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. PREFACE

This report documenta the analyses performed to assess the accuracy of
Hopkinson bar pressure gages for measuring very high airblast pressures. The
research was eponsored jointly by the Defense Nuclear Agency (DNA) under
Subtask RS RC/Missile System Vulnerability, Work Unit 10186, "Structures
Research Program,” and Field Command DNA (FCDNA) under Project H42KRHRD, Work
‘Unit 80850, "Gage Diagnostic Support.®” Technical Monitors were CPT Mark H.
Abernathy, DNA, and CPT Michael B. Scott, FCDNA. Dr. Eric Rinehart, FCDNA,
provided much of the initial impetus for this research, as well as valuable
suggestions throughout the program.

These analyses were performed in the attucturcs Lnbcrntory (SL). u.s.
Army Engineer Waterways Experiment Station (WES), by Mr. James T. Baylot, v
Research Structural Engineer, Structural Mechanics Division (SMD), under the
general supervision of Messrs. Bryant Mather and James T. Ballard, Director
and Assistant Director, SL, respectively; and under the direct supervigion of
Drs. Jimmy P. Balsara, Chief, SMD, and Robert Hall, Chigr”, Analyniu Group,
SMD. Mr. C. Robert Welch, Explosion Effects Division, SiL, was the WES manager
for the FCDNA portion of this project. This report was prepared by Mr.
Baylot.
At the time of publication of this report, Director of WES was Dr. Robert

W. Whalin. Commander was COL Leonard G. Hassell, EN.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be cenverted to SI
(metric) units as follows:

Multiply I - By To Obtain
feet 0.3048 metres
‘inches 25.4 ‘ millimetres
pounds (force) : 4.47222 newtons
pounds (force) per square inch 0.0068%94757 megapascals
pounds (mass) , 0.4535924 kilograms
pounds (mass) per cubic foot 16.N1846 kilograms per

cubic metre




alysjis o opkinson Bar Pressure Gage

CHAPTER 1
iNTRODUCTION

1.1 BACKGROUND

In order to fully understand the results of exﬁe:iments on buried
structures subjected to high inteﬂsity eirblast that simulates nuclear
.weapona effects, an accurate measurement of the airblas: pressure time-history
must be made. Quite often, the peak ;irblast presaures in thete'teéts are
above what commercially-available air-pressure gages are capable of
measuring. Hopkinsén bar pressure gages remain elastic while measuring thése
very high airblast pressures. These bar éaggs also have the advantage that
the sensing element of the gage is placed at a distance down‘the bar from the
high pressure airblast. Thus the sensing element and the wires attached to
it stand a much better chance of surviving the environment created by tbe
simulator. |

The U.S. Army Engineer Waterways Experiment Station (WES) has develogped -
a bar gage, Figure 1.1, designed to measure the airblast for tests in which
airblast-induced ground shcik is simulated. The WES bar gage is an
approximately 20-ft-longl, l1-in.-diameter, high~gtrength steel bar. The bar
is placed inside of a 2-in.-diameter polyvinyl chloride (PVC) pipe to isolate

the bar from the surrounding soil. A seal is placed around the bar and

1a table of factors for converting non-SI to SI (metric) units of measurement
is presented on page 4.




inside the PVC pipe at § distance of 4 ft.from the top of the bar. The top 4
ft of the space between the har and the PVC is then £fi) '3d with water. This
prevents the airblast pressure from entering the.gap between the bar and pipe
and destroying the sensing clement before the measuremeat can be made.

Strain gages are placed on machined flats 6 ft down from the top of the bar.
These gages measure the vertical and‘circumferential gtrains in the bar and
are used to compufe the vertical stress.

This bar gage design has beeﬂ vsed in numerous tests and is still being"
. used. In most 9f these tests, these bar gages have provided the only
estimates of the magnitude of the peak pressure. In the Dilute Explosive
Tile (DET) Development Ta2st [1], recently modified Model 10%A quartz high-
pressure transducers manufactured by PCB Piezctronics, Inc., have been shown
to ke effective and survivable in these‘very high airblast pressure
environments. In this test, several PCB gages and several WES bar gages were
fielded. Ih the Mineral Find III test [2), both WES bar gages and Model
HKS11375 airblast pressure gages marufacturaed by Kulite were used tc measure
the #irblast.

Although data were limited in these tests, several trends werve
distinguishabla. BRs shown in Figure 1.2 the peak pressure, as measured by
one of the WE§ bar gages in the DET teat,'is significantly lower than that
measured by one of the PCB gages. Figure 1.3 shows that the peak pressure,
as measured by the bar gage in Mineral Find IiI, is lower than the peak
pressure measured by the Ruli%e gage. In this figure averaged bar gage
results are compared to averaged Kulite results. In computing these
averages, recorde which were obviously bad or which were inconsistent with

the other records were not included.




In the Mineral Find I and Mineral Find II tests [20), this trend did not
hold. In these tests the peak pressures measured by the bar gages were
higher than those measured by the Rulite gages. Although these tests will
not be analyzed in this study the reversai of this crend is certainly
significant.

Later in time, the peak ptessure.measu;ed b§ the bar gage iq
higher than that measured by the PCB gage in the DET test. The same trend
occurs when compacing the averaged bar gage record to the averaged Kulite
pressure gage record in the Mineral Find III test.

Several bar gages were fielaed by the New Mexico Engineering Research
Institute (NMERIX on the DET tests. TLe primary difference between the WES3
ard NMERI bars is that the WES and NﬂEfI bars have 1.0 and 0.5 in, diameters,
respectively. A comparison of one of %he NMERI bar gage records to one_of
the WES bar records is given in Figurej1.4. Five WES and five NMERI bars
were pilaced ﬁnder the DET Section of t#e test bed. ALl five of the WES ba;
gages displayed a single dominant peak; while all NMERI bars reveal two
dominant péaks. Two of the five PCB nge records showed a single-peaked
pressure time-aistory, and two showed ? double-peaked pressure time-history.
One PCB gage failed very early. . One wis bar and one NMERI bar were placed in
a portion of the test bed which was not under the DET. The characters of the
presdure time-histories for these two gages were similar.

1.2 OBJECTIVES
The primary objective of this study was to determine the accuracy of the

WES bar gage and the possible effects the water and water seal have on the

measured waveforms. Other objectives are to evaluate the differences in




measured stresses be 2 the WES and NMERI bars in the DET test, and to

determine if modificatlona to the WES bar gage design are needed.

1.3 SCOPE

Three series of Finite Element (FE) calculations were performed to

investigate the rerponse of the bar gage. 1In the first series, only the

steel bar was analyzéd. The second series included the bar, the water, and
the water seal. The finél set of calculations included the bar, water, water
seal, PVC pipe, ;nd surrounding soil. FE calculations were performed uéing
the computer code DYNA3D [3]). A theoretical solution was also used to
predict the response of the bar alone, and to compare to the first series of
FE calculations to determine the accuracy of the FE so;utions.

In each analysis of the DET test, the loading applied'to the top of the

bar was the measured airblast from one of the PCB gages. Twou of the PCB gage
records, PCB2 and PCBS5, were used as the airblast loading in these ‘
calculations. In the test bed, the PCB gages were placed very close to two
WES bar gages. These bar gages gave Qery-similar output, therefore only one
of these gages, gage W2, will be used in the comparisons. In the comparison
of the NMERI bar gage to the WES bar gage, bar gage data from gage N4 were
used, and data from gage PCB3 were used as the loading. In the analysis of
the Mineral Find III data, the averaged Kulite data were used as the loading,
and this was compared to the averaged bar gage recoré.

Each of the gages used in these tests measures the airblast pressure
above the gage itself, and not the actual pressure above the ground surface.
Diffetencgs in the gages and their mounts, and the motions of the mounts

could be responsible for differences in me:zsured pressures. Although the PCB
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gage and Kulite gage measurements are used ad inputs to the bar gage
calculations, these measurements cannot be viewed as the correct answer to be

compared with bar gage data. These data are a realistic representation of
the lbading on the top of the bar and caﬁ be used to assess the capabilities
of the bar gage by comparing the computed bar gage measurements with the load

inpute from the PCB and Kulite gage data.
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CHAPTER 2

RESPONSE OF WES BAR, BAR ONLY

2.1 PRELIMINARY CALCULATIONS

Preliminary calculations were performed to determine the grid size
needed to analyze the WES bar gage. 1In all of the calculations the steel bar
was modeled as a linear elaétic material with a modulus of elasticity,
Poisson'a‘ratio, and unit density of 30,000,000 psi, 0.27, and 490 pcf,
respectively. Unless noted othetwise,_default values of artificial
viscosities and hourglass damping, as well as the standard DYNA3D hourglags
control, were used. In these calculations the trilinear pressure time-
history shown in Figure 2.1 was used as the loading. Calculations were
performed using elements with thicknevses of 1/3, 1/10, and 1/20 in. inbthe
vertical direction. One-fourth of fhe bar was modeled in each case, and the
cross sections of the grids used for each of théae calculations are shown in
Figure 2.2. |

The time-~histories for vertical stresses at 4 ft down the har for each
of these calculations are presented in Figure 2.3. The peak stress from the
calculation using the 1/10-in.~thick element agrees extremely well with that
predicted using the 1/20-in.~-thick elements. The peak stress pfedicted using
the 1/3-in.~thick elements is significantly lower than that predicted using
the other grids. Later in time therevis a difference between the 1/10- &nd
1/20-in.-thick grids i:. the perioc of oscillation of the predicted stress.
However, the difference is emall and should not affect the results of this
-tudy. fherefore, the 1/10 in. elements and the associated grid cross

section were selected for use in this study.

12




2,2 YEXACT" SOLUTION

.Tyfically in analyzing bar gage data, it has been assumed ﬁhat one
dimensional (1-D) wave theory is valid. .Under these assumptions, the
oressure time-history applied to tha top of the Sar will propagate
undistorted down the barvat the longitﬁdinal wave speed, Co= (E/rho)llz, of
the bar. E and rho are the modulus of elasticity and mass density of the
bar, respectively. Figure 2.4 shows ghat the stress time-history at a
distance down the bar can be significantly different than the loading applied
at the top of the bar. |

When the stress wave propagates down the bar, Poisson strains cause
:adial motions in the bar. The simple 1-D wave fheory assumes that these
motions are unimportant. However, for ﬁigh frequency diaturbances} these
radial motions ﬁan be important. Pochﬁammer {4) and Chree {5) independently

developed a theory, based on the equations of elasticity, which can be used

to analyze the bar gage problem. This theory, which includes the effects of

radial motion, will be reférrod to as the "exact" theory. A solution based
on Pochhammer-Chree theory for stresses at a great distance from the end of a
bar for sinusoidal loads of various frequencies was presented in Love (6],
and igreed with results published by Bancroft [7]). This solution indicates
that sinusoidal disturbance will propagate undistorted downvthe bar, but
anesrof different frequencies will propagate down the bar at different
speeds; therefore, dispersion will occur. For high-frequency loadings, the
peak stress measured at a distance down a finite-diameter bar will always be
less than the applied loading at the top. For longitudinal waves the wave

speed, ¢, is always less than the 1-D wave propagation speed, €o-

13




This solution is pressnﬁed in tabular form in D;vies [7) for Poisson’s
ratio = 0.29. In this table the ratio c/co is tabulated against.the ratio
a/W. W and a are the wavelength of the disturbance and the bar radius,
respectively. The wavelength is the wave speed, ¢, divided by the frequency,
£, of the disturbance. This table would be more useful if c/c0 was tabulated
against a/wo, where wovis the wavelength computed using the freguency, £, and
the wave speed, éo. Thus the known values of the frequency and 1-D wave
speed can be used to determine the value of c. Fiéure 2.5 shows the

relationship between c/co and a/wo.

The fcl}owing procedure was used to determine the "exact"™ solution for

an arbitrary?loading:
i

1. Det%rmine the full Fourier series coefficients for‘a pressure time

historyﬂ The first half of the pressure time~history, Figure 2.6,

represeéts zero magnitude loading for one half a period prior to the

applicaﬁien of the loading. The second half cf the pressure time

hiatoryiis the arbitrary waveform for which the solution is desired.
|

1 .
2. Calculate the value of a/W,; for each of thz Fourier frequencies,

| .
fi’ and}determine the wave speed, c,, from Figure 2.5 and the known

value of So-

3. Determine the stress time-~history at a distance, d, down the bar by

the following superposition:

n
pi{t) = 1/2 bo + - 121 (ai sin(wit - Li) + bi cos(wi_t - Li”

Where: p(t) is the pressure at time, t
bo is the constant term in the cosine series

n is the number of terms in the series

14




)

w; is 3tD pourier circular frequency = 2 ® £
is the i*® Fourier sine term
b, is the it? Fourier cosine term ‘
Li is the lag time for waves of the ith frequency
Li - d/ci
A comparison of PCB2 data to the Fourier series uaihg 4,000 terms to fit

approximately 1.03 msec of the PCB2 data is shown in Figure 2.7. This figure

. shows that this is an extremely good representation of the PCB2 data.

Fourier series representations were ailso determined for gages PCB3 and PC85
of the DET test and the averaged Kulite record for Mineral Find III. Thé
fits begin at the arrival of the airblast. The durations of the fits are

listed below:

Gage Fit Duration
(msec)
PCB2 1.03
PCB3 0.091
PCB5S 2.023
kulite 1.98

2.3 COMPARISON OF "EXACT" TO FE SCLUTION

Calculations were performed to determine the exact aplution forbthe
stresses at the strain gage location using the PCB2 measurement as the
loading. A comparison of the‘"exact' solution to the FE ﬁ;luﬁionris éﬁéwn iﬁ
Figure 2.8. This figure shows that very early in time the FE and "exact"
solutions are nearly identical. Later in time there is a difference in the
period of the oscillations. This difference could be reduced by using a
finer grid mesh, as was shown previously.

Other "exact"” and FE analyses were also performed to validate these

solutions for different loadings and bar geometries important to this study.

1s

|




Comparisons of the "exact" theory to FE calculations for tﬁe PCBS, and
averaged Kulite record loadings are shown in Figares 2;9 and 2.10,
respectively. An "exact" solution was also determined for the NMERI bar
(0.5-in.~diameter bar, gage 5 ft down bar) using the record from gage PCB3 as

the input to the bar. A modified 1/10-in.-thick element grid was used to

perforﬁ FE calculations of the NMERI bar. The grid was modified by simply
scaling the coordinates of the croéa section down so that the radius of the
bar is 0.25 in. inatead of 0.5 in. The vertical dimension of the element
reméins at 0.1 in. A comparison of the "exact™ solution to the FE
calculation for the NMERI bar with the PCB3 loading is shown in Figure 2.11.

These calculations showed that for studying the bar alcne calculations

could be made using either the FE or the "exact®” method. The "exact" method
is easier and less time consuming, therefore it was used to study the
properties of the bar alone. More importantly, this calculation validatesg the
FE procedure so that it can be used for calculations for which exact
solutions are not possible. An exact solution that includes the water and
water seal is not available.
2.4 RESPONSE OF BAR TO LOADING FROM DET TEST

Figure 2.12 shows a comparison of the input airblast (PCB2 gage
measurement) pressure, the exact solution for the bar gage stress, and the W2
data. This figure shows that the peak measured bar atfess should bé
approximately 80 percent of the PCB gage measurement. Thus the peak stress
should drop by 20 percent due to dispersion. Howevgt, the measured bar gage
stress is still significantly less than that.

The W2 data were recorded using electronic cabling and amplifying

equipment which provided a frequency response of approximately 20,000 Hz.

16




each term of the Fourier series representation of PCB2, PCB5, and W2.

‘are 10 and 2 percent low, respectively, when compared to the bar response if

The effects of this limited frequency éesponse can be approximated by

summing only those Fourier terms with a frequency of less than 20,000 H=z.
Figure 2.13 shows a comparison of those predicted stresses at the gage
location to the bar gage measurement. Tﬁis figure Qhows that the peak stress
drops to approximately half of the PCB2 measurement if the frequency response
is 20,000 Hz. Thus the lower prak as measured by ;he bar gages is due
largely to the iower frequency response of cabling and electronic systems

associated with ﬁhe bar gages.

Figure 2.14 shows the amplitude, (ai2 + b12)1/2, versus frequency for
These
coefficients are based on the fit durations listed previously for the PCB
gages, and a fit duration of 1.03 msec for W2. This figure shows that while
the PCB gages indicate significant energy at frequancies above 20,000 Hz, the
bar gage does not indicate significant energy above that level. Calculations
were also performed for systems with 50,000 and 100,000 Hz frequency response

limits. The peak predicted stresses for the 50,000 and 100,000 Hz systems

the recordiné system hal no frequency résponse limitations.

Also shown in Figure 2.13 is the result of a calculation based on the
PCB5 measurement, and using only Fourier séries ﬁerms withrfrequencies less
than 20,000 Hz. These results agree better with the WES data, and indicate
that variability of the environment is a potential source for differences in
measured peak stress between the bar gages and the PCB gages.

Figure 2.12 shows that the "exaét" solution predicts that oécillations
in the measured stress should occur in the bar gage measurement immediately

following the arrival of the peak stress. The frequéncy of these
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oscillations is near 50,000 to 60,000 Hz, and it is clear that these
oscillations will be severely reducad, if not eliminated, due to the lower
frequency response of the recording system. Previous experiments (8]

indicate that these oscillations are real, but this can not be evaluated

because of the frequency response of the electronics used to record the data.
Since both the PCB gage and the bar gage actuallf meagure the airblast
pressure on top of a gage and not the airblast applied to.the ground surface,
it is poééible that the gage geometry will affect the measurement. It is
also possible that the PCB gages could be overregistering peak pressures.
These calculations show that the bar gage and associated recording system

cannot adequately record data for an airblast time-history with a fast rise

time similar to the pressure time-history recerded on the PCB gages.
2.5 ‘RESPONSE OF WES BAR TO MINERAL FIND III LOADING

Figure 1.3 shows a comparison of the average airblast pressure data
recorded for the Kulite gages to the average data recorded for the bar gages.
The "exact"” solution for the WES bar gage loéded with the averaged Kulite

loading indicates that the bar gage should give exactly the same response as

the Kulite gage. Therefore Figure 1.3 is also a comparison of the predicted
to the measured bar gage stress for this loadiné. Figure 2.15 shows a
comparison of the "exact" solution to the f#ltered "exact” solution which
includes only frequencies below 20,000 Hz. |This figure shows that there is
no significant difference between the two results. This is expected since
the Kulite airblast pressure data were recorded using cabling and recording
equipment identical to that used to record the bar data. .Thus the frequency
response of the Kulite gage is also approximately 20,000 Hz. Figure 2.16

shows a comparison of the magnitudes of the Fourier series compinents for the
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averaged Kulite and averaged bar data. This figure indicates that the

frequency response of either gage type fov this test was below approximateiy

20,000 Hz.
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Figure 2.11. Comparison of “exact” to FE solution, NMERI bar, PCB3 loading.
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CHAPTER 3

EFFECT OF WATER AND WATER SEAL

3.1 BAR, WATER, AND WATER SEAL

All of the calculations performed (using only the bar) indicated that
the late-time stresses measured by the bar gage should agree exactly with the
PCB measurements. Hoﬁever, as indicated in Pigures 1.2 and 1.3, late in time
the two gage types disagree. Calculations including the water and water seal

were performed to determine if they could be the reason for this late time

‘difference.

The water was added to the grid as shown in Figure 3.1. The elemeﬁts
used to model the‘water were 1/10 in. thick in the vertical direction. ?The
water began at the top of the grid and extended 48 in. down the bar. The
outer boundary of the water was a roller boundary. On the inside, the water
was allowed to slide without friction on the bar. The water seal was tied to
the bottom of the water grid and the plastic seal was modeled as two 1/#0-
in.-thick elements.. _ | » g

!
In all of the calculations involving water, the water was modeled as an

|
i

inviscid fluid using the following equation of state:
p=¢C (rho/rhoo'- 1)
Where: p is the pressure,
c is a constant = 3.973 x 10° psi
rho is the current density
rhoy is the initial density = 62.4 pcf
This is egquivalent tc a constan: bulk modulus. In these calculations the

plastic water seal was modeled as an elastic material with an elastic
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modulus, Poisson’s ratio, and dansity of 580,000 psi, 0.4f and 1.120 x 1074
1b aeczlin.4, respectively.

Two calculations were performed using the PCB2 loading. In the first
calculation, the water seal was free to slide on the bar. In the second
calculation, the water seal was tied to the bar and fixed on the side of the
PVC pipe. Figure 3.2 shows the early-time results of the calcﬂlation with
the free water seal and the calculation using the bar ﬁhiy. The early-time
stresses for the calculation using the tied water seal are identical to those
.using the free water seal, since the etffects of the sealjdq not occur until
later in time. This figure indicates that the presence of the water jacket
does not cause a significant difference in the gredicted'geék stress.

Figure 3.3 shows a compar;son of the calculations for the fixed and free
water seals, and the ﬁalculation which does not .1ciu‘e the water. The
stresses at 6 ft down the bar are nearly identical until approximately 0.8
msec. At this time the stresses have propagited down the water to the water
seal and those effects have propagated down the bar to the 6 ft level.

In the calculation where the water seal is free to move, the water seal
suddenly moves and relieves the pressure in the water. This sudden release
of water pressure causes a tensile strain to be propagated down the bar.

When ﬁhe water seal iéﬂgttached to the bar, the strééﬁégrpropagate down
the water to the water seal and the load is transferred to the bar. This
results in the additional compressive stresses as shown in Figure 3.3. These
stresses are similar in magnitude to the actual airblast stresses measured in
the bar, and are much greater than those measured by the WES gage.

In the actual bar gage, the connection between the water seal and bar

gage is somewhere between free and tied to the bar. Therefore it is expected
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that the late-time stresses measured in tha bar would be beﬁween those
predicted based on the free and tied water seals. It is possible for the
water seal to separate from the PVC and for the water to flow around the
seal. Also the PVC pipe can expand which will decrease the water pressures,
and will decregse the effects of the water seal on the bar gage measurement.
These calculations demonstrate that after 0.8 msec, the higher stresses |
measured by'the bar gages could be caused by stresses in the water
transferred, through the water seal, to the bar.

3.2 EFFECT OF WATER VISCOSiTY

During the test the water moves down the bar and it is possible that
viscous forces caused by this motion could be important. ' Because a viscous
slide surface was not available in bYNA3D, this effect could not be directly
evaluated in the FE calculation. Therefore, simple calculations, using the
results of the FE calculation with the free water seal, were performed to
determine an upper bound on the effect of these visccous forces.

In these calculations, the flow distribution shown in Figure 3.4 was
used; This assumes that the velocity profile is parabolic, with zero
velocity at the bar and the PVC pipe, and the maximum velocity midway between
the bar and PVC. The stress transferred to the bar is given by:

8 = visc * dv/dx

Where: is the shear stress transferred to bar

dv/éx is the velocity gradient as shown in Figure 3.4

visc is the viscosity of water = 1.38 x 10~’ 1b sec/in®
This is the viscosity of water at 70 degrees Fahrenheit. For the assumed
velocity distribution and the geometry of the bar gage, the value of dv/dx

(per in.) at the surface of the bar is 8.0 times the peak velocity (ips).
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The axial stress, a, in the bar causéd by thé viscous forces between the
bar and water is given by:

a‘.a*p'L/A

where p is the perimeter of bar = 3.14 in.

L 1is the length of contact between bar and water (48 or 72 in)
A is the area of bar = 0.785 in?

Two calculations were performed to determine the effects of water
viscosity on stresses in the bar. 1In either case, the velocity of the bar
was conservatively neglected in computing the relative velocity between the
bar and water. The velocity time-histories near the top and at the bottom
of the column of water, based on the FE calculation, are shown in Figure 3.5;

In the first calculation, it was assumed that the entire 4 ft column of
water was moving at the peak velocity, 8,000 ips, at the top of the water.
This calculation should signific 1tly overpredict the load transferred to the
bar, since the duration of the peak velocity is extremely small and the peak
velocity will only act over a very small portion of the length of the bar at

any given time. For this case:

dv/dx = 8.0 X 8,000 = 64,000 per sec
s = 1.38 X 10”7 X 64,000 = 0.00883 psi
a = 0.00887 X 3.14 X 48 / 0.785 = 1.70 psi

In the second calﬁulation, it was assumed that the water has spread out
and now covers the top 6 ft of the bar and the water is moving at the spall

velocity, 6,000 ips, of the bottom of the water. For this case:

dv/dx = 8.0 X 6,000 = 48,000 per sec
s = 1.38 X 10”7 X 48,000 = 0.00662 pei
a = 0.00662 X 3.14 X 72 / 0.784 = 1.91 psi
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ege calculatio djicate at viscous ce ansm d to the bar

the water do not a;gnigicanglx affect the bar gags measurements.

Pigure 3.6 shows the displacement of the tcp of the water minus the
displacement of the top of the bar for the calculation in which the water
seal is free to move. This figure indicates that oniy a very small portion
of the top of the bar will be exposed to the airblast pressure. Since the
area of bar exposed is so small, and since the air cannot be moving past the
ast the bar

bar faster than the water, the act of viscous ow the a

on_the stresses measured by the bar is insignificant.
3.3 BAR, WATER, WATER SEAL, PVC PIPE, AND SOIL

Previous calculations including the bar, water, and water seal indicated
that it is possible that late-time increases in the bar gage measurement
could be due to loads transferred to the bar from the water aéal. In these
calculations, the Qater was not allowed to expand radially, gnd the seal was
either free to slide on the bar, or was tied to the bar. To more
accurately aaseqa the effect of the water and water seal on the lcads measured
by the bar gage, the effects of the expanding water should be considered and
a more accurate model of the connection between the water seal and bar should
be used.

When the airblast presauré hits the top of the bar gage, it also hits
the top of the water, PVC, and surrounding soil. The pressure transmitted
down the water jacket to the water seal is affected by the expansion of the
water jacket. The expansion of the water jacket is affected by the pressure
in the water inside the water‘jacket, the material properties of the PVC, and

the resistance to expansion provided by the surrounding secil. For this
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reason, the bar, water, water seal, PVC pipe, and the surrounding soil should
be included in the calculation.

The cross section of the grid used for these calculations is shown in
Figure 3.7. The entire top surface was loaded uniformly ..th the PCB2
loading. The bar'gage was modeled using the 1/10 in. grid, as was used
previougly. The only difference ;n the bar.part of the grid for this run was
that starting at 10 ft down the bar, the element thickne?s was gradually
trangitioned to 0.2 in. This was done to reduce the number of nodes and
elements; since a large nuﬁber of nodes and elements were needed to model the
PVC and soil. The bottom of the bar was free to move‘in the vertical
direction. The portions of the gtid used to model the water and water seal
were identical to those used in tge previous calculations. 1In this

calculation, the water.and water ieal can slide without friction on the bar.

|
Only the top 10 ft ¢f the PVC pipe was modeled. Stresses travel much

slower in the PVC, and only 10 ft;of the PVC is needed for the timebof
interest of this calculation. Th% elements in the PVC pipe were 1/5 in.
thick in the vertical direction, And two 0.l1-in.-thick elements were used to
model the 0.2-in. thickness of th4 PVC pipe. 1In the circumferential
direction, the nodes in the grid éor the PVC pipe matchad up with t.aose of
+he grid for the water. The PVC pipe and water seal were modeled as an
elastic-perfectly-plastic material with a density, elastic modulus, Poigson’s
ratio, and yield strength of 87.3 pcf, 450,000 psi, 0.4, and 8,000 psi,
respectively. The water and water se#l were allowed to s8)’ide without
friction on the inside of the PVC.

A 36-in.-thick ring of soil was placed around the PVC pipe. The soil

extended to a depth of 6 ft below the top of the bar. The soil was free to
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move ia the vertical direction at the bottom of the aqil grid. The outer
boundary of the soil was a roller boundary. The soii elements were l-in.
thick in the radial and vertical directions. 1In the circumferential
direction, the soil grid matched up wi“h the grid used for the PVC pipe. The
use of exact material properties for this study was not nécessary. It was
only necessary to select a material which would behave in a manner similar to
the one used in the test. The material pzspérties and a constitutivevhodel
fit [9] were available for a concrete sand tested in a previous test series.
These properties were used.

The sand was modeled using a modified version of the cap modél [10}
developed by GA Technology, Inc.,vwhich was added to DYNA3D. In this model,
plastic yielding occurs when the square soot of the second invarian£ of the
deviatoric streéa tensor reaches the envelope defined by the tensile cutoff,
the failure surface, &nd the elliptical cap. T:e model uses an associative
flow rule. The tensile cutoff, T, and aspect ratio, R, of the cap are
material properties which hust be determined from laboratory test data. The
failure surface is defined by:

Y = A -Bexp(-L *Il) +H* Il

Where:'A, B, L, and H are material propéQties to be determined from

labérato;; ;Qét data
I1 is the first invariant of the streas tensor

The elliptical cap is movable and its location is implicitly defined by
the hardening function:

e,P = W [1-exp(D1*(X-X0) + D2(X-X0)?])

Where evp is the volumetric plastic strain

W is the maximum volumetric plastic strain
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D1, D2 are material constants

x,land X0 are the current aand initial values of the intercept of

the cap with the Il axis
W, D1, D2, and X0 are all material constants which must be determined from
laboratory tests. The elastic shear modulus, G, is a conatant; The elastic
bulk modulus varies with ﬁreasuré, P, as follows:

K = K1 + k2 PK3

Where K is the bulk modulus

Kl, K2 and k3 are material constants.
The values used for each of these constants are listed in Table 3.1. For the
80il material, tﬁice the default values of the linear and quadratic
artificial viscosity terms were used. Flanagan-Belytschko hourglass control
(coefficient = 0.15) with exact volume integration was used for the soil. A
maximum strain increment of 0.00001 was used for the soil. The soil was
allowed to slide without friction on the PVC pipe.

In the DET Development test, the water seal was a 0.2-ln.-thick plastic
ring which fit around the bar and inside the PVC. The inner and outer edges
of the ring were grooved to accept an o-ring. The o-ring on the outﬁide of
the water seal was installed during the tust, bﬁt the fit of the water seal
around the bar was so tight that the inner o-ring could not be installed.
The o-ring groove on the inside of the water seal decreased the thickness‘of
the water seal in contact with the bar to 0.1 in. Thus, the maximum load
which- could be transferred to the bar through the water seal was the shear
strength of the water seal, times the perimeter of the bar, times 0.1.

Therefore the maximum load which can be transferred is 0.314 times the ghear

strength of the water seal.
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In these calculations a more realistic model of the connection of the
water seal to the bar was needed. The water seal was installed by sliding it
down the bar. A relatively small force was required to slide the seal down
the bar, therefore, it was assumed that the frictional drag fcrce of the seal
on the bar was small. The only way which the ring could possibly load the
bar sigﬁificantly, was if the for;e reqﬁired to slide the ring down the bar
was related to the rate at which-ﬁhe seal was moved down the bar. Thus in
the FE calculation, *he water seal waa connected to the bar ueLng viscous
springs. After the . calculation, the maximum force transmitted to the bar
was checked to assure that it did not exceed the shear capacity of the water
seal.

Viscous springs are available.in DYNA3D and these were used to connect
the water seal to the bar and the PVC pipe. Five springs were used to
connect the inside of the water seal to the outside of the bar. Their
locations are marked S1 through S5 on Figure 3.1 5prings marked $6 through
$10 connected the water seal to the PVC pipe. The nodes at the bottom of the
water seal were connected to nodes on the bar and PVC pipe at the height of
the top of the water seal. Because these springs represeat a distributed
shear force around the circumference of the bar and PVC pipe, and because the
circumference of the PVC pipe is larger than that of the bar, the viscosity
of the springs attaching the water seal to the PVC pipe must be higher than
the viscosity of the springa attaching the seal tc the bar. The viscosities
of the springs connecting the seal to the PVC were 2.5 times the viscosities
of the springs connecting the seal to the bar. Springs S1, S5, S6, and S10
are located on the symmetry planes of the grid, and thus, only represent half

the area of the other springs, therefore thz viscosity of these springs was
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taken as half of the viscosity of the center springs. §ince no information
was availabla on the vincouity.which should be used, an arbitrary value of
0.333 lbe/ipes was selected. Based on this, and the above discussion the

following values of viscosities were used:

Sorings Viscosity
lbs/ipse
81, 85 . 0.166
s2, 83, s4 0.333
86, 510 0.416
87, 88, 89 0.832

This converts to a viscous force of 5.33 1lbs per ipi of rolative velocity
between the bar and the water seal.

Figure 3.8 shows a comparison of the results of this calculation with
the bar gage data, and the results of the calculation using only the bar. The
calculation became unst;blo at approximately 1.1 mmec, therefore, the plot is
terminated at that point. Until approximately 0.80 m-oc; the results of the
calculation using the entire grid are nearly identical to those using only
the bar. This time coincides with the travel time for a stress wave to
propagate down through the water to the water seal, and from ;hero down the
bar to the strain gages. \

The time of departure of the whole-grid cnlculltloL from the bar-only
calculation agrees reasonably well with the icuultl of the calculation using
the bar, water, and water seal, with the water seal tiedito the bar. 1In the
calculation using the whole grid, however, the water seal can move |

significantly and reljeve the pressure in the water. Thus the high pressure
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rpike which appoared in the predicted b;r measurement in the bar-plus-water
calculation doaes not occur in thia calculation.

The stresses tranemitted to ﬁhg bar from the water seal were evaluated
to insure that the vhear capacity of £ho water seal was not exceeded. Figure
3.8 shows that the axial stress in the bar was increased by approximately
1,300 pel as compared to the bar only calculation. The added load
contributed by the water seal is the area of the bar (0.785) times the stress
in the bar. Thus the load added was 1,020 lbs. The shear stress is this load
divided by the shear area (0.314) of the water seal. The shear area is the
perimeter of the i1-in.-djiameter bar times the 0.1 in. thickness of the water
seal which is in contact with the bar. The shear stress applied to the water
seal was 3,250 psi. The shear stresas capacity is l/vé;. timqs the yield

strength. Thus the shear strength of the PVC water seal is 8,000/VG;- 4,600

psi. Therefore the shear strength of the water seal i. not exceeded and the
calculation is reasonable. |

This calculation indicates that loads transmitted from the water through
the water seal to the bar could be responsible for high stress readings in
the bar at times after 0.8 msec after the top of the bar is loaded. Figure
3.8 shows that beginning at approximately 0.6 msec, the stresses recorded for
the bar gage exceed those recorded for the PCB gage. ’Tho water alone cannot
cause these differences.

A spacer block was placed inside of the water jacket ﬂt a distance
of 2 ft down from the top of the bar. The effacts of loading transferred
froﬁ the water through thie block to the bar could appear on the bar gage
recorda at approximately 0.6 mesec. This spacer block, shown in Figure 3.9,

was designed to allow flow of the water past the spacer block and also to
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minimize contact between the spacer block and the bar. The spacer block has
a thickneae of 0.25 in. and a contact area of approximately 0.125 in.2 with
the bar. Based on this contact area and the shear strength of the material,
‘  » this spacer block cguld transfer a force of approximately 600 lbs. This
would result in an increaéed axial stress measurement of 760 psi and could
~ause the difference (Figufe 3.8) between the stresses measured in the bar
gage and those predicted using the PCB gage loading. Further calculatidns
are needed to‘study the flow through the block and loads transferred to the
{ jﬁﬂ' bar. This problem is primarily a fluid flow problem, and DYNA3D is not

suitable for that calculation.
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Figure 3.9. Spacer block.
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CHAPTER 4
COMPARISON OF WES AND NMERI BARS
IN DET DEVELOPMENT TEST

4.1 REASON FOR ANALYSES

In the DET Development test, 5 WES and 5 NMERI bar gages were placed in

the DET portion of th test bed. Five PCB gages were also placed in this

~portion of the test bed. The 5 WES gages showed that the pressure time-

history had one dominanﬁ peak. The 5 NMERI gages showed that the pressure
time-history had a dominant pair of peaks. Two of the PCB gages agreed with
the single-peakéd pressure time-history while two agreed with the double-
peaked stress time-history. The fifth PCB gage failed véry early in time.
These gages were placed closely toge?her and an attempt was made to elimin;te
systematic differences in the placeﬁent of different gage types.

The DET simulation was designed to produce an airblast which is
apatiaily uniform. Although the PCB gages indicate that the character of the
pressure time-history at one point in the Sed is different than the character
of the pressure ti@e-history in another part of the bed, it seems highly
unlikely that.all of the WES bar gages were placed in areas where the
airblast préasure time~history had a single peak and all of the NMERI bars
were placed in areas where the time~history had a double peak. Therefore, it
is reasonable to attempt to determine if differences between the two bar

tyr =8 cduld cause a systematic difference in the measured stress time-

history.
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The NMERI and WES bar gages fielded in the DET development test are

summarized below:

parameter WES NMERI
type high strength steel high strength steel
diameter . 1.0 in. 0.5 in.
length 19 ft 20 ft
strain gage semi-conductor foil

type
distance to 6 ft 5 ft

gage

The WES bar gage data were recorded using cabling and electronic and
recording equipment capable of a frequency response of approximately 20,L00
Hz. The NMERI gages were recorded much closer to the test bed and the
frequency response of these gages is somewhat better than that of the WES
gages.

The "exact"” theory of wave propagation in an elastic rod was used to

compare the response of the WES and NMERI bar. The "exact®” theory indicates

? that the NMERI bar should have a higher frequency response because of its
smaller diameter. Less dispersion of the stress wave will occur in the NMERI
bar because of the smaller bar and because the gage is placed closer to the
top of the bar. The shorter travel distance will give the atfesé wave less

- time to disperse. The effects of these parameters were studied by calculating
the response of the NMERI, as well as the WES bar, to the PCB2 and PCB3
loadings using the "exact" theory. PCB2 and PCB3 had single- and double-
peaked records, respectively. The effect of the lower frequency response

capability of the electronics used with the WES gage was also evaluated.
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4.2 RESPONSE TO PCB3 LOADING

‘The PCB3 pressure time-history was applied to the top of the WES and
NMERI bars to predict the stresses thétlsh;uld haﬁe been measured by each of
those gages. Figure 4.1 shows cdmparisons of the computed stresses for the
NMERI bar to the PCB3 loading and the NMERI bar measurement, N4, ffom the
test. These were time-shifted, and exact arrival times are meaninélees.
This plot shows fhat, based on "exact" theory, the atressés measured in the
NMERI bar should have been nearly identical to the airblast measured by the
PCB gage. The rise time to peak pressure should also be nearly the same.
This figure shows that the peak meaautementAdee by the NMERI bar gage, N4,
is much less than the prediéted peak apd~the rise time is much slower. It
appears that the frequency response of the NMERI gage, and asao;@ated
electronics, was somewhat less than that of the PCB gage.

Figure 4.2 shows the bar gage measurement, the "exact"™ solution and an
filtered "exact"™ solution using only the tourier geries terms with a
frequency of less than 20,000 HZ. This plot shows that the f;rﬁt peak is
underpredicted if the calculated response if filtered to less than 20,000,
and indicates that the frequency response of‘the NMERI bar gage system is
probably greater than 20,000 Hz. Figure 4.3 shows the Fourier series
coefficients for the PCB3 and N4 data rééorda. Each of these was fit for a
duration of 0.09 msec. This figure indicatea that the history from PCB3 has
significant energy at frequencies above 40,000 Hz, while the N4 record rolls
off significantly at a frequency below 30,000 Hz.

Figure 4.4 shows comparisons of calculations for the NMERI bar and WES
bar to the PCB3 loading. This figure indicates that the NMERI bar will have

a shorter rise time and will record a higher peak than the WES bar gage.

47




The general characters of the prQsaure time-higtories for the WES bar, the
NMERI bar and the PC3 gagé are all the same. In each case a bar locaded with
a double-peaked preaéure pulse will indicate a double-peaked stress time-
history in the bar.

Figure 4.5 shows a comparison of the PCB3 record and the “exact"
solution for the WES bar filtered to 20,000 Hz. This figure shows that even
with the lower frequency response, the WES bar will record a doubly-peaked
stress time-history if it is loaded with the double-peaked pressure time-
history of PCB3. The filtered prediction for the WES bar gage is not
;ignificartly different than the filtered ﬁrediction for the NMERI éage.

This indicates tLat differences in the frequency response of the electronics
used for each of the gages are more important than the physical différences
in the two gage types.

4.3 RESPONSE TO PCB2 LOADING

The response of the WES bar gage to the PCB2 loading has been thoroughly
discussed in Chapters 2 and 3. Calculations were also performed to assess
the response of the NMERI bar to the loading from PCB2. Figure 4.6 shows a
comparison of the PCB2 data to the predicted responses for the WES bar and
the NMERI bar. Again the NMERI bar has a faster calculated rise time and the
peak stress in the NMERI bar is higher than that of the WES bar. Thié figure
also shows that eitner bar could give a significant second peak, even when
there is not one present in the airblast loading. This second peak is due to
oscillations in the stress and which are a characteristic of the "exact"
solution. These second and other peaks are not a problem since they could be
eliminated by interpretation of the bar gage data using the "exact"™ solution.

Figure 4.7 shows that when the two solutions are filtered to 20,000 Hz, there
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is little difference between the predicted stresses. The significant second

peak also disappears when the records are filtered. Thus, either gage type

would record a single-peaked stress time-history if loaded with a single-

éeaked loading.
4.4 OVERALL COMPARISON OF WES hNDVNHERI BAR GAGES

When the NMERI and WES bars a?e loaded with the same pressure time-
history, the measured stress iﬁ the NMERI bar will be slightly higher than

that measured by the WES bar. This is primarily due to the higher frequency

response capébility of the electronics, cabling and recording systems

associated with the NMERI gages. There is also less dispersion in the NMERI

bar.

The calculations indicated that when tﬂe WES and NﬁERI bar gages are
loaded by the same pressure-time histories, the measured responses of each
gage will be similar. This is supported by data from the WES and NMERI bars
in the area not under the DET in the DET Development test. The measured
prassure-time histories for those two gages were very close to each other.
Thus it is concluded th;t the pressure-time histories loading the NMERI gages
must be different in character than those loading the WES gages.

Since the 5§ PCB gages were all essentially identical, it is reasonable

to agsume that if they were all subjected to the same environment they would

all respond the same. In identical environments the flow conditions around

identical gages and mounts should be identical; thus the gages should record
the same pressures. Since half of the surviving PCB gages indicated a
single-peaked pressure time-history, while the other half indicated a double-

peaked history, there must have been some variation in the character of the

pressure time-history within the test bed.
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CHAPTER 5

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 SUMMARY

Test data indicate that the peak stresses as measured by the WES bar
gages were significantly lower than thos2 measured by the PCB gages in the DET
Development Test. The averaged peak stress for the WES bar gages in the

Mineral Find III test was lower that tha avafaged peak stress for the Kulite

pressure gages in that test. Later in time, the stresses measured by the WES

bar gages were higher than those measured by the other gages in these two

L T e T

tests. 1

In the DET Development test, both WES and NMERI bar gageé were used to

T

measure airblast pressure. Five of each type of bar gage wéré used under the
DET portion of the test bed. All 5 of the WES gages showed tﬁat the airblast
pressure time-history had a singlce dominant peak, while all 5 ;f the NMERI
gages indicgted that there were two significant peaks. Two ofithe PCB gages
agreed with the WES gages and two agreed with the NMERI gages.i The fifth PCB
gage failed. | E

wWhen a high-frequency load is applied to the top of a bara the stresses
that prop#gate down the bar are affected by the radial motion caused by
Poisson strains. The "exact"™ theocy [4,5] accounte for this radial motion.
Solutions for arbitrary loadings can be obtained using this theory and
Fourier superposition. This method was used to analyze the response of the

WES and NMERI bar gances and results compared extremely well with the results

of FE calculations which included only the bar, thus validating the
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FE procedures usedf The theoretical solutioﬁ Qas used to evaluate the
response of the bar only.

The WES bar gage consists of the bar, a water jacket surrounding the top
4 ft of the bar, a PVC pipe which surrounds the water seal and bar, and a
water seal which holds up the water jacket. The soil surrounding the PVC
pipe could also affect the response of the bar. FE calculations were
perfbrmed to assess the effects of the water, ﬁatef seal, PVC pipe, and soil.
Calculations were performed to assess the :espohse of the WES bar gages in
the DET Development test and the Mineral find 111 test, and to assess the
relative responses of the WES And NME#I gages in'the DET Development test. In
each calculation for the DET Development test, data from one of the PCB gages
was used as the loading on top of the bar. 1In the Mineral Find IIIX
calculations, the averaéed Kuliﬁe data were Qsed as the loading. Althéugh
the accuracy of the loading on the top of the bar is limited by the accuracy
of the PCB or Kulite gages, the results of these calculations do indicate the
limitations of the bar gage.

5.2 CONCLUSIONS

The primary reason that peak stresses, as measured by the WES bar gages,
are lower than those measured by the PCB gages in the DET development test is
the lower ffequency response capability of the cabling and recording
equipment used with the bar gages. Dispersion in thé bar and variability of
the environment are responsible for part of this difference.

The bar gage should be just as accurate as the Kulite gages used in the
Mineral Find III test since both gage types have approximately the same

frequency response limits. Test data for this test showed that measured peak
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stresses were higher for the Kulite gages than for the bar gages, but this
trend did not hold true in previous tests in which both gage types were used.
TheApresence of -he water jacket does not significantly affect the peak
gtress measured in the bar. |

Each of the gages used in these tests actually measures the airblast
pressure above the gage itself, and not the actual pressure above the ground
surface. Differences in the gages and their mounts, and the motion of the
-mount could be responsible for differences in the measured stresses. The
movement of the water surrounding the bar and the flow of air into the void
left by this moving water could affect the late-time airblast pressures
applied to the top of the bar.

Viscous flow of the air past the end of the bar does not significantly
affect the forces in the bar. Neither does drag of the water past ghe bar.
However, significant stresses can be transmitted to the bar wheﬁ the pressure
propagates down the water and strikes the water seal at the bottom of the
water jacket. This could be at least partially responsible for the late~time
rise in stresses as seen in the bar gage data. These forces are of the
correct magnitude but appear to arrive slightly later than the time at which
the late~time increase in force occurs in the bar. However there is a spacer
block located between the top of the bar and the water seal. Forces from
this spacer block could arrive in time to cause the late-time increase in
stress in the bar. The load caused by this spacer block is dominated by flow
of the water through the block and DYNA3D is inappropriate for performing
this calculation.

Because the cabling and electronics associated with the NMERI bars has a

slightly higher frequency response limit than those asscciated with the WES
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‘bar, the NMERI bars should record the pressure time history more accurately.

The response of the NMERI bar itself is not significaﬁtlg better than the
response of the WES bar. The character of the measured pressure time-
histories for the WES bar gages is different than that of the NMERI gages
because the character of the airblast loading on the top of ;he WES.bars is
different than that of the NMERI bars.

§.3 RECOMMENDATIONS

Calculations are needed to assess the response of each éf the gage types
to the same envir§nment; Each gage measurement is affected by the flow
conditions around the gage and gage mount. These calculations are needed to
determine if the different gage types should respond the same. Calculations
should also be performed to determine the loads transferred to the bar that
are caused by flow of water thfough the spacer block.

The loads on the bar gage are measured using strain gages that are
places on flat spots on the bar. Calculations are needed to determine if
these flat spots have a significant effect‘oﬁ the measured stress time-
histories.

In future tests, efforts should be made to minimize the strength of the
water seal. This Qill reduce the loads transferred to the bar. The tests
should be recorded using cabling and recording equipment with a higher
frequency response. If a system with a 50,000 Hz response was used the
measured peak should be within 10 percent of the peak that actually occurs in
the bar. A frequency response of 1C0,000 Hz should dror this error to

approximately 2 percent.
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- determine if a shift in the zero-load output of the gage has changed.

Better methods [11] of interpreting bar gage measurements should be

used. After the test, the gage should be turned back on, if possible, to

The

bar should re inspected to determine if the spacer block and water seal have

moved.
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