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~ FOREWORD

This memorandum report documents an in-house effqrt conducted
by the Structural Vibration Branch, Structures and Dyﬁamics Division,
'Flfght Dynamics Léboratory, Air Force Wright Aeronaﬁtica] Laboratories,
Wright-Patterson AFB, Oﬁio. ‘

The effort was requested by the Air Force Weapons Laboratory and
supported under Project Order Numbers 78-081 and 78-082. The wbrk'
was performed under Job Order Number 317J5012. Mr Otto F. Maurer,
AFWAL/FIBGC, was the project engineer; Captain Charles Budde, AFNL/LRO,'
was the technical monitor.

This report has been reviewed and is approved.

4
CHARLES E THOMAS .
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INTRODUCTIOQN

Static and dynamic strain measurements which were taken dbring test
stand operations of the gas dynamfc laser (GDL) for the AF Airborne Laser
Laboratory indicated that higher than expected vibrational stress levels
may possibly limit the fatigue 1ife of the laser structure. Particularly
the diffuser sidewall structure exhibited large amplitude random vibrations
which were excited by the internal gas flow. The diffuser structure consists
of two layers of brazed stainless stee1, AISI-347, panels. Cooling ducts were
milled into the outer face sheet. These in turn are backed by the inner
face sheet. So called T-rail stiffeners silverbrazed to the outer face sheets
add the required stiffness and divide the sidewall into smaller rectangular
plate sections. Details of a typical sidewall panel section are shown in
Figure 1. ’

No vibrational random fatigue data were available for this type of
structure. In addition the effect on the fatigue strength of the high
temperature, experienced by the material during the brazing process, was
not known. Therefore, it was decided that this information be obtained by
random vibration fatigue tests of simple beam specimens which closely
represented the panel construction and material. Due to the finite extension

of the straingages and their inherent spatial averaging characteristic, the

~ stress concentration effects near the stiffener attachment cannot be measured.

However this approach permits a direct comparison of the measured dynamic
strains at the diffuser and those of the testbeams, thus allowing predictions
of the fatigue 1ife of the diffuser sidewall.

This approach is widely used in the derivation of high cycle sonic
fatigue data for stiffened aircraft structures. (Refs. 1 and 2). In this

a beam with a stiffener section attached to the center is mounted on an
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electro-dynamic shaker by clamping the web of the stiffener t6 the shaker
table. It has been found (Ref 3) that in most cases the damage due to
rendom vibration fatigue results from one predominant vibratorj mode.
Therefore, the bandwidth of the shaker random vibration is adjusted to cover
sévera1 times the bandwidth of the fundamental or the second mode of the
test article. The excitation bandwidth is usually centered near the modal

frequency.

1. TEST DESCRIPTION

A. Test Articles

The test articles for the random vibration fatigue tests were designed

to closely resemble a section of the diffuser sidewall pane]sAand were
manufactured by the identical_process‘és was employed in the fabrication of
the'gas dynamic laser. The testbeam dimensions were selected as
10" x 3" x 0.125". The beam consisted of two layers of A1S1-347 stainless
steel silverbrazed together. Slots representing the cooling channels were
machined into one of the two face sheets.

The dimensions of the beams were selected to give a fundamental
frequency of approximately 200 Hz. A section of the T-rail stiffener was
silverbrazed at the center to the milled layer as shown in Figure 2.

It was expected that a minimum of fifteen testheams would be sufficient
to derive the required fatigue data. Since it was not known whether the
direction of the cooling channels or slots would influence the fatigue
properties of the test articles, it was decided thqt in ten beams the
direction would be longitudinal, while in the remaining five the channels
would be directed across the width of the beam. In order to mount the test

~ specimens on the specially designed shaker clamp, four bolt holes were drilled




into the web of the stiffener as shown in Figure 2,

Fourlstraingages of the type BLH DLB-PT-12-2A with a.gage factor
of 3.34+ 2% and a resistance of 118+ .5 Ohms were bonded to the test
articles. These gages were found to be highly fatigue resistant and very
well suited for the intended purpose. For the number chosen and the location
of the gages the following consideration prevailed:

The highest measurable strain was expected to exist on the top side
directly over the edge of the stiffener flanges. Therefore the active
element of Straingage No. 1 was placed in the longitudinal centerline over
the edge of a stiffener flange as shown in Figure 3. Similarly Gage No. 2
was positioned over the opposite flange edge to one side of the beam. .
Straingage No. 3 was bonded to the center of the beam. Its main purpose was
to monitor the beam stress if a delamination from the brazed stiffener should
occur. Straingage No. 4 (Figure 2) was placed next to the edge of the
braze-fillet in the longitudinal center-line. Its active element was 1/4 inch
from the flange edge. Strain data from this gage were intended for comparison

with the data measured on the diffuser sidewall.

B. Test Instrumentation and Procedures

A Ling (Calidyne) A-174 shaker system with a rated force output of
15G0 1bs together with a Westinghouse C-20754, 10KW power supply was used as
the driver in the fatigue fests. The control signal was obtained from a
B&k 1042 sine-random generator, which fed through a GR1569 automatic level
regulator into the control amplifier of the shaker.

A feedback signal was proyided by an accelerometer which was attached
to the mounting fixture of the shaker. The strain signals from the four

straingages obtained at the AC coupled B&F 1-210A strain sigha] conditioners




and the shaker acceleration signal were fed through Intech amplifiers to the
Honeywell 7400 magnetic tape recorders,

The strain signals as wél] as the acceleration signal were also
available at a rms voltmeter, at an oscilloscope and at a Federal Scientific
Ubiquitous real time spectrum analyzer. These instruments were used |
primarily to monitor the progress of the test and to set up and control the
ihtended strain levels and spectra. A block diagram of the shaker power and
control system as well as the data acquisition system is shown in Figure 4
and a picture of the complete test setup is given in Figure 5,

The natural frequency in the fundamental mode for all beams was
experimentally determined by frequency sweeps using a HP frequency synthesizer
as the control signal source. This was done at very low vibration levels in
order not tc accumulate any appreciable fatigue damage during these preliminary
experiments.

Before éach test and after every test interruption the straingage
channels and the acceleration channel were calibrated.

For the actual fatigue tests the random bandwidth of the B&K 1042
signal generator was set to 100 Hz centered at 180 Hz approximately 20 Hz
below the fundamental resonant frequency of 200 Hz, for fourteen of the
testbeams. Beam #15,which was in length 1 inch shorter than the others,
exhibited a higher natural frequency of 248 Hz. The excitation bandwidth
for this beam was centered at 220 Hz. The positioning of the excitation
bandwidth was intended to permit the excitation of the test article at a
constant level even if the beam natural frequency should drop by 70 Hz. A
gradual reduction of the natural frequency is uSua11y observed in such tests

after an initial crack has developed and crack propagation is proceeding.




This fact was also used for determining the actual time to failure as will
be explained later. | | M o

At the start of the test for each testbeam and after every test
interruption, the magnitude of the excitation spectrum was adjusted to
result in a desired nominal rms strain level at Straingage #1. Great care
had to be exercised during this procedure and all monitoring instruments
including the level regulator dial had to be consulted in order to obtain
repetitive results. These instruments were observed continuously during the
entire test duration, in order to notice any deviation from the set test
conditions and to perform necessary readjustments.

Typical excitation spectra as measured by the aéce]erometer on the
shaker table and typical strain specira, obtained from the four straingages
of a testbeam, are shown in Figures 20 through 22 and Figures 6 through 13.

During the test, immediately after the start or following any test
interruption and approximately every 30 minutes thereafter, strain and
acceleration signals were recorded for 30 seconds on a magnetic tape
recorder for later data reduction and analysis.

For the purpose of determining the appearance of a crack, and to
establish the time to failure of a test article, frequent checks of the
testbeam were made. This required the removal of the test article from the
clamping fixture and a subsequent treatment of suspected crack areas with
dye penetrant. Failure was considered when a crack made visible by dye
penetrant was noticed. This repetitive procedure was initially very time
consuming. However, a close ohservation of the beam natural frequency
indicated that a rapidly increasing reduction in the fundamental frequency
closely correlated with the appearance of a visible crack. It was established

that if a frequency rate of approximately -2 Hz per minute was reached
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the test article had a crack. The elapsed time from the start ¢of the test

to reaching the -2Hz/min frequency rate was determined as the time to

failure.

It appears from the test data that the higher dynamically loaded beams
experienced a lower total drop in naturallfrequency until reaching the defined
failure point (Beam #12 dropped 6 Hz) while the test specimens with the lower
loading experienced a larger reduction of their natural frequéncy (Beam #9
dropped 14 Hz). Plots of natural frequency versus test time for several of
the test articles are given in Figures 14 through 17. The number of cycles to
failure was arrived at by numerical integration of the natural frequency vw(t)
over the time to failure.

Most of the tests were continued after the failure point was reached
until the specimen had attained a resonant frequency of 160 Hz to 140 Hz.

In this range the crack which always originated at the edge of the stiffener
flange, or the braze line close to the center of the beam, had propagated
through the width and thickness of the milled or outer face sheet, while the
top or inner face sheet still appeared undamaged (See Figure 18). Only two

beams were tested to complete separation of the damaged section.

2. TEST RESULTS
A. Preliminary Experiments
Contrary to thé initial expection that noticeable differences should - é
exist in the dynamic as well as in the fatigue characteristics of the two
types of testbeams with the cooling ducts oriented in two orthogoné] directions,
Tongitudinal and lateral; no.such differences could be observed. The first
column of Table 1 shows the initial fundamental mode frequencies of the fifteen

test articles. Testbeams #1 through #10 contain the slots in the longitudinal
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direction, whi1e in Testbeams #11 through #15 they are directed laterally.
This is also shown in Figure 19. ”

It can be seen that the resonant frequencies of fourteen beams are
very close to 200 Hz. Although Beams #11 and #12 indicate the highest
resonant frequencies of 204 Hz and 205 Hz respectively, Beams #13 and #14,
which are of the same type, are closer to the frequencies of the first ten
test articles.

Beam #15, due to a manufacturing error, had the stiffener displaced
by 1 inch off the center. Therefore, in order to obtain symmetry, one inch
in length of one side had to be removed. This shorter test artic]e‘had an
initial resonant frequency of 248 Hz.

Damping coefficients which were determined for some of the testbeams
indicated that damping ranged between 0.3% to 0.6%.

No reliable random fatigue data were obtained for Beam #1. The
vibration level of the shaker for this beam was set up to generate a target rms
strain level on Gage No. 1 near 1,000 pin/in. Within one to two minutes after
test start the resonant frequency had dropped from 201 Hz to 150 Hz. A
subsequent dye penetrant check revealed a crack near the flange edge. After
continued testing for three hours, during which the excitation bandwidth,
without changein level, was gradually moved with the changing resonant
frequency down to 30 Hz, comp]éte separation of the broken part was obtained.
A11 subsequent tests were conducted at lower target rms strain levels.

It was also found during the initial tests that at high rms excitation
levels the shaker mounting fixture experienced a feedback from the vibrating
beam or a coupling between beam and fixture existed at the beam resonant
frequency. This could not be eliminated by the available shaker control

equipment which controlled to a constant force spectrum level. An acceleration




spectrum of the shaker head with Beam #12‘during the fatigue test is shown
in Figure 20. The following Figure 21 shows the shaker acceleration spectrum
when the beam is near the defined failure point and the beam resonant |
frequency is at 190 Hz. Figure 22 shows the acceleration after the crack has
propagated through the inner face sheet causing the beam resonant frequency
to be near 140 Hz. The corresponding strain spectra on Gage No. 1 are shown
in Figures 6, 10 and 11. From the six figures it can be seen that after the
failure point has been reached the response level is gradually reduced and
with it the feedback into the shaker acceleration. The strain spectra also
show a gradual increase in the responsé bandwidth indicating increased damping
or increasing nonlinear behaviour or both, as the crack propagates.

In drder to further describe the behaviour of Beam 12, which is
symptomatic for all other test articles, Figures 7 through 13 show the
strain reponse spectra as obtained before and after failure onall
straingages.

Figure 23 represents a section of the strain history as plotted f;om
digitized data from Gage No. 1 before failure. The figure shows the typical
nérrowband random response expected from a single mode oscillation.

A plot of the probability density of positive and negative strain
maxima, as obtained at Gage No. 1 before the failure point, is given in
Figure 24. Also a Rayleigh prbbabi]ity density expected from an ideal narrow
band response is given in the Figure. This indicates a slightly higher
probability than expected by the Rayleigh distribution for strain peaks in
the range between the 1.30 and the 2.80 level, while the probability for peaks
below 1.30 is reduced. Near the 30 level the Rayleigh probability density

is approached closely.




This general picture has been observed in previous random vibration
fatigue tests (See for example, Ref 4). Figure 25,which shows the peak
probability density. during crack propagation after failure, indicates
additional deviation from the theoretical distribution. Most of the other
beams exhibited a peak distribution closer to that of Beam #11 which is
shown in Figure 26. It approaches closely a Rayleigh distribution except

for the very high pecks.

B. Fatigue Results

The number of cycles to the defined failure points and the rms
strains as obtained on Gages No. 1 and No. 4 on fourteen of the test articles
are tabulated in Table 1. It also 1ists the rms stresses which were
calculated with a material modulus of elasticity E = 2.8 x 107 psi. These
data are plotted as strain or stress versus cycles to failure in Figures 27
through 30. The figures also present S-N curves which were obtained by
1éast square fitting of a power function to the data. The scatter of the
data was found to be within acceptable limits. This is borne out by the
fact that the statistical correlation stayed between 0.97 and 0.98. ' The
largest deviation was observed on Gage No. 1 of Testbeam #10. This may be
attributed to a small gage misplacement. The plots further indicate that
within the observed scatterband no noticeable difference exists between the
two types of beams which were tested.

No delamination or failure of the brazing was observed. In all test
articles the crack initiated in the surface of the outer face sheet close to
the stiffener or brazeline edge, in or near the center of the beam. From
here it propagated to the edge of the beam and-through the thickness of the

outer face sheet without immediate continuation into the inner face sheet.




Only after a significant increase in the test time the inner face sheet also
developed a crack and the damaged beam section separated eventually. Complete

separation was accomplished with only two test articles.

3. APPLICATION OF RESULTS TO GDL DIFFUSER

A. Llaser Test Data

Measured data of GDL diffuser panei strains resulting from forty

one test runs were reviewed. The data available were presented in various
forms (rms strain or stress versus test time, strain or stress densities and
strain or stresé time-histories). It was found that three panel sections
marked by the straingages FSD 41, FSD 3§, FSD 21, showed the highest strains,
with Gage FSD 41 Tocated on Panel R9-C9 indicating consistently the highest
values. The locations of these gages are shown in Figure 31.

Due to the type of test being conducted the strain levels in the
different runs varied widely. It was determined that Runs #111, #113, and
#299 produced the highest strains. At Straingage FSD 41 the peak rms strain
level was 220 pin/in, in test Run #111, and 225 pin/in in run 299.

A typica] strain response spectrum obtained from Gage FSD 41 during
Run #111 is given in Figure 32. The figure indicates essentially a single
mode random response with a modal frequency near 800 Hz and a peak rms value
~of 220 yin/in. The complete time history of Run 111 is shown in Figure 33.

A section of which, with a length of 40 milli-seconds has been expanded in
Figure 34. This again strongly indicates an essentially narrow band or single
degree of freedom random response with some superimposed noise.

Reviewing Figure 33 shows short transient conditions at thebbeginning
and the end of the run. However the major part of the record appears to be

stationary. It also can be seen that few peaks reach or exceed the 30 level
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of 3 x 220 win/in. No peak probability density or a peak count was available
for the record. However considering tﬁe section of 2.7 seconds of Figure 33,
between 900 mi]lisecbnds and 3600 milliseconds and calculating an average

number of peaks (negative or positive) by multiplication of the resonant
frequehcy (800 Hz) with the time duration (2.7 secs), yields the average

number of peaks to 2,160. A count of peaks, near the 3o level indicates that
less than 1% of the peaks is within the 30 range. The Rayleigh peak probability
density postulates that 3.3% of the peaks reach the 3o level.

This cursory review seems to indicate the strain response peaks to be
distributed slightly below a Rayleigh distribution at the high strain values.
It may be remarked here, that if the response occurs essentially in one
vibrational mode the distribution of peak amplitudes will closely follow a
Rayleigh probability distribution. Added noise or contributions of weaker
vibrational modes and small nonlinearities will modify the distribution to
some extent, however the Rayleigh distribution in most cases will be a close
approximation. It is therefore considered a reasonable assumption that thé
strain peaks in the diffuser panels during a near stationary run are distributed
very similar to those resulting from the fqﬁigue test.

Another consideration before application of the fatigue test results
is the difference in strain measurements and the effect of the strain gradient
at the measurement points. The active element of Gage FSD-41 was approximately
1/8 inch distant from the T-rail stiffener flange edge, while the filament of
Gage No. 4 on a testbeam was 1/4 inch offset from the stiffener edge. Due to
the steeper strain gradient in the panel near the edge, as compared to a
testbeam, it can be expected that for equal strain indications on both
straingages, the same stress will act at the fracture point, therefore the

fatigue data as derived_from Gage No. 4 on the testbeams can be directly applied.
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B. Diffuser Fatigue Prediction

Under the assumbtion that the operational life of the diffuser
consists of a series of statistically identical strain records similar to
that given in Figure 33 with a constant rms value, the complete vibrational
history can be considered stationary and ergodic.

- Although previous experience with the test operation of the GDL

indicated that the rms strain level varied widely in different runs, with
Runs #111 and #299 indicating the highest values; the above assumption will
result in a conservative prediction of the diffuser life.

In the following, the strain level resulting on Straingage FSD 41
during test run #299, will be used which shows a maximum rms strain of 225 pin/in
at a resonant frequency of 800 Hz. Applyfng this to the fitted fatigue curve
of Figure 28 shows that with 225 win/in a life of 4.2 x ]07 cycles can be obtained,
which at a frequency of 800 Hz trans]atés into 5.25 x 10 seconds or 14.6 hours.
However in Figure 28 it can be seen that several measured failure points are.
below the average curve. Therefore in order to increase the confidence that
. failure will not occur prematurely, the data point farthest below the average
curve will be included in the prediction by shifting the average fatigue curve

through the data point occuring at 5.16 x 106

cycles and 262 pin/in in Figure 28.
With an expected maximum rms strain of 225 win/in on the diffuser panels an
expected diffuser life of 1.4 x 107 cycles can be reached. This, in the absence
of any static or thermal pre-stresses, translates jnto a fatigue life for the
diffuser of 1.75 x 104 seconds or 4.86 hours, which in turn is 2,500 runs of
seven seconds duration.

" This fatigue life prediction contains basically three conservative

assumptions:

1. The operation of the GDL generates rms stress levels over
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the complete life at the maximum rms stresses observed up to date.-

2. The frequency of occurrence of high stress peak values is
~ expected to follow closely a Rayleigh distribution which is approximated in
the fatigue tests.

3. Inclusion of the lowest value of the scatterband for the
measured fatigue data introcuces additional confidence that no premature
failure will occur.

It may be further remarked that the definition of failure, as the
appearance of a crack made visible by dye penetrant, introduces an additional
safety feature. As was mentioned earlier, the crack at this point had not
propagated far into the depth and over the width of the test article.
Additional time was required for the crack to reach the inner face sheet.
This in practipe_@e;ns that the crack can be detected by leakage of cooling

fluid in suffiéiént time béfore'cbmplete penetration through the panel.
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TABLE 1. SUMMARY OF TEST RESULTS

STRAINGAGE #1 STRAINGAGE #4
AR TR P
HZ

1 202 No Data No Data No Data No Data No Data
2 200 0.8 x 10 2.086 x 10° a5 1.663x 10° 508
3 201 1.69x10° 12 x10® a2 1.009x 100 364
4 201 141 x 107 o918 x10t  ms 0767 x 0t 2ma
B 01 1.45x10®  o.sesx 10t 20 048 x 100 173
6 02 s28x10®  o.919x10t 38 0.725x 0" 259
7 199 2.28x10° 18 x 10t 423 1.005 x 00 359
8 199 3.9 x10"  0.753x10% 269 0.624 x 0" 223
9 200 137 x 107 0.789 x 100 282 0.672 x 0% 240
10 203 2.3 x10°  0.9%60 x 10° 33 0.89 x 10* 319
1 204 9.5 x 10’ 0.674 x 10" a1 0.643x 100 229
12 205  5.38x10° 1azx10® s 1assx0t s
13 200 706 x 106 0.986 x 10 33 o0.83x10% 294
14 202 5.16x10°  0.896 x 0% 30 0.7 x 10" 262
7 o.815 x 10 291 0.690 x 10° 286

15 248 2.75 x 10

* Not Failed
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Figure 1. Typical Diffuser Sidewall Panel Details.
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Figure 6. Strain Spectrum on Straingage No. 1, Beam #12, Before Failure.
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Figure.lo. Strain Spectrum on Straingage No. 1, Beam #12, Immediately
After Failure. '
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Figure 11. Strain Spectrum on Straingage No. 1, Beam #12, After Crack
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Figure 12. Strain Spectrum on Straingage No. 2, Beam #12, After Crack
’ Propagation to Inner Face Sheet.
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Figure 13. Strain Spectrum on Straingage No. 3, Beam #12, After Crack
Propagation to Inner Face Sheet.
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Figure 14 Resonant Frequency Reduction of Testbeam #6.
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Figure 17. Resonant Frequency Reduction of Testbeam #12.
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Figure 18.

Test Article After Failure.
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Inner Face Sheet Undamaged.
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LATERAL SLOTS

Figure 19. Testbeams with Lateral and Longitudinal Slots.
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Figure 20. Shaker Excitation Spectrum for Beam #12 Before Failure.
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Figure 21. Shaker Excitation Spectrum for Beam #12 After Failure.
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TIME SECONDS

Section of Strain Time History of Beam #2.

Figure 23.
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s : : TIME = 16.86 s
i DPD5.EERES/SED = 2015
................................ fooveenetonennnns TOSCPERKS/SED = 201,86

Figure 24.

PEAK STRAIN
RMS STRAIN

Strain Peak Probability Density on Testbeam #12
Before Failure.
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After Failure.
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DISTRIBUTION MANIFOLD
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Figure 31. GDL Right Hand Stage, Inboard Diffuser Sidewall,
Straingage Locations.
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GDL Run T11.
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. Figure 32. Strain Spectrum on Str

aingage FSD 41 During




lﬂ., HIII t“-’UL'

...................

D aeeraa,

JN)J l-‘ bt s

Ivffr-"l ll[lt |4"r;". : .

ferr et ey em———

Figure 33.

80500200005 00"

......
............................................

48

............................................................

Strain Time History of GDL Run 111 on Straingage FSD 41.
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