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RN
The objective
pressure through
high-pressure region roximately 250 psi).

oject were: (1) the attenuation of pressure in a sand deposit when

phase of blast on the pressure tra®agitted through such a soil; (3) the offect of structure flexi-
s burled in such a soil; and (4) the relationship between
‘The project emploved 43 devices, eacha r cylinder having ore rigid end and une
deformable-~diaphragin end. Three thicknesses/o phragm were used tu simulate structures
of different flexibilities. The devices were bufied at ths ranging from 0 to 20 feet at each
of two locations at the Enlwetck Proving Grouad. The locations were chosen to give a predicted
ground surface overpressure of about 250 psi from each of two shots, Cactus and Koa. The
predicted pressures were based on predicted yields of 19 kt for Shot Cactus and 1.4 Mt for

Shot Koa. The actual yield for Shot Cactus was 18 kt and for Shot Koa 1.3 Mt, The average
measured peak surface overpressures at the locations of the drums were 304 pai for Shot
Cactus and 240 psi for Shot Koa.

Static strain-gage readings and permanent deflection measurements were made on the dia-
phragms before and after the test. Transient-strain and maximum-deflection measurements
were made on the devices having the atiffest diaphragms. Additional measurements were made
vy surface-pressure and water-level gages. A laboratory program was conducted to calibrate
the tield test devices.

The attenuation of air-induced pressure with depth was obscured by the apparent existence
of a large-magnitude horizontal water-transmitted shock; however, the following results were
observed: The attenuation of the air-induced pressure was about 20 percent in the first § feet;
this attenuation apparently ceased within 5 feet below the water table. In this particular soil
deposit, there was no appreciable effect of the difference between the positive-phase durations
of the pressure pulses from Shots Cactus and Koa. Above the water table, the horizontal pres-
sure was about 50 percent of the vertical pressure, whereas, a few feet below the water table
the horizontal pressure became approximately equal to the vertical pressure. The flexibility
of the diaphragmg’had a large effect on the pressures acting on them whetner akove or below
the water table/ The simplified theory developed in Reference 1 gave reasonable predictions
of the pressures on the diaphragms.
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FOREWORD

This report presents the final results of one of the projects participating in the military-effect
programs of Operation Hardtack. Overall information about this and the other military-effect
projects can be obtained from ITR- 1660, the “Summary Report of the Commander, Task Unit
3.” This technical summary includea: (1) tables listing each detonation with ita yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc,, for all proj-
ects; and (3) a listing of project reports for the military-effect programs.

PREFACE

The work reported herein waa planned and carried out by personnel of the Structural Research
Laboratory of the Univeraity of Iilinols under Contract AF 29(601)-544 with the Alr Reaearch
and Development Command., All of the work under the contract was technically monitored by
the Structuraa Division, Research Directorate, Air Force Sprclial Weapons Center,

The project was under the general direction of Dr. N.M. Newmark, Head, Department of
Civil Engineering, and under the immediate supervision of G. K. Sinnamon, Associate Professor
of Civil Engineering. Other personnel of the Structural Research Laboratory who contributed
materially to the project were G. F. McDonough, R.N. Wright, and 8. L. Paul. Most of the
detalled planning, and all of the analytical studies, were the responsibility of G. F. McDonougth.

Dynamic instrumentation and ground-surface-pressure measurements were furnished this
project by the Ballistic Research Laboratories (BRL), Aberdeen Proving Ground, Maryland.
The tield crew, which provided these services, was under the direction of Mr. J.J. Meszaros,
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Chapter 1

INTRODUCTION

1.1 OBJECTIVE

The objective was to study some of the factors affecting the transmission of air-blast-induced
pressure through soil and the loading produced on buried structures by such pressures in the
high- pressure region (approximately 250 psi).

Factors studied by this project were: (1) the attenuation of pressure in a sand deposit when
the water table is a few feet below the grouad surface; (2) the effect of duration of positive phase
of hlast on the pressure transmitted through such a soil; (3) the effect of structure fiexibility on
the pressure acting on structures buried in such a soil; and (4) the relationahip between hori-
zontal and vertical pressures in such a soil.

1.2 BACKGROUND

During previous nuclear and high-explosive tests, which included both above- and below-
ground detonations, several projects have been conducted to study the phenomena of pressure
transmission through soil. The majority of these projects studied only the soil pressures pro-
duced by such detonations; only a few included a study of the loads produced on underground
structures or structural models. The information obtained has not been sufficient either to
permit the full determination of the factors involved in pressure transmission or to provide
satisfactory metho'1s of predicting the loads on underground siructures. The inadequacies of
most previous studies were caused by their limited scope. This was particularly the case in
the studies involving underground structures, because the high cost of such structures has
always necessitated using a small number of them in any test program.

During Operation Plumbhob at the Nevada Test Site (NTS), devices similar to those used by
this project were used by Project 1.7 for an extensive study of: (1) attenuation of pressure trans-
mitted through an unsaturated silt containing a trace of clay, (2) the effect of surface peak over-
pressure on the pressure transmitted through such a soil, (3) the effect of structure flexibility
on the loading on structures buried in such a soil, and (4) the relationship “etween horizontal
and vertical pressures on structures buried in such a soil (Reference 1). The relative success
"of Plumbbob Project 1,7 made it desirable to run similar tests in a different type of soll deposit
when the opportunity occurred.

The study of pressures in soil below the water table is of particular importance in the design
of underground structures because, at the depth of burial required for protection, it is likely
that structures will extend below the water table. It is also possible that structures will be
buried in soil deposits that are saturated up to the ground surface. For the above-mentioned
reasons the present project was undertaken to study pressures in a sand deposit under two
conditions; (1) with the water table at the surface, and (2) with the water table a few feet below
the surface. The project was later limited because of financial considerations to the case in
which the water table was a few feet below the ground surface.
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1.3 PHILOSOPHY OF TEST PROGRAM

The field test program included 43 devices, each of which consisted of a rigid cylinder having
oue rigid end and one deformable diaphragm end. These devices were the same ones used by
Operation Plumbbob Project 1.7 but were modified by having one deformakle diaphragm end re-
placed by a heavy steel plate. The chief advantage of these devices is that they are much less
costly than larger models or prototype structures. This made possible the use of a large numi-
ber of them, thus giving the project maximum scope for a reasonable amount of money.

The use of such a drumlike device allows changing the overall flexibility of the device by
changing the thickness of the end diaphragm. Because of this, the effect of varying the flexibil-
ity of the structure can be studied very simply by using diaphragms of different thicknesses on
drums at the same location.

Another advantage of the drum device is that it readily lends itself to simple instrumentation.
Because all the appreciable deformations of the device occur in the diaphragm, measurements
of deflection or strain on the diaphragm can be compared with calibration test data to determine
the pressure which produced these deformations. Furthermore, most of the necessary meas-
urements could be of permanent rather than transient deformations, thus n..nimizing the need
for costly electronic instrumentation.

The drums were buried at depths ranging from 0 to 20 feet at one location for each of two
shots, These locations were chosen to give ground surface overpressures of approximately
250 psi from these two shots, which had predicted yields of 16 kt and 1.4 Mt, respectively.

This range in yleld should give sufficient difference in positive-phase duration to definitely es-
tablish any dependence of the pressure-transmission phenomena on positive-phase duration, at
least for this type of soil deposit.

Attenuation with depth of pressure can be studied by placing identical drums at different
depths. Similarly, by placing identical drums at the same depths but with different orientations,
the effects of orientation can be studied.

1.4 THEORETICAL CONSIDERATIONS

No completely adequate theory has been developed for the transmission of air-induced pres-
sure through soil. Some theories consider the soll io be an ideal elastic or ideal plastic mate-
rial; however, the limitations imposed by these theories have generally made them too restric-
tive to be of much practical use.

In a saturated soil deposit under short-duration loading (or where large areas are loaded),
it is usually assumed that the applied pressure is carried by the pore water, which is far less
compressible than the soil skeleton. In order for any load to be carried by the soil skeleton,
there must be flow of the pore water *hrough the voids. Since no significant flow can occur in
most cases of blast loading because the applied pressure pulse is of relatively short duration,
the applied pressure s transmitted essentially as pore-water pressure. The state of stress
in the soil deposit must be essentially hydrostatic in such a case.

A somewhat different situation exists when there is an upper layer of unsaturated soil such
as exists in a sand deposit in which the water table is somewhat below the ground surface. In
this case a blast pressure imposed on the surface of the soil deposit is transmitted to the level
of the water table almost entirely by intergranular stresses. Therefore, it 18 reasonable to
assume that the sofl skeleton will continue to carry part of the pressure for some distance
below the water table. The division of pressure between water and soil skeleton is unknown for
the dynamic case.

If the pressure were applied statically over a limited area, little if any pore-water pressure
would be produced, because the water would be free to move horizontally. If the static pres-
sure were applied over a large area, there would still be negligible pore-water pressure if the
soil skeleton remained porous enough to allow free relative movement of the pore water and the
soil skeleton in the vertical direction. However, if the skeleton were compressed until it was
essentlally impervious, large pore-water pressures could be produced. Although this is un-
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likely in the static case, it is possible where the load is rapidly applied. ' In this case, the in-
ertial resistance of the water, together with the reduction in voids because of compression of
the soil skeleton, consi lerably reduces the freedom of relative vertical movement of the soil
skeleton and the pore vater, The pressures produced in the pore water in this way can become
very large and could result in the pressure being carried entirely by the pore water at some
distance below the water table.

A structure buried in an unsaturated soil changes the stress state in the soil adjacent to the
structure from that which would exist if the structure were not present. The amount of this
change depends on the nature and extent of the differences in properties of soil and structure,
One of the most important factors on which this change depends is the relative stiffness or
compressibility of the soil and structure, The mechanism by which the pressure on a buried
structure is changed by the deformation of the structure is often termed “arching.” If the
structure were stiffer (less compressible) than the soil mass replaced by it, the pressure on
the structure would be greater than that which would exist in the soil if the structure were not
present. Conversely, the pressure on a more compressible structure would be less than that
in the soil if the structure were not present. One theory of the effect of relative compressibil-
ity of soil and structure upon the pressures acting on a buried struc’ure has been developed in
Reference 1.

When the structure is located below the water table, the problem is more complicated. If
the soil-water mixture could be considered as a homogeneous material, its compresribility
characteristics could be determined and the above theory applied to determine the pressures
that would act on the buried structure. Unfortunately, there is little justification for this sim-
plifying assumption. When the structure deflects away from the soil, arching may occur in the
soil skeleton, thereby reducing the pressure exerted on the structure by the soil. Under this
condition, however, water will flow through the voids and the determination of the pressure
exerted by the water on the structure becomes a problem in hydraulic flow.

In order to solve this hydraulic-flow problem, it i8 necessary to have a certain amount of
information about the soil, particularly its permeability. This information can only be obtained
from an extensive series of tests, beyond the scope of this project.

No new theories will be presented here. On the contrars the results of this test will be
used to determine if any new theory is needed or whether it can be assumed that the dynamic
pressure acting on a structure below the water table is equal to that acting at the level of the
water table. The theory presented by Reference 1 will be compared with the results obtained
from drums above the water table.

13
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Chapter 2

PROCEDURE

2.1 SHOT PARTICIPATION

The oroject participated during Shots Koa and Cactus detonated on Sites Gene and Yvonne,
respectively, of the Eniwetok Proving Ground (EPG).

2.2 TEST DEVICES

Figure 2.1 shows the construction of the test devices (drums). Each consisted of a rigid
steel cylinder 2 feet in diameter and 2 feet long with a heavy steel plate welded to one end, and
a diaphragm, held in place by a clamping ring and bolts, at the other end. Originally, the
drums had dlaphragms on beth onds, but during Operation Plumbbob the protruding clamping
ring and bolts for the bottom diaphragm were found to make placement difficult. Placing the
drums underwater for the Hardtack test would have been even more difficult; therefore, a steel
plate was welded to one end of each drum to provide a flat surface for seating. In order to he
consistent, no exception was made for the drums that were to have a horizontal orientation, al-
though there was rio problem of seating these drums.

Because many of the drums were to be placed in water and becauvse all would be exposed to
high humidity, it was necessary to completely seal each of the drume. This was accomplished
by placing a neoprene gasket between the inner clamping ring and the diaphragm and by placing
O-rings in grooves (in this same clamping ring) around each of the bolts. To determine whether
the drums were adequately sealed, each was subjected to a preload external gas pressure of
about 10 psi for several hours and checked for leakage. The pressure was then increased to
15 psi and released in order that all drums would have the same preload pressure; this also
eliminated initial irregularities in the diaphragms. A pressure of 15 psi was chosen because
this was the predicted maximum dead-load pressure on any of the diaphragms; preloading all
drums to this pressure insured the absence of further deflections hefore the test.

Because the drums had aluminum diaphcagms in contact with steel clamping rings in the
presence of salt water, two coats of neoprenz-base paint were applied to the diaphragm end of
each drum in order to prevent corrosion.

A complete discussion of the reasons for the original choice of size, shape, and other char-
acteristics of the test device can be found in Reference 1; only a brief summary will be given
here.

A small structural model was chosen so that a large aumber of them could be used within
the budget limitations. If the model were too small, however, it might not be possible for in-
formation obtained to be applied directly to the design of full-scale structures. The 2- by 2-
faot drum was chosen as being large enough to represent a structure and small enough to be
economical, The drum shape was chosen because it is easlly fabricated and its compressibility
characteristics can be changed simply by varying the thickness of the end diaphragm.

Three thicknesses of diaphragm were used, ramely, 0.063, 0.125, and 0.50 inch. The num-
ber and choice of thicknesses were based on experience gained during Operation Plumbbob.

The 0.063-inch thickness was chosen to give probable failures under the blast loading. The
failure pressure for a diaphragm of this thickness is about 200 psi whereas the surface peak
overpressure was expected to be 250 psi. Failure of 0.063-inch diaphragms at all depths would
indicate a lack of attenuation of the air-induced pressure with depth.
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The 0.125-inch thickness was chosen to give a diaphragm thick enough not to fail under the
predicted loads, yet thin enough to have large permanent deformutions under these loads.

The 0.50-inch thickness was chosen to give a -llaphragm stiffness great enough to make the
overall druin compressibility less than that of the soil.

2.3 TEST LAYOUT

The two drum locations were chusen to give the same nominal peak ground-surface over-
pressure (250 psi) from each of two shots, one having a predicted yield of 16 kt and one of 1.4
Mt. The layout of the drums in each trench and the orientation of each trench with respect to
ground zero for Shots Koa and Cactus are shown in Figures 2.2 and 2.3, respectively.

For Shot Koa, the scarcity of land area made it necessary to orient the trench so that the
long axis was directed toward ground zero. This gave a variation in range for the 20 drums
used for this shot of from 2,917 to 3,019 feet. For this large a shot, this variation in range was
expected to give only a 30-psi diffeience in overpressure over the length of the tranch which
would not cause any major difficulty in evaluating the test data.

For Shot Cactus, the long axis of the trench was perpendicular to a radial line through ground
zero, thereby placing all the drums at approximately the same range of 600 feet.

The same number, type, and arrangement of vertical drums was used for each shot. Three
vertical drums, each having a different diaphragm thickness, were included at each depth. The
level of the tops of the diaphragms were at deptha of 0, 2, 5, 8, 18, and 20 feet. The choice of
diaphragm depths of 2, 5, and 8 feet wus made to insure having at least one set of diaphragms
near the level of the water table, which varied between depths of 3 feet and 8 feet. Depths of
0, 13, and 20 feet were chosen to complete the desired spread in depth of from 0 to 29 feet,
Horizontal drums having 0.50-inch diaphragms were included at depths of 6 and 14 teet for Shot
Koa and 8, 9, and 14 feet for Shot Cactur. In addition, a horizontal drum with a 0.125-inch
diaphragm and one with a 0.083-inch diaphragm were included at depths of 1 and 3 feet, respec-
tively, for Shot Cactus. All horizontal drums were 80 oriented that the diaphragms faced
ground zero. ,

For the purposes of this test, it was necessary that the drums be placed in a soil deposit that
provided uniform material in the influence area of the drums. The area of influence for each
drum was defined by a 45-degree cone drawn from the center of the drum upward to the ground
surface. Computations based on Boussinesq’'s equations (Reference 2) indicated that this would
insure that the air-induced pressures transmitted to the drums would be transmitted almost
entirely through the uniform material.

The drums were 80 arranged that no drum at a lesser depth lay within the influence cone of
any drum at greater depth. The critical nature of the placement of the self-recording surface-
pressure-versus-time gages made it necessary to place these within the influence area of some
of the deeper drums. The spacing of the drums &t any depth was great enough that the deflection
of the diaphragm of one drum would have no effect on that of the diaphragm of arother drum.

2.4 INSTRUMENTATION

This project was planned so that the minimum amount of data necessary for its success
couid be obtained from measurements of permanent deflection on the 0.063- and 0.128-inch
diaphragms, and measurements of maximum deflection on the 0.50-inch diaphragms. To pro-
vide more complete data, transient strain was measured on the 0.50-inch diaphragms, and
pressure was measured at the ground surface by means of pressure-versus-time gages furnished
by the Ballistic Research Laboratories (BRL).

2.4.1 Deflection Measurements. Deflection was measured on the 0.063- and 0.126-inch
diaphragms before the drums were buried and after they were recovered. These measurements
were made by means of a frame which was supported on the clamping ring and held dial gages,
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which measured offset at the center and quarter points on two perpendicu.ar diameters. Dial
gages are incapable of measuring with sufficient accuracy the small deflections of the 0,50-
inch diaphragms; therefore, a scratch gage was developed to measure the center deflection of
these diaphragms,

This gage consisted of: (1) a cylindrical brass rod that screwed intc a threaded hole in the
center of the dlaphragm, and (2) a phonograph needle attached to a sleeve through which the cylin-
drical rod moved, The sleeve part of the gage was attached to a rigid bar mounted across the
drum 8 inches below the diaphragm. The rod part of the gage was designed so trat it could be
removed easily without dismantling the drum. The deflection of the diaphragm would cause a
longitudinal scratch to be produced on the brass rod by the phonograph needle, from which the
amount of deflection could be determined. Inserting and removing the rod would put spiral
scratches on the cylinder, which would show the zero-deflaction position as well as the perma-
nent deflection position. The use of a microscope in reading these scratches makes possible
& high degree of accuracy in deflection measurement.

2.4.2 Strain Measurements. Deflection measurements could be made on'y hefore the drums
were placed and after they were recovered. This was a serious disadvantage, because no in-
dication could be obtained of the condition of the diaphragms after backfilling. There was also
a chance that damage to the diaphragms during recovery would result in the loss of much valu-
able information. For these reasons, static strain was measuced by means of SR-4 paper
strain gages mounted on each diaphragm. The strain-gage readings would give an indlcation
of the condition of the diaphragm at any time before the test. After the test but before recovery
of the drums, static-strain measurements would give the condition of all diaphragms that had
deflections of about 1 inch or less.

The deflecticns and strains of most of the 0,063- and 0.125-inch diaphragms were expected
to be large. Standard SR-4 paper strain gages have a limited range, so post-yield gages were
used on these diaphragms. The post-yield gages were basically the same ae the standard gages
used on the 0.50-inch diaphragms, except that they were rapable of measuring strains of 8 to
10 percent (compared with about 1.5 percent for the standard paper gages). It was discovered
during the calibration tests that the post-yield gages used were not reliable beyond 1.5 percent
strain, for unknown reasons; however, it was then too late to correct the situation.

For measurement of static strain, two gages were placed along a diameter of each diaphragm,
the center of each gage length being 1‘/. inches from the center of the diaphragm. This place-
ment was used for both the field-test and calibration-test diaphragms, so that the calibration-
test results could be used directly in determining the pressures on the field-test diaphragms,

A standard dummy block arrangement was mounted in each drum to complete the electrical
bridge. Cables were run from the strain bridges through the wall of each drum and out to ter-
minal boxes at the end of the excavation. Static-strain readings were made, using a modified
Foxborough portable strain indicator connected to the bridge circuit at the terminal box.

Dynamic strain was measured on all of the 0.50-inch diaphragms. The gages were of the
same type as those used for the static-strain measurements on diaphrazms of this thickness.
The dynamic circuits differed from the static circuits only in being protected against electric
arcing caused by the electromagnetic pulse at zero time. This protection was provided in the
dynamic circuits because, unlike the static circuits, they could not be grounded at the drum
and, also, because they had longer cables, which increased the possibility of having large dif-
ferences of potential between the gages aad ground.

The dynamic-strain gages were mounted along a diameter perpendicular to that on which the
static gages were installed with the center of each gage length 1Y%, inches from the center of the
diaphragm. Seventeen channels of electronic equipment were used to record these measure-
ments. The records obtained from this instrumentation gave a strain-versus-time history for
each 0.50-inch diaphragm and provided a check on the pressures determined from the scratch-
gage records.

\
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2.4.3 Additional Measurements, The possibility of salt water leaking into the drums neces-
sitated, in addition to the waterproofing of all the circuits within the drum, the installation of
a water-depth gage in each drum to indicate how much water had leaked into the drum before the
shot, because water in the druin could hinder the deflection of the diaphragm. These gages
consisted of waterproofed resistors connected ln series. Contucts were provided that would
short out successive resistors as the water rose in the drum. The shorting of each resistor
would cause a change in the overall resistance of the depth gage, which could be measured to
determine the last submerged contact. In this way the water level would be known to within 3
inches, the distance between contacts.

To determine the magnitude and shape of the ground-surface pressure pulse, seven BRL
self-recording pressure-versus-time gages were used, four for Shot Koa and three for Shot
Cactus, as shown in Figures 2.2 aud 2.3, respectively. At each location, a self-recording tide
gage was lnstalled to measure the level of the water table at the time of the shot. These gages
were developed especially for this project.

2.5 FIELD OPERATIONS

The placement of the drums was accomplished by the excavating of twe trenches and back-
filling with beach sand around the drums as they were placed, The backfill below the water
table was simply poured in, with no attempt at compaction. The sand above the water table
wis cumpacted by the repeated wetting of the ground surface. Density measurements made at
depths of 1 foot and 2 feet showed an average dry density of 84 lb/ft’ at a water content of about
13 percent. Diaphragm strains, as well as the amount of water leakage into the drums, were
measured at frequent intervals throughout the operation.

The natural soll at both locations consisted of loose sand containing layers of cemented
material. At the location for Shot Cactus, the first layer of cemented material occurred at a
depth of about 6 feet; whereas at the location for Shot Koa, the first layer of cemented material
was encountered at a depth of about 9 feet. Alternating layers of loose sand and cemented ma-
terial were found below the levels of each of these first cemented layers. Because it was neces.
sary to excavate to a depth of more than 22 feet, much cemented material had to be removed
by blasting. This blasting caused the excavations to be irregular and considerably larger than
the minimum specified dimensions.

Some difficulty was encountered in placing drums below the water table. Two factors were
mainly responsible for this difficulty: (1) The drums were not bottom-heavy enough to resist
tilting as fill was placed around them. (2) At the location for Shot Koa, the bottom of the ex-
cavation was covered with about 3 feet of a very fine material having the consistency of tooth-
paste, which did not present a firm bearing for the drums. ]

In order to place the drums in their proper positions, all soft material was removed. The
statbility of the drums was increased by connecilng the vertical drums in sets of three by means
of a bar welded to their bottoms. Lead bricks were then attached to this bar. A saddle of lead
bricks was used to keep each horizontal drum in place. Figure 2.4 is a photograph of a set of
three vertical drums being lowered into position. The strongback across the tops of the drums
was used to facilitate handling and was removed after the drums were in position.

Because of the difficulties encountered in placement, the final positions of a few of the drums
differed from the planned positions, In no case was this change critical. The positions of all
drums at the time of the test are those given in Figures 2.2 and 2.8,

2.6 LABORATORY TESTS

In order to interpret the field-test results, a comprehensive laboratory program was neces-
sary to determine the pressure-versus-deflection and pressure-versus-strain relationships
for the diaphragms as clamped In the drums. The program was originally designed on the
assumption that the response of the diaphragms to the blast wave would be essentlally static.
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The response was considered to be static because the natural periods of vibration of the dia-
phragms were comparatively short with respect to the expected rise time of the pressure pulse.
Provisions were made, however, for a limited number of dynamic tests in the laboratory to
check the dynamic response of the diaphragms.

2.6.1 Static Diaphragm Tests. The basic device used for the static diaphragm tests was
very simllar to the one used !a the laboratory tests described in Ref2rence i. It consisted of
a field-test drum with the bottom removed and holes in the sides for access. The calibration
tesi setup for this project differed from that for Operation Plumbbob Project 1,7 in the inclusion
of O-rings around the bolts and a neoprene gasket between the lnner clamping ring and the dia-
phragm. This was done to cimulate the field-test drum as nearly as possible, On top of the

. drum was welded a chamber having a heavy steel top that could be removed for changing dia-

phragms. Compressed gas was forced into this chamber to deflect the diaphragm downward.
Pressures, diaphragm strains, and diaphragm deflections were measured.

Deflections of the diaphragms were measured by means of dial guges. Small brass tabs
were glued to the diaphragm and wires were strung between these tabs and the dial gages.
Weights were attached to the dial gages to keep the wires taut. Figure 2.5 18 a photograph of
the static-calibration test setup.

Przssure was controlled manually from a closed room for the protection of personnel. Four
pressure gages with ranges of from 0 to 30 psi, 0 to 100 psi, 0 to 300 psi, and 0 to 600 psi ware
used. A 35-mm camera, located near the test device but operated from the contrcl room, was
used to photograph the dial gages at predetermined intervals of pressure. Diaphragm strain-
gage readings were made at the same time as each photograph was taken; in this way, corre-
sponding values for pressure, strain, and deflection were obtained.

During each calibration test, the diaphragm was first subjected to a 15-psi preload to re-
produce the effects of the preload given all the field test drums. Four diaphragms of each
thickness were tested. Two were tested without being unloaded except when it was neceasary
to reset the dial gages. The other two were teated by being loaded to a given pressure then
being unloaded and reloaded to the next higher prassure desired. The loading and unloading
tests gave the relationships of pressure to permanent deflection and pressure to permanent
strain. Comparison of the results of the tests run in this manner with those of tests run by
applying continually increasing pressure without unloading shows no difference in the behavior
of the diaphragms.

The results of the static calibration tests are given in Figures 2.6, 2.7, and 2.8. Each curve
represents the results of four diaphragm tests except that for the 0.50-inch diaphragm which
reprecznts the results of five tests. Figures 2.6 and 2.7 show the pressure-versus-center
deflection curves for the three thicknesses of diaphragm. The solid curve for each diaphragm
thickness corresponds to the initial loading of the diaphragm and each point on the curve repre-
gents the deflectiun of the diaphragm while loaded with the indicated pressure. The dashed
curves represent the permanent deflections; the deflection indicated by a point on one of these
curves is that which existed after the indicated pressure was removed.

Figure 2.8 gives the pressure-versus-strain relationships for the three thicknesses of dia-
phragms. The solid curves represent the sirains during initial loading whereas the dashed
curves represent the permanent or unloaded strains,

It was necessary for reasons of personnel safety to use a somewhat different setup for the
tests of the 0.50-inch diaphragms beyond 500 psi. The same clamping rings were used, how-
ever, and results obtained agreed very well with those obtained with the original setup for pres-
sures less than 500 psi. Therefore, the results of the tests using the modified setup were used
directly, together with the results from the original test setup, in determining the pressure-
versus-deflection and pressure-versus-strain curves for the 0.50-inch dizphragms.
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2.6.2 Coupon Tests. The diaphragms used for the laboratory tests were cut from the same
sheets of aluminum as were the tield-test diaphragms. In addition, coupons were cut from
each sheet of aluminum and tested in tension to determine the properties of the material and
the variation in these prnverties between sheets and for different orientations in the same sheet.
There was good uniformity of stress-strain characteristics for each thickness of material and
no appreciable difference in ductility between ¢ne specimens taken with the direction of rolling
and those cut against the direction of rolling for the 0.063- and 0,125-inch material. Although
the 0,50-inch coupoas exhibited uniform stress-strain characteristics regardless of orientation,
the coupons oriented with the direction of rolling showed 17 percent less elongation and 34 per-
cent less reduction in area when tested statically in tension than did those criented perpendicular
to the direction of rolling. This is of little consequence, because the deformations of the dia-
phragms made of 0,50-inch material were small,

2.6.3 V.bration Tests. Vibration tests were conducted on one diaphragm of each thickness,
using the same device to hold the diaphragm as was used for the static calibration tests. The
procedure was the same as that described in Reference 1 for simils r tests on diaphragms. An
electric vibrator such as is used for nondestructive testing was mounted below and in contact
with the diaphragm. An electric pickup coupled to an oscilloscope was used to find the resonant
frequencies of the diaphragm, because the frequency of vibration of the vibrator was varied.
Because a large number of such frequencies were found for most of the diaphragms, an attempt
was made to ldeatify the modes Ly establishing the nudul putlerns. Sand grains were sprinkled
on the diaphragms during vibration; these grains migrated to the nodal lines, which undergo no
displacement during vibration. The sand patterns thus identified the nodes. Because of the
small amount of data obtained from these tests, the results of the vibration studies of both proj-
ects are combined in Table 2.1. The slight differences in details of the teat setup from that
used in the earlier tests, such as the inclusion of O-rings around the bolts and a gaske: over
the lower clamping ring, apparently had little if any effect. In cases in which the same mode
was obtained in both tests for a diaphragm of given thickness, the frequencies corresponding
to this mode were in g .od agreement. Ther..ore, no distinction is made in Table 2.1 regarding
the series of tests from which the particular frequency was obtained. Only the first (i.e., low-
est) four modes of vibration are given in Table 2.1, because the higher modes are of far less
importance.

Preloading the diaphragms before vibrating caused a decrease in the natural perlods for the
various modes. A 15-psi preload, such as was given all the field-test diaphragms in the pre-
sent project, decreased the lowert-mode periods as follows: 0.50 ir.ch, 2 msec before and after
preload, no significant decrease; 0.25 inch, from 4 msec to 3 msec; 0.125 inch, from 8 msec
to 3 msec; 0.08 inch, from 12 to less than 5 msec (5 msec for 10-psi preload— 15-psi przaload
caused erratic behzvior of the diaphragm); 0.083 inch, from 8 to 3 msec. The lowest mode of
the 0.04-inch diaphragm was not deterr.lned, because of the erratic behavior of this diaphragm
at lower i -equencies; however, the third mode deccreased from 6 to 2 msec after a preload of
10 psi. When a preload pressure greater than 15 psi was applied, it became imposaible to ex-
cite t"e lowest raode in all but the thickes! diaphragms. The reason for thiz undoubtedly is
that the diaphragm was being forcad into the snape of the iirst mode by the applied pressure,
because the first mode corresponds to the static-deflection ccafiguration. Because it is so
Jdifficult to excite vibrationzl response of the diaphragn.3 in the lowest mod=s, and because this
mode is the only one in which significant dynamic response would occur under the field-test
conditions, the deflections of the diaphragms should be the same as would occur if the load were
static,

2.8.4 Dynamuc Te:ts. In addition to the vibration tests of the dynamic behavior of the dia-
phragms, tests »»-e made of a few diaphragms inder a dynamically applied gas pressure. To
accomplish this, one of the large dynamic loading machines at the University of Illinois was
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modified to peimit applying a gas pressure over the entire area of the diaphragm. (The ma-
chine was originally designed to apply loads by means of a moving piston.) A transition cham-
ber was built, which replaced the lid of the static-test setup, and on top of which the dynamic
ioad machine could be attached. The dynamic load machine was used only as a large, quick-
opening valve capable of passing a large volume of gas rapidly enough tu obtaln a rise time of
less than 10 msec for the pressure pulse acting on the diaphragm.

A large number of tests were run; however, most of the effort in these tests was directed
toward the developinent of suitably instrumentation rather than toward study of diaphrarm be-
havior. The first group of tests checked the performance of the Consolidated Electrodynamica
Corporation (CEC) pressure gages used ‘o0 measure the applied pressure and the effect of the
location of these gages. The records obtained from these gages showed that the pressure on
the gage located in the wall of the chamber above the diaphragm was higher than that measured
by the gage mounted in the center of the diaphragm (a 0.75-inch diaphragm was used for all the
preliminary tests). In addition, these records showed high-frequency oscillations of the order
of 28 to 30 kilocycles.

A thin, streamlined plate to which two of the CEC gages were attached was mounted across
the chamber for comparison of pressure at this location in the chamber with that measured at
the center of the diaphragm. Again there was poor agreement between the pressures measursd
at different locations, and again 30-kc oscillations appeared on all the records. For further
comparisons, additional tests were run with strain gages mounted on the diaphragm, and also
with a piezoelectric gage mounted in the center of the diaphragm. The records from the strain
gages and those from the plezoelectric gage agreed fairly well with records from the CEC gage
mounted ia the diaphragm but not with records froin CEC gages mounted elsewhere. The plezo-
electric gage also showed much less high-frequency osclillation than did the CEC gage. This
indicates that the 28- to 30-kc oscillations shown by the CEC gagss were produced by the response
of the gages to the applied pressure pulse. The records from the CEC gages and from the piezo-
electric gage all show lower frcquency oscillations. These oscillations were not caused by the
dynamic response of the gages, but represent the variation of the pressure acting on the gages.
The osciliations were caused by multiple shock fronts produced by reflections from the walls
of the chamber, The magnitude and frequency of these oscillations are determined by the test-
chamber geometry.

Tests were next run with all available gages mount.. in the diaphragm to determine the dis-
tribution of pressure over the diaphragm surface. The pressure distribution was found to be
nonuniform; the apparent cause was as before, the geometry of the test setup. For this reason,
the results of the dynamic laboratory tests are not directly comparable with the static laboratory
tests, although the differences should not be great.

A limited number of dynamic tests were run on these diaphragms, and the results of one such
test are shown in Figure 2.9, This figure shows a comparison of pressure-versus-time replots
as determined from records obtained from a pressure gage, strain gages, and a slide-wire de-
iection gage that was developed for these tests. Two significant phenomena are shown by this
figure: (1) the record obtained from the deflection gage agrees fairly well with that from the
plezoelectric pressure gage although the peak shown by the pressure-gage record is missing
from the deflection-gage record; and (2) the two strain-gage records agree with one another but
show peak pressures about 25 percent lower than do the deflection and pressure-gage records.
These phenomena occurred in all such tests. No other results are presented here because the
replots shown in Figure 2.9 are typical of the results of all the tests, and because uncertaintiea
regarding the data prevent drawing conclusions from it at present.

Attachment of the slide-wire deflection gage and pressure gages to the diaphragm was un-
satistactory in that it changed both the static- and dynamic-deformation characteristics of the
diaphragm. The change in deformation characteristics was caused not only by the holes put in
the dlaphragm to place the gages but also by the mass of the gages. The resistance to movement
of the slide-wire gage had a particularly severe effect on the deformation characteristics of the
thin diaphragms.
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The unsatisfactory conditions caused by attaching the gages to the diaphragm could have been
corrected by mounting the pressure gages on a plate just above ti.e diaphragm, and using a dif«
ferent method of determining deflections. However, the oscillations caused by the multiple
shock fronts could not be so easily eliminated nor could the nonuniformity of preasure distribu-
tion. Both of these effects were the result of test-chamber geometry and could only have been
eliminated through extensive modification of the dynamic-test setup. Such modification was be-
yond the scope of this project; thersfore, the dynamic tests were discontinued. (Subsequently,
modification of the test-chamber geometry for a later project eliminated the oscillations caused
by multiple shock fronts.)

2.7 DATA REQUIREMENTS

The primary data required from the field program included the permanent deflections of the
two thinnest diaphragms and the transient deflections of the thickest diaphragms. Additional
data requircd included the preshot and postshot permanent strains of the 0.083- and 0.135-inch
diaphragms and the preshot strains and transient strains of the 0.80-inch diaphragms. The
pressures on the fleld-test diaphragms were determined from these strain and deflection meas-
urements, using the calibration curves of Figures 2.6, 2.7, and 2.8,

Measur ~ments of surface alr-blast pressure were included in this project, to check the values
obtained from those drums having diaphragms at the surface and to complement the data obtained
from these drums. A few soil-density tests were also included, and soil samples were obtained
and shipped to the University of Illinois in order that further laboratory tests couid be run if the
tield-test results made it advisable to have more information regarding the soil.

The level of the free-water table at each location at the time of the test was the final item of
information required. To provide this, self-recording tide gages were developed and placed at
each location,

TABLE 2.1 MEASURED AND THEORETICAL NATURAL PERIODS OF
CLAMPED, UNLOADED DIAPHRAGMS

Natural Period, msec
Nodal

Mode Pattern 0.04 0.0L 0.08___ O.IL O.L 0.80
Meas Theor Meas Theor Meas Theor Meas Theor Meas Theor Meas Theor
1 O — 20 8 15 12 10 8 7 4 3 2
2 -_— 10 4 1 8 8 3 3 2 1
3 % 6 6 4 4 4 3 2 2 1 1 -—
4 _Q 4 5 3 4 3 3 2 2 11—
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Clamping Ring 24" 0.D. 1
"z 18" 1.0

/-Alumlmm Diophragm 24"D.

Neoprans Gasket
16 —1" High Strength Bolts

Neoprone O -Rings
Flangs Plotes
— 23%°00. 21" x 18" 1.D.

Orum Wall, rolied from
/-24'1 P to 1~u$* 1o
cylinder and butt welded.

Stitteners 24"x 3" x1-10" PI.

472 23°0. Steel Plote,

Continuous Weld.
Section A-A

Figure 2.1 Plan and section of test device.
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Figure 2.4 Placing the vertical drums.

TFigure 2.5 Laboratory calibration setup.
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Figure 2.6 Diaphragm calibration curves for deflections.
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Figure 2.7 Extended 0.50-inch diaphragm calibration curves for deflections.
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Figure 2.8 Diaphragm calibration curves for strains.
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Chapter 3

RESULTS

3.1 SHOT KOA

3.1.1 Surface Peak Overpressure. Readable records were obtained from three of the four
BRL self-recording pressure-versus-time gages. Two of the three readable records were
considered questionable by BRL when final interpretation was made; the third record showed
a baseline shift. Replots of these records are shown in Figures 3.1, 3.2 and 8.3, and a sum-
mary of the measured pressures is given in Table 3.1. Because there was ¢ difference of ubout
100 feet in the ground ranges of the BRL gages at opposite ends of the trench, the measured
pressures are not directly comparable, The measured surface peak overpressure varied from
288 psi at the location of the nearest drum to 260 psi at the location of the drum farthest from
ground zero. The 28-psi difference in gage readings is approximately equal to the difference
in peak surface overpressure associated with the difference between the ground ranges of these
gages,

No serious error would be introduced by assuming the pressure to be a constant value, equal
to the average of the pressures measured by the three gages, over the entire length of the trench.
This average value would be 278 psi if measured peak values are considered, and 240 psi of the
BRL-determined pressures are used.

The BRL-determined pressures are estimates of the highest real preasures, l.e., indicated
pressures corrected fur overshoot. These estimates were made by examining simultaneously
the records from all gages used for this shot in order to identify and disregard spurious oscil-
lations. This simultaneous examination also served to identify any record that was questionable
because the shape of the record did not fit the pattern of the majority of the records. The appar-
ent discrepancy in the record (the replot of which is shown in Figure 3.1) is that the indicated
pressure did not approach zero for times greater than 200 msec as did the other records for
Shot Koa. In Figure 3.2 it can be seen that there were unusual oscillations following the first

peak.

3.1.2 Free-Water Level. The free-water level in the trench for Shot Koa was 4.5 feet below
the ground surface; therefore, the vertical drums at deptas of 0 and 2 feet were above the water
table, whereas the vertical drums at depths of 5, 8, 13, and 20 feet were below the water table,
The horizontal drums, which were at depths of 6 and 14 feet, were completely below the water
table.

3.1.8 Diaphragm Pressures. Only one transient strain-gage record, that from the surface
0.50-inch diaphragm, was obtained because all other records were destroyed during recovery.
The pressure-versus-time replot of this record is shown in Figure 3.4. This replot indicates
a possible overshoot on the first peak, which would mean the peak value of 318 pal is probably
too high. The scratch gage on the same diaphragm indicated 295 psi, and the BRL pressure-
versus-time gage at the same location (Gage C) showed 288 psi. The shape of the BRL gage
record is very similar to that of the replot of the 0.50-inch diaphragm record. The permanent
deflection of the nearby 0.125-inch dlaphragm indicated 270 psi.

All replots presented in this report were made using the pressure-versus-loaded strain
curves of Figure 2.8 together with the strain-versus-time records. In addition, it was neces-
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sary to determine the pressure-versus-strain relationships in regions in which the strain was
less than the previous riaximu:a strain, It w=s found that in such regions the pressure-versus-
strain relationship was a straight line, the slopt of which varies with the maximum strain pre-
vious to unloading. The variation of the slope r: this straight-line relationship was plotted a-
gainst previous maximum pressure for each thickness of diaphragm. The slope corresponding
to any previous maximum pressuse could then be easily tound from these curves and, by use of
this slope together with the previous maximum pressure, the pressure corresponding to any
strain less than the previous maximum strain could be found readily. A fuller explanation of
this method, together with typlcal recovery-slope versus previous maximum=-pressure curves,
is given in Reference 1.

Table 3.2 summarizes the measured deflections of all the diaphragms. The pressures deter-
mined from these deflections | y using the calibration curves of Figures 3.8 and 2.7 are summar-
ized in Table 3.3, Also included for comparison is the pressure on the surface 0.50~inch dia-
phragm as determined from the transient-strain record.

No values of permanent strains or the pressures determined from them are given. Most of
the gages on the 0.063-and 0.125-inch diaphragms failed because the strains produced were be-
yond their allowable range. The few gages that were not over~-ranged yielded results that agreed
with those obtained from permanent-defiection measurements, although some of the permanent
strain measurements were uncertain because of shorting to ground. It was considered unneces-
sary to present both permanent and transient strain values for the 0.50-inch diaphragms, be-
cause the permanent measurements were inherently less accurate. For the same reason, per-
manent deflection measurements on the 0.50-inch diaphragms (as obtained from the scratch
gages) are not included. The pressures determined from these permanent deformations gener-
ally agree with those determined from transient deformations.

3.2 SHOT CACTUS

3.2.1 Surface Peak Overpressure. Usable records were obtained from all three BRL sur-
face pressure gages; however, all are listed as questionable by BRL. Replots of these records
are shown in Figures 3.5, 3.6, and 3.7; a summary of the peak pressures and BRL’s interpreta-
tion of the highest real pressures is given in Table 3.4. The BRL-interpreted peak in each
case agrees very well with the highest measured peak. There is a considerable spread in the
pressures indicated by the three gages, which were all located at the same distance from ground
zero. Gages B and C, which indicated peak pressures of 332 and 334 psi, respectively, agree
not only in peak pressure, but also in general shape. The record from Gage A, which indicated
a much lower peak pressure of 253 psi, shows the same general shape as shown by Gages B and
C, except that Gage A indicated a far less abrupt increase of pressure to the first peak. This
initial peak also appears to be somewhat cut off. Although there is no positive evidence that
the lower pressure measured by Gage A is in error, these factors indicate a strong possibility
that it is.

Gage C, which was situated very near the surface drums, showed a pressure of 334 psi,
which is virtually the same as the pressure on the 0.125-inch diaphragm (337 psi) as determined
from permanent deflections. Transient-strain and deflection measurements on the surface
0.50-inch diaphragm indicated a somewhat higher pressure-— 383 psi from deflections and 408
psi from strains. The strain record for this diaphragm, which is given in Figures 3.8, 3.9,
3.10, 3.11 and 3.12, shows that the first peak was not the highest pressure, whereas all three
BRL gages show that the highest pressure occurred on the first peak. Moreover, the value of
the first peak indicated by the 0.50-inch diaphragm was 335 psi, which coincides, within the
precision of the measurements made, with the pressures indicated by the nearby 0,125-inch
diaphragm and the BRL gage. This close agreement in first peaks, together with the fact that
the maxirmmum pressure shown by each of the BRL gages occurred on the first peak, indicates
the possib..ity that the peak value of 408 psi indicated by the 0.5C-inch diaphragm was in error.

' ) |

SECRET




3.2.2 Free-Water Level. The water table at the location for Shot Cactus was 3.6 feet below
the ground surface. The diaphragms for the vertical drums at depths of 0 and 2 feet were above
this level whereas all others were below. The water table was 0.4 feet above the bottom of the
horizontal drum at a depth of 3 feet but, because of the 3-inch-wide clamping ring, only an ex-
tremely small area of the diaphragm was under water. The 1-foot-deep horizontal drum was

completely above the water table and the 6-, 9~, and 14-foot-deep drums were completely
below.

3.2.3 Diaphragm Pressures. No record was obtained from the transient-atrain circuit of
Drum 356, a vertical drum at a depth of 13 feet, because of a circuit failure prior to the test.
All other circuits produced satis(actory records. Figures 3.8 through 3,12 show the pressure-
versus-time replots of the records obtained from the vertical drums, and Figures 3,13 through
3.15 show replots for the horizontal drums. In Figures 3.8 through 3,12, the replots show a
gradual decrease in peak pressure together with a rounding-off of the diaphragm-~pressure pulse
with increasing depth down to a depth of 8 fest. There was no record from the 13-foot drum,
nut the 2U-foot-drum record indicated a peak pressure nearly three times ar great as did the
8-foot-drum record. Furthermore, the peak pressure on the 20-foot-deep diaphragm exceeded
the peak pressure on the diaphragm at a depth of 2 feet. There is another peculiarity in the
pressure-versus-time curve from this 20-foot-deep diaphragm in that no decay of the pressure
below about 250 psi is indicated. This is, of course, an impossibility; therefore, the record
must be in error. Before the peak pressure shown by this record is discounted, however, it
would be well to examine the deflection measurement results. These are given in Tables 3.5
and 3.6, Table 3.5 summarizes the measured deflections of all diaphragms, and Table 3.6
summarizes the pressures determined from these deflections using the pressure-versus-
deflection curves of Figure 2.8, Also included in Table 3.6 for comparison is 2 summary of
the peak pressures determined from the transient strain records.

The pressures on the 0.063- and 0.125-inch diaphragms as well as those on the 0,50-inch
diaphragms can be seen to decrease as the depth lncreases to 8 feet. At a depth of 13 feet, all
show an abrupt increase, with a further increase at 20 feet. The difference between the pres-
sure on the 0.125-inch diaphragms at 13 feet and that at 20 feet is considerably greater than
the differences for the 0.063- and 0.50-inch diaphragms. The fact that the deflection of the
0.126-inch dlaphragm at this depth was greater than that of the 0.063-inch diaphragm is ques-
tionable, because the soil pressure should have been the same around both of these closely
situated drums and, under this condition, the thinner diaphragm should deflect more. Further-
more, the pressure on this 20-foot-deep 0.125-inch diaphragm is greater than that on the 0.50-
inch diaphragm at the same depth, This contradicts the idea that diaphragm pressure depends
on diaphragm stiffness.

In view of the magnitudes of the pressures determined from deflection measurements on the
diaphragms at depths of 12 and 20 feet, the pressure indicated by the transient-strain record
from the 0.50-inch diaphragm at 20 feet cannot be disregarded. The sharp-rise portion of the
pressure-versus-time replot of this record likewise cannot be discounted.

The records from the horizontal drums show an increase of diaphragm pressure with depth,
together with an increasingly sharp-peaked pulse. The pressures determined from deflections
substantiate the increase of horizontal pressure with depth, These measurements also tend to
substantiato the increase in pressure with depth shown by the vertical drums.
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TABLE 3.1 MEASURED SURFACE PEAK OVERPRESSURES, SHOT KOA

Gage Position

Indicated Surface

Dcscl}:::tlon Distance from Distance from Poak Overpressure Commeants
End of Trench Ground Zero Max BRL Max*
ft ft psi psi
c [} 2,917 288 227 Questionable
D 40 2,951 286 250 Questionable
A 74 2,985 Record Record
obliterated obliterated
B 108 3,019 260 242 Baseline
shift

¥ Corrected for overshoot.

TABLE 3.2 MEASURED DIAPHRAGM CENTER DEFLECTIONS, SHOT KOA

Measured Diaphragm Deflsctions

ofﬁ‘;‘;‘;m 3::3', 0.063 Inch 0.125 inch 0.50 inoh
Permanent Deflection  Permmanent Deflection Transient Deflection
— 1t inch inoh inch
Vertical 0 Failed 2.628 0.402
2 1.081 1.000 0.409
5 0.899 0.729 0.340
8 Falled 2.564 1.004
13 Failed 3.741 1.174
20 Failed 2.636 0.538
Horizontal [ —_— —_ 0,360
14 — — 0.793

TABLE 3.3 DIAPHRAGM PRESSURES DETERMINED FROM MEASURED DIAPHRAGM
DEFLECTIONS AND STRAINS, SHOT KOA

Diaphragm Pressurea

Or?'m“:i g::: 0,063 Inch 0.125 inch 0.50 inch
° on Permanent Deflection Permanent Deflection Transient Deflection Transient Strain
ft psi psi psl psi
Vertical 0 >200 270 295 318
2 76 100 301 —-—
5 64 72 2581 -
8 >200 266 672 —
13 >200 345 800 —
20 >200 270 382 —
Horizontal [] — — 266 -—
14 — —_ 536 —
33




TABLE 3.4 MEASURED SURFACE PEAK OVERPRUSSURES, S8HOT CACTUS

Indicated Surface
Gage Distance from Peak Overpressure

Commsnts
Designation End of Trench Maximum BRL
Maximum*

ft psi pei

C [} 334 934 Questionable Reocord

B 87 332 328 Questionabls Record

A 108 263 253 Questionable Record
Avcxlgg_- 307 304

* Correoted for overshoot.

TABLE 3.8 MEASURED DIAPHRAGM CENTER DEFLECTIONR, SHOT CACTUS

Measured Diaphragm Deflectiona

Orﬁﬁﬂi on g:m 5,063 Tnoh 0.125 inch 0.50 noh
Permanent Deflection Permansnt Deflection  Transient Deflection
it inch inch inch
Vertioal 0 Failed 3.451 0.533
2 0.956 0.871 0.408
5 1.090 0.900 0.343
8 0.612 0.541 0.199
13 2.275 1.369 0.333
20 3.029 3.126 0.396
Horizontal 1 — 0.497 -
3 0.472 -_— —
[] — -_— 0.119
9 — — 0.212
14 -— — 0.401

TABLE 3.6 DIAPHRAGM PRESSURES DETERMINED FROM MEASURED DIAPHRAGM
DEFLECTIONS AND STRAINS, SHOT CACTUS

Diaphy Pressures
Ortontation  apth 3.083 Inch A 050 ok
Permanent Deflection Permment Deflection Transient Deflection Transient Strain
psi psi psi pai
Vertical 0 5200 387 383 408
2 68 85 204 a7
5 (p 89 255 212
8 45 83 145 109
13 182 143 246 —
20 182 312 202 310
Horizontal 1 — 49 -— —
3 37 —_ _— —
(] — -— 86 61
9 — — 154 118
14 — -— 295 243
M
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Figure 3.4 Diaphragm strain-gage pressure-versus-time replot, Shot Koa.
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Figure 3.5 Measured surface peak overpressure, Shot Cactus, Gage A.
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Figure 3.6 Measured surface peak overpressure,
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Figure 3.7 Measured surface peak overpressure,
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Chapter 4 -

DISCUSSION

4.1 SURFACE PRESSURES ?

The locations of the drums for the two shots were chosen 8o that the surface peak overpres-
sure would be the same at both locations but, because of the large difference in yield, there
would be an appreciable difference in the positive-phase durations. Although the measured
surface peak overpressure at the location of the drums for Shot Cactus was about 20 percent
higher than that at the location for Shot Koa, this difference in peak surface overpressure i8
not large enough to prevent determining the effects of the difference in positive-phasc duration,

The pressure pulse from Shot Koa, as indicated by the BRL gages and the strain record from
the surface 0.50-inch diaphragm, had a rise time of the order of 2 or 3 msec. After the first
peak, there followed a period of from 30 to 40 msec during which the pressure varied widely
and somewhat erratically, This was followed by a period of gradually decreasing pressure,
with approximately the usual logarithmic decay. At a time greater than 200 msec after the
arrival of the pulse, the pressure shown by the strain-gage record and the records from BRL
Gages B and C was still greater than twice the amblent pressure. The record from Gage D,
which indicates a crossover time of the order of 180 msec, had a baseline shift and cannot be
regarded as indicating the true decay of the pulse.

The BRL gage records indicate that the pressure pulse from Shot Cactus had the same gen-
eral shape as did that {rom Shot Koa. However, the rise portion of the pulse from Shot Cactus -
was more gradual and the decay portion steeper than the corresponding portions of the pulse
from Shot Koa. Following the first peak the same period of fluctuating pressure appeared in
the recsids from the BRL gages for Shot Cactus as from thuse for Shot Koa., The records from
the strain-gage circuit of the surface 0.50-inch diaphragms are very similar in shape with the
exception that the maximum pressure shown by the record {rom the surface drum for Shot Cac-
tus is not the first peak. Instead, the second peak, which occurs about 3 msec later, is the
maximum,

There i35 one point of disagreement between the record from the surface 0.50-inch diaphragm
for Shot Cactus and the records from the BRL gages for the same shot. The pressure indicated
by the diaphragm strain-gage record apparently approaches a minimum value of about 75 psi
rather than 0 psi. A possible cause of this is the fact that the pressure on this diaphragm was
unexpectedly high and was, in fact, beyond the calibration range of the electronic instrumenta-
tion. Although any resulting error in the computed maximum pressure would be small, there
is a possibility that there would be ¢iscrepancies in the pressures shown by the pressure-versus-
time replot because of unaccounted-for residual strains. 4

Because the two pressure pulses had similar shapes —and because the peak pressures were
oi about equal magnitude—the surface-pressure pulses from these two shots were suitable for
determining the effect of positive~-phase duration on the attenuation with depth of an air-induced
soll pressure.

4,2 ATTENUATION WITH DEPTH OF AIR-INDUCED GROUND-TRANSMITTED PRESSURE .

No pressure cells were used by this project; therefore, all the information regarding attenu- i
ation must come from measurements made on diaphragms. The pressures determined from
measurements on these diaphragms are equivalent uniform pressures, because they were de-
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termined from measured deflections and strains and the pressure-versus-deflection and pres-
sure-versus-strain curves of Figures 2.6, 2.7, and 2.8. The pressure exerted by the soil on
any diaphragm was probably not uniform over the surface of the diaphragm; thus, this equiva-
lent uniform pressure is only an ..pproximation of the soil pressure exerted against rhe dia-
phragm. Furthermore, because the flexibility of a diaphragm. affects the pressure on the dia-
phragm, the pressure determined from the deformation of a diaphragm of a drum would not
be equal to the pressure at the same depth in the soll deposit if no drum were present.

Despite the differcnce between the pressure on a diaphragm and that which would exist in
the soll at the same depth if the drum were not present, diaphragm pressures can be used as
a measure of the attenuation with depth of the air-induced soil pressure. This is the case be-
cause the ratio of diaphragm pressure to soil pressure in a uniform soil deposit should be es-
sentially constant for the depths at which drums were buried for this test. It is unlikely that
this ratio is constant at all depths for a soil depogit partly above and partly below the water
table, because the properties of a soil change when it goes from an unsaturated to a saturated
state. The question of how much change would occur in the ratio is unimportant because of the
presence of the large water-transmitted pressure pulse (discussed below in relation to the ef-
fect of the water table on air-induced pressure transmission). The nonuniform pressure distri-
bution should be about the same for all diaphragms of the same thickness. Furthermore, as
described in Reference 1, the effect of diaphragm flexibility on the ratio of diaphragm pressure
to soil pressure was the same for all depths of burial greater than the span. Therefore, even
though the pressures determined from diaphragms of a given thickness are not the same as the
soil pressures at the same depth, the ratio of a diaphragm pressure at one depth to that at an-
other depth is the same as the ratio of the soil pressures at these depths.

This statement is true only if the effect of the ratio of the depth of burial to the span of the
diaphragm can be neglected. In Reference 1 it was determined theoretically and demonstrated
experimentally that small changes in depth had a large effect on the ratio of diaphragm pres-
sure to soll pressure for depths less than half the span, and that this effect diminished as the
depth of burial approached a value equal to the span. For depths greater than the span, there
was negligible change in the ratio of the pressures with increase in depth. In this project, all
diaphragms other than those at the surface were at depths greater than their span. For this
reason, the effect of depth of burial on the ratio of diaphragm pressure to soil pressure is
negligible, and diaphragm pressure variation with depth can be used as a measure of soil pres-
sure variation with depth.

In the soll deposit studied, there is a discontinuity, namely the water table, which occurs
within the region of interest. Part of the purpose of this project was to determine the effect of
this discontinuity on the air-induced pressures in the soil below the water table and also the
effect on the pressures exerted on structures below the water table. Unfortunately for this
purpose, large-magnitude pressure pulses apparently were induced in the water beneath both
detonations, and these pulses were transmitted horizontally to the locations of the drums. The
apparent magnitude of the horizontally transmitted pressure was two to three times that of the
surface peak overpressure at the range of the drums for Shot Koa. For Shot Cactus the appar-
ent peak horizontal water-transmitted pressure was slightly less than the peak surface over-
pressure.

Because of the distance of the drums from Shot Koa, the water-transmitted pressure and
the air-blast pressure should have arrived at different times. The existence of the water shock
could have been substaintiated by the transient-strain records from the drums below the water
table; however, no transient-strain records were obtained from these drums because of damage
to the instrument shelter from t..< blast and later damage to the records in attempting to remove
them from the damaged shelter. Permanent-strain and permanent-deflection measurements
were made on the diaphragms that were helow the water table for Shot Koa and the evidence
from these measurements supports the conclusion that the highest pressures on the diaphragms
below the water table were produced by something other than the air-induced pressure.
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Figure 4.1 shows the variation with depth of the equivalent uniform pressure on vertical-
drum diaphragms of all three thicknesses for both Shots Cactus and Koa. All pressures shown
in this figure were determined from deflection measurements and the pressure-versus-deflec-
tion curves of Figures 2.8 and 2.7.

Figure 4.2 i3 a normalized plot of the data shown in Figure 4.1. This presentation has the
advantage of allowing comparison of the various pressure-versus-depth curves on the basis of
the same surface pressure. Normalizing had the additional advantage of allowing the use of a
linear scale for both axes in pluce of the semilogarithmic plot of Figure 4.1, while retaining
a reasonable vertical scale. The linear vertical scale eliminates the inherent distortion of the
logarithmic scale. In the normalization of the data shown in Figures 4.1 and 4.2, the su..ace
pressure was taken to be that determined from deflection measurements on the diaphragm of
the surfice drum. Because of the failure of the 0,063-inch surface~-drum diaphragm for both
shots, the pressures on the 0.125-inch surface-drum diaphragms were assumed to represent
the pressures on the 0.063-inch surface diaphragms as well. This should not introduce a seri-
ous approximaticn, because for Shot Koa there was only an 8-percent difference between the
pressures on the surface 0.125- and 0.50-inch diaphragms; for Shot Cactus the difference was
only 12 percent.

Figures 4.1 and 4.2 show that for Shot Koa the pressures on 0.083~ and 0.125-inch diaphragms
decreased a large amount between the surface and a depth of 5 feet (the weter table was at a
depth of 4.5 feet for Shot Koa) and that the pressures on the 0.50-inch diaphragms decreased a
lessor amount, Diaphragm pressures at a depth of 8 feet showed an increase over pressures at
5 feet, For the 0.50-inch diaphragms the pressure increased from 251 psi to 672 psi whereas,
for the 0.125-iach diaphragms, the increase was from 72 psi to 266 psi. The 0.063-inch dia-
phragm had failed at a depth of 8 fect; therefore, the pressure on this diaphragm must have
been in excess of 200 psi, which was the lowest pressure at which a diaphragm of this thickness
falled in the laboratory calibration tests. The pressure on the 5-foot-deep 0.063-inch diaphragm
was 64 psi. Increases this large cannot be attributed to the air-induced pressure.

If the peak surface overpressure had been applied directly to the water surface and this pres-
sure had then been transmitted directly to the diaphragms below the water surface, the maxi-
mum pressure that could have acted on the diaphragms wouid have been twice the air-induced
pressure for a perfect reflection. Furthermore, this could only occur if the diaphragms were
rigid, because any yielding of the diaphragm reduces the force exerted against it by the water.
Neither can the increase in pressure be explained on the basis of a stress wave passing from
a material with a 'ower seigmic velocity to one with a higher velocity. It is difficult to conceive
of a pressure greater than twice the surface peak overpressure being caused by an air-induced
stress wave in a soil. Because the thinner diaphragms, at least, should have experienced
pressures less than those in the surrounding soil, the measured diaphragm pressures cannot
be explained on the basis of an air-induced soil pressure.

For Shot Kva, Figures 4.1 and 4.2 also show a further increase in diaphragm pressure be-
tween the depths of 8 feet and 13 feet and then a considerable decrease between 13 feet and 20
feet. It is interesting to note that the pressures on the 20-foot-deep diaphragms were almost
exactly the same as the pressures on diaphragms of like thickness located at the surface.

There is a possibility that the pressure at a depth of 13 feet was greatest because the permea-
bility of the natural soil deposit was greatest at that depth. The deposit consists of aiternating
layers of loose sand and cemented material and there is, undoubtedly, a large difference in the
permeability of the various layers. This must remain conjecture, because proof would require
a far more extensive series of ineasurements than was made. It may or may not be true that
the pressure everywhere in the trench was greatest at a depth of 13 feet. All the measurements
at this depth were made within a few feet of each other; therefore, such a conclusion cannot be
proved. Furthermore, the soil for several feet around the drums was excavated and replaced
with beach sand. This should have reduced any effect of varying permeability in the surround-
ing natural deposit.
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The situation for Shot Cactus is not as clear as that for Shot Koa, although it appears likely
that a simllar water-transmitted pressure pulse reached the drums. In this case, the distance
from the detonation to the drums was such that the air-induced pressure should have reached
the drums simultaneously, or very nearly so, with the water-transmitted pressure. The maxi-
mum pressure on any diaphragm below the water table for Shot Cactus was less than the peak
surface overpressure at the location of the drums. Therefore, the pressures on drums below
the water table could have been produced by a strictly air-induced loading. However, the pres-
sure on the 20-foot~deep 0.125-inch diaphragm was nearly six times as great as that on a dla-
phragm of the same thickness at a depth of 8 feet, This is not consistent with a strictly air-
induced soll pressure. Further evidence that a water-transmitted horizontal pulse existed is
shown by the dynamic record from the 20-foot-deep drum. This record indicates an almost
instantaneous pressure rise as opposed to the records from the other vertical drums which
show an increasingly less-steep initial pressure ri~" with increasing depth. This abrupt change
in shape is incompatible with the concept of a purely air-induced ground-transmitted pressure.

By itself, the record from this 20 -foot-dcep drum provides a somewhat weak basis for a
conclusion that there existed a direct water-shock pressure. This record exhibits peculiarities
other than that of a higher peak and sharper rise portion. The most obvious pecullarity is the
fact that the record indicates essentially no decay of the pressure in 250 msec after the arrival
of the pressure pulse. This is a highly unlikely occurrence, in view of the other pressure-
versus-time records from diaphragms both above and below the water table. It strongly sug-
gests a mallunclion of the sirain-gage circuit, although there 14 nothing to indicate whether this
might have happened before or after the first peak. The 14-foot-deep horizontal drum, however,
corroborates the sharp rise of pressure shown by the 20-foot vertical drum so this part of the
record appears likely to be correct. There is further evidence that the pecularities of the rec-
ord from this 20-foot-deep drum might have been caused by something other than the strain-
gage circuit. The scratch gage record from this drum shows almost exactly the same behavior
as does the strain-gage record. The peak pressure determined from transient deflection was
292 psi, but the permanent deflection was nearly as great as the transient deflection and cor-
responds to a peak pressure of 515 psi. The rod poriion of this scratch gage was bent and con-
sequently the peak pressure determined from the transient deflection might be in error. A
correction was made for the bending, however, so the pressure should not be greatly in error.

Contrary to the situation shown by the drums for Shot Koa, there was no decrease in pres-
sure below 13 feet shown by the drums for Shot Cactus. There was, however, a decrease in
the pressure at a depth of 8 feet from that at 5 feet. Also, the pressure at 13 feet was greater
than that at a depth of 8 feet.

Very little can be deduced regarding attenuation of the air-induced soil pressure below the
water table because of the water-transmitted horizontal pressure. It is impossible to state
with certainty whether the air-induced pressure predominated even near the water table. It

sould be reasonable to assume that the air-induced pressure was predominant at least to a
depth of 5 feet for Shot Koa, because this is only 0.5 feet below the water surface. Figures 4.1
and 4.2 support this assumption in that they show that the pressure attenuated until the 5-foot
depth was reached and then increased abruptly because of the horizontal water-transmitted
pressure. From these figures it appears that for Shot Cactus the air-induced pressure was
predominant to a depth of & fcet, even though the water table was only 3.6 feet below the surface
for this shot.

Comparison of the pressure-versus-depth curves of Figures 4.1 and 4.2 shows that at depths
of 5 feet or less the pressures on any given thickness of diaphragm at any given depth were
about the same for both shots. Because only one measurement was made at each depth for each
shot, and because pressure measurements in soil tend to exhibit a great deal of scatter, these
results o~ -nly be taken as an indication of the variation of diaphragm pressure with depth,
“ne prees.  versus-depth curves show that the decrease in diaphragm pressure in the first
2 feet o’ depth was greater for Shot Cactus than it was for Shot Koa. The pressures on the
0.50-inch diaphragms for the two shots were almost exactly equal at depths of 2 and 5 feet,
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whereas the surface pressure from Shot Cactus was more than 50 psi greater than that from
Shot Koa. The situation is not so clear for the 0.125- and 0.083-inch diaphragms because of

the apparent scatter of the data; however, the pressures on the diaphragms of corresponding
thickness for the two shots are within about 15 psi of each other at depths of 2 and 5 feet, where-
as the surface pressures differ by at least 50 psi.

Operation Plumbbob Project 1.7 concluded that the decrease in dlaphragm pressure in the
first 2 feet of depth is primarily a function of the relative compressibility of soll and drum,
and that the best measure of the amount of attenuation is the further decrease of diaphragm
pressure heyond a depth of 2 feet. The theory on which this conclusion was based is developed
;n4Reference 1. A brief summary of the theory is presented later in this chapter under Section

Because the decrease in diaphragm pressure beyond a depth of 2 feet was approximately the
same for both Cactus and Koa (at least to the depth at which the horizontal water-transmitted
pressure exceeded the air-induced pressure) it follows that the difference in the positive-phase
durations of the two shots had no effect, apparently, on the attenuation of air-induced pressure
in this soil, '

Figure 4.3 shows a comparison of the variation of pressure with depth indicated by the 0.125-
inch diaphragms for Shots Cactus and Koa of Operation Hardtack and by the near-location drums
for Shot Priscilla of Operation Plumbbob. Figuss 4.1 15 a normalized plot of the same data.
The drums for Shot Priscilla were buried .n an unsaturated soil deposit consisting of a tan silt
with a trace of clay. The surface peak overpressure at the near location for Shot Priscilla
was about 225 psi, considerably lower than that for either Cactus or Koa. After the first 2 feet,
in which the decrease in diaphragm pressure is mainly attributable to the effect of relative flexi-
hility of the diaphragms and the soil, the decrease in diaphragm pressure was comparable for
all three shots.

It was reasonably well established by Project 1.7, Operation Plumbbob, as well as by other
projects previous to it, that attenuation with depth of an air-induced, ground-transmitted pres-
sure is not greatly affected by the magnitude of the surface peak overpressure in the range of
from 50 to 250 psi. The results ohtained by the present project show that the difference be-
tween the positive-phase duration of a kiloton detonation and that of a megaton detonation also
causes little or no change in the amount of attenuation. Figures 4.3 and 4.4 imply that soil type
has little effect on attenuation. This implication is very likely to be merely fortuitous, because
attenuation is undoubte-ly affected by several soil properties and two soils seemingly very dif-
ferent could possess properties which, although individually different, might produce the same
overall effect. Cunsiderably more study of the problem of attenuation with depth of surface-
applied s0il pressures is needed bcfore the soil properties that affect attenuation can be identi-
fied. In particular, there is need for laboratory studies undei carefully controlled conditions.

4.3 COMPARISON OF HORIZONTAL AND VERTICAL DIAPHRAGM PRESSURES

Tables 3.3 and 3.6 summarize both the horizontal and vertical diaphragm pressures for Shots
Koa and Cactus, respectively. For Shot Koa, there were only two horizontal drums, both of
which had 0.50-inch diaphragms and were located below the water table, The 6-foot-deep dia-
phragm (for horizontal drums the effective depth is measured to the center of the diaphragm)
lay in a region in which pressure was rapidly changing with depth. At a depth of 5 feet, near
the top of the 8-foot-deep horizontal-drum diaphragm, the pressure on the 0.50-inch vertical-
drum diaphragm was 251 psl, whereas that on the 8-foot-deep 0.50-inch diaphragm, a foot below
the bottom of the 6-foot-deep horizontal-drum diaphragm, was 072 psi. Interpolating linearly,
the value of vertical pressure which a diaphragm at a depth of 6 feet would have experienced
was 391 psi. The horizontal-drum diaphragm at this depth was subjected to 266 psi or about
68 percent of the vertical pressure. At a depth of 14 feet the horizontal pressure was 536 psi
or approximately 81 percent of the interpolated vertical pressure.

Five horizontal drums were included for Shot Cactus, one each at depths of 1, 8, 6, 9, and
14 feet. The 1-foot-deep drum had a 0.126-inch diaphragm, the 3-foot-deep drum a 0.063-inch
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diaphragm, and the remaining three had 0.50-inch diaphragms. Interpolating again between the
vertical drum measurements, in order to make direct comparisons, the following ratios of
horizontal to vertical pressure were found: at 1 foot the horizontal pressure was 29 percent of
the vertical; at 3 feet, 54 percent; at 6 feet, 39 percent; at 9 feet, 86 percent; and at 14 feet,
113 percent.

Only two horizontal drums were above the water table; these were the 1-foot- and 3-foot-
deep drums on Shot Cactus. The 3-foot-desp diaphragm actually extended about 2 inches below
the water table but the area of the diaphragm under water was negligible and the diaphragm can
be considered as being completely above the water table for the purposes of this discussion.
The ratios of horizontal-to-vertical pressure indicated by the horizontal drums at depths of 1
and 3 feet are within the range of values of this ratio obtained in Qperation Plumbbob Project
1.7. The rangc of values from the earlier test was from 0.25 to 0.58. The ratios were deter-
mined for depths of 1, 4, and 9 feet to the center of the diaphragm. Of seven such ratios de-
termined by Project 1.7, five were in the range of 0.43 to 0.47 and three were 0.43, If the one
low value of 0,25 is disregarded, the resuits of Project 1.7 indicate an approximately constant
ratio of horizontal-to-vertical pressure in an unsaturated soil.

As has been previously stated, the rapid decrease in diaphragm pressure in the first 2 feet
of depth can be mostly attributed to the effect of depth-to-span ratio, i.e,, depth of burial di-
vided by the span of the structure, rather than to pressure attenuation with depth. The thevret-
ical expression governing the decrease in diaphragm pressure in the first 2 feet of depth indi-
cates that the pressure on a 0,125-inch diaphragm at a depth of ! fost weuld be considerably
less than the average of the surface pressure and the pressurs at a depth of 2 feet. For this
reason the ratio of horizontal-to-vertical pressure determined from the 1-foot-deep horizontal
drum is likely to be too low. The ratio determined from the 3-foot-deep horizontal drum is
much more likely to be correct because, as can be seen from Figures 4.1 and 4.2 there was
less change in vertical-drum diaphragm pressure between 2 and 5 feet.

It would be expected that a condition approaching a hydrostatic stress state would exist be-
low the water table, For Shot Koa, a true hydrostatic stress state never . .8 attained—the
horizontal pressure never exceeded 81 percent of the vertical. This does not agree very well
with the concept of a horizontal water-transmitted pressure; however, a 33-pe’ cent variation
from the true value of either horizontal or vertical pressure, which is well within the limits of
probable scatter of the data, would account for the discrepancy. For Shot Cactus, the stress
state approached hydrostatic at the 9-foot depth where the ratio of horizontal pressure to verti-
cal pressure was 0,86. The horizontal pressure was 13 percent greater than the vertical pres-
sure at a depth of 14 feet,'

It appears that, at depths greaterthan 5 feet below the water table, there exiated a state of
stress that was hydrostatic or very nearly so. At shallower depths, where the air-induced
pressure predominated, the stress state was not hydrostatic, but the vertical stress was con-
siderably higher than the horizontal. Where the pressure state was hydrostatic, there was
apparently also a large water-transmitted horizontal pressure. For this reason it cannot be
determined from the results of this project whether a hydrostatic state of stress would exist at
some distance below the water table if the air~induced pressure alone were acting.

The results from Shot Cactus indicat2 that the vertical pressure predominated at depths as
much as 3 or 4 feet below the water table. This indicates that most of the pressure was carried
by the soil skeleton at these depths, because whatever part was carried by the pore water would
have been hydrostatic. If most of the soil pressure was carried by the skeleton, it could be ex-
pected that diaphragm flexibility would continue to be an important determinant of diaphragm
pressure for a distance of several feet below the water table,

4.4 EFFECT OF DIAPHRAGM FLEXIBILITY

The basic concept of the effect of flexibility is that the deflection of a structural element re-
duces the soil pressure exerted on that element. The mechanism by which this occurs has not
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been defined, but undoubtedly it is connected with the shear forces set up in the soll mass as
it attempts to deform with the structure, In this situation, the more flexible a structural ele-
ment becomes the less pressure is axerted on it, at least as long as the shear stresses in the
soil do not exceed the ability of the soll to withstand such stresses. Likewise, with an extremely
stiff element, it is possible to produce static pressures in exceas of the soil pressure that
would exist if no structure were present.
A comparison of the pressures on the three different thicknesses of diaphragm at each depth
for Shot Cactus Indicates that diaphragm flexibility had a considerable effect on the pressure
on the diaphragms, both above aund below Lthe water table, Huwever, the pressures on the dia- ¢
phragms at depths of 13 and 20 feet for Shot Cactus, as presented in Tables 3.5 and 3.8, do not
scem consistent with the idea of the most flexible diaphragms experiencing the lowest pressures.
The pressure on the 0.125-inch diaphragm at the 13-foot depth was less than that on the more
flexible 0.063-inch diaphragm at thir depth. Similarly, the preasure on the 0.80-inch diaphragm
at the 20-foot depth was less than chat on the 0.135-inch diaphragm at the same depth.
The difference between the pressure on the 0.063-inch diaphragm and that on the 0,126-inch
diaphragm at a depth of 13 feet was quite small ac were the differences in the pressures on
these two thicknesses of diaphragm at other depths. In view of the possibilities of scatter in
the data, tHis discrepancy cannot be considered to be particularly important.
The situation at a depth of 20 fcet 18 more serious in thai not only was the pressure on the
0.125-inch diaphragm greater than that on the 0.50-inch diaphragm but also the deflection of the
0.125-1nch diaphragm was greater than that of the 0,083-inch diaphragm. However, there was
some doubt about the peak pressures indicated by the strain-gage record and the scratch gage
on the 0.50-inch dlaphiragm at this depth. Both the strain-gage record and the scratch gage in-
dicated residual deformations, i.e., strains and deflections, which were nearly equal to the
maximum deformations. This strongly suggests that the actual peak pressures were consider-
ably higher than the indicated peak pressures, in which case the 0.50-inch diaphragm pressure
would have been greater than the 0.125-inch diaphragm pressure.
There i8 no such convenient explanation of the fact that deflection of the 0.125-inch diaphragm .
exceeded that of the 0.083-inch diaphragm. The values of the peak pressures assigned to these
dlaphragms are not in doubt, because permanent-deflection measurements were used to deter-
mine these values, There is, however, a possibility that the final position of one or more of .
the drums at the 20-foot depth differed from that at the time the drums were placed. The dif-
ference might have been in location, in orientation, or both. The placing of the drums at this
depth was extremely difficult, and it was not possible to check the final positions of these drums
ter backillling. A change in the position of the 0.063-inch diaphragm is a possible explanation
of the fact that the deflection of this diaphragm was less than that of the 0.126-inch diaphragm.
The results for Shot Koa, shown in Figure 4.1, i{ndicate that in all cases the pressure on the
0.125-inch diaphragm at a given depth was greater than that on the 0,063-inch diaphragm and
less than that on the 0.50-inch diaphragm. The deflection of each 0,125-inch diaphragm was
less than that of the 0,088-inch diaphragm and greater than that of the 0.50-inch diaphragm at
the same depth. These results show that diaphragm flexibility is an important factor in deter-
mining diaphragm pressure.
In Reference 1, 2 theoretical analysis was made of the effect of diaphragm flexibility on the
pressure acting against the diaphragm. This analysis ylelded results that were in fairly good
agreement with the results of the field-test measurements. For this reason it was decided to
attempt to apply the same analysis to diaphragms above or slightly below the water table in
this project. The presence of the water table makes this difficult, because the anilysis con-
siders only the deformation characteristica of the soll and is not adaptable to the consideration
of pore-water pressures. .
Below the water table, the effect of diaphragm flexibility is two-fold. First, the deflection
mobilizes shear forces in the soil that is trying to deform with the diaphragm. This, in turn,
gives rise to a situation in which the water attempts to flow through the voids and retain contact
with the dlaphragm. The pressure on a diaphragm thus becomes not only a function of the extent
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to which shear forces are mobilized in the soil but also a function of the permeability of the
soil, The analysis is incapable of considering the effects of permeability; the permeability ot
the soll in question under dynamic loads is unknown., In addition, the presence of the large-
muagnitude, horizontal, water-transmitted pressure has hopelessly obascured these effects be-
yond a few feet below the water tuble. For these reasons, the theoretical discussion will be
limited to diaphragms either above or slightly below the water table, that is, to a depth of §
feet below the ground surface for both shots. At these depths the pressure is carried almost
entirely by the soll skeleton and the theoretical analysis is directly applicable.

The complete development of the analysis is given in Reference 1; only a brief summary
will be given here.

In the analysis, the drum was represented by a hollow sphere and the surirounding soil by a
concentric hollow sphere surrounding the first sphere and having an lnner radius equal to the
outer radlius of this inner sphere. A pressure, P;, was applied to the outer surface of the
outer sphere and the pressure on the surface of the inner sphere was determined {rom the
equations of the theory of elasticity. The aralysis involved the solution of the case of radially
symmetrical stress distribution. The equations of stress for a hollow sphere were written
directly from the equations of equilibrium in polar coordinates,

Considering the small element of Figure 4.5, the equation of equilibrium in the y direction
was written;

3 (0, Y dedr 20, ragtar = 0
d 2
E;(r 0p) = 2rop = 0
Differentiating:
PS8 ) 2ro - 2ro = 0
do
20, -0y + r-al-f- =0 (4.1)

Where: ¢, and gy = the radial and tangential stresses, respectively.

Because radial symmetry exists, the expressions for radial and tangential strains are
simply:

Where: u = the radial displacement.

Continuity of radial stress and displacement across the interface of the spheres was consid-
ered. An expression for radial displacement was determined and, from this, expressions for
all the stresses and strains were found. The expression for radial displacement was found by
considering Equation 4.1 and finding relationships between u and (ol. - ”t) and between u and
do,/dr. This was done as follows:

- du 2u

e = €r+4€t=-d—r'+T
du u du du u
Cp = 2e +2Ge, = A$+2A;+ZGE- (A+2G)m;+2x;

du u u du u
o = Ae+2G€t = )\E+2A;+2G; = Kd—r'ﬁ'z(h +G)—l:
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du u du du u u
Op —Op = Aa-F+aX?+RQa';—Aa-E—2A;—2G—

r
du u
Ur—(rt = 20(3_"_.;)

du 2
do, = (x+zo)a;‘,‘-+-;’i§'_:-ax%

. - ’ vE .
Where: A Lame’s constant = mm . psl
E
G = shear modulus of elasticity = W)’ psi
v = Poisson’'s ratio
E = Young's modulus of elasticity, psi
e = compressibility = the sum of the three principal strains
Equation 4.1 can then be written:
du 2du_2u_,
attrTar o
This is an ordinary second-degree differential equation, the solution of which is:

u-h+§,

The constants A and B vary with the properties and conditions of loading of the sphere. An
expression for o, was found by considering the previously determined sxpression:

op =()t+2(i)g% 13-

Because:
u = Ar + B
™
_c_lg . Ao 2B
a9
And:

op = 82 +26) A-252

If the notation and boundary conditions shown in Figure 4,6 are considered, the foliowing
equations can be written:

UYrab=Ur=b

or: Ab+Td = Ab et 4.2)

ean Falrab

or: (3x + 3Gy) A, - %EL = (3aq + 2Gy) B, — .‘%I...‘ZL (4.3)
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= =P
"r" r=a i
or: (3% + 269 A - Z8BL o _p 2o (4.4)
orylr=c =P
or: (82, - 2Gy) A, — 39.?!,& = -p, (4.5)

Solving Equations 4.2, 4.3, 4.4, and 4.5 simultaneously then putting the resuliing express-
lons for A,, A; B,, and B; in terms of E and v rather than A and G gave:

3 s 8
- (1-21y) Palpi(l + vy
M- B By = P,
A = (B S_Pocs) (1-2vp) B, = (p_po)bsca
: ¢'~b Ez 1 Elcs—b’; E'

Substituting these expruessions in Equation 4.2 and simplifying the resulting expression gave:

Py 11y 2 bY 1- 21,
P 31—y, T \c) T1-0;

r A\
[2(1 —2u) + (1 + u,)(-b-)] (4.8)

This expreseion was further simplified by considering the relative compressibility of the inner
sphere and that of a solid sphere having the same outer radius but being made of the same ma-
terial as the outer sphere. This is equivalent to comparing the compressibility of a buried
structure with that of the soll it replaced.

The compressibility e of a body is the change in volume of the body divided by the original
volume, or AV/V. For a sphere of Radius b:

JAV _gu S
TV r b

Because o, = ¢, and €, = € = %, for a golid spnere having elastic constants E, and vy

_ b (1 - 2V:)p

=

and for a hollow sphere of inner radius a and outer radius b having elastic conatants E; and
2

Uy

1 m 1 20 b ]
i e - [2(‘ 2""“*(“"‘“]

The relative compressibility of the two spheres is then;

[

e u 1| E 1 1 s
.e.; = K‘; = -E -—: E‘—_a‘ -it-z—l-;; [2(1 - 2V1) bs +(1+ Vl) a]
) E e 2 Y 1
or: —E'% -2 -e—o [1 - (F ] 1- 21"2) 2(1~ 2'}1) + 1+ vl)(_e_)’
b




This expression for E,/ E{ was then substituted in Equation 4.6, giving:

Po 1 1+w, 2 fbY 1-2y, 2 1-2y, bY] e
S *'5(‘3) =, T T |'\5) e @D
I this expression is applied to the.drum, the compressibility can be determined by consid-

ering only the deflection of the diaphragm, because the rest of the drum is rigid. If the de-

flected shape of the diaphragm is assumed to be a spherical cap, the volume change due to &
deflection h wouid be:

=4

AV =+

(3a® + 4h?)

[

4
Where: a = the diameter of the diaphragm, 18 inches in this case.

In Reference 1, the drums described had two diaphragms, one on each end, and the com-
pressibility of the drums, which had somewhat different pressures acting on the two diaphragms
was determined, in effect, by considering two half-drums each of which had a diaphragm at one
end and a rigid plate at the other, Thesc two half-drums were equivalent to the actual drum in
compressibility characteristics. This approach eliminated the question of the effect of the de-
formation of one end diaphragm on the deformation of the diaphragm at the opposite end of the
drum. The calculation of the compressibility in this manner introduced only a minor approxi-
mation in Reference 1; doing 8o in this project could introduce a more serious approximation
because there was only one end diaphragm. The other end of the drum was a rigid plate. It
seems more reasonable, however, to make such an approximation, becausc considering over-
all drum compressibility as the only determinant of diaphragm pressure at depths of 5 feet or
less is more of an approximation than considering the drum as two half-drums. It must be re-
membered that the analysis is based on an oversimplified theory that can only be substantiated
by further study and determination of factors such as dynamic soil properties and the effects of
relative stiffness of the various parts of the drum. Until these factors become known, any
agreement between diaphragm-pressure predictions and field-test results can be considered as
only an indication of the validity of the assumptions made in the analysis,

If the assumption of two half-drums is made, the compressibility e is:

e o AV _ 255h 1,05h%

vV 10,850 ~ 10,850

The expression for the compressibility of the replaced soil mass under a hydrostatic pressure
P, is:

~ 0.0234h (4.8)

3(1 - 2!11) Po
eo = —_Ez_

Because the lateral pressure was much less thaa the vertical pressure, an adjusted value of

P, was used in this expression. I it is assumed that there was no lateral strain in the soil be-
cause of the restraint offered by the surrounding soil, the ratio of horizontal-to-vertical prea-
sures found in this project corresponds to a Poisson’s ratio of 0.30. If the relative areas of
the ends of the drum and the sidewalis are considered, the average pressure is found to bs 0,62
times the vertical pressure,

Very little information is available concerning the deformation characteristics of the sand
used as backfill in the present project. Some seismic velocity measurements on this soil de-
pusit indicate that the modulus of deformation is about 11,000 pei in the dry state. This value
can be considered as representative only of the initial tangent modulus of the scil because of the
low stress levels involved in seismic velocity determinations. Then, the secant or effective
modulus of deformatiorn: for such a sand should be approximately 9,000 psi (Reference 3). If
this value is substitviad L. Equation 4.9, together with the average pressure of 0.62 P, the

(4.9)
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resulting expression is:

_3(1-0.8) _ )
& = —gog— = (0-62 Py = 0.0000826 P, (4.10)

Using Equations 4.8 and 4.10 gives:

e .. 00234 h _,..0h
e, _ 0.0000826 B, " F,

The dimensions of h/P; are cubic inches per pound.
Substituting this expression for e/e, in Equation 4.7 together with v, = 0,30 gives:

Py _ b\ b¥] h
B = 0.619 + 0.381(?) + 108 [1-(? 5 (4.11)

A simple relationship between b/c and depth-to-span ratio for a drum can be determined by
considering the depth of burial to correspond to ¢ — b and the span to 2b. Then the depth-to-
span ratio is simply c~b/2b., Because the span of the drum is 2 feet, the depth-ic-span ratio
becomes:

depth _ d c-b

span 2 2b

c
-B_d+1

where b, ¢, and d are in feet.
Equation 4.11 can then be written:

Py _ . 1 1 'l h

P - 0.619 + 0.381 CERY + 108 [1 mm-ﬁ T (4.12)
For an infinite depth of burial, this equation becomes:

Py _ h .

3 0.619 + 108 P, (4.13)

For values of d greater than 1.5 [ewi, Equation 4.12 yields values of Py/P very nearly the
same as the values obtained from Equation 4.13; for d = 1 foot, the difference is not great,
and for d = 2 feei the difference is negligible.

Table 4.1 shows a comparison of measured diaphragm pressures with pressures calculated
using Equation 4.13. The values of soil pressure P, were estimated on the assumption that
the soil pressure decreases at a constant rate with respect to depth and that this rate is the
same as that at which diaphragm pressure decreases below a depth of 2 feet. The basis for
this assumption has been previously discussed. The rate of diaphragm-pressure decrease
was determined from the diaphragms at depths of 2 feet and 5 feet, The surface diaphragms
were not considered because, as has been previously mentioned, the decrease in diaphragm
pressure in the first 2 feet of depth is principally because of the effect of depth-to-span ratio
rather than because of attenuation of the soil pressure. Results from drums below a depth of
5 feet were not used because of the predominance of the water-transmitted pressure below
these depths. The soil pressures P, were determined, in effect, by determining an average
slope of prescure decreasc for all thicknesses of diaphragm from the pressures at depths of
2 and 5 feet in Figure 4.1, then drawing a line parallel to this and intersecting the pressure
axis at the value corresponding to the surface pressure.

The measured and predicted pressures compare very well, considering the possible scatter
of pressure measurements on objecta buried in soil. This agreement should not be construed
as complete justification for all the assumptions that have been made in the analysis, however,
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but only as an indication that the analysis considers at least gome of the most important

variables.

TABLE 4.1 COMPARISON OF MEASURED AND PREDICTED DIAPHRAGM PRESSURES

Soil Theoretical Pressure
Shot Drum Diaphragm Pressure Predicted Measured Difference,
Depth Thickness P '  Pressure, from Deflection, P-Pp,

o P Ppy
ft inch psi psi psi psi
Cactus 2 0.063 281 64 68 -4
0.125 101 85 +16
0.500 295 298 -3
5 0.063 251 57 71 -14
0.125 90 89 +1
0.500 264 256 +9
Koa 2 0.083 301 88 76 -8
0.125 108 100 +8
0.500 316 301 +15
5 0.063 269 58 64 -8
0.125 97 72 +25
0.500 282 261 +31
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

On the basis of a very limited amount of data and in view of the apparent presence of a large
water-transmitted pressure pulse, the following conclusions can be made:

1. For a soil deposit consisting of loose beach sand zuch as that found at EPG, there is
considerabie attenuation ot an air-induced, ground-transmitted pressure. This is true not
only above the water table but also for at least a few feet below it. The presence of the hori-
zontal water-transmitted pressure obscured this effect at depths greater than this, The amount
of this attenuation in the soil deposit is approximately the same as was found in the tan silt de-
posit at NTS, which was about 20 percent in the first 5 feet of depth.

2. The difference between the positive-phase duration of a kiloton detonation and that of a
megaton detonation appears to have no appreciable effect on the attenuation with depth of an air-
induced pressure in a loose beach sand deposit such as that found at EPG.

3. Where the air-induced pressure predominates, the horizontal pressure is much less
than the vertical. At EPG, the ratio of these pressures was about 0.50 at all depths from the
surface down to a few feet below the water table. Approximately the same value was found at
NTS during Operation Plumbbob. '

Where the horizontal water shock was predominant, the stress state in the soil was approxi-
mately hydrostatic which wes to be expected beonuse undrained saturated soil behaves much as
a liguid, No conclusions can be drawn regarding the stress state in a saturated soil deposit
subjected to strictly air-induced pressure, because the herizontal water-transmitted pressure
exceeded the air-induced pressure at depths where a hydrostatic pressure would be expected to
exist under air-induced pressure loading.

4. The flexibility of the diaphragms has a considerable effect on the pressures acting on
them whether they are located above or below the water table. When the overall compressibil-
ity of the drum is much greater than that of the soil It replaces, the pressure on the diaphragm
is materially less than that in the soil surrounding the drum. This difference can be more than
50 percent and is almost completely developed in a depth of burial equal to the span of the drum.

5. The resuilts of the present test agree with the theory developed in Reference 1. However,
this theory includes a number of simplifying assumptions and some fairly crude approximations.
Further study is required to refine the analysis,

5.2 RECOMMENDATIONS

Carefully--controlled laboratory tests should be conducted to determine the dynamic behavior
of soils. This remuins the most important unknown factor in the problem of buried structures
subjected to dynamic loads, with regard to both attenuation of the air-induced pressure with
depth, and dynamic soil-structure interaction, A great deal is known about the behavior of
atructures subjected to dynamic loads, Knowledge of the behavior of soil under such loads must
advance to a comparable level before the interaction problem can be solved. A good start has
been made by some investigators (Reterence 3), but much remains to be done to determtine dy-
namic soil properties sufficiently well for the purposes of this analysis,

Desirable extensions of the sphere analysis include: (1) consideration of the dynamic case;
(2) determination of the effects of the shape of the structure; and (3) determination of the effects
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uf the relative stiffness of various parts of the structure on the distribution of pressure over
its surface,

The results show a necessity for further study of the coupling of surface detonations with
the pore water in soil deposits having water tables near the surface. The results of this proj-
cct indicate that the pressure thus induced in the pore water may be at least as important as

- the air-lnduced pressures in producing loads on buried structures.
L}
¢
v
’
»
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