.)(Z mnan) 0 (a*')
’ ' ’ (20)

For the case of an immobile hull, both Egs.
(14) and (20) reduce to




Z M Ynaan 0 (8£ b) (21)

"

Equations (14) and (21) give orthogonality
relations in 2 form usually encountereaq,
namely, as 2 sum of products of mass or iner-
tla times displacements in two modes. The
somewhat unusuai form, taken by the orthogo-
nallty relatlon In Eq. (20), 1s attrlbuted to the
presence of relative instead of absolute dis-
placements in thls expresslon.

Modal Analysls

Using normal mode theory [2], It can be
shown that the dynamlc displacement y,,, re-
sulting from blast loads, s given by

t
I ZYn. [an(T)] sin w, (t-T)dT
a0 "

Yn
Yo © Z w l 2
= Lt ’—a(L e v, )

(22)

where «, and Y, are the natural frequenc; a«d
displacement at m_  correspcnding to ite ath
mode. F,f(T) ls the loading function at m . It
consists of a time function f(T) whlch must be
the same for each mass and a load factor F
whlch can vary with n.

Equation (13) indicates that y_ consists of
the su.n of n shape functlons Y_ ., each of which
is multiplied by a partlcipatlon factor and a dy-
namic load factor. If corresponding to mode a,
the dynamlc load factor is given by

t

,_J‘ £(T) sin «, (t-Tyar (23)

[]

(DLF)

and the participatlon factor by

' ‘—.1 Z (mnYI:I) - J(Z 'nI'\YI'\I)2 ‘

Thes the dynamic displacement can be written
in the form

Yn * Z.Yn. (PF), (DLF), (25)

NUMERICAL EXAMPLE

Uslng a three-mass system to approximate
the flight deck, the dynamic response of the
carrier to blast loads has bean determined.
Numerical solutions for the natural frequencles,
mode shapes, dynamic displacements, and ver-
tlcal bulkhead shears are obtalned for a fixed
and moblle hull. The properties of the system
and the magnltudes of the applied loads are
llsted in Table 1. The applied loads, P and p,,
are suddenly applied trlangular load pulses,
with an inltial pressure p, and a decay time of
0.18 sec.

In the mode! being investigated, as In an
actuai carrier, m, EI, and k vary along the
span of the ship. To give a clear picture of the
effect of hull mobility on the natural frequencies

TABLE 1
Propertles and Applied Loads for Three-Mass System
Flight
Deck m, e kn Eln }n
Mass | (ib-sec?/ft) | (lb/ft) | (b/1t?) (1b)
System
1 50x10* | 60107 | 54%10'3 174x10* p, £(T)2
2 50x10* 50x107 | 46x10'3 | 174X10%p f(T)
3 40x10* 32x107 - 174 X10% p,f(T)

3f(T) = 1 - (T/0.18); units of p, are Ib/in.?

Note: M
I

5 x 108 lb-sec 2/ft
9 x10° Ib-sec I-ft
60 ft

i4.6 ft

300 ft

522 < 10* pyf(T) Ib

nononn
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and mode shapes, these functions have been de-
termined for a system with uniform properties
as well as for the system with varying proper-
ties described in Table 1. The uniform system
has the same dimensions and properties as the
nonuniform one except that m;, = m, = m, =

50 x 10* Ib-sec %/ft, k, = k, = k, = 50x 107 Ib/ft,
and EI, = EI, = 54x1013 Ib/ft?, The proper-
ties of the uniform model were chosen to make
this system as similar as possible to the non-
uniform one.

Using the homogeneous part of Eq. (5), the
natural frequer.cies and characteristic shapes
were obtained for both the uniform and nonuni-
form system. The results of these calculations
are given in Figs. 5 and 6. In both figures the
solutions for the mobile hull are compared with
those of the fixed hull. This is done for the
model with uniform properties in Fig. 5 and for
the one with nonuniform properties in Fig. 6.

The remaining calculations were carried
out only for the model with variable properties.

Using Eqs. (23}, (24), and (25), the dynamic load

factors and dynamic displacements were

Fixed Ship
Hode Frequenc, Mode Shape
w L
s
A 1000 Yoa® 90 e Thwe--
V]‘- -1.0 ~o
.
Yt VO
. 1000 Tt 10 e
Yyt 10
Te® 10
C 1360 Toe " 20 - i g
. .
i 1.e
Mobile Ship
fode Fraquenc Mode Shape
-
W' N
A 1000 v, " 0.0 -—=2 o
-
AR
Wl
] 1900 R
Tyt V0

Fig. 5. Natural frequencies and mode
shapes for constant m. k., EI
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calculated. These guantitie~ are listed in Ta-
bles 2 and 3. Table 4 then compares the verti-
cal bulkhead shears k_y_ for the mobile hull
with those for the fixed hull.

TABLE 2
Numerical Results for Variable-
Properties Model

Dynam: Loag | Participation

Factor ac‘or

Mode (10 % p,)
Rigid Mobile Rigid Mobile
A 1.47 1.50 -3.5 -4.9
B 1.54 1.65 | 26.7 12.9
C 1.58 1.58 5.4 -0.3

RESULTS

Comparison between the equation of motion
for a mobile hull and the equation for a fixed

Fiied Ship
Mode Frequency Mode Shape
Yo W
-
A 828 Tt .‘a.u
'3.' -16.44
W 1
’ N3 Yot 097
v‘ = -0.24
V‘_ = 1.00 [
¢ 1382 Yo * <095 --\Vf
Vet 0.3
Novtle Ship
Mode

Frequenc Moge Shape
:’ Y. 1.00 R

A 910 vz.-~0.ll o R ——
‘31' -2.83

Fig. 6. Natural frequencies and mode
shapes for variable m, k, EI
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TABLE 3 analysis leads to a sizable reduction in the de-

Dynamic Displacement for sign shears Nf the vertical bulkheads.
Variable-Properties Model

In addition to reducing the design loads,
Dynamic hull moblllty has an important effect on the
Flight Displacement y natural mode shapes and frequencies. It 1s ap-
Deck (104 p,, ft) parent from Flg. 5 that {or a ship wlth uniform
Mass properties, 2 change from the fixed to moblle
Rigid Mobile hull has no eifect on the frequencies of modes
A and C but does have a marked effect on the
1 54 28 frequency of mode B. Whereas mode B is one
7 17 of the two possible fundamental modes for the
fixed hull, it becomes the mode corresponding

3 99 35 to the highest frequency for the mobile hull.
The reason that the frequency of modes A and
C is the same regardless of whether the hull is

TABLE 4 assumed to be fixed or lfnobue 1s that X and @

Vertlcal Bulkhead Shears are zero for both conditions. For the fixed hull,
X and @ ar: obviously zero for ali modes. That
X and O are also zero for modes A and C of the

knYn moblle hull conditlon 12 evident from Eqs. (16)
Vertlcal (10% p,, Ib) and (17). These equatlons Indicate that the term
Bulkhead Im, Y, and consequently X and 8 are zero for
Fixed Moblle modes A and C and nonzero only for mode B.
This will, of course, only be true when m_, EI_,
1 33 18 and k_ do not vary with n, as In the system
35 9 wlth unlform propertles.

3 32 3 Equatlons (16) and (17) also show X and 8
to be of opposlte sign to Y, . Based on this ob-
servatlon and the ones made In the foregolng

hull indicated that hull mobility would tend to paragraph, the vibratlon patterns of a single
reduce the shears in vertical bulkheads. This mass, m_, for a uniform system have been

1s substantiated by the numerlcal results given sketched in Fig. 7 for both fixed and moblle

in Table 4. Comparison of the shears for the hull. Figure 7a 1s typlcal of all three modes for
mobile hull wlth those for the fixed hull Indi- the fixed hull and of modes A and C for the mo-
cates that incluslon of hull mobility I the blle hull. Figure 7b represents the vibratlon

POSITION OF EQULIBRIUM POSITION QF EQUILIBRIUM

l—-vn—-{

A | /TS

|>—: —— o —

S EIMED AL b} MOBILE  HULL
MODES A8 AND C MONF B
MOBILE  MULL

MODES A AND C

Fig. 7. Normal modes of vibration
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patteru of mode B for the mobile hul). Com-
parison of the two vibration patterns for mode
B indicates that the moblle hull condition gaves
rlse to a shorter vertical web wavelength and
consequently a higher frequency than the rigid
hull condition.

When considerlng the vibrations depicted
in Fig. 7 1t is important to remembes that they
Include only the periodic parts of X and 8. The
total hull transiation and rotation due to an ap-
plied blast load will be made up of a nonperiodic
displacement in additlon to the above-mentioned
periodic displacements.

If the propertles of the system are not con-
stant, X and 6 wlll be nonzero for all three
modes of the mobile hull conditlon. As indicated
In Fig. 7, changes will therefore occur in all
three mode shapes in going from a fixed vo a
mobile hull. Comparison of Figs. 5 and 6 indl-
cate, however, that the introductlon of variable
properties has not materlally affected the va-
lidity of the foregoing conclusions. Feor the
varlable- as for *he constant-properties model,
the frequency of .node B is increased from
close to the lowest to the highest of the three
frequencies in going f-om the fixed to the mov-
able hull condition.

The particlpailon factors (Table 2) clearly
indicate that mode B is the r ost important of
the three princlpal modes in the determlnation
of the dynamlc response to a uniform lateral
pressure. If a complete modal analysis, using
all of the normal modes, is carried out, the
correct solution will be obtained. If, however,
as is often the case, one tries to approximate
the solution by using only the mode correspond-
ing to the lowest frequency, a completely erro-
neous result would be obtained for the mobile
hull condition.

SUMMARY

The effect of hull moblllty on the dynamic
response of an aircraft carrier subjected to
blast loads is studied. A slmplified model of
.he carrier is used in the investigatlon. Equa-
tiois of motion, orthogonality relations, and a
solution for the dynamic displacements of the
model are derived. WUsing the above theory, the
natural modes and frequencies and the dynamic
displacements are obtained for a numerical ex-
ample. Both a carrier whose hull is assumed
to remain fixed in the water and one whose huli
is allowed to move in the water are considered.
Comparison of the results for the mobile huli
with those of the fixed hull indicates that inclu-
sion of hull mobiiity in the analysis results in
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a sizable reduction of the design shears of the
vertical bulkheads. Hull mobility is also shown
to have an important effect on the natural modes
and frequencies.

NOMENCLATURE

Constant

H

Cl
¢, = Constant

E! = Flexural stlffness of flight deck in hori-
zontal plane

h = Vertical distance between resultant huli
load P and center of gravity of hull

1, = Mass moment of inertia of hull with re-
spect to centroidal axis of hull

K = Stiffness matrix of lumped-mass flight
deck beam

k, = Shear stiffness nth vertical bulkieaa
M = Total mass of hull

m_ = Mass of nth flight deck mass

0 = Center of gravity of hull

P = Resultant horizontal blast load on hull

p,, = Horizontai blast load on the nth mass of
flight deck

R = Net shear force applied by flight deck
web to nth flight deck mass

r = Vertical distance between flight deck
mass and hull center of gravity

s = Distance between flight deck masses
X = Amplitude of hull translation
x = Hull translation function
Y . = Amplit: 1e uf displacement of nth flight
deck mass during ath mode relative to

hull displacement

v, = Displacement function of nth flight deck
mass relative to huil

Z_ = Amplitude of absolute displacement of
nth flight deck mass during »th mode

~N
i

Absolute displacement function of nth
flight deck mass




Constant

Constant

Amplitude of hull rotation
Hull rotation function

« = Frequency of ath mode

> T =
nowoonu

,
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DISCUSSION

Mr. Hughes (Naval Ordnance Laboratory):
Could you explaln why you get the same fre-
quency for two mode shapes? This is a little
counter to my way of thinking.

Mr. Chajes: Inthis case we do have two
mode shapes with the same frequency. You can
ay the energy In both of them is the same.
There are two alternate fundamental frequen-
cies and both mode shapes correspond to lowest
frequency.

150

Mr. Hughes: If you have a nhysical struc-
ture on a vibrator thls would hajpen. You could
get a case where it woula not know which mode
1t 1s going to go Into.

Mr. Chajes: This is only true for constant
properties, which was the case with this system
where I got the same frequencles. The proper-
tles were alt compietely uniform. The moment
the properties varied on the second side there
was a differentiation of frequencles.
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DYNAMIC BEHAVIOR OF SHIPBOARD ANTENNA MASTS
SUBJECTED TO BLAST-GENERATED OVERPRESSURES

F. Adrian Bnitt an. Robert H. Anderson
Mechaunics Research, Inc.
El Segundo, California

& design analysis of a model shipboard antennz and support mast
is presented. An overall program directed toward the derivation
of a design technique for such strurtures svbject to nuclear blast
18 discussed in light of the analytic results. A test program, to
be performed in the spring of 1968, for the experimental verifi-
cation of the analytic study is also described.

INTRODUCTION

An analytic study was perf._med to deter-
mine the behavior of a typical shipboard antenna
suppert mast subjected to a field-test generated-
blast environment. The objectives of the study
were;

1. To determine the design methods for
blast-resistant shipboard antenna mast support
structures;

2. To provide a basis for a future f{ield ex-
periment (including the instrumentation plan),
wherein one may verify the sufficiency of the
design approach used and infer size and cver-
pressure extrapolation rules.

In addition, the three masts considered were
designed for the field tcst; the appropriate foun-
dation required for the surface-burst ground test
was included.

STATEMENT OF THE PROBLEM

The basic probiem stated in its most sim-
ple terms is to provide a design technique which
will enable the naval architect to evolve a sim-
ple, economical, and adequate support structure
for shipboard electronic equipment such as large
dish antennas. It has become increasingly ap-
parent that equipment of this type will become
more comraon on naval vessels of the future.
Further, their size, orientation, and locatior.
are not dictated by the structures engineer. In
recognition of this fact, and with the added com-
plication of the rather severe blast-generated
overpressure environment to which these
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structures are to be subjected, a program was
initiated with the objective of providing such a
design technique. The ensuing technical dis-
cussion, therefore, is concerned with:

1. The program plan for the accomplish-
ment of this task,

2. The description of the field-test loacing
environment and correlation with shipboard op-
erational environment;

3. Preliminary configuration designs of
the structural masts;

4. Dynamic response analysis of the masts;

5. Specification of the field-test plan includ-
ing the appropriate instrumentation system.

The actual accomplishment of the ficld test and
the final recommendations on the appropriate
design techniques raust be the subjects of a
future report. However, it is hored that this
paper will encourage discussion which may
have a timely and positive effect on the total
program.

PROGRAM PLAN

A schematic of the program plan is shown
in Fig. 1. In addition, 4 sketch indicating the
basic components of the support structure and
its simulated side antenna is shown in Fig. 2.
Because of the wide variation in antenna mast
structure heights and orientation of the basic
antennas, an attempt was made to study a rep-
resentative structure that would retain the
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Fig. 2. Basic components of system

major dynamic characteristics of actual sys-
tems. The side antenna, side antenna support,
and main tower arrangement shown in Fig. 2
closely simulate existing and future contem-
plated anteana mast systems.

The structure line geometry was first de-
termined from parameters such as the main
tower heigkt, the number of truss cells, th«
base width, the top width, panel configuration,
and the side anmienna support configuration.
Member lengths and diameters were assumed
and external drag loads computed. The over-
pressure and reflected overpressure compo-
nents were neglected. The justification for
neglecting these components of blast loading
will be discussed more fully in the section
concerning the field-test environment. Using
these loads and the assumed geometry, the
gross lateral load and overturning momenis on
the foundation were calculated. A preliminary
design was then generated by assuming member
areas and foundation characteristics such that
the appropriate mode shapes and frequencies
for the total system could be calcuiated. A dy-
namic response program then generated the
dynamic member loads. Consideration was
also given to ground shock environment. The
member strerses and factors of safety were
then computed. An iter:ztive structural design

cycle then ensued, a8 can be seen from the
upper- and right-hand portions of Fig. 1. When
the factors of safety showed an allowabie mar-
gin for all members, the analysis was termi-
natcd. The resulis of thi: dynamic analysis
were then used to provide specifications for the
tesi program and the structure foundation de-
signs. Thke second phase of this program will
inciude the actual test program and the eventual
data analysis and correlation studies necessary
to yield a satisfactory design technique.

FIELD-TEST ENVIRONMENT

The masts designed as part of this study
will be subjected to a fiela test at Suffieid Ex-
perimental Station, Ralston, Alberta, Canada,
in the spring of 1968. A 500-ton TNT charge
partially buried in the ground wili explode,
subjecting the trial masts to a 10- or 15-psi
overpressure, depending on their radial place-
ment. The radial locations are uniquely re-
lated to nverpressure and are given in Table 1.
fhe irial masts wili be oriented with the X,
axis pointing directly to ground zero. The the-
ory of air prossure loading on abeveground
structures resulting from expiosive bursts is
extensively covered in Refs. [1] and {2]. Onmly
the points essentiai to describing the structural
ioad will be discussed beiow.
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TABLE 1
Blast Parameters, 500- Ton Surface Explogion
Overpressure
Parameter 15 psi 10 psi

Ref. [1] | Ref. [2] | Ref. {3] | Ref. {1} | Ref. {2] | Ref. [3]
Distance from ground zero {it) 638 630 760 755 770 840
Drag overpressure (lb/in. %) < 4.76 > | - 2.210 +—»
Drag positive impulse (lb-sec/in.?) 0.1735 0.159 - 0.112 0.087 -
Positive phase duration (sec) 0.1828 0.1825 0.200 0.2125 0.210 0.230
Arrivai time {gec) 0.1905 - 0.254 -
Velocity of shcck front {ft/sec) - 1530 — > | - 1408 > |

In general, there are two pressure compo-
nents acting: overpressure and drag pressure.
An approximate expression relating these two
components is:

o ¥ % (TPEOT' I (1)
= ] so
where
q4, = maximum drag pressure,
P,o = maximum uverpressure, and
p, = ambient pressure (see Nomen-

clature).

Another important parameter is the velocity of
the shock front U where

6 ;
U- ¢ loh_ (2)
U:N

and ¢ = velocity of sound in air (standard at-
mospheric conditions). On a closcd boxlike
structure, the air blast structural inad results
from both overpressure and drag pressure. On
an open frame such as the antenna mac! system
considered here, only the drag pressure pro-
duces significant loads. The air blast pressure
wave engulfs the open structure of the antenna
mast both internally and externally. In this way,
the ouildup of the static pressure is canceled
and the overpressure as » '>ading component is
eliminated. Similarly, loads from reflection of
the overpressure front by members of the an-
tenna mast also will be negligible. This can be
seen by considering the duration of a reflected
overpressure pulse given by

<

oy 3)
U
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D is a typical member lateral dimensiox {e.g.,
outside diameter). As such dimensions, in this
case, are less than 1 ft, and 1400 < U < 1530 fps,
the resulting reflected overpressure durations
are of the order of 0.001 sec. Such loads, having
the shape of a pressure spike, produce no sig-
nificant primary structural loads (near zero
impulee). For this reason, the primary struc-
tural loads, resulting from air blast, will be
based on drag overpressure only. Table 1 and
Figs. 3 and 4 contain all the parameters neces-
siry to describe the external blast-generated
loading functions on the masts.

The air blast load is common to both ship-
board and field-test mast installations. Ground
shock, however, is peculiar to the land base
field trial only. Ground motions resulting from
explosions are discussed elsewhere {2, Ch. 4],
and only a brief coverage is given here. There
are two types of blast-induced ground motions:
air-induced ground motions and directly trans-
mitted ground motions. Directly transmitted
ground motions generally travol significantly
faster than the shock front. Accordingly, direct
ground motion will reach the trial masts before
the air-induced ground motion or air blast. The
effects of direct ground motion >n the mast
damp quickly and are negligible by the time the
alr-induced ground mction arrives. This factor
was checked and completely supjicrted by Sufiield
Experimental Station. It is suffi:ient then to
account for the effects of air-incuced ground
motion when considering the grourd shock
structural loads.

The seismic velucity of the highly layered
test site soil is in the range of $00 < c, < 2200
fps in the upper 20 ft of d¢epth. Reference [4]
gives Cg = 2200 fps, while Ref. {5] quotes cg =
1100 fps. Acc~rdingly, the air-induced ground
motion is of the subseismic-transseismic type.

When evaluating the atructural load resuit-
ing from this type of ground motion, the shock

i
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spectrum cecnnigue is used to account for
eround shock effects on structural loads. The
shock responge spectrum approach is used ex-
tensively in predicting the response of struc-
tures due to carthquake motions, and its use
has been extended to ground shock problems
arising from air blast. This technique is de-
scribed elsewhere (e.g., [2, Ch. 10]).

As previously stated, only the drag over -
pressure need be considered in estimating the
air blast effect on open mast structures. The
parameters necessary to describe the drag
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overpressure external loading function are
shown in Figs. 5 and 6, which show the time
variation of the overpressure and drag pressure
vs time at a fixed location. Both the pressure
pulses commence at the same time (¢, ). Th~
initiai magnitude of the drag pressure pulse is
determined by Eq. (1). The duration t,, of the
drag overpressure pulse is taken equal to the
positive phase of the overpressure pulse. The
actual duration of the drag pressure pulse is
somewhat longer than t,, because of inertia ef-
fects oi the moving air; but the difference is not
signific: nt and is ignored here. The drag
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Fig. 6. Drag pressure vs time at a fixed location

overpressure pulse is described by the param-

eters q,, and t, and an exponential time decay.

The magnitude of the drag overpressure in the
time interval v, <t < (t_ +t,) 18 given by

t\2 -2t 4
q(t) = ay, (I-TD) e 2 &

For the present study, values for the overpres-
sure p, . were established at 15 and 10 psi.
The corresponding magnitudes of q,, calcu-
lated from Eq. (1) are 4.76 and 2.21 psi, re-
spectively. The additional blast parameters t
and t, and the blast impulse are calculated

T
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from Refs. (1] and (2] and are displayed in
Table 1. The resulting d.rag overpressure
pulse shapes are shown in Figs. 3 and 4. Based
on the foregcing, the time-dependent member
external load can be written as

Fy = a(t) CphA.,. (5)

where Ap, = projected me:mber lateral area.

The member drag coefficienis ,, in Eq. (5) are
assumed to be constant. Dependence on Reynolds
nurnber is not considered, becautie of an insuf-
ficiency of data on this subject. In this respect,
the recommendations of Ref. [2] are followed.
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Members of the trial masts are cylindrical,
and from Ref. (2]

Cp:- 12 for 5 <p < 15 psi.

[+
The total external load on the mast structure is
taken as

Fg = *Fy+ art) CpA,. (6)

where A, = side antenna area. The summation
in the first term of Eq. (6) is takea over all the
members of the structure in the analysis. Total
structural load caiculated in this manner (ig-
noring shading eifects oa the leeward members)
is conservative and is recommended bv both
Refs. [1] and [2]. The time variation of the
drag overp.essure pulse is assumed to be iden-
tical and simultaneous for ali members of the
structure and also for the siG: antenna drag
area. Member lengths are taien to the joint
intersection of the lire diagram of the structure.
The extra load thus introduced approximately
accounts for the effect of gussets.

To construct a shock response spectrum
due to ground shock, the maximum values of
ground displacement, velocity, and acceleration
must be estimated. The techniques of Ref. [2]
(Chs. 4 and 10) were used to construct the shock
spectrum corresponding to weapon yield and
overpressure values previously quoted. An ex-
ample of the vertical spectrum corresponding
to the 15-psi overpressure level is shown in
Fig. 7.

CONFIGURATION OF
TRIAL MASTS

The basic components of the trial masts
are the main tower, the side anteana support,

and the side antenna, shown in Fig. 2. A more
detailed model of 'he s;stem including the cor-
responding nomenclature is depicted in Fig. 8.
Additional numerical data on ‘he three masts
are given in Table 2. The main tower heights
of 30 and 15 ft were chosen for reasons dis-
cussed below. The numerical values for criti-
cal varameters shown in Table 2 evolved in the
analytic phase of the study.

As the drag load is a product of the pro-
jected area and the drag overpressure, the re-
sulting structural load on the mast is see.: to
increase in proportion to the projected area of
the mast itself. Accordingly, other factors
beirg equal, there is a premium on the mast
gtructure with the least projected area. A mast
structure with a minimum number of !ong mem-
bers and with a relatively small member outside
diameter satisfies this criterion. The minimum
member size is constrained as the member out-
side diameters, wall thicknesses, and lengths
wust be proportioned to preclude buckling.

In preliminary discussio.is, it was decided
that the base configuration of the main tower
would be square rather than triangular or cir-
cular. This squa:e cross section has been used
in all design and analysis. As real antennas
were not available for the field test, the side
antenna had to be a simulated structure. It was
decided that the simulated side antenna would
be of pipe frame construction essentially simi-
lar in construction to the main tower. The con-
figuration of the simulated side antenna was
arrived at by scaling an actual antenna. The
antenna component drag areas such as dish
frame, mesh, and pedestal were scaled from
this actual structure. A representative simu-
lated side antenna structure is shown in Fig. 6.
A very important parameter in this study is the
antenna drag area ratio (DAR) where:

", per sec.

Velocity -

0
FREQUEMCY (CPS)

Fig. 7. Ground shock spectrum, 15-psi overpressure
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A, parameters can be related to the height of the
BAR = e ! antenna mast {(main tower height — MTH). The
range of MTH is predicated on (a) the actual
height of future masts, und (b) the maximum
the ratio of anterna projected area to remainder allowable height of a mast for possible wind
structure projected area. Studies indicated that tunnel experimentation. Item (a) corresponds
a DAR of approximately 0.3 closely matched the to an MTH equal to 80 {t, and item {b) points to
composite of many actuzl structures. To derive ar MTH of 6 ft. This range of 6-50 ft, however,
- the maximum benefit from the test program had to be narrowed by practical considerations
1 {within economic restraints), the two major mast of the field-test environment. Clearly, a 6-ft
1 paran:eters, i.e., the external load (overpres- MTH, at say 10 psi, would not present atruc-
sure) and structural configuration, shoula extend tural behavior worth investigating. A very tall
over an appropriate range. The extent of the mast would require extensive foundation struc-
overpressure range was specified as between 5 ture. Accordingly, the study started with an
and 15 psi. The design overpressure for future MTH range of 15-45 ft. In the course cof ana-
masts was specificd as 10 psi. The height of the lyzing antenna masts of the type described, it
antenna mast was taken as the defining struc- was concluded that loads at 5 psi are so low

tural configuration parameter. Other configuration compared to those at 15 or 10 psi (12 and 2¢
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TABLE 2
Structural Model Numerical Parameters

Parameter Mast

Description Symbol A B C
Height of truss cell, mzin tower (ft) h 5 6 6
Base width of main tower (ft) d, ) 8 8
Top width of main tower (ft) d, 3 4 4
Number of truss cells2 n 3 5 5
Height of center of nressure of side antenna (ft) HCP 3.08 4.130 4,130
Area of side antenna (projected) {t?) A, 32.3 64.17 64.17
Weight of side antenna (lb) LI 476.8 1115 ! 1115
Heyht of c.g. side antenna (ft) HSA 2.765 3.465 | 3.465
Center of c.g. side antenna (ft) CSA 4.55 6.300 6.300
Width of foundation (ft) a 15.7 - 23.6
Breadth of foundation (ft) b 20 - 30
Depth of foundation (ft) c 4 - 4
Radius of foundationP (ft) ro | W - 15

4 = (main tower height)/h.
bCircular base.

percent, respectiveiy), that again the corre-
sponding structural behavior was not worth in-
vestigating. This consic °ration led to the elimi-
nation of a 30-ft mast at 5 psi from a further
course of study. Furthermore, as elements in
the proposed design method evolved, it became
clearer that this design method can be suffi-
ciently proved out over the more limited range
of MTH. The recommended sizes and locations
relative tc giound zero are shown in Fig. 10.

DYNAMIC RESPONSE ANALYSIS

A lumped-parareter approach was used in
formulating the dynamic model of the mast,
side antenna, and side antenna support struc-
ture. A gross picture of this approach may be
inferred from Figs. 8 and 9.

The foundation-s-il system was aiso in-
cluded in the overall dynamic model. The
method used in fornulating the basic stiffness
and inertial properties of the foundation-soil
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system is described by Funston [6]. This
method describes a technique for caiculating
four (vertical, horizontal, rocking, and tor-
sional) equivalent support ctiffnesses for the
four primary modes of motion considered.
Next, mass or inertia coefficients are caicu-
iated. These coefficients take into account the
effect of soil mass vibrating with the foundation
slab. References [4] and [5] provided the ap-
propriate empirical data required to provide
mass and stiffness factors indigenous to the
specific test site considered. The foundation-
soil model then becomes just another part of
the lumped mass-spring system described beiow
for calcuiation of member responses.

The physical structure modeled was de-
scribed in a right-hunded Cartesian coordinate
system. The structure is represented as a spa-
tial array of nodes or joints which are inter-
connected by the "defining eien:ents' or "eie-
mental building blocks" of the system. The node
has the foilowing characteristics associated
with it:
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Fig. 9. Typical side antenna structure

_ 10 ps overpressure

Ground
Zero

15 psi overpressure

Fig. 10. Recommended arrangeraent
‘ test masts

1. Position in space: the three Cartesian
coordinates locate the node in the system coor-
dinate system,

2. Movement in space: the node may
translaie and rotate in and about each of three
directions;
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3. Connectivity: ncde is connected to the
other nodes that are joined directly by an ele-
ment;

4. Mass: a mass value may be associated
with each of the movements peimitted by the
node;

5. External forces: external forces and
moments may be applied to the node in any of
tiie permitted directions of movement.

The node is the basic parameter of the
mathematical model representing the structural
system. The position, displacement, mass, con-
nectivity, loading, and restraints of the system
are all defined in terms of the node point. In
defining a node, it may be desired to restrain
the movement of that node in one of the per-
mitted directions of movement. Whenever a
node is restrained irom movement in any one
direction, it can be said that a restraint has
been applied to the structure.

The MRI STARDYNEF zad DYNRE-I com-
puter prcgrams were used to calculate the
eigenvalues and eigenvectors and the resulting




member responses, respectively, for the mast
systems considered. Bar elements were used
to connect the lumped masses at the nodes, al-
though the program has capability to include
plate finite elements. The mast and antenna
structure was treated as 3 rigid jointed struc-
ture throughout the analysis. Every joint, other
than points of restraint at the ground, was al-
"owed gsix degrees of freedom. With this mod-
eling approach, member end loads of axial
force, shear, and bending moment (as weli as
torque) are provided in the computer printoat.
These loads, in turn, enable the stress analysis
of typical joints to be made with facility in the
iterative and final design stage. An example of
the time variation of dynamic loads (axial and
bending moment) in a typical member is shown
in Fig. 11. A description of the ''normal mode”
regponse analysis employed in achieving these
results is given in the Appendix. The resulting
stresses and factors of salety {or reprcsenta-
tive members in the masts de«igned for 15 and
10 psi, respectively, are given in Table 3.

The sigrificant conclusicas drawn from a4
detailed review of the resulting dynamic se-
sponse data were:

% T

10 4

1. A dominant cantilever bending mode (the
second mode) was found to exist in the mast
structures examined. Further, the dynamic re-
sponse of the mast structure can be calculated
with sufficient accuracy by utilizing four modes.

2. The influence of foundation was found to
lower slightly the dominant frequency of the
mast without changing its character. The as-
sumption of a rigid base will be sufficiently ac-
curate for future dynamic analysis of field-
tested antenna mast systems if appropriate
attention is paid to foundation design.

3. Significant dynamic amplification of
member loads was found to resuit from the ap-
plication of the drag overpressure pulse to the
mast structure.

4. Ground shock loads were found to be
insignificant compared to the drag overpres-
sure load {note: field-test environment is 5CC
ton — surface burst — conventional explosive).

The results of the dynamic response anal-
ysis were then used to specify:

AxsAl Load P

Bending Momeot M, and Mg

Axiel Lasd Py units of 10* », Bending Moment M, units of 103 in.m

ol

Fig. 11,
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Lime (sec)

Dyrnamic loads 1n member 2-4 at 15-psi overpressure pulse
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TABLE 3
Member Stress and Stability
Mast C Mast A
Symbol Unit (15-psi overpressure) (10-psi overpressure)
Member 4-8 Member 4-5 Member 3-23

Pouy Ib 142,340 47,564 41,231
M. in.-1b 66,850 29,535 17,860
A in.2 9.694 6.694 6.324
z in.3 10.830 10.830 5.905
fou Ib/in. 2 14,680 5,910 6,375
fou Ib/in. 2 6,170 2,720 3,020
fa ib/in.? 30,020 23,400 29,050
f,2 1b/in. 2 53,330 53,330 53,430
KL r = 41 66.1 45.75
L in. 72.32 116.3 64.75
r in. 1.762 1.762 1.415
FS - 1.253 3.33 3.14

Note.--Sece Nomenclature.
af_ and f, are based on 6061-T6.

1. The appropriate field-test instrumenta-
tion plan;

2. Fabrication specifications for the field-
test models;

3. Specifications for the foundation design
and installation.

FIELD-TEST INSTRUMENTATION
PLAN

The three antenna masts will be instru-
mented so that data can be obtained from the
500-ton surface explosion. These empirical
data will be used to verify results obtained in
the analytic study. The masts will be instrn-
mented with strain gages, accelerometers, and
pressure transducers. The strain gages will
be placed on selected members which are on
the structures. These gages will measure the
strain levels resuiting from the blast, and from
these strain levels member stress levels will
be calculated. The accelerometers will measure
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the vibration levels at a particular location.
The displacements at a single point can be cal-
culated from the accelerometer output data.
The pressure transducers will measure the
pressure profile of the blast. The exact pres-
sure input data at the masts will be obtained so
that it can be used as the forcing function input.
The analytic data can be updated by using the
cerrect iorcing input for each mast.

Each mast will be instrumented with ap-
proximately 33 channelg, of which 18 channels
would be strain gages, 12 would be accelerom-
eters, and 3 would be pressure transducers.
Strain gages should be located on at least 10
members of the structure so that the structure’s
behavior will be adequately defined when sub-
jected to the blast force loading. The members
that were selected for this instrumentation were
either those which were the most critically
loaded or those which would best produce data
that can be compared with analytical predic-
tions regarding the dynamic re:zponse of the
structure. In the lower leg members of the
mast, relatively large axial and bending loads
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are anticipated. Thus, these members will be
instrumented for both bending and axial loading.

Other meinbers in the lower antenna mast
support that are expected to experience high
combined bending and axial loads are also in-
strumented for both axial and bending strains.
The gages that will be used to instrument the
tower can be any foil strain gage, for example,
Micro-Measurement series EA. These are
120-ohm gages with a gage factor of approxi-
mately 2. They will withstand temperatures up
to 250°F and are seli-temperature-compensating.
The active gages will be placed on the members
with an epoxy or other cement. The dummy
gages would be placed on 4 compound, such as
room temperature vulcanizing rubber. This
compound does not transmit stress but it dces
transmit heat. Therefore, the dummy gages
would merely act as temperature-comgensating
gages in the Wheatstone bridge circuit. All of
the strain gages will be protected from mois-
ture and other adverse environmental factors.

AP SR e

The accelerometers will be installed at the
base of the mast and at the base of the antenna.
Two locations will be selected at the base of the
mast. Three accelerometers will be mounted
f in the three perpendicular axes at each location.
S In addition, accelerometers will be mounted at
each of the four support members of the an-
tenna. One of these four locations would con-
sist of three arcelerometers in each of the
three axes, and the other three ">cations would
consist of accelerometers mouwi.ed in the direc-
tion of the blast. The accelerometers must be
able to measure vibration responses at very low
frequencies. A strain-gage type of transducer
must be used which has a frequency response
from 0O to approximately 200 cps. Accelerom-
eters manufactured by Statham, CEC, or
Endevco can be used.

RO

Provisions will be made on the tower base
1or rigidly mounting two accelerometer loca-
tions. A steel block will be embedded in the
concrete, and on this bleck three accelerome-
ters will be mounted. The location for the
mounting blocks will be selected very carefully
so that all vibration parameters of the base can
be found: the average acceleration of the base
in each axis and the angle of rotation of the
block in each axis.

The amplitude range of the accelerometers
is obtained from the analytic results. The max-
imum acceleration levels that were computed
occur at the top of the tower, joints 17-22 and
13-16. At these joints the acceleration levels
rcach a maximum value of 80 g for the 15-psi
overpressure level. However, these joints will
not be instrumented. The maximum accelera-
tion at the antenna base is approximately 12 g.
This level occurs in the direction of the blast.
The maximum vertical acceleration level is
approximately 4 g. Therefore, accelerometers
with a full-scale range of +15 g will be required.

Pressure transducers will be mounted at
each tower tc measure the pressure from the
blast. These transducers have a crystal sens-
ing element which can respond to very high
transient pressure measurement. The pressure
measurement transducers are manufactured at
the Suffield Experimental Station.

The sensing element would be placed in a
metal disk which would be faced toward the
blast so that it would cause minimum wave in-
terference. These disks will be placed at three
elevations on the side of the tower; therefore,
they would not interfere with the pressure front
hitting the tower. A sketch of the pressure
transducer locations is shown in Fig. 12. The
data acquisition system is now being chosen.

Blast Diwrection into Paper

Fig. 12.
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The requirements are: (a) it must be capable
of recording 33 channels of data, and (b) it must
be capable of resolving frequencies up to ap-
proximately 200 cps.

An end-to-end mechanical calibration will
be performed for the antenna mast structure
prior to the test. TFLis calibration will be con-
ducted foilowing the installacion of all instru-
mentation and recording equipment. It is not
intended that this calibration take the place of
the electricai shunt calibration but that it com-
plement the latter. The purpose of the me-
charical calibration is to evaluate the strain
gage installaticn under loading conditions, to
evaluate the static load distribution in the
structure, and to define the dynamic response,
frequencies, and mode shapes of the antenna
mast structures.

The type of calibration proposed is by use
of a twang test. A static horizontal load will be
applied to the structure in the direction of the
blast pressure propagation. The ioad will be
applied simultaneously to four joints near the
top of the structure. The load application will
be accomplished with hydraulic cylinders with
wire rope glings attached to gtructural jeints.
The magnitude of load utilized wiil be less than
25 percent of the maximum anticipated load re-
sulting irom the blast; the load will not exceed
the maximum anticipated load at eack of the
four joints. After the desired static load is
achieved, the ioad will be rek.ased with a quick
release mechanism located in the wire rope,
allowing the tower to osciliate at its true damped
natural frequency. An estimate of the fundamen-
tal mode freg:ency and structural damping will
be obtained from this test.

SUMMARY

It is concluded that, oa the basis of techni-
cal accuracy (recognizing the wide variation in
structurai and inertial properties of sach struc-
tures), a separate three-dimensional computer
study is required to verify each particuiar de-
sign. Further, it is shown that the field test en-
vironment should represent a reasonabie oper-
ationai simuiation even with the presence of a
more fiexibie foundation and the associated
ground shock effects.

The finai phascs of this program wili in-
ciude the aforementioned field test, data ac-
quisition, anaiysis, and correiation with the
analytics; and recommendations of pireiimi-
nary design ruiee for future structures of this
type. It is feit that the successful cuimination
of this prugram should yieid a significant
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advance in the state of the art relative to the
design of open-frame-type structures subject
to air blast or even wind gusts.

NOMENCLATURE
Symboi Unit Description
r,o I1b/in.? Overpressure
Po 1b/in.2 Atmospheric pressure
CTR 1b/in.? Drag overpressure
c ft/sec Sonic velocity
U it/sec Vc'ocity of shock front
t sec Time
D ft or in. Outside diameter of
structural member
tp sec Duration time
ta, sec Time of arrival (measured
from instant of detonation)
of shock front at a given
location
a(ty  Ib/in.? Time-dependent drag
overpressure
Cp None Member drag coefficient

Am, in.?orft? Member projected area

Fy Ib Member drag load

Fg Ib Structure drag load

P, b Side antenna drag ioad

A, in.? or ft2 Projected area of side
antenna

Cs ft/sec Seismic velocity of soil

p... b Maximum member axial
ioad

Moo in.-ir Maximum member bend-
ing moment

N | TR U Maximum member stress

f.. ib/in.? Maximum member com-
pressive stress

f Ib/in.2 Maximum member bend-

bw

ing stress




Symbol  Unit Description

fil Ib/in.? Member allowabie compres-
sive stress

t, ib/in.? Member allowabie bending
stress

T, None foo e

Ty None fow iy

FS None Member factor of safety

against failure by buckling

Symboi Unit Description
Z in. 3 Section modulus
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Appendix

DYNAMIC RESPONSE TECHNIQUE

The DYNRE-I program was used for caicu-
lation of dynamic respenses. DYNRE-I is a
digitali computer program designed to anaiyze
the time-dependent response of iinear eiastic
structural modeis subjected to dynamic :o0ad-
ings. The normal mode method is empioyed to
obtain the resuits.

The user has two options for determination
of the time points for which the structural re-
sponses wili be calculated:

1. He may specify the points by his own
estimations.

2. He may specify a time interval and al-
iow the program to examine the modal responses
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calculated over the intervai and then predict
the criticai time points.

The dynamic Joauing « snditions are speci-
fied as a spatiai load vector and an associated
time history. Sevcral sets oi load vectors and
time histories may be 1mposed simultaneously
to represent complex ivadings.

The elements of the spatial load vectors
must be compatible with the elements of the
input modal columns. For example, if the
structure has six degrees of freedom per jomnt
represented as displacements or rotations in
the ~, ~,, v, ,, ,.,and , directions, re-
spectively, and the expanded eigenvectors are
input, then element 1 of the load vector would




o e

represent a force at joint 1 in the x, direction,

element 2 a force at joint 1 in the x, direction,
and so on.

The number of degrees of {freedom allowed
is 300. These may be either unrestrained or re-
strained, provided that 300 is not exceeded in
either case. The number of unrestrained de-
grees of freedom is defined as (the number of
modes) X (the number of degrees of freedom
per mode) and the number of restrained degrees
of freedom is defined as (the number of unre-
strained degrees of freedom) - (the number of
restraints).

The program has capacity ‘ar 150 eigen-
vectors (modal columns), 300 time foreing func-
tions, and 100 time points.

Each joint or node on the structure may
have six degrees of freedom: namely, linear
motion in the +,, x,, and x, direction and ro-
tations about the x,, x,, and x, axes. If each
degree of freedom is considered to be a ''coor-
dinate,’ then the structure can be said to have
(6 x number of joints) coordinates or degrees
of freedom. (Note that some structure types
have only three available motions per joint.)
Next, consider the motions 1 through 6 of joint
1 as the first six coordinates, the motions of
joint 2 as 7 through 12, and so0 on, thus devel-
oping the system coordinate number scheme.

The primary advantage of the normal mode
method lies in the fact that the differential
equations of motion are decoupled when the dis-
placemeuts are expressed in terms of the nor-
mal modes. Thus, the solution may be obtaited
by dealing with independent differential equa-
tions rather than a set of simultaneous differen-
tial equations.

For the rth normal mode, the decoupled
equation of mgction is:

L L

r T r e M_r ' (A'l)

where »_, 7, and * are the modal displace-
ment, velocity, and acceleration, resnactively,
of the rth normal coordinate, the term 27 is
the proportional damping term, ._ is the rth
natural frequency in radians per second, N_ is
the rth generalized force, and M_ is the rth
generalized mzss.

The generalized force, N
defined as follows:

may also be

r?

N\ .
Ne L PR AR NI (A-2)
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where "} is the rth modal column (eigenvec-
tor), ‘F,} is the kth spatial load vector (loads
applied at the mass points); and f (1) is the
kth time forcing function.

Substitution of Eq. (A-2) into (A-1) yields:

) S T TR £ ()
v 2o+ oty _—__--_—-—M

(A-3)

3 r

The solution to Eq. (A-3) for 7 (1) takes the
form:

T
~ eV R D (1)
SORED AL IS
k 'er
where

t o3
E -B(teT)
b 0 L"‘—d}

x sin [\/_-,.2—‘—2— (t- ')] fr(rydr. (A-5)

Equation (A-5) may be differentiated to arrive

at the expressions for velocity and acceleration:

. LA N i
n(ty Z N0l [Drk(t) S -*D,.‘(x)J.(A-G)
1Y “r r

and
T
S {efH{F)
r(‘) Z, 2y {_(‘r2_2/42) Drk(t)
k r r
S0 2] (A-T)

J

where

* 2 =B{(t-7)
Drk(‘) f S
0

. cox[\/,g -3 <x-~)]fk<v)dr- (A-8)

The system coordinate responses are then
computcd by the following equations:

{x(t)® Z"’) 1) (A-9)

r

DS IRTURRIY (A-10)

t

¥ e TR T I
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T

(x(t) -

(A-11)

The joint forces are computed using the
modal acceleration technique. The force act-
ing on the jth joint of the structure in the kth
direction of motion is computed using the fol-
lowing equation for each specific time t:

NF N
Pit)(y.k) LF(()(],“.)‘ Zm(,,k);(‘)(]km)
151 [N
(A-12)
where NF is the number of forcing function

components and NM is the number of mcdes
eitered.

DISCUSSION

Mr. Dzialo (University of Massachusetts):
You mentioned in your paper that you carry the
program to 19% degrees of freedom and you
make use of normal mode theory. How reliable
are your modes, let's say after the 50th or 30th?
How many significant numbers do you usually
use to really make the problem practical?

Mr. Anderson: That is a difficult question.
We consider the zone of interest as far as major
structural responses as somewhere between
zero and 200 Hz. We haven’t really considered
that the responses outside that range are im-
portant. They may well be and maybe we'll s0
find from our test. We will have the ability to
go back, ;emodel the structure, include more
degrees of freedom, and possibly go to a larger
extent than the mode shapes and frequencies.
That is why we are testing.

Mr. McCalley (General Electric C2.):
Would ycu comment on the various eigenvalue
routines you used? Which one do you prefer and
why ?

Mr. Anderson: We prefer the inverse itera-

tion techuique. I is a new one. It has not been
published. 1 will be glad to talk with you about
it later.

Mr. McCalley: Could you say just a few
words about it? Are you adjusting the mor'e
shape, substituting in, or what ?

Mr. Arderson: Basically we are limiting
ourselves to a band of frequencies. We are
guessing a mode shape and frequency and we
are iterating in on that zone.

Mr. Gibbonet (Martin-Marietta Corp.):
Could you comment as to what the lowest fre-
quency was and about how many modes yvu
used?
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Mr. Anderson: We used something like 25
or 26 modes. I think the lcwest frequency was
about 12 or 14 Hz.

Mr. Del.a Rocca (Gibbs & Cox): Was any
consideration given to unsymmetrical sections,
such as anvils ?

Mr. Anderson: No, the structure is pri-
marily tubing using a joint technique specified
by thke Royal Canadian Navy. The effect of
gussets and things of that nature were not ac-
counted for, other than in the total area of the
structure, in computing the total force.

Mr. Della Rocca: Did you have any plat-
forms on the structure at all ?

Mr. Anderson: The only platform we had
was the one whicl. mcunts the simulated side
antenna.

Mr. Schell (AF Flight Dynamics Lab.}:
I believe you mentioned 196 degrees of freedom
and you were going to run a twang test to verify
this. How many twang tests and from how many
different positions do you plan on runnirg before
you will be able to veri‘y this model ?

Mr. Anderson: I think we should use a
sufficient number of twang tests and I would be
glad to hear any advice that you may have in
that area.

Mr. Kelso (Defease Atomic Support Agency)
I would like to make a few comments on the test
that Mr. Anderson mentioned. It is called Oper-
ation Prairie Flat. It is being conducted by the
Suffield Experimental Station, part of the Defence
Research Board in Canada in August of '68.
Participation by U. S. agencies is being coordi-
nated through DASA.
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ABOLUTE UPPER AND LOWER BOUNDS FOR THE
CRITICAL BLAST LOADING ENVIRONMENT
OF TARGET ELEMENTS AND SYSTEMS

Eugene Sevin and Walter Filkey
1IT Researcl Institute
Chicago. lilinois

Mathem tical programimng formulaticns are considered for the prob-
lem of determining upper 2nd lower bounds on the loading environment
capable of causing a prescribed critical response in structures and sys-
tems. The fcrmulations will accept as constraints whatever time-
varying or gross characterist:cs are known concerming the loading en-
vironment. Bounds on properties of loadings within this class are then
ascertained so as to establish that a loading environment exhibiting
certain characteristics either "will always or 'can never' generate a
critical response. Specific results are prescribed for the upper and
lower bounds of impulses that cause 2} a nrecrribed djenl>cement 1n a
simple viscous linear elastic system, and (b) the rigid body overturning |

iuads,

of a block. The loadings considered are characteristic of blast wave

INTRCDUCTION

There are numerous situations in which a
problem is not the usual one of determining the
response of a system to prescribed loading;
rather, the loading is sought that can generate
a prescribed responge. A capability that can
perform this "inverse analysis' is useful in
identifyi~g post facto the loading environment
that caused observed damage and in ascertain-
ing acceptable loadings in vulnerability studies.
It is this sort of capability that is considered
here. Specifically, this paper deals with the
problem of determining upper and lower bounds
on the loading environment capable of causing
a specified damage level to structures and
systems.

The usual approach in the study of critical
response of systems involves analyzing the sys-
tem for increasing intensities of the loading
environment until the desired damage level is
attained. Each stage of this process requires
the complete specification of the time details of
the loadings. Often the response is a sensitive
function of the loading details which are seldom
known with the precision implied by the method
of analysis.

The approach aaupted here consists of first
using whatever loading information is availabie

to define a class of acceptable loading functions.
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The response problem then is formulated as
one of mathematical programming in which the
objective function is taken as some desired
characteristic of the loading, while the speci-
fied damage level and properties of the loading
class are introduced as constraints. By max-
imizing and minimizing the objective function,
the upper and lower bounds are deduced for the
selected loading characteristic, as are the cor-
responding particular members of the class of
loading functions under consideration that gen-
erate the critical response. Thus, it i. now
known that loading functions belonging to the
class and possessing a characteristic property
lower than the lower bound can never produce
the critical response, whereas those with one
higher than the upper bound must always cause
the critical response.

The method is applicable to systems dr
scribed by nonlinear as well as linear equations
of motion. High-order linear systems arc per-
fectly acceptable for treatment. In the way of
nonlinear systems, particular attention is di-
rected to ones where response modes are those
of combined sliding and tipping and where dam-
age is characterized by excceding either a given
level of rotation or translation. In the exam-
ples, total impulse is selected as the load char-
acteristic to be either minimized or maxi-
mized, according to whather the lower or upper
bound is sought.




P

Tke ciitical loading environment problem is
closely related to the min-max problem studies
reported previously [1-41. In the min-max prob-
lems for a given system, the goai is to find the
extreme responses for classes of loading rather
th~n the environment question f seeking the
extremum loading characteristics for a given
critical response.

THE PROBLEM

Let x denote z vector of state variables of
interest, such as displacements, velocities,
stresses. For example,

Xy

%,

| *3

Assume the structure or system can be solved
analytically or computationally; that is, the
state vector is zvailable as a function of the
loading G. Thus

X f(q.t), (1)

where t represerts time. Suppose the known
properties of the ioading function are used to
define a class of loadings g(q.t). Set the load-
ing characteristic o be studied equal to h(q.t).

The problem is twofcld. First, we wish to
fird for all loadings in class e(q.t) the upper
bound of the loading characteristic h(q.t), such
that one (or several) of the state variables be-
longing to x, say x*, just reaches its prescribed
critical level x . Then it it. known that any
other loading within class g with a greater h
must surely cause a response greater than the
critical one, This can be expressed in mathe-
matical programming terms as

Loin 2

¥
i

maximize h(g. t)

R

subject tc the constraints
1. x° fcq v x>, at some t
2. q belongs to the class g(q.t

3. other system restrictions, say 2
d(%.q.t) - G,

Second, we seek for loadings belonging to ¢
the lower bound of the loading characteristics
h(q.t), such that certain state variables just
reach the critical levels. Any other loading of
the class under consideration with a loading
characteristic less than the lower bound can-
not possibly cause a critical response. This
problein statement is identical with the previ-
ous one if h(q.t)is minimized rather than
maximized.

4 e ISR Lo

A discrete version of the problem will be
used in the computational mathematical pro-
gramming forraulation. To this end let

X, x[(1- 1)yl 1 1.2,
Discrete representations of q.f.h.3.d are ob-
tained in a similar fashion. 1

LOADING ENVIRONMENT

Suppose a structure or system is subjected
to loading for which only limited local and/or
global properties are known. Typically, a time-
varying bandwidth within which the imposed
loading or rise time of the disturbance must lie
might be given with reasonable certainty. Simi-
larly, the duration and upper aud lower limits
to the total impulse may be prescribed. Per-
haps a combination of such classes of disturb-
ances best describes the .oading. Fortunately,
it is usuaily a simple matter to derive expres-
sions for the kno~ i .racteristics of the load-
ing. These expressions become constraints in
the for mulation developed here.

Consider, for example, a class of loadings
defined by a time-varying band and duration
(Fig. 1). Then, ior some loading q of ¢,

(2)

A representative problem su.l )le for solu-
tion using the formulations developed here
would be the determination of upper and lower
bounds on total impulse for a structure that
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Fig. 1. Linear system and
band definition of loading

reaches a critlcal stress level from a loading
lying wlthin a known band. Such problems as
the calculation of peak forces that could gener-
ate a critlcal displacement in a system subject
to lvading with bounded rise times and of known
duratlon and total impulse can also be solvad.

COMPUTATIONAL SOLUTION
FORMULATIONS

Llnear and Nonlinear Programming

Linear and nonlinear programming codes
can be used in an attempt to select the set of

loading parameters q, which extremize the
objectlve function h(q;.t;) subject to the con-
straint conditions on xi.g.d. Linear program-
ming is partlcularly appropriate for the prob-
lem at hand since some codes have been
developed that can successfully treat problems
with several thousand constraints and varia-
bles. Thus, if the objectlve function and con-
straints can be expressed as linear functions of
the parameters q,, very complex problems can
be treated.

Linear and norlinear programming formu-
lations of the critlcal loading environment
proplem are easily established. The objective
to be milnimized or maximized is h(qg,.1;). The
constralnts based on g and dJ are clear from
their deflnitions. However, the constraint of the
response variable x} reaching lts critical level
deserves special attention. Frequently, it is
evident from the problem situation (the form of
h, the type of loading g) 'when the variables x:
will equal x . Usually, for the maximization
problem thls tlme is of no concern since a
loadlng function is sought that forces ! to »;
and hence the constraint is x; - ' for all
time (¢ ,1 =1,2,..., N). It may be necessary
to extend the t; beyond the duration of a
transient pulse to ensure that the critical

re
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response level is not violated after the load-
ing terminates.

For the minlmizatlon problem, It is not
aoequate, in general, to find a min h(g;.t;) 8uch
that x} < x  for all time, because x; may
never reach x_ . Recall that the lower bounu
on h(q;.t,) ls sought such that x] just equals
x. .. In the event it i5 not obvious beforehand at
what t; the critlcal level is reached, x; can be
set equal to x_, for some t, - t, and x] < x_,
for all other tlme, and the matheraatical program
should be executed for ail possible t, . The
minlmum of the resuiting set of minlmum h is
then the minlmum posgsible loading character-
Istic. It 1s plausible that the critical t, can
cccur after the loading is terminated. To limit
the computational burden in flnding the time and
minimum h correspording to x. , it is usually
adequate to let x° x for a number of widely
spaced t, and determine the minimum h,; . .um»
and then, assuming the minimum h points ex-
hibited regular behavor, zero into the desired
solution using fine increments of t, near the
previously computed minimum h_ ;.. Once
the mathematical programming solution is
found, the trajectories of the response varia-
bles that generated the bounding values of h can
be plotted using the q, determined in the
solution.

It is important to emphasize that full-scale
dynamic analyses of complicated structures and
systems can be coupled to this formulation.

For example, a typical response function (stress
or displacement} according to normal mode
theory for a linear elastic structure takes the
form

K(s.t) LA (t)x"(s) (3)

where x™ are the eigenfunctions and s is a spa-
tlal coordinate. The loading G is contained in
the generalized coordinate A (t) and is rea ‘ly
discretized to make the problem suitable for
linear programming.

In general, the mathematical program used
here is not an iterative process involving re-
peated dynamic analyses, as it often is in the
optimum synthesis of systems. In this formu-
lation, the dynamic analysis need be performed
only once.

A simple example illustrates the formula-
tion. Assurne a damped spring-mass system
ls subjacted to a loading lying within a known
vand (Fig. 1). Suppose the upper and lower
bouw.ds on the total impulse are sought such that
a critical displacement " x] is reached.
The loading can be discretized such that the




displacement and total impulse are l:inear func-
tions of the loading, and, consequently, the up-
per and lower bound loading environment study
becomes a linear programming problem. For
eaxample, the displacement for a piecewise con-
stant loading representation is listed in many
vibrations texts, while the total impulse is
given by

N
h(q.t) = Z q;4t,

(I §

Computations were made, using a linear

programming code, for a system with unit mass,

unit spring constant, c'c_, - ¢.5,and x = 1.

The upper and lower bounds on the total impulse,
in dimensions of force x time, are 3.74 and 2.44,

respectively. Thus, any forcing function lying
within the loading band with a total impulse
greater than 3.74 wmust displace the system
beyond the critical damage level (x;, - 1), and

one with a total impulse less than 2.44 can under
no circumstances result in the critical displace-

ment. A forcing function, satisfying the load
definition, with a total impulse between 2.44 and

3.74 may or may not generate the critical dis-
placement.

The extremum loading environment study
was also performed for the same system in
which the restriction that the force fall within
the band of Fig. 1 was removed. For a non-
negative force of the same duration, the upper
bound on total impulse is 31 percent greater
than that for the previous force limited case
and the lower bound is 24 pe rcent less than the
corresponding minimur: tota) impulse.

The particular forcing functions that gen-
erate the upper and lower bound. on total

impulse arc shewn in Figs. 2 and 3. The im-
pulse for the unrestricted force of the lower
bound problem (Fig. 3) is nat unique in time
and could have taken place at any time during
the prescribed total time interval 0 . t : 1.
The critical displacements that correspond to
the forcing functions belonging to the loading
class of Fig. 1 are pictured in Fig. 4.

Dynamic Programming

A problem that can be given a !inear for-
mulation should be treated by linear program-
ming because of the availability of large-scale
efficlent codes. Ome useful approach to tie
solution of nonlinear problems of low order is
dynamic programming. Here the respcnse is
discretized in n time-ordered states, called
stages, and an optimization process is con-
ducted at each stage.

To exemplify a dynamic programming for-
mulation, consider an unanchored structure that
is subjected to blast loading a..d can undergo
both sliding and tipping modes of motion (Fig.
£). A nost of intriguing problems with this sys-
tem can be treated in this manner. We choose
a simplified representation [5] of the equations
of motion to render an uncomplicated illustra-
tion of 2 dynamic programming for mulation.

Let the components of the state vector be

xizt‘
Xy - E
(4)
Xy 2 X
X, = X
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Fig. 5. Shiding and tipping structure

Then the equations of motion are given by the
system of first-order differential equations

(5)
Xy %,
;‘4 (AA; - AA) (AL-AAy,
where
A, r cos(!-x)
ty-.W
A, - r 2[ s~ A S i - ] £
2 X, Ih,AL‘os( xl) sin xl)J + .
A, T CCS (=X} v ur san(! -x;)
A, Jm
A, GUEYA, - Wr sm(.’-xl)] m

]
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moment of inertia about the pivot point

» = coefficient of friction at the pivat

m mass

W = weight.

Assume the upper and lower bounds are to
be sought on the global loading characteristic
total impulse 1. Consider q(t) belonging to the
ciass of forcing functions

C < Q(t) _qg(t) < Q(t) (6)

The problem then is for a loading of type (6) and
of duration T t,:

1. maximize
T

1 J q(t)dt (n

0

(the upper bound of 1)

2. minimize
T

I J q(t)dt (3)

o
(the lower bound of 1)
for the critical response level. The loadings
q(t) that generate the extreme impulses are
also sought.
With

t, () - 1)t 1 1.2,

[
7

9)

discretize the impulse as

1 i_ 1, (10)

BN

The problem now is to select the 1 , that are
permissible relative tc the constraints, that
maximize or minimize 1 of Eq. (10). That is,
find
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N

(xtreme Z l, (11)

1]]} o 1

such that loading constraints (Eq. (6)) are sat-
isfied and the critical response level, say the
block overturning or being displaced a specified
distance, is just reached. Here,

extreme

L8
represents

max min

<1 ! bor 1 it
and the symbolegy ‘1, indicates that the ex-
treme value of 1 is taken over the totality of
admissible I, 1.2, N.

The essential ingredient of dynamic pro-
gramming theory is the principle of optimality
{6]. Application of this principle to Eq. (11)
gives

N f N )
extreme Z lj extreme < I, + extreme Z lj { .
1 1 (D 2
) ) ) )
(12)

Compatationally, a recursive procedure

N ( N 1
, ° fxtreme { I, + extrenc Z ljJ
R

1y 1ok § 1, L
{13)
is executed for k N. N-1,. .1 with

N

extreme Z I 0 (14)

‘1,' ELIR!

This chronological stage-by-stage optimization
must be conducted such that the forcing con-
straints (Eq. (6)) are not violated at each stage
and such that the critical damage criterion is
satisfied. The state of the system at any stage
is related to the state at the previous stage by
the solution of Eq. (5):
%00 F(&p10) (15)

To study in detaii this dynamic programming
formulation of the extremum critical ioading
environment problem, consider a block that can
undergo only tipping. Equations (5) reduce to
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that is,
J'..' < Wrosin (0 qt) A, a7

The loading can be discretized in almost
any manner suggested by the nature of the class
of loading functions. Choose, for simplicity, a
sequence of impulse functions representation.
That is,

N
aty 21 (- t)) (18)

J
[N}
where - (t-t))is the Dirac delta function.

We wish to perform the stage-by-stage
optimization indicated by Eq. (13). The admis-
sible range of 1, is defined by Eq. (6), say

I < p < 13 (19)
and by the critical damage level of a given ro-
tation, say just overturning. Values for this
latter constraint can be obtained for most sys-
tems numerically from the equations of motion;
in the case of the overturning block it can be
found analytically. At any stage j the change
in velocity because of an increment of the im-
pulse 1 is found by integrating in *:me the
second of Eq. (13) from t; to ti. Chus,

+ +
t t

) )
J iz(;t i 0x, ’- % A dt

t 1
J ]

' .
= J‘ r sin -xl)dl (20)
v J
H
Then, since (X3}, (X)),
A (x,)
CHMEREN N & —"-J‘ ! (21)
or
TiCA (™)
O ) ) (22)

Certainly, it is to be expected that at a given
angle of tipping there is a corresponding veloc-
ity that will just result in the block over-
turnirg from free motion. To find this velocity,
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integrate the homogeneous form of Eq. (16) for
the interval v, - v < v

%.~':’. . -J—cns( =) 0 (23)
) 3
or
‘- 2 sz D
o) e T[“’5{"'",)'COS"'"',H)‘
(24)

Consider the critical rotation level with: jer
and ~7,, 0. Then, it is clear that for any
angle -, the corresponding velocity must be
equal to or less than

2R | L
TL]-COS(,' J)]

to ensure that the block does not overturn.
That is,

. pLY I
T N 25
; ‘ j [I cos (! J)} ( )
The desired admissible values of 1, a8 defined
by the critical damage level criterion, are ob-
tained from Eqgs. (23) and (22) as

R e . &[i-cos(.‘-"]- =

) Ab( j) 3 1 )

(26)

The dynamic programming solution using
Eq. (13) can now proceed in the usual fashion
{3]. Care must be used in handling the con-
straintc on 1, (Egs. (26) and (19)). not only
must a combined constraint be defined on the
basis of the overlapping of these two relations,
but it is possible to be faced with a poorly posed
problem if the constraints do not overlap at all.
In the minimization problem, the dynamic pro-
gram must be written such that the block is
forced to reach the critical level at some time
in the response. This requirement is, of
course, achieved automatically when the total
impulse is maximized.

The formulation for the overturning block
was programmed. The results in Fig. 6 were
computed forablock, with | = 3.5t, +,=2.25
ft, ', =0ft, ', =51, ', =11t, | =731t
W =5000 b, J = 3523 slug ft 2. Loading classi-
fications considered are nonnegative forcing
functions with and without prescribed bounds.
Loadings belonging to these categories with
total impulse greater (less) than the upper (lower
bound will (will never) overturn the block.
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Fig. 6. Upper and lower bounds on total
impulse for overturning structure

CONCLUSIONS

It is shown that the problem of determining
upper and lower bounds on the critical loading
environment on a structure or system can be
formulated as a mathematical programming
problem. The formulation begins with the defi-
nition of critical damage in terms of response
variables and the selection of a class of loading
functions based on available information. Up-
per and lower bounds on characteristics of the
loadings within the ciass that always or never
cause the critical response ar - found.

Systems and struc.tures that can be studied
with linear analyses are suitable for coupling
to available large-scale linear programming
codes. The formulation is independent of the
complexity of the analysis and requires the dy-
namic analysis to be made nnly once. Thus,
realistic high-order system and structural rep-
resentations can be subjected to this loading
environment analysis. Nonlinear systems can
be treated either by nonlinear optimization
codes or by dynamic programming and hence
are limited in order because of computational
burdens.
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ELASTIC-PLASTIC COLLAPSE OF STRUCTURES
SUBJECTED TO A BLAST PULSE*

Walter B. Murfin

Sandia Corporation
Albuquerque, New Mexico

A firite difference method is used to analyze the elastic-
plastic, large deflection response of shell structures ..
blast loading. It is shown that, although the usual design
methods are adequate for some conditions, they may be over-
conservative under other conditions.
ture is surrounded by an elastic medium, elementary design
methods are grossly conservative.

When the shell struc-

INTRODUCTION

The dynamiz response of shell structures
subjected te biast has been frequently treated
in the elastic regimie, The present investiga-
tion is concerned largely with the response of
such structures undergoing large plastic deflec-
tions. Also of concern is the interaction of thz
structure and a surrounding medium.

Forrestal and Duffey | 1] have shown that
the elastic response of shell structures in an
elastic medium is very much reduced {rom the
free air response. It was expect<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>