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PREFACE

This report documents the analyses performed to assess the accuracy of
Hopkinson bar pressure gages for measuring very high airblast pressures. The
research was sponsored 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 Structures Laboratory (SL), U.S.
Army Engineer Waterways Experiment Station (WES), by Mr. James T. Baylot,
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 supervision of
Drs. Jimmy P. Balsara, Chief, SMD, and Robert Hall, Chiv2, Analysin Group,

j- SMD. Mr. C. Robert Welch, Explosion Effects Division, 3L, 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 FACTOR2, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

feet 0.3048 metres
inches 25.4 millimetres
pounds (force) 4.47222 newtons
pound3 (force) per square inch 0.006894757 megapascals
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic foot 16.f1846 kilograms per

cubic metre
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Analysis of Hopkinson Bar Pressurs Gage

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

In order to fully understand the results of experiments on buried

structures subjected to high intensity zirblast that simulates nuclear

weapons effects, an accurate measurement of the airblast pressure time-history

must be made. Quite often, the peak airblast pressures in there tests are

above what commercially-available air-pressure gages are capable of

measuring. Hopkinson bar pressure gages remain elastic while measuring these

very high airblast pressures. These bar gages 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 tha

simulator.

The U.S. Army Engineer Waterways Experiment Station (WES) has developed

a bar gage, Figure 1.1, designed to measure the airblast for tests in which

airblast-induced ground shoA; is simulated. The WES bar gage is an

approximately 20-ft-longi, 1-in.-diameter, high-strength 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

A table of factors for converting non-SI to SI (metric) units of measurement

is presented on page 4.
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inside the PVC pipe at a distance of 4 ft from the top of the bar. The top 4

ft of the space between the bar and the PVC is then fi) 'd with water. This

prevents the airblast pressure from entering the gap between the bar and pipe

and destroying the sensing clement before the measurement can be made.

Strain gages are placed on machined flats 6 ft down from tne top of the bar.

These gages measure the vertical and circumferential strains in the bar and

are used to compute the vertical stress.

This bar gage design has been used in numerous tests and is still being

used. in most 2f thase tests, these bar gages have provided the only

estimates of the magnitude of the peak pressure. In the Dilute Explosive [
Tile (DET) Development Tast [(1, recently modified Model 109A quartz high-

pressure transducers manufactured by PCB Piezotronics, Inc., have been shown

to be effective and survivable in these very high airblast pressure

environments. In this test, several PCD gages and several WES bar gages were

fielded. In the Mineral Find III test (2], both WES bar gages and Model

HKS11375 airblast pressure gages marufactured by Kulite were used to measure

the airblast.

Although data were limited in these tests, several trends ware

distinguishabla. As shown in Figure 1.2 the peak pressure, as measured by

one of the WES bar gages in the DET test, 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 me&sured by the Kulite 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 weze not included.
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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 Kulite gages. Although these tests will

not be analyzed in this stuJy the reversal of this crend is certainly

significant.

Later in time, the peak pressure measured by the bar gage is

higher than that measured by the PCB gage in the DET test. The same trend

occurs when comparing the averaged bar gage record to the averaged Xulite

pressure gage record in the Mineral Find III test.

Several bar gages were fielded by the New Mexico Engineering Research

Institute (NMERI) on the DET tests. The primary difference between the WES

and NMERI bars is that the WES and NMERI bars have 1.0 and 0.5 in, diemeters,

respectively. A comparison of one of the NMERI bar gage records to one of

the WES bar records is given in Figure 1.4. Five WES and five NMERI bars

were placed under the DET Section of the test bed. Aui five of the WES bar

gages displayed a single dominant peak, while all NMERI bars reveal two

dominant peaks. Two of the five PCB glge records showed a single-peaked

pressure time-iiistory, and two showed k double-peaked pressure time-history.

One PCB gage failed very early. One WES bar and one NMERI bar were placed in

a portion of the test bed which was not under the DET. The characters of the

pressure 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
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measured stresses br i the WES and NMERI bars in the DET test, and to

determine if modificationo 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. In the first series, only the

steel bar was analyzed. The second series included the bar, the water, and

the water seal. The final set of calculations included the bar, water, water

seal, PVC pipe, and surroanding soil. FE calculations were performed using

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 solutions.

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. Two of the PCB gage

records, PCB2 and PCB5, 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 very 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 record.

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.

Differences in the gages and their mounts, and the motions of the mounts

could be responsible fmr differences in measured pressures. Although the PCB
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gage and Kulite gage meaeurements are used as inputs to the bar gage

calculations, these measurements cannot be viewed as the correct anqwer to be

compared with bar gage data. These data are a realistic representation of

the loading on the top of the bar and can be used to assess the capabilities

of the bar gage by comparing the computed bar gage meaourements with the load

inputs from the PCB and Kulite gage data.
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Figure 1.1. Croae section of WES bar gage.
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Figure 1.2. Comparison WES bar to PCB gage data, DET development tunt.

10



4W-0e~ - ,tq -t99

" 0..

. ", 71oo- Oe

Figure 1.3. Comparison of averaged bar gage to averaged Kulite gage
for Mineral Find III test.

;S o I'OE•

W-ES bar W2

I.OOOE+4. t

*I
dI

I *60

* t

0. 00 .0 1.20 1.0 0 1. 0 1.6 1. 0
Time. mec

Figure 1.4. Comparison of WES to NMERI bar data, DET development test.

for ineal ind II est



CHAPTER 2

RESPONSE OF WES BAR, BAR ONLY

:1.1 PRELIMINARY CALCULATIONS

Preliminary calculations were performed to determine the grid size

needed to analyze the WES bar gage. In all of the calculations the steel bar

was modeled as a linear elastic material with a modulus of elasticity,

Poisson's ratio, and unit density of 30,000,000 psi, 0.27, and 490 pcf,

respectively. Unless noted otherwise, default values of artificial

"viscosities and hourglass damping, as well as the standard DYNA3D hourglass

control, were used. In those calculations the trilinear pressure time-

history shown in Figure 2.1 was used as the loading. Calculations were

performed using elements with thicknesses of 1/3, 1/10, and 1/20 in. in the

vertical direction. One-fourth of the bar was modeled in each case, and the

cross sections of the grids used for each of these calculations are shown in

Figure 2.2.

The time-histories for vertical stresses at 4 ft down the bar 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 predicted using

the 1/3-in.-thick elements is significantly lower than that predicted using

the other grids. Later in time there in a difference between the 1/10- and

1/20-in.-thick grids i-. the perio. of oscillation of the predicted stress.

However, the difference is small and should not affect the results of this
/

study. Therefore, the 1/10 in. elements and the associated grid cross

section were selected for use in this study.
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2.2 "EXACT" SOLUTION

Typically in analyzing bar gage data, it has been assumed that oa•e

dimensional (1-D) wave theory is valid. Under these assumptions, the

Pressure time-history applied to ths top of the bar will propagate

undistorted down the bar at the longitudinal wave speed, c0 - (E/rho)1/2, of

the bar. E and rho are the modulus of elasticity and mass density of the

bar, respectively. Figure 2.4 shows that 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

radial motions in the bar. The simple 1-D wave theory assumes that these

motions are unimportant. However, for high frequency disturbances, these

radial motions can be important. Pochhammer [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 referrod 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 agreed with results published by Bancroft (7]. This solution indicates

that sinusoidal disturbance will propagate undistorted down the bar, but

waves of 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, c, is always less than the 1-D wave propagation speed, co.

13



This solution is presented in tabular form in Davies (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, c, divided by the frequency,

f, of the disturbance. This table would be more useful if c/c 0 was tabulated

against a/W0 , where W0 is the wavelength computed using the frequency, f, and

the wave speed, cO. Thus the known values of the frequency and 1-D wave

speed can be used to determine the value of c. Figure 2.5 shows the

relationship between c/c 0 and a/W0 .

The following procedure was used to determine the "exact" solution for

an arbitraryiloading:

1. Determine the full Fourier series coefficients for a pressure time

history. The first half of the pressure time-history, Figure 2.6,

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

application of the loading. The second half of the pressure time

history is the arbitrary waveform for which the solution is desired.

2. CalCulate the value of a/W0 i for each of tha Fourier frequencies,

fi, andidetermine the wave speed, ci, from Figure 2.5 and the known

value of c0 .

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

the following superposition:

n

p(t) 1/2 b 0 + I (ai sin(wit - Li) + bi cos(wit - Li))
i-i

Where: p(t) is the pressure at time, t

b0 is the constant term in the cosine series

n is the number of terms in the series

14



wi in Jth Fourier circular frequencl -2 W fi

a i  is the ith Fourier mine term

"bi is the ith 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 ubing 4,000 terms to fit

approximately 1.03 msec of the PC82 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 also determined for gages PCB3 and PCB5

of the DET test and the averaged Kulite record for Mineral Find III. The

fits begin at the arrival of the airblast. The durations of the fits are

listed below:

Gage Fit Duration
(msec)

PCB2 1.03
PC83 0.091
PCB5 2.023
P..ulite 1.98

2.3 COMPARISON OF "EXACT" TO FE SOLUTION

Calculations were performed to determine the exact solution for the

stresses at the strain gage location using the PCB2 teasurement as the

loading. A comparison of the "exact" solution to the FE solution is shown in

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.

•O15



Comparisons of the "exact" theory to FE calculations for the PCBS, and

averaged Kulite record loadings are shown in Figures 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

perform FE calculations of the NMERI bar. The grid was modified by simply

scaling the coordinates of the cross section down so that the radius of the

bar is 0.25 in. instead of 0.5 in. The vertical dimension of the element

remains 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 alone calculations

could be made using either the FE or the "exact" method. The "exact" method

is easier and less tinre consuming, therefore it was used to study the

properties of the bar alone. More importantly, this calculation validates 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 stress should be

approximately 80 percent of the PCB gage measurement. Thus the peak stress

should drop by 20 percent due to dispersion. However, 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.
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The effects of this limited frequency response can be approximated by

summing only those Fourier terms with a frequency of less than 20,000 Hz.

Figure 2.13 shows a comparison of those predicted stresses at the gage

location to the bar gage measurement. This figure shows that the peak stress

drops to approximately half oL the PCB2 measurement if the frequency response

is 20,000 Hz. Thus the lower peak as measured by the bar gages is due

largely to the lower frequency response of cabling and electronic systems

associated with the bar gages.

Figure 2.14 shows the amplitude, (ai 2 + bi 2 )1/2, versus frequency for

each term of the Fourier series representatien of PCB2, PCBS, and W2. 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 frequencies 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 predictod stresses for the 50,000 and 100,000 Hz systems

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

_ the recording system hal no frequency response limitations.

Also shown in Figure 2.13 is the result of a calculation based on the

PCB5 measurement, and using only Fourier series terms with frequencies 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 "exact" solution predicts that oscillations

in the measured stress should occur in the bar gage measurement immediately

following the arrival of the peak stress. The frequency of these

17
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oscillations ig 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 (81

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 actually measure the airbl&st

pressure on top of a gage and not the airblast applied to the ground surface,

it is possible 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 recorded 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 loaded 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 loading. Figure 2.15 shows a

comparison of the "exact" solution to the filtered "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 recor ed 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 components for the

is
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averaged Kulite and averaged bar data. This figure indicates that the

frequency response of either gage type for this test was below approximately

20,000 Hz.

19

19

S. = . . , 4

V/



1.500E+44

I. .OOOE+4

5- 0

nof

0.0 1.OE-2 2.0k-2 3.0'E-2 41OE-2 5.04E-2 5.04E-2 71O-2 0.04E2 9.04E-2 -

Ties. meac

Figure 2.1. Loading for preliminary calculations..

1/10 and 1/3 in. grid 1/20 in. grid

Figure 2 .2 . Cross sections of grids. 4

20



10,000-

1/20 in.
1/10 in*.

8,000- --- 1/3 in.

S 6,000--

'.|'

S4,000--

2,000-

0.18 0.20 0.22 0..24 6.6 0.28 "0.0 00.2 0. 4 0ý.6

Time, msec

Figure 2.3. Results of preliminary calculations.

15,000.

#Simple Theory
--- Including radial

motion effects

10,000"
-4
e

0._

- ,O0 I I
*I I

Figur 2. omaisnosipesltotoPsluo.

421

S5000I' II "

;I I!

i ! V
0 t III

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

Time, muec

Figure 2.4 Comparison of simple solution to FE solution.

21

. ,. •4'



1.0-

0.9a

o 0.8 -

0.7

0.6-

O 0l 0.2 0!3 0.4 O.- 0!6 0.7 0.' 0!9 1.

a/WO

Figure 2.5. Wave speed ratio based on "exact" solution.

5. OOOE+4-

4.OOOE+4- '

3. OOOE.4- 1

L 2.OOOE+4-

I .OOOE+4

0

-I OO O - - - .I;:

-1.0 -0.80 -0.60 -0.40 -0.20 0.0 0.20 0.40 0.50 0.80 1.,07

Time. msec

Figure 2.6. Fit to airbiast pressure data.

22



.P date
------ Fouriefr serie representation

4.000[+4-

- S 000144

k .0oo04-

o.o ,.oi-, ~o-a' s.h- .: t ... .r ' . ' .

0 2.1-2 4.42 61-2 .0 0.12 oa o4 0 1 0 0 0.40

Tim. mast

Figure 2.7. Comparison of PCB2 data to Fourier meries fit.

.- Finite element
-- -- -- Ioot

.00M+4-

- 1,000E*4-

-I.

- 3.0001, 0.. II ~ o.

4. wO 0..t5 0.1.; ot 0 .550

Tiles. amO

Figure 2.8. Comparison of "exact" to FE solution, P'42 loading.

23

°.U

1.000....
t " ; " ' \ • 't

i 0I I l



2.001E44.

- Exact'
- -- Finita elmMent

U-2.000E+-a

Sfl.S0OE+4-

2

S.040 0.48 0. o. 0.=

Time. met

Figure 2.9. Comparison of "exact, to FE solution, PCBS loading.

i- Exact
finite element

- 000

0*.
0.M 0 .40 0.48 0. rw 0.= 0.=0

Tim. meso

Figure 2.10. Comparison of Iexact" to FE molution, averaged Kulite loading.

24

//



Finite eleme~nt.110I.19
- -- finite element. 1/20 In. 010.

2.OOOE+4-

I.OM4

1.000600

Figure 2.1. Comparisn of exactto FE soltion MeRlui br P oaig

60, 000 - a

44.4 +%-A/ at 0

-20,000
44 0.605 .004 04404 .80

Tie Ite

Figur .2 oprsno C 2 n xc ouin

* 25



30,000- Sliltezvd wlut ion P

- ---- wiLtaed eluti-on PMS

2S,000 + + UZ8 bar date W2

25,000

. 20,000'N

IX

* 15,000 --

Tie ini \

+ IW2

Ot 10000 2bI b O

0/

'II
10,000 / F

/ F

/ 0.34 O 0.F04

/

Time, mcc

Figure 2.13. comparieon of W2 to filtered solutions.

-c26

F4 4. n4 .Wa

- 26

/• / / -. , fSa
,/--/ /~ ~~~ I t'I I ... // ..

i - . .t;: p .k ("' '" / '/ " .. . "



exact, 0luton
/ :- winltece leoc slut ion

2000-

a. *.0 ot. 0.e a.7 Zeta ot. 1.

Tim. maw

Figure 2.15. Comparison of filtered and unfiltered solutions, averaged Kulite.

-KUM*t average
I Sir average

o£

- 9,000-

4:

S~Fritqwncy, kwz

SFigure 2.16. Frequency content of averaged Kulite and bar gage data.

27

•-I
"l~



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. However, as indicated in Figures 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 elements

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 1/10-

in.-thick elements.

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

inviscid fluid using the following equation of state:

p - C (rho/rho0 - 1)

Where: p is the pressure,

C is a constant - 3.973 x 105 psi

rho is the current density

rho0 is the initial density - 62.4 pcf

This is equivalent 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 donsity of 580,000 psi, 0.4, and 1.120 x 10 -

lb sec2/in.4, respectively.

Two calculations we~e 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 meal was tied to the bar and fixed on the side of the

PVC pipe. Figure 3.2 shows the early-time results of the calculation with

the free water seal and the calculation using the bar only. The early-time

stresses for the calculation using the tied water seal are identical to those

using the free water seal, since the effects of the seal do not occur until

later in time. This figure indicates that the presence of the water jacket

does not cause a significant difference in the predicted peak stress.

Figure 3.3 shows a comparison of the calculations for the fixed and free

water seals, and the calculation which does not iclua' the water. The

stresses at 6 ft down the bar are nearly identical until approximately 0.8

msec. At this time the stresses have propagated 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 the water seal is attached to the bar, the stresses propagate 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 between 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 decrease 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 DYNA3D, 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 viscous forces.

In these calculations, the flow distribution shomn 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:

s - visc dv/dx

Where: a is the shear stress transferred to bar

dv/dx is the velocity gradient as shuwn in Figure 3.4

vise is the viscosity of water - 1.38 x 10-7 lb sec/in 2

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 caused by the viscous forces between the

bar and water is given by:

S~a-s*p*L/A

where p is the perimeter of bar - 3.14 in.

L is the length of contact between bar and water (48 or 72 in)

A is the area of bar - 0.785 in 2

Two calculations were performed to determine the effects of water

viscosity on stresses in the bar. In 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 itly 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

a - 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 calculation, 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

9 - 1.38 X 10-7 X 48,000 - 0.00662 psi

a - 0.00662 X 3.14 X 72 / 0.784 - 1.91 psi
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These calculations indicate that viscous forces transmitted to the bar from

the water do not significantly &f feet--the bar gage measurements.

Figure 3.6 shows the displacement of the tC2 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 only 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

bar faster than the water, the effect of viscous flow of the air Dpast the bar

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 seal. In these

Y calculations, the water was not allowed to expand radially, and the seal was

either free to slide on the bar, or was tied to the bar. To more

accurately assess the effect of the water and water seal on the loads 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 pressure hits the top of the bar gage, it also hits

the top of the water, PVC, and surrounding soil. The pressure tranamitted

* 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 soil. 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

previously. The only difference in the bar part of the grid for this run was

that starting at 10 ft down the bar, the element thickness was gradually

transitioned to 0.2 in. This was done to reduce the number of nodes and

elements, since a large number 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 grid used to model the water and water seal

were identical to those used in the previous calculations. In this

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

Only the top 10 ft of the PVC pipe was modeled. Stresses travel much

slower in the PVC, and only 10 ft'of the PVC is needed for the time of

interest of this calculation. The elements in the PVC pipe were 1/5 in.

thick in the vertical direction, and two 0.1-in.-thick elements were used to

model the 0.2-in. thickness of the PVC pipe. In the circumferential

direction, the nodes in the grid for the PVC pipe matchad up with taose of

the grid for the water. The PVC pipe and water seal were modeled as an

elastic-perfectly-plastic material with a density, elastic modulus, Poisson's

ratio, and yield strength of 87.3 pcf, 450,000 psi, 0.4, and 8,000 psi,

respectively. The water and water seai were allowed to s'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 in the vertical direction at the bottom of the soil grid. The outer

boundary of the soil was a roller boundary. The soil elements were 1-in.

thick in the radial and vertical directions. In the circumferential

direction, the soil grid matched up with the grid used for the PVC pipe. The

use of exact material properties for this study was not necessary. It was

only necessary to select a material which would behave in a manner similar to

the one used in the test. The material properties and a constitutive model

fit [91 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 model [103

developed by GA Technology, Inc., which was added to DYNA3D. In this model,

plastic yielding occurs when the square ,0ot of the second invariant of the

deviatoric stress tensor reaches the envelope defined by the tensile cutoff,

the failure surface, and the elliptical cap. The model uses an associative

flow rule. The tensile cutoff, T, and aspect ratio, R, of the cap are

material properties which must be determined from laboratory test data. The

failure surface is defined by:

Y m A - B exp(-L * II) + H * I1

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

laboratory test data

I1 is the first invariant of the stress tensor

The elliptical cap is movable and its location is implicitly defined by

the hardening function:

evP - W (1-exp(DI*(X-XO) + D2(X-XO) 2 )

Where evP is the volumetric plastic strain

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

X, and X0 are the current and initial values of the intercept of

the cap with the II axis

W, DI, D2, and X0 are all material conbtants which must be determined from

laboratory tests. The elastic shear modulus, G, is a constant. The elastic

bulk modulus varies with pressure, P, as follows:

K Kl + K2 pK3

Where K is the bulk modulus

Ki, K2 and K3 are material constants..

The valuee used for each of these constants are listed in Table 3.1. For the

soil material, twice 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-in.-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 a-ring. The o-ring on the outside of

the water seal was installed during the test, but 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 shear

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 assuffed that the frictional drag force of the seal

on the bar was small. The only way which the ring could possibly load the

bar significantly, was if the force required to slide the ring down the bar

was related to the rate at which-the seal was moved down the bar. Thus in

the FE calculation, 1-be water seal was connected to the bar using 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 S6 through

SlO 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 represenit 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 springs attaching the seal to 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

thw area of the other springs, therefore the viscosity of these springs was
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taken as half of the viscosity of the center springs. Since no information

was availabla on the viscosity which should be used, an arbitrary value of

0.333 ibs/ips was selected. Based on this, and the above discussion the

following values of viscosities were usedt

Springs Viscosity

ibs/ips

Si, 55 0.166

S2, S3, S4 0.333

56, S10 0.416

S7, S8, S9 0.832

This converts to a viscous force of 5.33 lbs per ips 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 unstable at approximately 1.1 mpec, therefore, the plot is

terminated at that point. Until approximately 0.80 meec, 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 there down the

bar to the strain gages.

The time of departure of the whole-grid calculatioi from the bar-only

calculation agrees reasonably well with the results of tlhe calculation using

the bar, water, and water seal, with the water seal tied to the bar. In the

calculation using the whole grid, however, the water seal can move

significantly and relieve the pressure in the water. Tht, the high pressure
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rpike which appeared in the predicted bar measurement in the bar-plus-water

calculation does not occur in this calculation.

The stresses transmitted to the bar from the water seal were evaluated

to insure that the hhear capacity of the water seal was not exceeded. Figure

3.8 shows that the axial stress in the bar was increased by approximately

1,300 psi 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 1-in.-diameter bar times the 0.1 in. thickness of the water

seal which in in contact with the bar. The shear stress applied to the water

seal was 3,250 psi. The shear stress capacity is 1//3-- times the yield

strength. Thus the shear strength of the PVC water seal is 8,000/v/7- 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. The water alone cannot

cause these differences.

A spacer block was placed inside of the water jacket at a distance

of 2 ft down from the top of the bar. The effects of loading transferred

from the water through this block to the bar could appear on the bar gage

records at approximately 0.6 msec. 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 thickness 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 could transfer a force of approximately 600 lbs. This

would result in an increased axial stress measurement of 760 psi and could

eause the difference (Figure 3.8) between the stresses measured in the bar

qage and those predicted using the PCB gage loading. Further calculations

are needed to study the flow through the block and loads transferred to the

-• 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 dominant 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-peaked pressure time-history while two agreed with the double-

peaked stress time-history. The fifth PCB gage failed very early in time.

These gages were placed closely together and an attempt was made to eliminate

systematic differences in the placement of different gage types.

The DET simulation was designed to produce an airblast which is

spatially uniform. Although the PCB gages indicate that the character of the

pressure time-history at one point in the bed is different than the character

of the pressure time-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 pressure 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

ty;s r.)uld 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,COO

Hz. The NMERI gages were recorded much closer to the test bed and the

frequency response of these gages is Pomewhat 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 stress 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 that should have been measured by each of

those gages. Figure 4.1 shows comparisons of the computed stresses for the

NMERI bar to the PCB3 loading and the NMERI bar measurement, N4, from the

test. These were time-shifted, and exact arrival times are moaningless.

This plot shows that, based on "exact" theory, the stresses 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 measurement made by the NMERI bar gage, N4,

is much less than the predicted peak and the rise time is much slower. It

appears that the frequency response of the NMERI gage, and associated

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 Fourier series terms with a

frequency of less than 20,000 HZ. This plot shows that the first 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 records. Each of these was fit for a

duration of 0.09 msec. This figure indicates 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.
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The general characters of the pressure time-histories for the WES bar, the

NMERI bar and the PCB gage are all the same. In each case a bar loaded with

a double-peaked pressure 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

significartly different than the filtered prediction for the NMERI gage.

This indicates tLat differences in the frequency response of the electronics

used for each of the gages are more important than the physical differences

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 MNERI bar has a faster calculated rise time and the

peak stress in the NMERI bar is higher than that of the WES bar. This 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-

peaked loading.

4.4 OVERALL COMPARISON OF WES AND NMERI BAR GAGES

When the NMERI and WES bars are loaded with the same pressure time-

history, the measured stress in the NMERI bar will be slightly higher than

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

response capability 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 the WES and NMERI 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

pressure-time histories for those two gages were very close to each other.

Thus it is concluded that 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 assume 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 thoss 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 the averaged 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

tests.

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

measure airblast pressure. Five of each type of bar gage were used under the

DET portion of the test bed. All 5 of the WES gages showed that the airblast

pressure timeo-history had a singli dominant peak, while all 5 of the NMERI

gages indicated that there were two significant peaks. Two of the PCB gages

agreed with the WES gages and two agreed with the NMERI gages.ý The fifth PCB

gage failed.

when a high-frequency load is applied to the top of a bar, the stresses

that propagate down the bar are affected by the radial motion caused by

Poisson strains. The "exact" theory (4,51 accounts 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 ga,7es 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 used. The theoretical solution was 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

performed to assess the effects of the waters, Water seal, PVC pipe, arnd soil.

Calculations were performed to assess the response of the WES bar gages in

the DET Development test and the Mineral Find III test, and to assess the

relative responses of the WES and NMERI 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. In the Mineral Find III

calculations, the averaged Kulite data were used as the loading. Although

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 frequency response capability of the cabling and recording

equipment used with the bar gages. Dispersion in the 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.

The presence of !:he water jacket does not significantly affect the peak

stress 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.

Vi.scous flow of the ai~r past the end of the bar does not significantly

affect the forces in the bar. Neither does drag of the water past the bar.

However, significant stresses can be transmitted to the bar when 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 ti.me 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 associated with the WES
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bar, the NMERI bars should record the pressure ti.me hi~story more accurAtely.

The response of the NMERI bar itself is not significantly 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 airbiast lo ading on the top of the WES bars is

different than that of the NMERI bars.

5.3 RECOMMENDATIONS

Calculations are needed to assess the response of each of the gage types

to the same environment. 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 through 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 on the measured stress time-

histories.

In future tests, efforts should be made to minimize the strength of the

water seal. This will 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 100,000 Hz should drop this error to

approximately 2 percent.
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Better methods [11] of interpreting bar gage measurements should be

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

.determine if a shift in the zero-load output of the gage has changed. The

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

moved.
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