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MEASUREMENT OF SHOCK OVERPRESSURE IN ATR BY
A YIEILDING FOII, MEMBRANE BILAST GAUGE

R. W. Manweiler, C. V. Chester and C. H. Kearny

ABSTRACT

An inexpensive yet accurate pressure gauge was designed
making use of the relationship between the peak pressure of
a single-step rise shock loading and the permanent plastic
deformation of thin foil membranes when subjected to shock
loading. The gauge is of extremely simple design, is easy to
use, and requires no electronic equipment. Peak shock over-
pressures from a few psi to hundreds of psi can be measured
to about 10% accuracy. The relevant theory of shock loading
of thin foil membranes is presented, the calibration procedure
using a shock tube is given, and the results of experimental
field tests are given and compared to standard shock over-
pressure measurements.



I. INTRODUCTION

An inexpensive yet accurate pressure gauge was designed making use
of the relationship between the peak pressure of a single-step rise
shock loading and the permanent plastic deformation of thin foil membranes
when subjected to shock loading. The gauge is of extremely simple design,
is easy to use, and requires no electronic equipment. Peak shock over-
pressures from a few psi to hundreds of psi can be measured to about 109
accuracy and the cost of the gauge is only a few percent of the cost of a
transducer~electronic channel gauge. The gauge has been successfully
field tested in a realistic experimental environment. The gauge 1s not
calibrated for multiple step shocks or slowly rising pressure.

In Section II the relevant theory of thin foil membranes is presented
and in Section IIT the calibration experiments for aluminum foil merbranes
are discussed. Section IV contains the design of the gauges, Section V
discusses the results of experimental field tests and, finally, Section VI

summarizes this work.
IT. THECRY OF FOIL MEMBRANES

The permanent plastic deformation of circular foils subjected to
shock loading was calculated by Dresner.l He showed that for a shock wave
of instantaneous risetime and of infinite duration with normal incidence
upen a circular foil membrane, the stress O and incident pressure P (both

measured in psi) are related by

(D/T)?

= 138 n/Ty (1)

lg

D is the membrane's diameter (in inches), T is the thickness (in mils) and
h is the maximum permanent deformation of the foil membrane (in inches).
The symbols P, D, h, T, 0, and N will be henceforth used to represent the
pressure, membrane diameter, deformation, membrane thickness, stress, and

average linear strain, respectively. FEq. (1) was derived by Dresner’



assuming first that the elastic limit of the foil occurs at a negligibly
small strain, and second that the stress was constant in the plastic
region. He also experimentally tested Eq. (1) and found it to be quite
adequate.

The average linear strain mn on the circular foil membrane as cal-

culated by Dresner for normal incidence of the shock wave is given by

7 = 1.8(h/D)? . (2)

The stress-strain curve for the foil can be determined using Egs. (1)
and (2) by exposing the foll to a shock and measuring P and h. Conversely,
if the stress-strain curve is known, the pressure as a function of h can

be calculated:

P — 7.255%100 . (3)

For large 7, O is nearly constant and P is nearly linear in h.

Consider now the dependence of Egqs. (1) and (3) upon the shock
pulse duration. Recall that Eq. (1) was derived for a square pulse of
infinite duration and infinitesimal risetime. The pertinent time in
the problem is that time required to deform the foil, and is of the order
of 60 pusec for l-inch-diameter membranes. The infinitesimal risetime
approximation is good since the risetime of a high pressure shock wave 1is
much less than the deformation time and independent of the metallic
membrane material for a given stress in the region of plastic deformation.
The time duration of the shock pulses in the calibration experiments
(see Section ITI) was from 2 to 12 usec, and was for all practical pur-
poses of infinite duration as compared to the distortion time. The time
duration of most shock phenomena i1s also much greater than the membrane
response time and the former can be approximated by a pulse of infinite
duration. Thus the permanent deformation of the membrane will not depend
upon the decay shape for single-step air shocks.

The deformation h is independent of the shock wave's shape and

duration for an additional reason. Dresner2 has shown that the maximum



strain for an elastic membrane is about 2.3 times greater for sudden
application of pressure than for a slowly increasing pressure, where
again the pertinent time is the response time of the membrane (~60 psec).
Thus because of the greater strain for sudden pulses, if the membrane
is not ruptured by the sudden shock (of pressure P) it will not be
ruptured by the long decaying component of the shock pulse, independent
of the duration or shape of the latter.

As a consequence of the above effect the relevant pressure in Eq. (3)
is the maximum peak overpressure P, which is precisely what one normally
wishes to measure. Experiments have verified that h is determined by P

and not by the pulse shape for single-step air shocks (see Section IIT).
TTI. CALIBRATION OF FOIL MEMBRANES

Experimenté*usinga,shodktube were performed in order to determine
the pressure P as a function of the permanent maximum deformation h for
various diameter D and thickness T. Once P as a function of h is found,
it 1s then possible to use Egs. (1) and (2) to determine the stress-strain
curve for the particular aluminum foil used. Finally, once the stress-
strain curve is determined for a particular T, one can calculate P as a
function of h for any D.

One must use caution in relating data from completely different foil
"batches" even though T may be the same; the stress-strain curves of
different "batches" can differ due to differences in werk hardening. (Con-
sequently, in this study all membranes of the same T were made from the
same role of aluminum foil.)

The experimental setup was as follows. Membranes (two for each shock
wave shot) were mounted in the side of the shock tube3 so that the shock
wave was tangentially incident upon them. The membranes were also kept
far from the open end of the shock tube in order to minimize the effect of
end reflections. The peak shock overpressure was measured using Kistler
Model 6034 pressure transducers. Since the shock wave was incident tan-
gentially upon the membrane, P in Egs. (1) and (3) is the peak incident

overpressure, and not a reflected overpressure. For low shock overpressures,

*The authors gratefully acknowledge the experimental assistance of
C. B. Brooks.




the driver of the shock tube was filled with compressed air, while higher
overpressures were obtained by exploding a propane-oxygen mixture in the
driver.3 After the shot, the permanent deformation h can easily be seen
and can be measured from either side of the membrane plate after disassem-
bly. With an optical micrometer, h can be measured to + 0.00Z inch without
difficulty. The point of maximum deflection (which will not be at the
center of the membrane since the shock wave is tangential) can be found by
visual inspection. The shadow from side illumination is a great aid in
locating the point of maximum deflection, which can be marked with a felt-
tipped pen. The edge of the membrane can be used for a zero deflection
reference point.

The stress-strain curve for each T was calculated from the data by
using Egs. (1) and (2). No dependence upon D was found as will be shown
below. Figure 1 shows the stress-straincurve for aluminum with T = 5 mils.
Figure 2 shows the data for both the 5-mil and 1-mil foil. The experimental
points for various D have been plotted with different symbols in Fig. 2.
There was no dependence upon D in the stress-strain curve thus indicating
that Egs. (1) and (2) have the correct D dependence. Therefore the data
for all D can be combined to give a better determination of o as a function
of M. For a given strain, the stress was about 10% less in the 5-mil foil
than in the 1-mil foil. Consequently a reasonable estimate of ¢ (and thus
P) can be made without additional experimental calibrations by using the
average stress-strain curve. However, in order to avoid uncertainties
due to differences in work hardening, each foill batch should be calibrated.
Otherwise deviations of approximately 10% in the stress for constant strain
may occur, as illustrated by the differences between the 1-mil and the 5-
mil foil stress-strain curves. WNote that 0 is nearly constant for large
M, confirming the reasonableness of the constant stress approximation in
the plastic region in the derivation of Eq. (1).

Figures 3 and 4 show P as a function of h for several D for foil of
thickness 5 mils and 1 mil respectively. The plotted points are experi-
mental values as determined directly from the shock tube measurements
while the curves are theoretical values as calculated from the experi-

mentally determined stress-strain curves and using Eqs. (2) and (3).




ORNL-DWG 72-14367

(X 102) I }

14 0.005-in. Al FOIL
‘g {2 - o
- ) o— 8 ¢
A 10 o« %3y ——>—wl e
wl .". /0 P .'
E ./.(:. e ©
o8 et

()
[N L
o °
4

O 0.0t 002 003 004 005 006 007 0.08 0.09
LINEAR STRAIN

Fig. 1. Stress-strain curve for 0.005-inch-thick aluminum foil.

—9..



ORNL-DWG 73-950

4 mil Smil  Df(in.)

° o )
. o 172
A A i
~ 14 ¢ 0 3/a
8 v v v /2
{ mil
wn ¢ A
wn 12 jﬁ‘.’ a o
Ll a A I
o /-"‘ o o T o
% a T Vel o _o—"T 5 mil
v ® fU‘AA_//K o
10 7 §_O -
p D
l':////cfro ‘/’AIJ
ﬁ A A
8 v
8 /0l
2 o
A °
6

0 0.0¢ 002 003 004 005 006 007 0.08 0.09
LINEAR STRAIN

Fig. 2. Stress-strain curves for 0.005- and 0.001-inch-thick
aluminum foil.



0.5in.)

P (psi) (for D

140

120

100

80

60

40

20

ORNL—-DWG 72— 14365

D=O.5in./ }/ 0.005—in. Al FOIL

I,/’

s

O 0.05 0.0 0.5 0.20

A (in.)

0.25

0.30

70
60 €
@
o
50 g
0
40 -
o C?
1]
30 Q
[ -
O
20 ~
3
10 Q
0
0.35

Fig. 3. Pressure as a function of permanent deformation for

0.005-inch-thick aluminum foil.




ORNL—-DWG 72— 14366

40 T — ; 20 ¢
R D=0.5 0.001-in. Al FOIL 8
< /! o
£ 30 y K10 5 &
d *"—'—/ r. LQ
f ° .
Q s /" @)
. 20 ! < gy N o5
éz ¢/ 4/41:::- Q
',c'/_; ., / oo/. ° }% L
\E} 1() /é( ”’,i”;, ."_0—013”————— . ES f%
% y | //// —* ——”’—.”— ?%
o _— 2
— o X

0.05 010 0.5 0.20 0.25 0.30 0.35

A (in.)

Fig. k. Pressure as a function of permanent deformation for
0.001-inch-thick aluminum foil.




-10-

The curves start and terminate at the region where the strain is beyond
the elastic region and at the approximate point of rupture, respectively.
The thicker foil ruptured at a greater Tnax than the thinner foil.

It is desirable to first determine the stress-strain curve and then
to calculate P from Egs. (2) and (3) using the stress-strain curve for
each desired D. The effect of spuriocus deflections 1s then minimized
on the curves giving P as a function of h. Such spurious deflections
can occur, for instance, if there is a local flaw in the foll membrane.
Because of such deflections, 1t is also desirable to have several mem-
branes of the same D in each gauge exposed to the pressure. Thus one
first experimentally determines o(7) as in Fig. 1. Then the pressure
curves for each diameter D can be drawn from the stress-strain curve and
Egs. (2) and (3) as shown in Fig. 3.

Figure 5 shows typical shock wave pulse shapes incident upon the
foil. 1In agreement with the expectation discussed in the previous sec-
tion, no dependence of Egq. (3) upon the pulse shape or duration was
detected.

For slowly traveling shock waves the constant in Eg. (2) can differ
for normal and tangential incidence of the shock wave, i.e., for different
geometries. Dresner has shown that for an infinite ribbon, normal and
tangential shock incidence give the same strain when the pressure velocity
exceeds the signal velocity in the membrane. But when the signal velocity
exceeds the pressure velocity, the maximum strain in the membrane will
differ for the two cases by a simple factor. However such a modification
will not affect the calibration since it only scales the stress-strain
curve, providing that one uses the same geometry in calibration as is to
be used in the overpressure measurements. (We have designed the gauges
for tangential incidence for practical reasons as explained in Section
Tv.)

Furthermore, Eq. (2) was derived from the membrane's permanently
deformed envelope shape resulting from normal shock wave incidence.l The
deformed shape of the membrane for a tangentially incident shock curve
will differ somewhat, primarily by being asymmetrical, with the maximum

deformation somewhat "downwind" from the membrane's center. Thus the
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average linear strain as calculated by Eq. (2) will differ somewhat
from the average linear strain for tangential incidence. However, the
calibrations will not be greatly affected since the strain for the
calibration and experimental field tests were calculated in the same

manner. No effect was in fact observed.

IV. THE DESIGN OF THE GAUGE

A. General Description

The pressure gauge was designed for low cost and ease of fabrication.
No electronic equipment of any kind is needed in the operation of the
gauge. A typical gauge is shown side-on in Fig. 6, and Fig. 7 shows the
assembled gauge and a smaller (6" steel pipe) gauge.

The topmost protective plate prevents debris accelerated by the
blast from puncturing the foil membranes, and it also assures that the
shock wave is incident fangentially upon the membranes. The aluminum
foil is sandwiched between 1/4- and 1/8-inch plates; it is secured to the
l/h-inch plate with an epoxy adhesive. Great care must be taken to
prevent any adhesive from flowing onto the membrane during cementing, for
the effective diameter D would then be reduced. The large pipe chamber
is sealed. However a very small hole into the pipe chamber should be
left in order to allow for barometric and terperature changes. Such a
hole was not included in the design of our original gauges.

Figure 8 shows a typical membrane plate (with membranes of D = 2,
l—l/Z, 1, 3/&, and 1/2 inches). The membranes should not be precurved
significantly since precurving reduces the strain for & given pressure
and the calibration would therefore be quite different.

Figure 9 shows a gauge positioned in order to measure the overpressure
close to the ground surface. Figures 10 and 11 show the top and bottom
view of a membrane plate with 0.005-inch aluminum foil membranes after
exposure to approximately 15 psi. In some environments the spacing between
the protective plate and membrane may be filled with debris and dirt,

but h can then be measured from the chamber side of the membrane. Since
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the debris arrives after the shock, it will not affect the measured

peak pressure. Also since the velocity of the debris is tangential to
the membrane, the membrane should not be significantly deformed by the
impact of such debris. The membrane plates can be dismantled and removed
to another location for measurement as long as care is taken not to

deform the membranes.

B. Choosing D and T

Both D and T should be chosen in order that a reasonable deformation
h will result when the gauge is subjected to the pressures expected in the
experimental environment. The average linear strain T should be neither
in the elastic region nor too close to the point of rupture of the stress-
strain curve of the particular foil used. These limits upon T can be
determined approximately from the stress-strain curve (see Section V).

For example, if the expected pressure P is in the region P, < P < P,
several different diameters should be chosen for a reasonable T such that
the largest (smallest) D would record P,(P,) satisfactorily. Tf D is
much less than 1/2 inch, edge effects become uncertain; if D is much
greater than 2 inches, the membranes are more easily damaged. These limits
upon D will determine a reasonable T. It is important to provide several
membranes of the same D (per plate) since spurious deformations can then
be identified with the multiple readings.

Tield tests and theoretical considerations indicate the desirability
of positioning the larger diameter membranes on one side of the gauge plate
so that the larger diameter membranes should be "downwind" to the shock.
Then 1f the larger diameter membranes should rupture, the smaller diameter
"upwind'" membranes would not be affected by the rush of air into the pipe
chamber. They will already have been deformed since it takes about
60 psec for a l-inch-diameter foil to deform, while a 50 psi shock wave
will take about 150 ysec to travel 2 inches. (Our original gauges did
not have the membranes arranged in this manner; however, the overpressure

at the experimental field tests were insufficient to rupture the

membranes. )
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The curves in Figs. 1 through 4 combined with Egs. (1) through (3)
can be used to estimate the desired D and T for other experimental
situations. Again the stress-strain curves in Fig. 2 should give a

reasonable estimate of P.

C. Other Membrane Gauges

Foll Meters

In Operation Greenhouse5 in 1951, Ballistic Reseerch Laboratories

used a foil rupture gauge to measure head-on blast pressure in the low
hundred psi range. The gauge was machined in a massive steel plate set
in a concrete wall normal to the blast wind. Aluminum foll a few mils
thick was held in an elaborate mechanical clamp. Unsupported circles

of varying diameter provided the range of pressure intervals. Rupture
pressure was calibrated in a shock tube. The gauge had the disadvantages
of providing only discontinuous pressure intervals and of great expense

due to the machining required.

German Gauges

At Operation Plumbbob,6 the German experimental program tested two

types of mechanical pressure gauges. One type consisted of 18 membranes
of various diameters made from paper which would faill at different pres-
sures. A second type of mechanical gauge consisted of a vibrating metal
circular membrane whichwas in contactwitha smallpin at the membrane's
center. The pressure was then recorded by the displacement of the small
pin caused by the elastic vibrations of the membrane when subjected to
shock.

The paper membranes have the disadvantage that they do not provide
a continuous scale to measure the pressure. The paper wouldalso be sus-
ceptible to humidity effects and water damage.

The design of the German metal membrane gauges was based upon the
elastic (not plastic) deformation of the metal membrane and was therefore
based upon a completely different principle than the CRNL gauges. The

German gauges have several disadvantages. Firstly, their design is much
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more complex and would be more expensive to fabricate, and secondly,
calibration problems could arise due to both the inertia and complica-
tions from friction of the small pin. The final report of the German

gauges 1s not available so a complete evaluation could not be made.
V. THE EXPERIMENTAL FIELD RESULTS

Fourteen aluminum foil pressure gauges have been tested at the
MIXED COMPANY Event, a detonation)lr of 500 tons of TNT on November 13,
1972. The gauges were placed at predicted pressures ranging from 5
to 100 psi, and in two cases, in the immediate vicinity of standard
transducer gauges* so that the technique could be compared to stan-
dard methods.

Five gauges (Nos. 1 through 5) were constructed from 8-TN SCH20
IPS pipe, with the membrane configuration shown in Figs. 10 and 11.
Three gauges (Nos. 6 through 8) were constructed from 6-IN SCH20 IPS
pipe, with three each of 1/2-, 3/8- and 1/k-inch-diameter membranes
with T = 0.005 irch.

Table I shows the pressure readings for low pressure as measured
at the MIXED COMPANY detonation. The uncertainty, AP, of the measured
pressure as given in Table T (for D = 2 inches and D = 1/2 inch) is
determined from the uncertainty in the stress-strain curve and from
the error in measuring h. The uncertainty, AP, does not include any
estimate of the anomalous deformations which occasionally occur. Such
deformations were eliminated by the following procedure. FEach gauge
had 5 membranes. If a pressure reading deviated by more than 2AP
from the other readings of the same gauge, it was considered to be a
spurious reading and was not used in calculating the average pressure
as listed. The reasonableness of this procedure to eliminate spurious

readings is illustrated in the shock tube measurements. Approximately

*The comparative transducer overpressure measurements were made
possible by the cooperation of Captain James Dick of the Air Force
Weapons Laboratory and T. E. Kennedy and J. W. Ball of the U.S. Army
Engineer Waterways Experiment Station.




TABRLY I. Overpressure data as determined from low pressure gauges.
A transducer reading fromRef. 8 is given for comparison.

Gauge Diameter of Membrane (Inches) Aiziige Location From GZ Transducer
No. o 1-1/2 1 3/k 1/2 (psi) Distance Azimuth Reading
T = 0.005 Inch
1 30.1+ 2.4 37.8°  29.3  28.5 28.h 1+ 2.6 29.1+2.5 645 ft 110° -
2 16.7 + 1.k 1h.5 19.0 20.1 26.0+ 2.5 16.7 +1.5 8L0 ft 109° ——-
3 13.5 + 1.1 14.5 17.5 14.5¢ 13.011.2C 15.2 +1.3 860 ft 269° 1u.3i1.ud '
L 12.7 +1.0 12.7 12.5 15.0°¢ - 12.6 +1.0 1000 ft 108° ——- v
P = 0.001 Tnch
5 b2+ 0.4 .68 5.0 7.2 6.0+0.6° 5.0+0.5 1430 ft 113° -

a_ . . .
Points with b), c¢) or e) footnotes were not included.
bAnomolously high or low; not included in calculating the average gauge pressure.

¢ . . . . . .
Too close to elastic region or point of rupture; therefore not included in calculating the
average gauge pressure.

dFrom Ref. 8; preliminary measurement at same azimuth and distance.

eFoil damaged before measurement due to rough handling: resultant measurement probably low.
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75 membranes were tested and about 5% of the readings gave poor pres-
sure measurements. When several membranes are simultanecusly exposed
to the shock wave, the spurious readings are quite apparent, and usually
differ by several AP. InTable I, only one pressure reading was spurious,
and it deviated by more than 3AP. The pressure at a particular loca-
tion can be determined to an accouracy of about 10% by the above
technique, providing that the gauge has several membranes.

Table II shows the pressure readings as measured at higher pres-
sure. The data was analyzed in the same manner as described above.
The high pressure measurements would have been improved if the diameters
of the membranes had been larger; it was found that the l/u—inch-mem—
branes were too small to give good measurements. The overpressures
were insufficient to rupture any membranes. Typical AP's are shown.
Two of the three spurious pressure readings deviated from the average
by more than 4AP. The increased percentage of spurious readings, as
compared to the low pressure gauge tests and the shock tube tests,
may be the result of using membranes of too small diameters.

Two gauges were placed near standard transducer-type gauges; one
at an azimuth of 160° from ground zero, near Alr Force Weapons Labora-
tory7 (AFWL) gauges on the 135° azimuth, and a second adjacent to an
Army Engineers8 gauge on the 2700 azimuth. Figure 12 shows the ORNL
foll membrane gauge results, as well as AFWL7 preliminary transducer
gauge readings on the 1350 azimuth, the Army Engineers8 transducer
gauge reading adjacent to ORNL gauge No. 3, and the theoretical pre-
dicted pressure versus range curve. Theagreement of the measurements
is very good, withall accepted readings being well within the experi-
mental errors. The predicted pressure-distance calculationsu seem to
overestimate the pressure at distances in the neighborhood of L0OO feet
from ground zero and along these three azimuths. It should be remem-
bered that the membrane pressure gauge's cost is about 2% of that of
a channel of the transducer gauge system used in a large outdoor blast
test of this type.

A large negative phase pulse can cause difficulties, since the

pipe chamber is at atmospheric pressure and the membrane will tend to




Overpressure data as determined from the high
A transducer reading from

Table ITI.
pressure gauges.

Ref. 7 is given for comparison.
Gauge D = 1/2 Inch Readings D = 3/8 Inch Readings Gauge Location from G7  Transducer
No. L oo sl - e e o Average® Distance Azimuth Reading
6 68+6 6 s erx7 6l 64.8 + 5.3 420 £t 104O
7 L2 4 L 39 35 31 4+ 3 29 20b 35.2 + 2.9 5hO Tt 105°
8 67 + 6 59 inhn 5L+ 6 L6 23b 54.0 + 5.0 503 ft 160° 50 + 5¢

aPoints with footnote (b) were not included in average.
bAnomolously high or low; not included in calculating the average gauge pressure.

cFrom Ref. 7; preliminary measurement by interpolation from gauges on an azimuth of 1350 from

ground zero and at nearly the same range from ground zero as gauge No. 8

—ﬂz_
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deflect outward during the negative phase. However, since the gauge
is sealed, the negative phase pressure difference will be very small
as compared to the initial overpressure, and the former will not fur-
ther deform the membrane. But if D is very large and T small (~ 1 mil),
the negative phase may fold the membranes back out and crease the foil.
However, if the foill is not too badly wrinkled, it can be smoothed to
approximately its original positive phase deformation and h then measured.
The duration of the negative phase is irrelevant.

A limitation of this method i1s its unreliability for recording a
slowly-rising overpressure (longer than 60 ysec), such as may occur inside
a blast shelter with a small opening to the outside. Inaccurate readings

can also result from multiple-step air shocks.
VI. CONCLUSIONS AND RECOMMENDATIONS

This thin-~foil pressure gauge is both a simple and inexpensive
device, yet it is reliable for measuring peak positive-phase shock over-
pressures and can be designed to measure pressures from a few psi to
hundreds of psi to an accuracy of + 10%. The gauge design was success-
fully tested in a realistic experimental environment. The recorded
overpressures agreed well with those obtained from standard electronic
transducer gauges.

This gauge should be designed with multiple membranes having dia-
meters ranging between 1/2 and 2 inches. The stress-strain calibration
curves given in this report can be used to make a reasonable estimate
of the calibration for gauges with aluminum-foil membranes of similar T
and D, provided that the shock wave is tangentially incident upon
circular membranes. However, in order to avoid uncertainties due to
differences in work hardening, each foil batch should be calibrated using

the described shock tube technique.
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