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SUMMARY OF SHOT DATA, OPERATION TEAPOT

Latitude and
3bot Code Name Date Time* Area Type Longitude of
Zero Point
- 1] "
1 Wasp 18 February 1200 T-7-4t 762-1t Air LA L
11¢ " 18.13¢¢
L] 1] ”
2 Moth 22 February 0545 T-3 300-ft Tower AL Rlaed
11¢ 1} 15.¢087
L] 1] ”
3 Teala 1 March: 0530 T-9b 300- ft Tower ol G G L
14 ”? 51.0011
] 1] "
4 Turk 7 March 0520 T-2 500-ft Tower Al R
114 ” 03.879
L] 1 "
5 Hornst 12 March 0520 T-32 300-ft Tower TR e
116 21 31.98%4
] Bee 22 March 0505 T-7-1a 500-ft Tower A D)
144 [ B.M414
7 ES8 23 March 1230 T-10a 67-ft Underground Rt
11¢ [ 14 . 1010
L] 1] "
8 Apple 29 March 0455 T-4 500-ft Tower LD ]
118 » (IR, ']
9 Wasp’ 29 March 1000 T-7-4¢ 740-ft Afr L
11¢ 01 18.1%¢
10 HA 6 April 1000 T-£8 36,620-ft MSL Air M et U=
11¢ 03 2.84
o 1] ”
11 Post 9 April 0430 T-9c 360-ft ‘Tower AL gD
116 02 03.8340
° ] "
12 MET 15 April 1115 FF 400-ft Tower S ST
15 111 44.1086
° 1 "
13 Apple 2 5 May €510 T-1 500-ft Tower MEesE L
118 [ [} 09.4937
14 Zucchini | 15 Vay 0500 T-7-1a 500-ft Tower o8 dan
116 (]} 26.0474
* Approximate local time, PST prior to 24 April, PDT after 24 April.
t Actual zero point 36 fert north, 426 feet west of T—7-4. -
1 Actual zero point 94 feet north, 62 feet west of T—7-4.
§ Actua! zero point 36 fr:et south, 397 feet west of T-5.
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ABSTRACT

Project 1.7 of Operation TEAPOT was concerned with the measurement
of surfece end subsurface effects of an underground explosion of a 1.2-kt
ruclear turst (Shot 7). The messurements included free-field earth and
air-blest effects, as well as loeding on underground structursl devices,
This report desls with the presentation and analysis of the free-field
deta only; the strurtural dats have been transmitted to the appropriste
agencies for their analysis.

From the 76 channels installed on TEAPOT Shot 7, 75 usable records
were obtained, The free-field quantities measured include air-blast
pressure, earth acceleration, earth stress and strain, and permanent
earth displacement,

The results sre discussed by phenomenon and, in each case, the
TEAPCT date are compared with pretest predictions. Also, where data are
avajleble, comperisons sre made with previous undergroand nuclear test
results. Some aspects of seismology and soil mechanics as applied to
underground explosion phenomens are presented and, finally, the most
pertinent high explosives results from subsequent tests conducted at
the TFAPOT location sre summarized,
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FOREWORD

This report presents the final results of one of the 56 projects compris-
ing the Military Effects Program of Operation Taapot, which included 14
test detonations at the Nevada Test Site in 1955.

For overall Teapot military-effects information, the reader is re-
ferred to "Summary Report of the Technical Director, Miiitary Effects
Program,” WI-1153, which includes the following: (1) a description of
each detonation including yield, zero-point envircnment, type of device,
ambient atmospheric conditions, etc.; (2) a discussion of project results;
(3) a sumary of the objectives and results of each project; and (4) a
1isting of project reports for the Military Effects Program,
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The planning and execution of Project 1.7 were under the direction
of L, M, Swift, vith L, H, Inman serving as Field Party Chief, D, C.
,,,,, Sachs teing responsible for date reduction and analysis, and S. C. Ashton
ceeed’ handling logistics problems., Other members of the field party included
: C. M, Westbrook, C, T, Vincent, R, V, Chler, V., E, Krakow, D, L, Knirck,
and C, C, Hughes,
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e Bingham, USAF, and their staff is gretefully acknowledged.

The authors wish to express gratitude to Dr., 3. Ketz of Stanford
Research Tnstitute for his analysis of the travel-time curves and for
many stimulating discussions concerning the seismologicel aspects of the
data,
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Chapter |
INTRODUCTION

1.1 OBJECTIVE

The primary objective was to obtain data on the free-field under-
ground effects of an underground nuclear explosion (1.2 kt, 67 feet
burial depth) for a correlaticn with similar measurements made on small-
charge high explosives tests, particularly those of Project Mole, and the
Operation JANGLE underground shot (1.2 kt, 17 feet burial depth). Such
correlation, if established, would contribute to the prediction of free-
field effects fram larger nuclear charges fired underground under various

conditions, S
A second objective was to furnish instrumentation for two projects ﬁf::
concerned with loeding on structural devices from an underground nuclear ..
explosion, On these projects, the responsibility of Project 1.7 was SIS
1limited to obtaining and reporting data. o oo
Crater measurements and analysis, although a portion of Stanford (e
Research Institute Project Mole, were assigned to another agency for Tt

Operation TRAPOT (Project 1.6) and do not form a portion of Project 1.7.

However, since crater predictions form an important part of the prediction en
technique, a certain amount of attention is paid in this report to the ‘eece
prediction of crater radii and to crater formation mechanisms, $.:

1.2 HISTORY

Before 1939, essentially the only systematic investigation of the
effect of underground explosions was a study of the remote effects of
quarry blasts, which had been undertaken some explosive manufacturers
and the U, S. Bureau of Mines (Reference 1) to establish the limit of
distance for certain varieties of superi'icial damsge to dwellings. These
irvestigations have little bearing on the problems of military damage,

Table 1.1 presents a summary of the significant work taat has becn
done since 1940 on the e’fects of surface¢ and underground explosions, In
1940, the problem of underground damagc became of immediate interest to
the British, who initiated the program of experiment to determine crater
radii, earth movements, acceleration, and damage radii from bombs (Refer-
ence 2). By 1941, the British had collected a wealth of information cn
damege to structures from actual bombing incidents, but the complexity

CONFIDE




of these results, together with lack of knowledge as to the exmct position,
point of impact, and size of bomb, made correlation difficult, if not
impossible,

It became evident in 1941, during the course of U. S. bombing
experiments, that considerable damage to a fortification might be caused
by a near miss penetrating into the earth adjacent to the structure and
exploding there., Ths results were sometimes quite unexpected and led to
the conclusion that a systematic study of the underground phenomena caused
by a buried bomb was necessary. After some peliminary work with buried
dynami te charges, it became clzar that the phenomena were indeed compli-
cated and that only a long-ierm program which followed the principle of
investigating one variable at a time while holding the others constant
wculd yield the kind of data that would permit a quantitative evaluation
of the influence of the various parameters. A large program was organ-
ised at the Princeton Station of the National Defense Research Council
(NDRC) (Division 2), and the field work began in 1943 (see Table 1.1).

The NDRC project involvsd detonation of about 100,000 pounds of
explosives, in units ranging from 8 to 3,200 pounds per shot, and con-
struction cf over 50 target structures (Reference 3). The tests were
conducted in three different soil types, and the final report on the work
(Reference 4) appeared in 1946.

The Corps of Engineers, seeking more complete information on under-
ground explosion effects, began in 1948 its Underpround Explosion Test
(UET) program. The purpose of the program was to establish criteria for
the design of subsurface structures and tunnels that would resist the
effects of underground explosions of then-current and projected types of
bombs and guided missiles., The tests were conducted principally at
Dugway Proving Grounds, Utah, using a series of charpges of TNT which
varied in weight from 8 pounds to 320,0C0 pounds and which were d~tonated
in several soils, The smaller charges were detonated at different depths
to determine the effect of charge depth and relation to gage depth. Some
free-field earth pressure and earth acceleratjon messurements were made
in the UET program by Fngineering Research Association, Inc. (FRA)
(Reference 5). For this work, FRA used 320-pound charges buried in silty
clay. They obtained data on four rounds,

In 1951, to assist in the planning of a possible future underground
nuclear explosion test, the Armed Forces Special Weapons Project (AFSWP)
added the Stanford Research Institute (SRI) Surface Structure Program
(Reference 6) to the UET series at Dugway. This supplementary program
was designed to study thz2 effects on surface structures of three buried
TNT charpos (2560, 40,000,and 320,000 pounds). Some free-field earth
measuremehts were made by SRI on the same shots, supplementing those
made by "RA, Tt was dec:ided to test the validity of the simple model
laws for air blast, motion of soil, and response of surface structures,

When the Nevada Test Site was chosen as the site of the Overation
JANGLE underground nuclear teat (U shot), several differences were antici-
pated between U shot results and those from orevious underground
explosion tests. Important differences were considered to be the type
of explosive, the relatively shallow depth (scaled) of charge burial,
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and the soil cheracteristics., To establish a better basis for prediction
of corresponding phenomena {rom larger explosions at the same site, the
JAYGIE HE (high explosive) test program was undertakon (Referance 7).

The part of this program executed by Stanford Research Institute (see
Table 1.1) included four TAT explosion tests, three 2,560-pound size
chargee and one 40,000-pound charge., The surface-detonated HE-4 shot

(2,560-pound) was included to provide predictions for the surface nuclear
test (S shot).

In the fall of 1951, JANGLE U and S nuclear charges (1.2 kt) were
detonated at the Nevada site (Reference 8). One of the objectives of
the nuclear tests was to determine the physical laws governing shock
wave propagation (in sir and earth) and those governing scaling betweenr
conventional hipgh explosives (TNT) and nuclear detonations, so that HE
test resultz could be used to predict the =2ffects of niclear explosions
under varying conditions on a wide variety of targsts, However, since
the JANGLE test wearons were considersbly lower in yield than present
operationel weapons and since the test programs were carried out in only
one erviromment, only marginal basic data on the effects of surfaze and
underground detonations were obtained,

Project Mole field work, which employed 256-pound spherical TNT
charges detoriated both underground and aboveground, was begun in the
summer of 1952 (see Table 1.1). The Mole program was desipned to investi-
pate, uesing a single-size TNT clarge, the effects of charge and gage
burial depths, soil characteristics, and ajr-earth energy pertition
from underground and near-surface aboveground explosions (Reference 9).
The field work assocjated with this program continued through the fall of
1954, when a series of rounds was fired at the Nevada Test Site adjacent

to Lthe site designated for Shot 7 of Operation TEAPOT, which occurred in
March 1955.

Shot 7, a 1.2-kt nuclear device buried 67 feet below the surface,
was included in the 1955 TFAPOT series in an effort to facilitate the
correlation of TNT and nuclear underground data. Prior to this test,
since the JANGLE U charge was shallow-burial, there were no data available
on a "deep"-buried underprcund nuclear exvlcsion. Tt wes hoped that the
TRAPOT underground detonation would resolve many of the uncertainties
inherent in current prediction methods, It is with that shot that this
report is primarily concerned,
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Chapter 2
THEORY and ANALYSIS

2.1 SCALE EXPERIMENTS AND MODELING

2,1,1 Model Laws. A simplified discussion of the model laws as
normally spplied to explosion phenomena is presented here principally to
femiliarize the reader with the nomenclature used in the main body of
this report., If al" dimensions of an experiment are increassed by factor
S, where S is designeted as the scale factor, and if it is assumed that
all times associated with the experiment are increased by this same
factor S, the model law or scaled relations for the various phenomena
concerned can be derived by simple dimensional anslysis, The model law
is known to be invalid under some conditions, such as when the velocity
of propagatior is & function of the rate of spplication of stress, when
viscosity effects exist, and when the effects of gravity are important.
However, extensive scale tests using small TNT charges (References 3, 4)
have indjcated fair model law behavior for underground explosion
phenomena, particularly for deep-buried charges, where the effects of
explosive products venting into a completely different medium sre reduced
or eliminated,

For cube-root sceling, if ell dimensions of an explosive charge

(same explo7ive type) asre changed by fector S, this factor is then equal
to (W » the cube root of the ratio between the explosive charge
waigh% As a consequence, the cube root of the charge weigh% in pounds
is a convenient quantity to use in describing the acale of an experiment,
and the retio of the cube root of the weights of the two charges is
generally considered to be the scale factor between the two tests., It is
convenient to use the symbol \ in describing the d%ysnsions of an experi-
ment, wherein \ is designated as follows:
in feet and W is the charge weight in pounds of TNT of equivalent energy
release, In this report, \ refers specifically to horizontal ground
distances measured from ground zero. The term A, describes the charge
depth and the term A\, describes tha gage depth. To obtein distances in
feet, \ is multiplieg by the cube root of the explosive charge weight in
pounds of TNT or equivalent,

When the dimensional analysis referred to above is appliad to the
varjous phenomena of interest, it is found that at scaled distances
(corresponding values of )\) and scaled times the pressure and particle
velocity are independent of churge size or scale factor, S; irpulse and
particle displacement are proportional to S; particle acceleration is
inversely proportionsl to S. The model law tells nothing of how the
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quantities themselves vary with distance, so that the error should not
be made of trying to predict magnitudes at a distance other than the
scaled distances.

When the statement is rade thst a certain phen-omenon {ollows the
scaling laws, it must be noted that this refers to the total phenomenon,
and not merely to selected asvects of it, Thus, if the earth accelera-
tioa 12 known to be a function of time and position, in true scaling
the acceleration function for a similarly acaied experiment can be pre-
dicted directly; but i€ the scale factor for amplitude and the time differ
from each other or are markedly different from the known value (S), then
confidence in extrapolation must decrease, If empirical scaling laws
are derived, then the test of their validity is the universality of their
application to all aspects of the phenomena in the charge weight range
from which they were derived,

op VN o Tarth or soil as a transmission
medium for mechanical effects is characterized as a nonelastic or plastic
medium, Jts transmission prooerties vary with moisture content, with
type (as distinguished by grain size and shape), compaction, and possibly
other factors, These effects coambine to make the properties with respect
to location and position wvariable with depth, location, and weather,
For small charges, a slightly changing irregulerity, such as increase of
seismic velocity with depth, has 1ittle effect. This is tecause in the
region of military interest the transmission of earth motion is along a
near-surface path with practically constant velocity. For large charges,
however, the path embraces a considerable variatior in seismic velocity,
with consequent change of transmission properties, direction of arrival,
and the like, This variation could definitely be even more proncunced
in the presence of faults, reflecting layers, herd-rock boundaries, and
water tables at distances camparable to those used for describing tae
experiments,

The moisture in the soil is probably the most importent variable
and the one which produces the greatest effect on the transmission of the
pressure, Moisture content can change rapidly with depth, as for example
at the boundary of the subsurface water table. The consequent rapid
variation of velocity produces refraction effects and possibly reflection
effects, although these cannot be definitely separated in most cases,
The velocity of transmission in a water-soaked soil msy be appreciably
higher than the velocity through dry soil, which produces a resultant
high transmission of pressure for wet soils. This high transmissibility
appears in the data as a very high soil constant for wet soils.

A direct application of the model laws to high explosive tests and
nuc ear tests having yields described in equivalent pounds of TNT must
assume an explosive configuraticn equivalent to that of TNT, Jt is at
once obwvious that the explosive source chsracteristics of a nuclesr
charge are not equivalent to those of a TNT charge. In other words, in
a direct sense, the dimensions of the experiment do not otey ths essumed
model law relationship. The hydrodynamics and thermodyremics of the
early-stage gas bubbles are obviously different for the two types of
explosives (References 10, 11, 12, 13). It is suspected that the effect
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of these differences is even more proncunced for the relatively shallow

chsrpge depths, since the energy relatiorships in the venting processes

can readily te affected by the thermodynamic conditions in the gpas

bubbles, Furthermore, there is no reason to assume that all physical

output cheracteristics of a nuclear exvlosion can be described by a 3
single equivalent energy release, Jt is well understood that the equiva- :
lent yield of a micleer explosion is a function of the phenamenon that

is used to judge this yield; for instance, the equivalent yield for ther-

mal and radiation effects will otviously be different from the equivalent 2
yield for such mecharical effects as earth pressure, earth acceleration, :
or cratering,

To surmarize, the TNT efficiency of a nuclear detonation amst be
defined for the particular parameter being considered. If a muclear
detonation -of known total yield, kt, at a depth, D, produces an
apparent crater of radius, R, and it is estimated that kt of TNT
at the same depth, D, would produce the same crater radius, R, ths TNT
efficiency is defined as 100 W in per cent, Since extremely large
TNT tests ares not practical, sore scaling relationship must be assumed
to calculete the TNT efficiency of a nuclear test; it is worth noting
that TNT efficiency and scaling relationships are inextricably related
and that one csnnot be determined without assuming a value for the
other, unless absiydly large TNT tests are conducted, There is little tevest
reason to suggest that the nuclear TNT efficiency for a particular 1
phenomenon should be exactly 100 per cent; in fact, for peak airblast S
overpressure, in the region of principsl interest from a free air burst,

the TNT efficiency of a nuclear explosion has been well documented at ii".
slightly below 50 per cent, whereas the TNT eff’iciency of a nuclear T .
detonation for gamma radiation wculd normslly be much greater than 100 S
per cent, RN
2.2 UNDERGROUND EXPLOSION PHFNCMENA '"'f

The broad objective of all the studies in the field of underground I
explosion phenomena has been to formulate a detailed theory of the
mechanism of propagation of explosive waves in a semiplastic medium,
taking account of the three-dimensional nature of the problem and the
presence of a boundary. This theory would include consideration of such
factors as the nature of the explosive, the characteristics of the medium
(soil), the effect of the depth of the explosives below the surface of
the medium, and the energy partition of the detonation,

The problem is to calculate the time variation of the stresses and
earth movements near the explosion of a spherical charge. The charge
may be detonated at verious depths below the ground level (possibly near
the surface), so the problem cannot be treated as one of spherical
gymmetry, The transmissjon of elastic waves to great distances has been
thoroughly examined for its seismclogicel application; however, the main
interest is in what happens in the plastic region comparatively close to
the center of the explosion, where the earth's movements are great and

‘the strains are largely permenent, The assumption is usually mede that
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in the plastic region one can neglect the elastic compressibility. As

for the criterion of yielding, the plastic behavior of soil under com-

bined stresses is not known with sufficient certainty tc make any detailed

theory worthwhile, and it is usually assumed that the soil has a definite

yield point not depending on the hydrostatic corponent of the applied .
stress, The stress system at any poirt in a problem of sphericsl symmetry
is just a hydrostatic stress superimposed on pure uniexisl compression,

80 the meximum stress difference in the plastic region is eocual tc the
ordinary compressive yield stress. However, for an underground explosion
close tc the earth's surface, the spherical symmetry conditiom is not
satisfied and it is necessery to know the general relations between
Plastic strain and combined stress,

The above general considerations of underground explosion phencmena
have led to many thecretical attempts at orgeniziag the concepts into a
coherent and consistent theory (References 10, 12, 14). However, it has
not been possible with the use of these theoretical acoroaches to exvlain
the experimentel results obtained from underground explosions in which
different weights of TNT were buried in different soils at various depths
below the ground surface.

It is convenient in estimating energy released by an explosion to
simplify the picture by assuming that (1) the detonetion takes place
instantaneously, filling the cavity originally occupied by the explosive
with the final gaseous combustion byproducts so that thc amount of energy
released per unit weight is the energy density of the detonation and (2)
as the gas in the cavity expands, it does so adiabatically (without heat
transfer between the gas and the confining medium).

While the energy is being transferred inelastically, the particle
velocity necessary to accomplish this far exceeds that of e shock wave,
Hence such a vave, if it may be said to exist, lags behind the detonation
front at whizh energy is transferred to as yet inactive materiasl; however,
once the material collisions become less energetic and more elastic there
is no more interpenetration, and a shock wave develops., In the earth,
which is nonlinear, plastic, sbsorptive, dispersive, anisotropic, and
inhcmogeneous, only the genersl features of the pressure wave are known
at present, While the pressure wave is traveling in the earth, any
obstacles it encounters are moved, accelersted, or subjected to pressure
and impulsive forces., In varticular, close to the charge the shock
strength-distance gradient js expected to be large encugh to loosen the
cohesive forces in the soil to an extent depending on the type of soil,
pressure of the overburden, moisture, aeration, etc, At large distances
from the charge, the shock rapidly reaches a seismic and acoustic regime
for which much information is already availesble; however, it is unlikely
that any effects of militery importance cccur in this region,

The shock wave, arising from elastic collisions, leaves tehind it a
gas bubble with considerable exnansion energy remaining., The overbunrien
directly above the charge has bu:en more or less shattered by the shock.
wave, while the earth below the charge suffers less decohezion, because -

the static pressure is greater, Thus, the gas bubble tends to escepe
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upwerd, since the tchock wave suffers less attemuation in traveling the =
short distance fram the top of the gas bubble directly to the surface

of the earth than in travsling the longer distance at elevation angles
removed from the vertical. The gases tend to escape directly upward;
hence, saomething akin to a broad conical jet of hot gases emsrges, carry-
ing with it the immediate overburden, i

g

Since it is poasible to associste az energy density with convertional
types of explosives, it is a fairly simple mstter to compute the total 3
ensrgy release for a particular charge weight, However, the energy
density concept can lead to some of the difficulties of correlating HE
and muclear explosions, since their respective initial energy densities
can differ by a factor of as much as 10‘. A nuclear air burst loses a
large percentage of its total energy in radiation effects, whereas only
a small percentage of a low-temperature, nonradiocactive HE burst goes
into radiation. A nuclear air burst is found to have a blast (mechanical)
efficiency of about 45 per cent relative to TNT. This mechanical effi-
ciency is more difficult to define when energy travels from one medium
into another (e.g., ground to air)., It is likely that the energy parti-
tion of both TNT and nuclear detonations is dependent upon such factore
as charge depth and soil properties.

Fortunately, the earth lends jtself to one form of measurement which .-,
such media as air and water do not, namely crstering. The earth, when ?":
ruptured by an explosion, leaves behind a record in the form of rearranged, ‘-
pulverized, and sheared earth, Experimental measurements using conven=- .
tional explosives such as TNT led to some optimism that craters produced ecene

by such explosion could be predicted with an accuracy sdequate for

military purposes, even though it is clear thet! some properties of the R
earth redium in which the explosive is fired sre very sensitive parameters :-'":
in affecting the crater. The situation regarding craters produced by L

nuclear explosives is less satisfactory. First, the evidence is meager;
second, the existing evidence leads to the conclusion that the TNT effi- csesel
ciency (assuming cube-root sceling) for craisriag is a function of soil
type, charge depth, etc, .Although there is som2 evidence that the proper
scaling relationship is greater than cube-rcot, i.e,, fourth root or o
greater, cube-root scaling of crater linear dimensions is assumed for Secees
this report,

The effect of charge depth or height is fairly well established for
TNT. If scaled crater dismeter is plotted against scaled charge depth,
it is clear from both experiments and physical reascning that the curve
will be concave downward, since no surface crater is produced if the
charge is sufficiently high above the surface or sufficiently deep below
it. For TNT, the maximum of this curve is rather broad, and occurs in
the range of 1 < A - < 3.,

The effect of the medium has been shown to be as large s a factor
of 2 in the field experiments with TNT, Unfortunately, the specific
properties of the medium which affect the crate:r are not yet established,
It is postulated that strength, either shear or tension, and density are
sensitive parameters, It is possible that the elastic moduli are also
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importent, In regard to strength, it is, of course, the strength under
shock loed conditions that is important, It is difficult to meke lab-
oratory test under shock load conditions, and the heterogeneous char-
acter of earth makes the extravolation from laboratory to field conditions
uncertein. Thus, although appropriate values for strength under shock
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2.1 Typical experimental dynamic stress-strain curve for free earth
(s41ty clay) corrected for spherical spreading.

load are not known, it appears clear that strength under such conditions
may differ widely from strength under static loed,

2.3 SOIL CONSIDERATIONS

=St o« The plastic nature of earth as a
transmission medjum is most readily realized by an examination of the
stress-strein curves for a typical silty clay soil (Reference 4). This
stress-strain curve, which is shown in Figure 2,1, wvas determined from
dynamic measurements obtained in earth, Figure 2,1 shows the slope of
the loeding part of the stress-strain curve decreases with an increase of
pressure ( in other words, the loeding part of the curve is concave
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downward), whereas the slope of the unloeding part of the curve decreases
with decreasing pressure (1s concave upward),

The result of such a stress-strain curve is to produce dispersion
in the transmitted compressional wave in such a way as to prohibit trans-
mission of a shock wave., This comes about through the decrease of the
slope of the loading curve with an increase of stress, which causes the
higher pressure levels of the waves to be propagated more slowly, just
the opposite of the case of a shock wave in air, This effect of varia-
tion of propagstion velocity as a function of pressure is shown by the

equation:
1 d
V (o) =/ - (2.1)
p dé
where p = density
7 = gtress
d = strain
V = velocity of transmission of the pressure level,

The net result is that the peak of the wave travels more slowly
than does the initia) part, so that the wave continually stretches ocut
in space and time. The unloading portion of the curve has a steeper
slope than does the loading part except at low pressures, where it is ey
less steep. The result of this property of the stress-strain curve is ”'“:
that the wave suffers s continual change of shape from the rear as well T
as in the front, The peak tends to be eaten away by the rarefaction or  ------
unloading curve; in addition, the slow speed of the low pressures associ- :.:...
ated with the unloeding curve results in an over-all increase in the space -----
length of the wave, This feature points up a besic difference between =
pressures measured in the earth and those measured in air, In air, when .
a shock wave is disturbed in some way by mechanical or thermal conditions, ...

it seeks an equilibrium or classical shock configuration again when the )
disturbance decays. That is, when the "shocked-up" condition of the @  ----- :
wave in air is disturbed it will "return" to the classicsl shock front .
condition, because the velocity of propagation of the higher pressure
levels is greater than for lower pressure levels, However, quite the o
opposite is true for a pressure wave in earth, Any deviation of a wave Teeelt
in earth from the pure compression type will be msintained (and even

enhanced) as the wave progresses out to larger ground ranges. Consequent-

ly, the inhomogeneities or nonisotropic characteristics of the medium,

which give rise to these deviations suffered by the waves in earth, assume
greater importance in any analysis of underground explosion phenc.ena,

Referring again to Figure 2,1, the area between the loading and un-
loading parts of the curve represents an energy loss per unit volume of
the soil passed over by the wave. This must cause ap attenuation of the
amplitude and energy of the wave as it progresses away from the source.
The rate of propagation of the initial part of the wave or of waves of
very small amplitude is determined by the slope of the stress-struin
curve near zero pressure, This is the propasgetion raete determined bty
seismic refraction shcoting.

Tt has been found in laboratory tests on soils (Reference 15) that
the rate of application of strain can be an important variable ("sirein-
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rate” effect) in determining the dynamic stress-strain relationship for
a soil, The stress-strain curves obtained using transient strains differ
appreciably from those obtained on static tcata. By way of example, the
curve shown in Figure 2,2 ia typical of the strairn-rais characteristic
for soils which hsve been laboratory tested. The factor usuaslly used to
define strain-rate characteristic is the ordinate of Figure 2.2, i.e.,
the ratio of transient and static strengths corresponding to a specific
loading time.

In confined soil sample tests upon plastic or slightly nonmplastic
soils, the strain-rate effect is probably due to viscous resistance to
deformation. However, in confined tests upon very brittle and stiff
soils, the strain-rate effect is believed to be s result of time lag
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2.2 Typical strain-rate curve,

phenoment., This time lag is, in some manner, releted to the effort
required to overcome the bonds existing between the soil particles and
the bonded water. The Dugway dry clay soil seems to fall in this latter
classification,

Sojl Mec ¢cs8. In considering soil structure, it is note-
wortky that the fluid filling the pore spaces of the soil mey Le air or
water or 2 combination of the twe. When the treansmission of pressure
waves from an explosion is considered, it is important to separate two
effects,

Primariiy, there is the transmission of the pressures directly from
the explosive source through the interstitial spaces, which may lead to
the transmission of pressures over great distances, Thi. effect is clearly
present when the pore spaces are completely filled with water., However,
when the pore fluid is air, the transmisasion is severely attenuated and
does not occur over great distances,

The second effect, important only when the pore fluid is water, is
the generation of pore pressures as the soil mess distorts under the
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effect of the explosion. If a mass of soil whcse voids are campletely
filled with water is compressed, a substantial portion of the compressin;
pressure is induced in the pore water, and large amounts of energy may be
stored there., Alro, if the saturated soil mass :s sheared, changes occur
in the pore water pressure. It is practically impossitle to separate
these effects by observation, because both occur simultanecusly. However,
it is possible to vredict, in an approximate manne-, which of these
effects might be most sigrificant for a particul-r soil.

Another aspect of soil mechanics application can be seen when radial
stresses and streins are considered., In stiff soils {s.g., drv clay),
the lateral strains necessary to retain continuity cennot readily occur.
Thus, rasdial splits occur, whereupon the explosion pressures may vent
along the splits and penetrate into the soil mess. This process leads
to soil treaskup into larpge clods and to subsequent throwout of the
material. Jn soft, plastic soils (e.g., moist clay) the soil tends to
retain continuity., Hence, a ring of soil unable to resist increased
radial pressure may move outward but still be fairly well intact. This
rovement continues until this ring hss expanded against a mass of soil
capable of containing it, This suggests that the material of the walls
of scft soil craters should exhibit large radinl strains, the magnjtudes
of which approach the maximum strain the scil can sustain.

For permanent displacement reasurements teken st the ground surface,
it is to be expected that sand sites wculd yjeld displacements much
larper than those at clay sites. This is because & sand soil at ground
surface has no resistance to deformation, whereas a clay may possess
considerable resistance. Displacements at greater depths in sandy soils
would be considerably less, whereas for clay the decrease of movemsnt
with depth is expected to be small, This again is the relative behavior
which one should expect of cohesionless and cohesive soils,

The foregoing exsmples help to illustrate how the basic principles
of soil mechanics can be profitably applied %o the analyses of under-
ground explosion phenomena, Attempts will be made throughout this report
to explain the experimental results in terms of these principles.

2,3,3 Sejsmology. Many attempts have been made to correiate some
physicsl property of the soil with the various parameters that influence
the earth stress, ecceleration, and damage, but to date no field test
has yjelded useful information on this score. However, some useful

information is obtained from the measurement of the velocity of propagation

of seismic waves, The seismic velocity is obtained by mesns of shallow
refractjon shooting in a manner familiar to geophysicists.

A relaticnship exists between the soil constant, k, and the velocity
of pr:opapetion of a seismic wave in the material. This velocity is that

of a low amplitude wave corresponding to a sound wave in air and is to be
distinguished from the velocity of the pesk of a finite wave, The slope
of a stress-strain curve near the origin would be asscciated with the
velocity of very low amplitude waves, The seismic velocity of these low
amplitude waves can be obtained by shallow refraction shooting, using
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small charges. Such explorations can be carried out essily and cheaply
compsred with the direct method of measuring explosion pressures. The
scil constant js defined by the relation

K = -’2- pV2 (2.2)

vhere k = soil constant (pounds per squere foot)

p = density of the soil (slugs per cubic foot)

V = velocity of sropagation (feet per second).

Jt is noteworthy that some underground explcsion phencmens seem to
correlate with the concept of soil constant given above (Reference 4).
In other words, there is evidence that the propagation velocity of large-
magnitude stress waves is compesrsble with the velocity of seismic (in-
finitesimel amplitudes) waves in the same medium (see Section 5.6.1).
This evidence leads to some hecpe that seismic exploration will prove use-
ful in predicting effecte from underground nucleer detonstions.,

An impulsive disturbance in soil generstes weves which decay with
distance and propagate outward with characteristic velocities, If the
sojl behaved as a semi-irnfinite, homogenreous, elastic medium, three waves
would be observed: (1) the compressional wave with velocity

p (2.3)

vhere K, G, and p are the compressibility, rigidity, and density, res-
pectively: (2) the distortionsl wave with velocity

v = |G .

g . (2.4)
(3) the Rayleigh surface wave with a velocity

Ve ¥ 0.9 Vg (2.5)

The compressional and distortional waves are body weves related through
Poisson's ratio v, by

s/ 1-2 (2.6)
or
2
(-

- 2 \'s
Y = \
2 2.6
(YB) iy ( )

VS
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Thus, messurement of Vp and Vg would lead to a datermination of v,
or to sny of the other elastic constants of the soil. In general, the
surface wave predominat*s at long renges, since its amplitude decays as
R‘1/2, compared witi. R™' decay for the tody waves,

An actusl soil may differ fror the above descrited sclid in three i
respects: (1) its structure may vary with depth, resulting in either a 1
continuous or discuvntimious depth variation of elastic constants and wave |
velocities; (2) its structure may change cver relatively short ranges, {
resulting in nonuniform horizontal propagation; and (3) it muy exhibit ’
an elastic response over only a smsll range of stresses., In perticular,

|
|/VR // vs / VP
p /
// - Va V‘ Vp

: veLocityl
|

TIME
N\
N\

/ / ......

7/ IR

7 ,
DEFTH .

DISTANCE iy

2,3 Travel-time curve for surface chot in hamogencous, semi-infinite, ‘;::

elastic solid, senee

soil has a porous structure which is compressitle and which can be des- S

troyed ty sufficiently large stresses. In such a solid, rropagation of <

waves other than those described above msy be expected, T

In the study of blast effects, the variation with radius from the
detcnation point of stress, strain, impulse, and perticle velocity and
accel:ration is usually of primary importance., However, such data may
give no direct information on the type of deformation or wave propagation
involved., An important adjunct tc these parameters of ground motion ia
a study of the propagation velocities of identifiable wsves, By plotting
the travel time (T) of the prominent waves as a function of charge-to-
gage distance (X), the travel-time curve fariliar in seismology is obtained.
The curve in Figure 2,3 would result from a surface shot on a homogeneous,
semi-infinite, elastic solid having velocities defined above, Travel-
time curves for the compressional wave in more complicated distributions
sppesr in Figures 2.4 and 2,5 (the air weve has been omitted). Conversely,
the observed travel-time curves may be used to derjve the velocity struc-
ture and the mode of propagation of the observed waves, However, this
derivation is not always unambiguous. For example, & small velocity
rradient mey give an apparent linear travel-time curve,
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2.L Trevel-time curve for surface shot in two-layer solid.

For the charge sizes and gage distances of intarest here, the depar-
ture fram elastic response may be considerable, Terszaghi and Peck (Ref-
erence 16) report typical response of soils in a confined compression
test. Taking e, and p, as the void ratio and density at atmospheric
oressure of the undeformed soil, pg as the density of solid constituents,
eand e and p s the corresponding quantities at pressure P, Terzaghi's
curves msy be transformed from P-e to P-p coordinates. The P-p curves
are more useful in the following considerations:

Using o
Po = '1"-'33 and (2.7)
p = :—“— , (2.8)

P
1= —2=%0"% - o (2.9)
p ‘|-eo 1-eo

The transformed curves appear in Figure 2,6, From these curves it
is clear tiust ebove avproximately 70 psi

§§?2>0’ (2.10)

which means that with incressing pressure the soil becomes increasingly
"harder." Therefore, the condition for the formation of a shock wave
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2.5 Travel-time curve for surface shot in solid having linear velocity
gradient layer above constant velocity layer.

(Reference 17) is fulfilled, Although no comparable data are aveilable
for the soil at the Nevada Test Site, similsr relationships are expected
to hold,

A brief aralysis of the conservation laws for plane shock waves .
indicates what msy be expected in scils with the properties shcwn in Ceenss

------

10 ———

aaaaaa

(Kg/cm?)

PRESSURE

03

| 02
COMPRESSION (150, /o)

2.6 'ypical response curves of soils in confined sample compression
est,

Figure 2.6, Of course, an analysis of the spherical shock wave would be
more p.rtinent, but the plane wave caese is far simpler end should jndicate
the generasl features, Consider a plane uniform shock of pressure p,
traveling with shock velocity U_ into undisturbed meterial with density
Po and with an equetion of staté derived from Equation 2,6, Assume in
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addition that the entropy change across the shock front is smell, This

is equivalent to assuming thet the ccrrection required to convert Fqua-
tion 2.6 to the Fugoniot equation of state is amell corpared with the

uncertainty in Equation 2,6. Behind the shock the soil density is p and

FINAL DENSITY, 0
ORIGINAL DENSITY, A,
(53
PARTICLE -
VELOCITY =
Up y
>
<
E 3
DIS TURBED UNDISTURBED
MEDIUM MEDIUM

————

SHOCK VELOCITY, U,

2.7 Schematic diagram of plane shock wave.

the particle velccity U,, as shown in Figure 2,7. Conservation of mass
and momentum across the shock front gives

(a) Po 's = p(Us - Up), and (2.11)
(b) P =p, U, U, (2.12)

Solved for Us and Up, (a) and (b) give

Jd. = J—L__
® Vpo(1-p/p), and (2.13)
U, = /;f- (1-927;3. (2.14)

From the data of Figure 2,6 and Fquation 2.13, the shock velocity as
a function of pressure was computed and is shown in Figure 2.8, The
ordinste i5 in units of Us,[_;, to obtain the shock velocity in feet per
secord, divide the scale by the square root of specific gravity of the
soil, The range of velocities predicted for shocks in soil (p ¥ 1.6)
is from about 360 ft/sec for P = 145 psi to 75 ft/sec for 15 psi. For
higher pressure, and less compressible soils, the velocity would be
greater. The varistions in slope of the curves of Figure 2.6 are reflec-
ted in the veleccity curves of Figure 2.8 as ranges of pressure over which
the velocity varies slowly or is st 2 minimum., Two of Terzaghiis soils
(Sand c and Send d) have such a constant velocity region at about 73
psi and four of the soils from about 1.5 to 15 vsi, Of course, these
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curves have little significance in the pressure rsnge from sero to the

level at which the soil can support the stress without permanent deforms-

tion (e.g., elastic regims),
order of several pounds per square jnch,
this analysis predicts one or more waves propegating with a velocity in

the range of several hundred feet per second and an axplitude large
carpared with the initisl disturbence.

A vord should be interjected here concerning the menner in which
the airblast may influence effects measured by underground gages.
can best be explained by reference to the time of arrival considerations

as pictured in Figure 2,9,

This

The date indicate that this level is of the
However, above this stress level

As the air-blast wave sweeps over th~ surface of the earth, the dis-
turbence originates at the suxface is transmitted through the earth.

The travel time, Ty, to depth y may be expressea as

wiere ¢ and n are constants,

1
= 1

-1/n

(2.15)

In addition, it car bo demonstrated that

|
450 /Fﬁ‘
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2.8 Representative shock velocity vs pressure curves for various soils.
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the refracted travel time, T,, from a disturbence on the surfece; dis-
tance x from the disturtence, is given by

- x
Tx (=) Ty (2.16)

AN

vhere V, is the apparent horizontal velocity at distance x.

The upper graph of Figure 2.9 is a plot of Fquation 2,16; as the
blast wave progresses from ground zero, a series of refracted seismic
waves originate at the blast front at each instant of time, ~Fach of
these signals follows the time-distance curve shown in the figure, with
the starting point (origin) at the blast front. The lower graph of Figure
2.9 shows the air-blast arrival time-distance curve (T,) in addition to
some earth-transmitted time-distance curves (Te) originating et various
arbitrary rangss (R,, R, etc.). It becomes obvious from the figure that
at ground ranges beyond R,, the "breakaway" range, the first information
received by a near surface gage will be from the earth-transmitted
refracted wave,

Consider what happens in #n amplitude sense at ground range beyond

Ry (Reference 18), The disturbance received at some time intermediate o
between earth and air arrivals will have suffered attenuation in both t, e
earth and air paths, Bscause of the much smaller attenuation in the .
air path, the largest air--coupled amplitudes will occur when the earth s,

path is minimal. This corresponds to the airblast passing over the e

buried gages. This dirzci local effect of the airblast is termed the
"glap" because of the suddci increase in earth motion which is observed.
Another consequence of the smsller attenuaticn in the air path is the .
observed increased relative importance of the air-coupled slap at the o
larger ground range gage stations,

2., FREDICTIONS AND REPORT SCOPE .

If the model laws of similitude were satisfied for underground
explosions of all types, it would be a fairly straightforward matter to
construct a prediction method for underground nuclear detonations, appli-
catle to any yield. The procedure would include small charge tests to
determine the effects of scaled charge depth and soil characteristics
upon the important underground wave parameters. Thereafter, predictions
of effects due to nuclear detonations could be computed using model law
rules, and mjlitary operational decisions could be confidently based
upon these results. However, it has long been realized that the basic
assumptjons necessary to model behavior are violated when effects from
HE and nuclear undergrcund explosions are considered. This fact has
required the analyst to attack the problem piecemeal to build up a
prediction method of aven reasonable reliability.

The available pertinent underground and near-surface date fall into
the following five main groups:
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1. JANGLE U and € (nuclear, 1.2 kt radiochemical) in Nevaca
sand-gravel mix,

2. TFAPOT Shot 7 (nraclesr, 1.2 kt radiochemical) in Nevada sand-
gravel mix,

3. UET Program (8 pounds to 320,000 pounds of TNT) in Dugway dry
clay.

L. JANGLE HE (2560 pounds of TNT, 40,000 pounds of TNT) in
Nevsda send-grsvel mix,

5. Project Mole (256 pounds of TNT) in Dugway dry clay, llevada
sand-gravel mix, California wet sand and moist clay,

The various approaches to the final result of obtaining a prediction
method for operationel nuclear underground detonatjons can be illustrated
by a three-dimensional plot, os in Figure 2,10, The three variables
associated with the plot are soil characteristics, charge size (W), and
charge depth or height. The approaches may be identified with reference

tv the figure as: 2 0008
(A) Horigzontal: variable soils, constant charge size and charge e
deptho E

Example: Project Mole

(B) Vertical: varisble charge size, constant scil and charge .
denth, %600
#xample: Dugway UET Program, :?'?

(C) Transyerge: variable charge depth, constant soil and charge S
size, 000

Example: Project Mole or Nevada nuclear shots.

A first look et the above breakdown indicates an optimistic picture;
that is, the availeble HE data serve to tie down the horizontesl and
verticel ramifications of the orediction pirocedure and then the transverse
considerations are used to predict effects from nuclear weapons., However,
this conclusion only holde provided ccons!stent and meaningful relations
can be established when epplying the "horigzontal," "vertical,” and
"transverse" analyses, Jf the measured physical quantities such as =arth
stress, earth acceleration, etc.,, obeyed the laws of similjtude, tien
the optimism referred to above would be wholly justified, But it has
been explained why nuclear test effects do not agree (and indeed shculd
not be expected to agree) with effects predicted from model-law scaling
of HE tect results, Such consjderations influence the scope of this
reoort,
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Chapter 3
EXPERIMENT DESIGN and PROCEDURES

The explosion with which this report is concerned was Shot 7, a
nuclear device having a radiochemical yield of 1.2 kt buried at a depth
of 67 feet in Area 10 of the Nevada Test Site (NTS), The location of
this shot was chosen to be £s near as possible to the JANGLE U ground
gero location to minimize possible ambiguity in correlation due to soil
variations. The shot point chosen was 650 feet southwest of the JANGLE
U shot point, a distance considered to be adequate to avoid asymmetry
due to the proximity of the JANGLE U crater,

3.1 TYPE OF MEASUREMENT

The prior umlerground (and surface) explosions affecting this study
which have been conducted at the Nevada Test Site are shown in Table 3.1.
The data from these shots constituted essentially the sole availatle
material for preshot prediction of Shot 7 effects, except that certain
similarities have been noted between effects of these shots and those
conducted in the dry clay area of the Dugway Proving Grounds in the
Underground Fxplosion Tests (Table 3.2). Since the effect of depth of
charge is quite pronounced, the results of the surface shots, JANGLE S,
HE-4, and Mole surface shots, were not particularly applicable, Likewise,
the results of JANGLE U, HE-1, HE-2, and }ole shots, with similar charge
depth were useful largely in predicting the trend of scali:gz over a wide
range of charge sizes, The most usefnl shots for the present purposes
were HE-3 and the Mole shots a%t depths

0.5 < A < 1.0,

In establishing the instrument plens for Project 1.7, it was natur-
ally desirable, for the maximum possibility for correlation, to make
measurements similar to those rade in previous applicable tests. At the
seme time it was considered desirable to use improved instrumentation
vherever possible., Several measurement techniques were used on the earli-
er tests and found to be unreliable, and substitutes for these techniques
were desired, To assist in meeting both types of requirement, it was
decided to schedule a series of Project Mole tests in Area 10 prior to
Operation TEAPOT; that is, in October and November 195, (Reference 9).

In these tests measurement techniques previously found most promising were
applied in addition to a few new techniques not previously attempted.

The location of the tests was chosen to be as close as possible to the
planned ground zero for the nuclear detoration, The shots were located
within 2,000 fest of ground zero, The types of dynamic measurements

36
CONFIDENTIAL



TABIE 3.1 - PREVICOS UNDIRGROUNMD ANKD SURFACE SHOTS
AT NEVADA TEST SITE

Shot Date Location Yiald Ae
wies | 1/19/51 | ares 9 1.2 1! <.c27
WGLEU | 11/29/5t | Ares 16 1.2 11 0.1
HE-2 9/ /5 Ares 9 and 10 40,000 1b - TNT 0.15
HE 9/ 9/5° Ares 9 ant 10 2,50 1b <0.15
RE-1 8/25/51 Area 9 and 10 2,560 1b 0.15
HE-3 9/15/51 Ares 9 and 10 2,50 1t 0.5
MOIE 206 10/11/52 Ares 9 and 10 256 1b 0.C
MOLR 205 10/ 8/52 Ares 9 amd 10 256 1b 0.13
MOLE 204 10/ 4752 Ares 9 and 10 256 1b 0.26
MOLE 203 9/19/52 Area 9 and 1C 256 1b 0.5
MOLE 202 S$/14/52 Aree 9 and 10 256 1b 1.0
MOLE 403 10/28/54 Ares 10 256 1b 0.13
MOLE 40 11/ 2/5% | Ares 10 25 1d 0.26
MOLE 401 10/23/54 Ares 10 256 1b 0.5
MOLE 406 1/ &3 Area 10 256 1t 0.5
MOLE 402 10/26/54 Area 10 256 1v: c.75
MOLE 404 10/30/54 | Area 10 25 b aite

1. Radiochemicsl yield; mechenical yisld indeterminate.
2, Based on radiochemical yleld; effective figures grester.

used on previous tests and considered for Shot 7 are discussed in the
following sections.

3,1.1 Acceleration. Measurements of horizratal (radial) and ver-
tical acceleration were conducted on all previous underground tests at
NTS. Tangential acceleration was measured in only a few instances. Hor-
izontal acceleration is considered to be an important phenomenon in
underground explosions, although its scaling over wide ranges of charge
siges is complicated by several effects, Wave forms are relatively com-
vlex and are influenced by changes in the effects of variations of soil

TABLE 3,2 - LARGE UNDERGROUND TNT SHOTS,
DUGWAY PROVING GROUND, UTAN

Shot Tate Tield A
UZT-318 5/22/51 320,000 1t 0.5%
UET-315 5/10/51 40,00C 1b 0.50
UET-312 5/ 5/5 2,560 1b 3.5
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characteristics, Ir shallower shots, confusion is introduced by the
different scaling factors of acceleration due to airtlast, compered with
directly-induced acceleration, but this is not an important consideration
at the Shot 7 depth of burial. Acceleration versus tine records can
also be inteprated to provide data on particle velocit, and iisplacement
versus time, although the accurs:y of such integration is subject to
question, except in the early phases of the transients involved. Accel-
eration, per se, is consjdored to be of considerable importance in struc-
tural effects on certain types of structures and compcnents.

Vertical scceleration measurements, although conducted on sll pre-
vious tests, have not proved as internally consistent or as subject to
scaling as horizontsl acceleratjon measurements, Their magnitude is
usually one-half of the horizontal accelerations, and the weve forms are
rore compléex. They are affected more by the incident sirblast than is
the horizontal acceleration, Vertical acceleration is probably not ss
important in structursl effects since most structures and components are
normally designed to be stronger in the vertical direction,

Tangential acceleration has been shown to be almost comnletely
unpredictable since it is apparently primarily a function of the asymmetry
of the medium. It is almost invariably smsil comnared with the other
components.

In view of the above considerations and of the limited number of
channels available, acceleration measurements on Project 1.7 were limited
to horizontal (radial) ascceleration, except for one isolated case in
which vertical acceleration was considered of interest to another project.

Air-blast Pre « Air-blast pressure at several radii has
been measured on all previous shots, It has been shown to be subject tc
scaling quite satisfactorily and is an importsant effect of underground
explosions at shallower depths of burial., Tts importence at the projected
depth of Shot 7 is questioneble with repard to its effects on structures,
but such mersurements are useful for establishment of yield and partition
of energy. As a consequence, a limited number of measurements of ajr blast
were included in the experiment plan,

31,3 Earth Stress and Pressure. Tn the earlier underground tests

efforts were made to measure earth pressure by pressure gages immersed

in flujd-filled holes of warious depths., The results of these measure-
ments were found to be questionable, and these measurements were omjitted
jn later tests. An earth stress gage, based on gages developed by Poy

W. Carlson, was used to a lirjted depree on H"-1 and extensively on
Project Mole, oarticularly on Phase I1I-B (the series of tests immediately
prior to TEAPCT). Sinilar gages were used by Sendia Corporation on
Cperations TUMBLER-SNAFPER and UPSHCT-KNCTHCLE in the measurement of
underground effects due to en air turst,

These gages messure directionel stress; and to descrite the stress

tensor completely at any point, it is necessary to instell a number cf
such gages. From previous relatively deep underground tests, however,
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it was found that the horizontal corporent of stress is from two to
eleven tines grerter tiian any other ccmnenernt and may bte considered tc be
¢ good reoresentetion of the major component of stress. The dynamic
records from these measurements are usually :elatively simple in wave
form, particularly at redij of major interest, but 1ittle information is
availahle on the scaling of such nessurements, Since earth stress is
considered to be an importasnt factor in the eifects on structures, a
nurier of these measurements were included in the experiment plan.

31,4 FEsrth Strajp. Earth stiain wus previously measured at NTS
only in Project Mole {(Reference 9), Phase JI-R, A 1limited number of
experinentel earth strajin measurements were taken in Project Mole, Phase
J, at the Dugway Proving Grounds, using short span gages of the differential
transformer type. In Mole, Phase II, at Camp Cooke, California, several
messurements were taken of earth strain using long-span surface gages,
with promising results, As a consequence, these measurements were in-
corporated in the Phase JJ-B tests. 1d a high degree of internsl con-
sistency was observed, Although + ain measurements integrated against
radius were found to correlate w..i with dynamic disylacement measure-~
ments, they correlated only moderately well with final values of perma-
nent displacement as measured by survey.

The wave forms of the strain records were surprisingly different
from those of the stress measurerments, being of much longer time duration
and sirpler wave form., This is in contrest with comparisons of measure-
ments made on air bursts, where the wave forms of stress and strajin
records were very similar., It is particularly pertinent to note that the
ratio of maximum strain to maximum stress from underground shots was from
30 to 1C0 times greater than the equivalent ratio from air bursts, indi-
ceting that different mechanisms govern stress-strain relationships *n the
two cases, probably due to the proximity of the surface and the d°  rent
direction of weve propagation. Since these measurements aopear to give
such consistent results and since earth strain could te a very important
fector in effects upon certain types of structures, a nmumber of these
measurements were included in the experinment plan. The strain measure-
ments were limited, however, to measurement of horizontal component,
since verticel strain appesred to be of minor importance and since no
background of data was available, Two types of gages were used: long-
span gages at the surface and short-span gages at a depth of 10 feet.

3,1,5 Displacement., Dynamic messurements of radial perticle dis-
olacerents have teen limited in all early tests tc resultis obtained fram
doubly integrated acceleration records, In meny such efforts minor base
line shifts, etc., have introduced serious errors in the inteprated
results after the first several milliseconds of the record. Since the
accelerations most imnortent in producing mejor displacements are the low
amplitude, low-frequency disturbances (occurring after the high amplitude
peaks) and since these lster accelerations ere subject to considerable
error due tc their smali magnitude, the double integration method to
obtajn dynamic displacement yields only approximate results,

On Mole Phase I]-B, experiments were conducted for the measurement
of dirplacement by determination of tanpentiel strain, Assuming symmetry,
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the particle displacement at a given radius is egual to the product of
the tangentisl strain and the radius. It is recognized that the assump-
tion of symmetry introduces an important unknown, but a number of
measurements on Project Mole indicate good correlation between displace-
ment ar. determined from tangertial strein and as measured by other means
(consecutive long-spen measurements of horisontal strain.) In a project
of the magnitude of Shot 7, the lcng-span measurements are not feasible;
therefore, a few measurements of displacement by tangential strein were
included in the experimental plan.

3.2 GAGE DEPTH AND LAYCUT

Cn previous HE and nuclesr tests, measurements were made of free-
field effects at a variety of (relatively shallow) deoths., The majority
of acceleration measurements were made at a depth of 5 feet regardless of
the size of charge. Prsctically all earth stress measurements were made
at a depth of 2-1/2 feet, The experimental short-span earth strain
measurements were made at a depth of 2-1/2 feet, whereas all long-span
measurements were, of necessity, made at the surface, Air-blast messure-
ments have historically been made at the surface, although a few have
been made at heights of a few feet above the surface,

In planning an experiment on a large explcsion, the question naturally
arises as to the proper scaling of depth of measurement, The soil at
NTS, Area 10, varies inconsistently and quite widely with depth in the
first 10 or 20 feet; therefore, there is no assurance of similarity in
using scaled denth of reasurements, There is some reason, on the other
hend, to favor the uniform depth of gage, regerdless of the scale size
of charge, Tn any case, fully scaled reasurements are impracticable,
since they would require planting gages at unreasonsble depths., Since no
clear choice existed, jt was decided that for this experiment acceleration
and earth stress would te measured at depths most useful to the structural
program, This was decided upon as 10 feet, Strain measurements by long-
span strain gages are restricted to the surface, however, so a few
channels of hor:zontal acceleration were included at a depth of 1 foot
for correlation with the surface strain measurements, Ajr-blast measure-
ments were made at the surface,

A total of 28 free-field channels were available for Project 1.7.1.
In accordance with the principles outlined above, these channels were
divided among the various types of measurements and pgeges distrituted
over a range of radii considered to be important., The final gage layout
is shown in Figure 3.1 and Table 3.3 In addition to the 28 channels of
Project 1.,7.1, Project 1.7.2 included two free-field chsnnels for hori-
zontal earth stress measureuent at a depth of 15 feet at a radius of
3CC feet from ground zero (see Figure 3.2). These measurements were
included to determine the extent of asymmetry, if any, at that radius
for PrOJect 3.301 .

The location of the structures and test devices involved in Project
3.3.1 and 3.3.2 is shown in Figure 3.2, A total of 46 chsnnels of
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3.2 Structure layout (Project 1.7.2).

instrumentation was epplied to these devices, which, including the two

free-field gages mentioned above, brings the total channels of Project
1.7.2 to 48.

In addition to the dynamic measurements of displacement, provisions
were included for the measurement of permanent displacement. An array
of 4O monuments was installed, consisting of 10 monuments on each of
four mutually perpendiculer lines, at ranges from 180 to 500 feet, The
preshot location and elevation of each monument were determined by survey.

3.3 PREDICTIONS

In planning an experiment of this type, it is necessary to predict
the values of the functions to be measured to an accuracy sufficient to
allow the sensitivity of each channel to be set closely enough thet
satisfactory deflection may be obtained. For test results these should
be within a factor of 2 of the true valuves, but a faztor of 3 is accept-
able, A greater range is acceptable on chsnnels where dual sensitivity
galvanometers are used, Predictions are also important in the selection
of gage ratings, to ensure that gapes are not overranged, introducing
nonlinearitiea., Predjctions discussed herein were, in general, not used
in calculating predictions for the structural meesurements of Project
1.7.2; the project officers of 3.3.1 and 3.3.2 provided their own pre-
dictions. However, by discussion, an effort was nmace to bring the sev-
eral sets of predictions to competibility.

Predictions for a shot of this tyve are complicated by a number of
factors, Full-scale data are meager, and scalirg from smeller charges
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is not as simple as in the case of air bursts., It is influenced greatly
by uncontrollable differences in the medium, since variations of soil
characteristics with depth do not scale, This causes an uncertainty as
to the effects of charge depth, partial resolution of which was one of
the prime reasons for the establishment of Shot 7. This uncertainty is
increased by a lack of knowledpe of the variation of mechanical TNT
efficiency with depth of a nuclear device,

For this experiment, it was decided to tie effects predictions to
crater predictions wherever possible, When small-charge data (other than
airblast) are plotted against crater rsdius, the scaled depth of burial
becomes less important because a closely grouped family of curves is
usually obtained for depths of burial from A, = 0,25 to Ao = 1,0, This
perrits the use of more data than if other techniques were used,

Crate: predictions were made prior to Shot 7 by several agencies,
using many techniques., Early predictions of apparent crater radius
ranged from 155 to 275 feet, These variations, besed largely on different
estimates of yield variation and on different aporoaches to the relations
between true and apparent craters, eventually were narrowed consideresbly.
New crater data {rom Mole Phase JI-B, tended to increase slightly the
slope of the curve for radjus-versus-charge depth obtained from HE data,
and the majority of estimates tended to center around 188 feet (Reference
19); therefore this figure was chosen as the design reference for Project
1.7 predictions,

Free-field effects data from HE charges were plotted against crater
radijus, and the best curve was drawn thrc h the scatter of data, with
slight modifications of slope in some ca: , based on JANGLE U experience,
The resultant curves were used in the preiiction of peak values to be
expected (Reference 20). In most cases, this results in predicted values
lower than would be obtained from direct Wl/3 scaling of HE results,
assigning 100 per cent TNT efficiency to the nuclear charge., No predic-
tions were made of time relationships, since these were unimportant for
the primary purpose of these studies (range setting). The predictions
used are shown in Table 3.3; also shown on this table are the actual peak
values recorded on Shot 7. The accuracy of the predictions and the scal-
ing method employed will be discussed in detail in Chapter 5,

3.4 GAGE CODING

For identification of channels and recorded traces with their proper
gages a systematic coding was adopted, For Project 1.7.1 a station
number was assigned to each gage station, as shown in Figure 3,1, These
nuambers were used as the first part of the gage code, The second part
of the gage code was a letter indicating the nature of the measurement,
In this project, B, for sirblast, measured by surface baffle-mounted
gages; H, for horizontal acceleration; V, for vertical acceleration; CH,
for horizontal stress; SH, for horizontal strain; and ST, for tangential
strain (displacement) were used, A third part of the code, where necess-
arv, indicaeted the depth of the gage below the surface in feet, Typical
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gage code numters would then be 72CH10 (horizontal stress at 10 feet depth,
Station 72), 73ST (tangential strein at surface, Station 73), and 7€B
(airblast at surface, Station 76). The two free-field stress measurements
made near the Project 3.3.1 structures (Figure 3.2) are designated NCH10X
and m10¥.

3.5 INSTRUMENTATION

All channels of instrumentation for measurement of acceleration and
pressure were essentially identical to those described in previous reports
(Reference 9). Wiancko balanced variatle-reluctance transducers wers
connected through modified Wiancko station equipment to William Millor
Corporation oscillograph recorders. The basic earth stress gage used in
these tests was a modification of the one originally designed by R, W,
Carlson for the measurement of static stress in foundations and grades,
The gage consists of two flat, stiff, circular plates with thin, flexible
edges attached together at the edges so as tobe separated by a narrow
space filled with oil. A Wiancko pressure gage is arranged io measure
the pressure in this oil as = measure of the actual component of the stress
in the medium in which the gage is buried. The Wiancko gage protruding
from the center of one of the circular plates was protected by a housing
designed to occupy a volume as small as possible and to provide an air-
tight seal to the back of the gage, permitting easy calibration.

The short-span strain gages used were supplied t— Sandia Corporation
and consisted of two discs so arranged that relative motion between the
discs actuates the moving element of a linear differential transformer,
creating an unbalance in a previously balanced inductive bridge. Flec-
trically, then, it is equivalent to a Wiancko gage. The long-span strain
gages used at the surface were of a type designed by and manufactured for
the Ballistic Research laboratories and were identical to those used for
measurements of relative displacement between two parts of a test sitruc-
ture, These gages essentially consist of a potentiometer whose shaft is
arranged to be rotated by a powerful coil spring. A sheave on the end of
this shaft carries a length of piano wire approximately 0.025 inch in
diameter, When the end of this piano wire is anchored at one point and
the gage itself at another point and when the sovring is wound so as to
create a heavy tension in the piano wire, the position of the potentio-
meter then indicates any change in the relative location of the two
points, This potentiometer is connected as a resistive half-bridge in
the normal Wiancko circuitry.

The structursl strain measurements made in Project 1,7.2 consisted
of SR-4 strain gages in a balanced full-bridge connected through Consoli-
dated Type DII carrier amplifiers to the Miller recorders. Provisions
were included for applying, automatically, a synthetic calibrating signal
to each channel immediately prior to zero time for purposes of comparison
of the final deflection on the record with the deflection produced by the
same signal at the time of calibration. A highly accurate timing signal
of 100 and 1,00 cps was also applied to all recorders simultaneously
from a single source having a time accuracy of better than 10 parts per
million, is provided means for time correlation of records to a high
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degree of accuracy. The prime power supply for all instruments during
actual shots was a bank of storage batteries, Suiteble converters were
used to produce 115 volts of alternating current for components requir-
ing this type of source., An individual converter was used for each
rectifier power supply, thus minimizing the probatility of gross failure
due to converter failures,

Of the 76 gape channels avajlable on this project, 55 used dual
recori:ings with one galvanometer on each of two recorders. This provision
wes included as a protection against recorder failure. On 20 of these
55 channels, one of the gaivanometers used was of 200 cps natural fre-
quency, whereas the remaining galvanometers were of 3C0 cps natural fre-
quency. The channels incorporating one 200-cps galvanometer were used
on gages where the uncertainty of the predicted peak was greatest and
where the expected signal was such as not to be worsened appreciably by
the reduced freguency response of the lower frequency galvanometer, Since
there was an appreciable difference in the sensitivity of the two galvano-
meters thus used on a single channel, a wider range of imput signal could
be accommodated without loss of data (provided both recorders cverated
properly).

Instruments were powered at suitable times before zero time by BGEG
relay circuits with lock-in relsys controlled by time delay relay to con-
tinue operation for adproximately 1 minute after zero time, in spite of
the fact that the FG&G relays dropped out sooner., Utmost attention was
paid to circuitry and procedures to ensure maximum reliability of opers-
tion. Dual relay contacts or dual relsys were used wherever feasible,

A separate recording was made of the output voltage of each power oscill-
ator supplying the carrier power tr a group of 12 gages, so that correc-
tion might be made jn the final data reduction for any change in output
voltage due to cebles which beceame shorted during the shot or to any
other such cause, A multipen recorder was connected to provide a record
of operating time and sequence of various elements so0 that any failure
might be traced to its source in a post-test study.

All terminal instruments and recorders were mounted in e single
shelter, 3.28 g, located about 1,300 feet from ground zero. The recording
shelter was covared with earth to a sufficient depth to reduce the ints-
grated radiastion dosage within the shelter to below 10 r. This figure had
been determined previously to represent an acceptable figure to avoid
togging of the recording paper by radiation.

3:5.1 GCage Mounting. Air-blast pressure gages were mounted with
the inlets at the center of a 17-inch diameter cast aluminum baffle. This
baffle was cemented flush with the earth surface and held in place with
a buried snchor. These installations were identical to those used in
tlast reesurements of air bursts {see Figure 3,3), Accelerometers were
mounted in a canister for planting in the 2=arth, The basic canister
structure wss a stiff brass cylinder with an internal mount for the
accelerometer, JInternal damping of the accelerometer mount was provided
by an "O" ring near the bottom contacting the interior of the enclosing
cylinder, One of tnese canisters is shown in Figure 3.4, In installa=-
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tion, sfter calibration, the canisters were placed in the bottom of an
8-inch hole in the proper orientation and sealed in place with Cal-Seal,
& quick-setting plaster,

Earth stress gages and short-span earth strain gages were mounted
at the bottom of a 10-foot deep, 30-inch djameter hole. Moistened,
screened, surface material was carefully tamped around the gages by hand

to a depth of approximately one fuvot; the remaining hole was tamped by
mechanical tampers with attention being pajd to a uniform tamping pro-
cedure throughout,

The long-span strairn gages at the surface were installed in two
parts. The span of these gages was determined by the deflections
expected, a minimum of €60 inches and a maximum of 50 feet being used.

The gage proper was mounted in a wooden box, which was secured in tura to
a concrete monument flush with the surface of the earth, The end of the
measuring wire was then attached to a second monument 5 to 50 feet from
the box, The layout of these gages is shown in Figure 3.1.

Displacement (deflection) gages used on structures were similarly
mounted to show the relative displacement between the center of a wall
and its supports. Cfarleon (stress) gages, used on structures, were set
flush with the surfaces of the structures and cemented in place after
calibration, Structural strain pages used for Project 3.3.1 were installed :. ...
by personnel of that project on the torque arms cf the compliant member R
of their devices in such a fashion as to measure shear stress or torque '
in these arms, Eight of these gages (16 single elements) were used on .
each structure and connected in a four-arm bridge to a single channel to ceres
indicate the totel average force applicable, 2.t

3,5,2 Instrument Regpopge. The response time of the pressure gage P g
recording system was determined by the characteristics of the recording e
galvanometers used, The 300 cps galvanometers had an undamped natural = ',
frequency of 315 to 340 cps and were damped to have an overshoot of '?‘J
aprroximately 7-1/2 per cent, This corresponds to a demping factor of 00007
approximately 0,65 and provides a nominal rise time (to 90 per cent of P,
final amplitude) of 1.3 millisecond, The 200-cps galvenometers had an .o
actual undamped natural frequency of 200 to 230 cycles per second and were -
similarly damped, piving a rated rise time of approximstely 1.8 msec.

Since the rise time of the Wiancko gages when properly adjusted was
appreciably smaller than either of these figures, it does not enter into
the characteristics of the final records. The frequency response of the
Wiancko gage and associated recording system is basicelly flat down to
steady-state conditions., To avoid drift due to tempersture changes or to
changes in ambient pressure, the lower range gages, however, are provided
with a bleed plug in the cese of the gage so that any pressure difference
between the inside and ocutside of the case will be equalized. over a per-
iod of time, The time constant of this bleed plug was adjusted tc a mini-
mum of 30 seconds, so that it would hsve no effect on the recording of a
blast wave of normsl duration. As a consequence, the low-frequency re-
sponse of the page system may be considered as completely flat.

The response time of the acceleration recording system was deter-
mined, in general, by the characteristics of the accelerometers. Since
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the peek acceleraticns encountered in a shot if this magnitude are rela-
tively low, accelerometers rated at 5 G maximum were used, having an
undamped natural frequency of 85 cps. Same of the accelerameters on
structures, however, were connected through the Consolidated recording
systems having higher gajin and thus permitting the use of a higher rating
accelerometer having a natural frequency of 45C cps. In this case, the
response time of the system was chiefly determined by the characteristics
of the recording galvenometers.

The frequency response characteristics of the Carlson stress gages
are difficult to determine explicitly since they are affected greatly by
the loading of the esrth on the gages; however, the basic gage is known
to have a response simjlar to that of the pressure gage alone (it had
been used satisfactorily t. sessure airblast end provided a good record
of a shock wave), Similarly, the response time of the earth strain gages
is difficult to describe explicitly, tut measurements indicate that they
have & response time far shorter than the rise times indicatsd on the
final records; therefore, no distort.on from this cause is attributed to
the gages.

ratiop. Each gage was calibrated in the field after the
gage had teen connected to its associated cakle and recording equipment
for the shot and immediately prior to its final installation in the esrth,
Air-tlast gages and Carlson stress gages were calibrated by the direct
application of air pressure., Accelerameters were calibrated by piacing
them in several orientations with respect to the earth field in a jig
designed for the purpose or, where necessary, on a spin table, Farth
strain pages were cslibrated by the introduction of directly measured
deflection on the gages themselves, The structural strain gages were
precalitrated by personnel of Project 3.3.1 to show the gage consiants
of the strain gages used, These checked quite acceptebly with the
manufacturer's gage constants, The conventional technique of introducing
a kncwn unbalance to the bridge and observing the deflection caused
thereby was used in the final calibration of these gages.

In the calibration procedures, several deflections ranging from zero
10 well above the expected pesk were applied to each gage in sequence,
Each galvanometer deflection was noted and recorded, In additicn the
deflection caused by an artificisl signal injected into %‘ne gage circuit
was recorded, From the former deflection a celibraticn curve of def ec-
tion versus the function of interest wss constructed; the lstter deflec-
tion served to correct for any changes of sensitivity of the recording
system between calibration and the final tests, since ar jdentical signal
wag injected on the final record about 4 sec before zero time,

3.0 OPERATIONS
Owing to the scheduling of TEAPOT, the operations involved in
Project 1,7 were not conducted under optimum conditions. Field operations

commenced on 20 January 1955, with a scheduled completion date of 15 Feb-
ruary 1955. During this period there was severe crld weather including
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snow at times followed by slush, Frosen earth extended 12 to 20 inches
below the surface, impeding excavation and perticularly grading. Also,
melting srow on occasion flooded portions of the cable trenches causing
instances of leakage to ground greater than is normall, tolerated.

In addition, there was a s-ries of unavoidable operstional problems
and delays which, though resulting in no known errors, nevertheless tend
to reduce somewhat the normal confjdence in the accuracy and reliability
of the gage calibrations used, Since all gages had to be calitrated prior
to burial, it was necessary to commence calibration procedures on 27 Jan-
uary. Contrary to desired procedure, for constructional reasons, many of
the gages were disconnected after calibration and reconnected after place-
ment, Owing to the scheduling of other shots, it was also necessary to
transfer the recorders to Area F after gage calibration and installation
were completad. later, the recorders were returned, and Shot 7 was fired
on 23 March, same 55 days after the first calibration,

3.7 PERFORMANCE OF INSTRUMENTATION

Of a total of 76 channels connected, records were obtained on all
but one channel., This one channel, a Project 3.3.1 measurement, suffered
an electrical failure after installation snd before the shot.

Owing to a large overprediction of structural effects, the deflections
of several records, Project 3.2.2 channels in psrticular, were so small
as to give negligible data. On the other hand, unexpectedly large air-
blast pressures resulted in three of the four air-pressure traces leaving
the paper, making it necessary to estimste maximum air-blast pressures
by extrapolaticn of the pressure decay curve. Also, in seversl instances
cable breaks occurred at 0,6 to 1,0 seconds after zero time, preventing
determination of positive phase durations but not affecting the important
early phases of the records and the deterrmination of peak values,

3.8 RECORD READING AND DATA REDVCTION

The raw data on this project appear as recorded traces on 12-inch
wide oscillograph paper., “ach record includes approximstely twenty
channels of instrumentation; therefore, the initial tesk was the indenti-
fication of the traces with the proper gage chennel, The records were
then read (inches deflection of trace versus time) using an electro-mech-
anical reader (Benson-lLehner Oscar) which fed ianto an IBM card punch,

The data cards so obtained, along with the appropriste calibration cards
for each gage, were processed by the IBM Card-Programmed Calculator (CPC).
The finul reduced deta :ame out in the form of listings of acceleration
versus time, air bleat oressure versus tire, etc., corresponding to each
gage record, The integrations of the accelsration records to obtain
velocity and displacement versus time were done on the computer, using
the trevezoidel rule.

Tracings of the Prcject 1.7.1 original gage records (reduced photo-
graphically) are presented in Figures /.4 through 4.8 of this report.
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Air-blast records (Figure 4.6) were replotted to a smaller scale, since
the origine® records have very high amplitude peaks.

In the absence of excessively high tempersture, it is believed that
the calibration procedure assures that the Wiancko gage measurements are
reliable to within + 5 per cent. Small megnitudc messurements, far below
nominal gsge rating, may be somewhat less accurate, The measurements of
time should be accurate to + 0.5 msec vetween events, with a slightly
larger uncertainty of time from zero time (i.e., time of detomation),
Durations are necessarily subject to greater reading errors, due to the
difficulty of determining true crossover times; this error is of the
order of + 10 msec.

The above statements ccncernicg accuracy are not intsnded to intimate
that the representative values of the measured functione involved are
known to that degree of accuracy. In most of the gage types used, the
mounting and planting procedures intrcduce perturbetions in the medium
whose effects cannot ha calculated, Where statistical information is
available (e.g., =arth stiess measuremeats), it appears that a reliable
figure for stand-rd deviation is approximately 1€ per cent, The standard
deviation for strsin measuremente is probably similsr, Of course, to
the effects due to the medium umust be added effects due to explosicn
asymmetry, which are totally unknown.
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Chapter 4
RESULTS

4.1 FREE-FIEID DATA (PROJECT 1.7.1)

Tables 4.1 through 4.6 present the tabulated free-field data (Pro-
ject 1.7.1). To supplement the tabulations, Figuree 4.1 through 4.3
present some typical gage records which have been labeled appropriately
to correspond with the table headings. Reductions of tracings of the

TABLE 4.1 EARTH ACCELERATION TRAPOT SHOT 7

&mocquﬂm Gage [Arrival] Pirst [Time of Pirst|Maximum Time of Maximn Time of
Range |Depthi Time |Positive|Positive Peak|Possti Maximum |[Negetive P Maximm
Peak Peak |Positive Peak Negative Peak
(re) | (£t)] (sec) | (G) (ssc) (c) (sec) (G) (sec)
HORTZONTAL
7m0 | 200 | 10 | 0,050 | 9.90 0.1%9 9.90 0.159 =1.40 . 0,270
73m 0 m 10 0.0'76 0081 0.2«) 0081 0.2@ "1 .“ o. 325
U110 400 10 0.103 | 0.47 0.125 0.77 0.445 0,92 0.360
7smo | so0 | 10 | 0,130 | 0.36 0.173 1,04 0.470 0,7 0.340
76410 600 10 0.161 | 0,30 0.210 1.07 0,500 0,66 0.35¢
T2H1 25 1 0,070 | 1.92 0,205 1.92 0,205 -1,08 C.355
74 400 1 ]o.,110] 0.55 0.155 1,08 0.470 -1.32 0.355
VERTICAL
73V10 300 10 0,076 | 0.477 0.197 0.542 0.315 0,262 0.2M

interesting portions of all usable gage records are presented in Figures
4.4 through 4.8, The records are arranged in the order earth accelera-
tion, airblast pressure, earth stress, and earth strain,

4.2 STRUCTURAL DATA (PROJECT 1.7.2)

The reduced data obtained on Project 1.7.2 have been transmitted
to the proper agencies for their reporting and analysis. (See References
21 and 22). Preliminary data reduction of the meesurements taken on the
underground structures of Project 3.3.2 showed that the forces, accelera-
tions, and relative displacements on these structures deviated markedly
from the predictions based upon HE data, Following Operstion TEAPCT, it
was decided to conduct a series of tests on the 3,3.2 structures using
HE charges at such a time as the radiation level in the area permitted,
Thzse tests were conducted in October 1955, and the data report which
was submitted to Office, Chief of Engineers, is included in the Appendix
to this report.

51
CONFIDENTIAL

Nonat B AR,

&

F i Mt AL

NI TS L

) ORI DR 55

B PRSorne e A M A el e A T35 YW



°0- 08°0 | 99°0~ ¥€*o [9€°0 $92°0 ) 00Y | Is7.
8°0 —_—] — Zro| re 002°0 0 00€ | Is€L
6°zL 18°0 | 26t Lo | 26 002°0 0 osz | sz
(TYILIEONYL) UfeIaoun wRep-v
6°0 —_— ] - 9¢°0 | 0%z 8L1°0 oL 007 lowsye
<*9 —_] — Zr°o zL | sot°o ot 00€ |OLHSEL
Lo9t - — &0 6L | s80°0 ot 05T |0LHSZL wm.o wmm.o 8°€ $82°0 ) 1€ 2910 | ot | 009 Joumooe
. 0 *0 9 09z 0 | 7Y oci*o | ot | o0os Jomose
9L 70°L | 9% s¢0 | voz | BEL°0 |V 007 | HSYL 67°0 | ss€°0 zz | oezro| 68 |zowo | ov | 007 |owmove
Lol 86°0 | 0°4L | 4$5°0 | 0°st | 86L°0 | O 00¢ | HSEL #°0 | cecto oy | o9z*a | suz |woso | ot | oot |owmoeeL
124} Lot 951 18°0 951 | $60°0 0 C3T | HsZL v 1 0%€°0 v | oez*o Le | 990°0 | ot | osz joinozL
® | 08L°C szL| osL°0 921 | ¢s00 | ot | ooz |omoie
(‘TYINOZIWOH)
(em) (208) | (ved) | [oes) | (¥#d) | (o08) | (32)! (33)
xeoq o g
(2dd) mw“.v (ndd) AMMMV (xdd) | (ce®) | (33) | (33) uopavang faagaysog| xveq learyteog] wey
d d sewry | wupxwyleapageog| usarg |eariyseg| eayp [uadeq| eBuey| epoy
114 251 puodeg | xveq I8IEd xveq ewpl |uyydeq | eduey| epoy sag3te0g| Jo ewyy | wnmixwy] Jo ewpr] 3sarq |reataay| edeg|punoay ounm
Tenpgeey [Jo empy | puoows [Jo empr| 38354 | Teajiay | edep |pumean| edwp 1

L L0 L10dVAl ‘SSTULS HLVE TVLINOZINOH €°% FIaV
L IOHS JOVEL ‘NIVMLS HINVA 7°Y TIdVi #14¥

TY™.Ie0un WS-8

52
CONFIDENT!AL

005°0 A/ L0 6L°L 762°0 gLl 9400 { ot 00t | OLAEL

A

w TYOILSIA

i $7€°0 9°2z 9L°0 96°¢€ 05L°0 89°4 oLL"0 8 07 11y /)

% oL €z 05°0 rAL] 06.°0 b 2] aL0*0 i K% LHZL

]

{ 05€°0 96°0 M0 $z°2 0€L*d 9L"a 91’0 | or | 009 loinoL
0£€°0 L $€L°0 0z°2 $EL’D L6°0 octo | ot 00$ |owHse
0€c°0 {844 09L°0 12 Znee 1§t €L | 007 |owure
€$€°0 9°s 002°0 1% 6LL 0 1°€ 9L0°0 | Ot 00¢ {OLKEL
06€°0 8°6 SLE*D 8°L $91°0 rAd4 $90°'c | oL osz lowia

(065 *0<)® (7€ <)v . . o7L°0 8°0L 050°9 | ut 00z |oiHLL
TVLNOZIUOH
(o0s) (°u3) (oos) (°08/33) (909) (*98/33) | (°90) [(33) | (33)
JusmedwIdsiq £3p00T0p
eAF3 T804 UOWIORTGSTq] T[eAXsUL Kyyootep CAT3Teoq4 | £&3po0Tey
Lo SAT3T90g L1344 Yeog-0y-Ywe | wwmixey |eafyteog| swir jyadeq| eduwy|epog
20 euyy WMEEXe  [Xve4-0}=Y¥o4| wnmixwy (03 SwW] esfy| =WIXWY a!«.c&_i&au _wﬁsac afwy

L I0HS 10dVEl ‘LNa:GOVIJSIA ANV XLIJOTIA HI¥Va Z°7 J19Vl

eece e
. . . o) 2
o - . e ©
. [3 2
e o o
xxs

3 ¥
ol > e ? i . b 9 Yilihia PR TR PO e L . 0 R A i kel b



o SO T R S

e

<o v e (s ¥ %
. AT ST A o A el R

“3ISSTQITE pUP UOTIBINTE0O® sefiyjuvnd pejeruqwy Jo weaBelq L°Y

NOILVH¥NA 3ISVHd 3AILISOd §
|

INIL TIVAINNY
IWIL IvAINNY HOHOd LNOUY4,

NOOH3 NIV IJ _u::

Y/ 777 7777777777777/
35 INdWI 3AILIS

3¥NSS3IYUd NV3d
HOOHS NIVWN ——e

34NSS3INd NVid
LHOHOd LNOMJ,

ANV3d 3AILVOIN
XVN 40 3WIL
h NV3d
o—— 3AILVOIN XVW
AV3d
3A111SOd 1SHId —=
ANIL
NV3Id ﬁ aw, v
3AILISOd XVN —= it
M¥v3d 3AILISOd
1S¥ld 40 INIL

Nv3id 3IAILISOd

JYNSS3Yd LSVIBNIY

NVMNI)
3AILVO3N

NOILVYH 3300V

(ONVMJN 4O QUVIMIND) (QUVANAOO U0
3AILISOd

XVN dJ4O 3WIL

TSR

e
982°0 85°0 {7°9 | ssr0| —| — 0 009 | &L
€L2°0 weo | €] g0l —| — 0 0oY | av
8L2°0 €6°0 | L] sszo| 20 evea | o 00€ | €L
L62°0 0zt | vy | sez0o | aLo | 20z*0 | 0 osZ | dzL
(o08) J(oes-gad)|(ed) | (oee) {(yed) | (2e8) | (33) | (33)

vopyeang| estnomy]cesex oupy |°ssexy| ewry
sy Ry Iﬁh_hEIm.Io.r Iea Rydtey| edusyjepop

oATif0d | eafafrod[” yoOuS UTE [LHO304 WOL4, | 878 |punopleden
L JOHS IOJVEL ‘3unSSAud ISVIGMIV 9°7 414Vl
0 | s 2] o |so| o (Rs] S |e-] oos oL
o | 80| 1°0- | reo-|€°0 vo-|z0- | r1-| osy 6
80 | ot=-fy0-| —|s°0 v°0- | z°0- | 0°t-| ooY 8
9°z | 6°0-{ ¥°1L | o°z-|1"1 z°o-|10 |80 | os¢ L
9°¢ | z0 | sz Joz=f — | — |82 |€2=| o0t 9
z°y | vvo-]oe | ¥yu-Jocoe ]er 68 |80 | see $
zst | 9°9 | 8€r | zoe froee ez ]oer | 6] ose Y
z°8z |72°9 szz | °¢
gz | Lo 002 z
L6 | 9°ss o8l i
e gaag mrm._.x .nw_r
®UPT 9 o8ES puno.Ln jqueNnuoy

4 IOHS 10dvdl ‘INTWIOVIASIA HINVE
TVOLLEAA GNV TVINOZIUOH LNGANVWMEL $°Y T1AVL

53

CONFIDENTIAL




*

RN P TSI

oo

‘ureIls pus SSeq)}s ‘eey3fjuvnb pejernqe} Jo weadeyq €°%

INIL
AVAINNY
e
U!_W_ W
NIVYLS 2z
= %v3d 1S
Nv3d ONZ2 #
Wv3d 1S!
40 3WIL
Wv3d ON2
40 3NIL
| |
| INIL
“ IVAINNY
" NOILVN¥NA 3ISVHJ 3AILISOd _ »
.l'/b- ANIL u
m
7 v.dwm_ %
| = —— 3AILISOd
%v3d isulid
3AILISOd XVW- |
! Mv3d 3AILISOd :
1S¥l3a 40 3INIL
Nv3d 3AlLISOd
XYW 30 3WIL
HESIS S
- CREE

*quemeowTdetp puw £3[o0TeA {sef3fjuenb peyernqey jJo weudeiq Z°Y

ANIL
AVAINYY

,

—_—————
—r e —— -

AN3INIOVdSIO
3AILISOd XVWN
1

!
1N3W3DV1dSIa 3A1LISOd,
XYW 40 3NIL

AVANM3LNI 3NWIL
MNV3d O1L XNVv3id

AVAINNEY

|

ALl1J073A

|

[}

|

i

[}

_

i

| |
: INL
!

i

|

i

[}

_

AL12073A
3IMILISOd XV

ALID013A SOd XVW,
-———————%
01 3WIL 3siy

’
1
1
|
|
'
|
|
|
|
|
[
.
1
1

3NIL
AVAINYY

|

AN3INW3IIVdSIQ

54

ALI2073A

\

NOILVH31330V

CONFIDENTIAL



IR T

R W b e o NP LTI
u n S . > loo P £ =i o-o ose P
e eo o8 & u L oo . . e o S
Q.8 ® n ° o .. - 2 0 4 ® o0 ¢ o
@0 osr - ese o o¢ ® 0 ® o o e o o
oe . ] N oee Py

*deep 3093 QL UOTIBISTEO0® [®D[}JIeA puUE
‘desp 3007 | WOFIBIETEOO® [WUOSTIOY ‘sBujoesy pIodex edey (oY

Wi

J.An‘ 9 Li¥0 §'0

|
|

238 1°0 (]

A
B

| |
H1d3Q 39V 140
NOILVHITIOOV TYOUN3A

4°0 9°0 g0 »°0 €£°0 2°0 238 1°0 [}
. “ ! b
| f, (G3H100WS) 9 2€°!
m _ +0°1-
| |
ﬁ I $°0-
W | 935 0110 =%
¢f.¢1r¢+v¢v.+¢. Yﬁw e RS AY?»¢0 No D e e S E] -Q
i |
| ./lh\
| | 9¢5°0 1570
W _ g 9
| i | o
0 9°0 ¢°0 v°0 €°0 L.o 338 10 o
' |
_ OQOJ_ ﬁ_i

Hid30 39 140
NOILYHIT3IIV IVIOVY IVINOZINOH

*deep 3997 QI UOTIVIETEIO® [RUOSTIOY ‘sPupovyy plocex sdeny Yoy

0 0 €0 »0 €0 o 3% o o
|
s
238 1910-% %
3]
)
fc._
238 ro b
Jor.
s0-
235 0510:% Lo
s 960
s0
)
i o
0 o s ” o zo 238 40
ot-
[3:9
L
.90 (31
o ®
0 (3] *T (3] 2o 23 o [

CONFIDENTIAL



oo

i SRS Dt

»

6’0

6°0

P

*oamggseld Ife TeAST eo08JIns ‘sBurosva) pIodsx eden 9°Y

SONIMYHA TVNIOIYO WOY¥4 37vIS NOWWOD OL 031107434 SAO¥0O3¥ 1Sv8dlv 3A08v . 310N

60

S

P S G S S

60

At

8°0 2°0 9°0 G0 v°0 £°0 2°0 1°0 0
* u5~ ; 2
= «.«ATTTJI,:..&IJE,.WLL;.::: mmm‘m«‘@frl:::.f B e e R B e e e e e o e e o o oowmmw
+S
%.m | 1Sd
8°0 2°0 9°0 G0 0 €°0 c'0 1’0 0
=D
4 b4 4 b TR T :_.:,:nﬁwm_woﬂ_ﬁ_:.::: U TR ...,“..¢Fuopvm.¢.w
NS YN !
15
1Sd
| g
8°0 0 9‘0 S0 o ¢+ €°0 rAe] I'0 (o)
“O -
(USSR S S S R R o SN R S R A S N S S U.N%MW w-@‘»‘“rﬁ:"‘&‘* +*TI++¢*FM8»-¢Q
7\'\/J'lll lo
[ 1Sd
TOi
S3)
Sd -Gl
g8'o 2’0 9°0 0 ¥0 m.% B 20 1’0 0
e AR AR .NMTJO.N,OM—&....» OO (B Ve B ..PMpﬂwNﬂnlww
\l\j{} ;ln

(R ]
Teoe
toee
scoe
°
.

1Sd—= 161

A3A37 30V3YNS L1SVI8NIV

CONFIDENTIAL



> 2p—-

E/RTH STRESS IOFT GAGE "EPTH
| [ |
i }
100 | i
PSI |
1
50

e
(o]

|
|

4of
PSI 1
20/

l
—Eﬁﬂ%rr’ " 190066 SE
0

r ‘ ;
PSI 25! 3
i / ;
o 1+ ¢ s 4 = L A A
NS 1
0 o1 SEC Q2 03 04 as 06
EAR1 STRESS  ISFT GAGE DEPTH
3
23.5 PS ; i
20 T l
PS5 - T~ ‘ -
10+ /_/ s 1 ‘
MRHIKR T il E—
“er 10> Q073 SEC [ | !
o} 0.l SEC 0.2 0.3 04 0.5 06
47.3PS!
40" f‘/—-\
__— “CABLE
PSI 30 BREAK
20- / ....
|°' AB LA XX N
/ .
195 QO72 SEC ey
*o00e
0 04 SEC a2 0.3 0.4 -
EARTH STRESS 10 FT GAGE DEPTH ‘ - Sesee o
] ! { { :\ LERY X I
1 } s oo -
I 19 PSI (SMOOTHED AR
- r//’ \
20 J l | e, &
\ i | | [] £,
15 \ | ! | O
-+ F | i [ X X X}
PSI d ! |
4 i
. / i rPOOR L
10 o i = e .
,/ i | ‘ever
| |
- 5 /,—/ ‘ | : .
| ! / AF i | ‘ ITXEY)
|~ | | | — A |
%u&’\mo.'.o‘o~ri«(qooo....§...‘oH..o’—wto-+4»+»++t+—+++++4&+—+»+-ﬁ—v—o—0 h‘]vaw 44—+ v B
h [1g 10102 SEC | Pl ! ! i
0 ol SEC 6.2 0.3 0.4 05 0.6
! ‘ ‘ | :
PSI 5. _ ! !
/’ p | i
‘ ‘ — | 1 | PRSI
, + P et + s :
mr’ﬂ 1 :0.30 SEC | P i !
0 QI SEC 0.2 Qa3 [X) 0.5 Q6 or
‘ . 1 ! ~-_- 377 psy
3 13,01 P31 e — |
PSt 5 F f oS [‘
, ! / . A /\ §
76?&'*' ettt ’1 s~ Suan :v:,.,‘ 4t VY\K‘ ‘f ’r%fev:.evl PSRN S 7
”1 20162 SEC | : i /A4y l [ K’\T— :
i | | I
ar  SEC . o2 a3 o a8 0.6 o7

4.7 Gage record tracings, norizontal earth stress 10 feet deep.

87
CONFIDENTIAL

:
;

23



SRR

*(se3e3 ncanlvuo:uv deep 3803 0| pue (saded
ueds-3uoT) [eAST ed®JaIns fufeals Y3Ies ‘s3urosl] pIodoes aden g°Yy

830 <10 90 $°0 »0 €°0 2°0 23S 10 (o]
— - | | M | L ~ _ J3s nwwd. 2 2400 =49
v 4_ Y g ‘<~4 t :q.._.. v _ + e amm e L R A T o S SR S S SR S e 1000 ViSvl
NI/NI *
_ 9€000°0 | NIL/NI
mm. mm 270 970 G*0 v:0 € 2°0 23S 10
)
[T B S G R W wUTeeTeE Y TEE S D WE S ov‘++++rlﬁ4+~..’.t_»L—ﬂW#_—Lﬁ UmmOON“O¢...m_.~..
_ | NI/NI _
; 25200" _ |
8] .O NO nﬂo 20 23S 10 Q
e e SEE S WS T++++TI++ b4 r_" 444y :Tl e S S -k o@mnw..iuxﬁrot S S _ 13062 =49
I =N g ! _ r | 0100 vis2.
25100 _ _ | | Ni/NI

73A37 30viddns
6°0 8°0 L°0 9°0 S0 v°0 €0 2°0 23S o_.o
v kbbb by e i adn uwm.m.n_o".
|

e bbb

.._....

4r o brtpprrapele s ey .k._».u .».....Lﬁﬂr‘... b
i I

68100°0
8°0 L°0 9°0 $°0 v°0 23S 10
»»»F»PJ.‘».;L»»pph.....;L._r.,...;L—».»»..‘F..P,.V..L. *».erlr't}llfulwwhm_.o.o.*...‘
[ - e — 3% T A f
NI/NI
6°0 8°0 L°0 8°0 S0 v°0 0+200°0 ¢*0 20 23S 10

S, G0ro: o.h

lI.ITJIffu ——dn fT?Ii*IY+#I¢#%TfL4i*$‘l!IL!?»&!T&II$I*T. - T+|T+kaf+..Tr.T —+4
| | ! |

NITVHLS TVILN3IONVL

1400 =49
2000 O/RS¥1

NI/N!

t 4t

1400 =49
»00°0 HSHZ

Nt/NI

g
$00%0

| /NI
I0°0 b

(IR

by e 4

—+—0 ~++— 0O —++— O

80 L°0 9°0 S°0 v°0 €°0 <0 23S 10 735 881°0: 0
P ey | e s W40
- SRS li +1
1* NI/NI
60 . &0 sy 38 10535 6800+ Ay06z: 0
— T+t + — OWRS T
-+10°0

_ NI/ Ni

CONFIDENTIAL

kg oo oo FI S L U )

4
+
+

S
+
+
+
+
4+
+
+
4+
+
\
H
4

1
—— | —amu 9510

H1d3Q

100

TS B - R P N

vere

39v9

see

1
.
.
.

401

ANV 30v3¥Ns

+$0°0

NI/NI

Hﬁo_d

b

NIVHLS TTVINOZINOH



Chapter §
DISCUSSION

In this chapter the TEAPOT Shot 7 free-field results are discussed
in the following order: (1) earth acceleration and particle velocity,
(2) earth stress and sirain, (3) earth dynamic and permanert displacement,
and (4) airblast. In each case, the TEAPOT data are comoered with pretest
predictions and the prediction method besed upon crater radius is evalu-
ated, Also, where data are available, comparisons are made with results
from the JANGLE U and S Shots, Some aspects of seismology and soil
mechanics as applied to underground explosion phenomena are presented,
and, finally the most significant HE explosicn results e summarized,

5.1 EARTH ACCELERATION AND PARTICLE VELOCITY

5,1,1 TIarth Acceleratiopn. The TEAPOT Shot 7 peak horizontal accel-
eration data, excluding the effect of air-blast slap, are summsrized in
Figure 5.1, The s0lid curve corresponds to the first positive peak and
the dashed curve shows the varjation of the first negative peak with
ground range, Referring to Table 4.1, 3t 38 clear that, at the farthest
three stations (400-, 500-, and €00-foot ground ranges), & second positive
peak, higher then the first pesk, is recorded, The curves of Figure 5.1
indicate that; although at close-in stations the positive horizontal oeeks
exceaed the negative values, the relative magnitudes are reversed beyond
300-foot ground range., The few measurements at 1-f: t depth show no con-
sistent behavior; that is, at 250-foot range the shallow=buried gage
indiceted slightly lower response, whereas st 400 feet the 10-foot depth
record shows lower-smplitude accelerations, A possible explanation for
this behavior is that the Fayleigh surface waves gain mcre relative
prominence at the larger ground renges. The single vertical acceleration
measurement at 300-foot range yielcied pesks which are significantly less
than indicated on the horizontal gage at the same ground range,

Also shown on Figure 5.1 (dotted curve) is the prediction curve for
acceleration versus ground range based uoon the measured 146-foot crater
radjus (Reference 23), The conclusion 3s thet the early decay (slope) of
peak horizontal acceleration follows predictions very well; however, the
messured megnitudes are significantly greater than the prediction would
indicate. In addition, at the grester ground ranges the measured veliues
fall slightly below predictions.

Reference to the accelerometer record tracings (Figures 4.4 and 4.5)
shows that the acceleration wave form is constant as recorded at the vari-
ous Shot 7 stations, The horigontal acceleration shows a slow rise (100-
150 msec) to a positivs peak, followed by a negative peak of comparable
megnitude, The arrival time of the air-blast pressure (surface gage) at
the resvective stations is indicated by a symbol "AR" on each record
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tracing. It apprears that slthough the characteristic air-blas’ slap
acceleration is in evidence, the record is not seriously disturbed and
"recovers” soon after the slap, meking it a simple process to separsie
the sir-blast effect,

Figure 5,2 shows some comperisons of horizontel acceleration wave
forms from the three pertinent nuclesr detonstions: TWAPOT Shot 7,
JANCLE U, and JANGLE S, The comparisons ere made at similar, but not
exactly the same, ground ranges, JIn general, it is obvious that the two
JANGLE shcts produced results which are characterized by an initial high.-
frequency disiurbance, followed by relatively low-amplitude response,
The basic difference between these JANGLE results and TFAPOT Shot 7 is
apparantly csused by the airblast-induced slap. Specifically, for the
JANGLE shots, the air-blast arrivel wes almost simultaneous with the
airival of the earth disturbance, thereby introducing the high-frequency
8lap accelerestions during the most signifjcant portions of the record,
Also; the air-blast vressures were higher (i.e., more energy transferred)
at the seme ranges for the JANGLE shots, This factor alsc partly c¢zcounts
for the close-in acceleration predictions being too low (Figure 5.1); in
using JANGLE data for orediction purposes it was uecessary to estimate
what the pesks would be excluding air-blest effects, because it was
thoupght that airblast effects would be greatly reduced on TEAPOT, However,
the effort to edit out the airblast slap acceleration probably contributed
greatly to the fact th.t the pred!cted values (at closea-in ranges) were
low, Frum the comparisons of Figure 5.2, it is apparent that for the
surface {TANGLE S) end near-surface (JANGLE U) shots the airblast slap
accelerations mask the direct earth-transmitted effects, whersas the deep
shot (TEAPOT Shot 7) results are much less disturbed by the slap effoct.

The pesk horjzontal accelerstion date (excluding air-blast slap)
from the three pertinent Nevada Test Site nuclesr shots are presented in
Figures 5.3 and 5,4, Jf the effeczt of charge depth was manifest in ths
horizontal accolerstion parameter, the peaks would be largest for the
deepest shot (TEAPOT Shot 7). Although there is some indication thst
this 48 true beyoni a ground range of about 500 feet, there appears to
be no similar consistency at the closer ranpes, UOf course, here again,
efforts to eliminate the effect of the airblast slap may have introduced
some error into the determination of peak velues,

Figure 5.5 oresents s summery of the peak vertical acceleration data
(including air-blast slap) from the JANGLE U and S shots; for comparison,
the two deta voints from TWAPOT Shot 7 are also included, Since the ver-
tical component of accelerstion should te more sensitive to airblast-
induced effects than is the horizontal component, it would be expected
that the peak acceleration would decrease with increased depth of charge,
This general behavior is illustreted in Figure 5.5, particularly at close-
in ground ranges, where the JANGLE S measured pesks are notably highest,
In addition, there is evidence that the negative-going peaks are larger
than the positive maxima at the same gage station, This result is con-
sistent with the assumption that the slap acceleration is due to eneryy
transfer from the airblast wave to the grourd and that the positive ver-
tical acceleration may be identified with the recovery of tha earth from
the shock-like compressive forces,
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A word of cautinn sbould be interjected here ccncerning the use of
maximum acceleration data without regard to wave form, i.e., the frequency
content, Small charge HE underpround work (Reference 9) indiceted that
peak acceleration is not a reliable parameter and not a good parameter
for effects compariscns, This conclusion is based partly upon the wave
form comparisons and partly upon the fact that it is not possible to
ascertain the effect of high-emplitude, short-duration acceleration peaks
upon damage to underground structures, For this reason, the usefulness
of the earth acceleration as a damage psrameter is limited and more
emphasis should be placed upon the earth velocity and displacement data,
which are derived from the acceleration by numerical integrations., Never-
theless, it must be noted that, although ihe mcceleration-time data may
not leed to good structurul demage predictions, this parameter could be-
come important in the problem of damage to ccmpraerts stored inside an
underground structure.

b,1,2 FEarth Partjcle Velocjty. The TEAPOT Shot 7 peak-to-peak

horizontal particle velocity dats are presented in Figure 5,6, Because

of a cable break, the data ottained at the 200-foot ground rarge are
somevwhat uncertain; as shown in Table 4.2, it was possible tv Catermine
the maximum positive velocity only, which established a lower limit for
the peak-to-peak value, The two %{-foot d2ep messurements indicate iiat

at the close-in radius (250 feet) the velocity was somevhat less at 1

foot than at 10 feet, i.e., a smell velocity gradient between these dapths,
while at the 4L00-foot ground range th~ shallower gage recorded a higher

ooooo

peak-to-peak velocity, which substant etes the previous conclusion that S000c
the surface waves assume greater relative importance at the larger ranges. Pt
The single peak-to-peak vertical velocity detarmination at 200 feet is o

about a third of the corresponding horizontaul component,

Also shown on Figure 5.6 (dashed curve) is the curve for peak-to-
peak velocity versus ground range based upon the measured 146-foot crater .
radius, It is concluded that the measured values agree very well with Cees
the predicted curve; it is only at the 600-foot range that the divergence Btare
is signi.icant, The improved agreement with nredictions observed when
proceeding from the peak acceleration to the peak velocity parameter may
be part.y explained by the fact that, upon integration, the high-frequency
slap acceleration contributes relatively little to the peak velocity.

Figure 5.7 shows some comparisons of horizontal velocity versus
time wave forms from the TEAPUT Shot 7, and JANGLE U and S detona-
tions, There is evidently considereble variation between shots in the
duration of the velocity pulse, the deepest shot yielding the longest
durations, At the larger range (nesr 4.0 \), the wave forms are similsr
for the three shots,

The maximum peak-to-pesk velocity data from the three nuclear shots
considered are presented in Figure 5.8, where the curve for TEAPQT Shot 7
is taken from Figure 5.6. Unlike the acceleration case (Figures 5.3 and
5.4), the peak-to-peak velocity parameter exhibits a consistent charge
depth effect; in fact, the JANGLE U date, like the TEAPOT data, appear
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to level off near 500-foct ground range. At the close-in ranpes, the
deep shot velocities are about four times larger theu those measured on
the surface shot.

“.2 FEARTH STRESS AND STRAIN

542,11 Farth Stress. The results of the TEAPOT Shot 7 horizontel
earth stress (Carlson page) measurements are listed in Table 4.3, Ref-
erence to the record tracinrs in Figure 4.7 shows that the recorded earth
stress was 1ittle disturbed by airblast-induc=d effects., The wave forms
are similer to the various ground ranges; the only excedtion being the
record st the last gage station (60C-foot ground range), which exhibits
two separate positive stress peaks at widely different times. This sort
of wave form change et large ranges js common cn underground measurements
from HE explosicns (Reference 9). The rise time to peek stress varies
from 0,125 to 0.2€0 second, incraasing with ground renge,

The maximum values of horizontel earth stress are plotted agsinst
ground range in Figure 5.9. The data obteined at 300- and 4CO-foot sta-
tions tend to give the curve a pronounced hump in this region. A similsr
hump in the stress-distance curve is not uncopmon in underground HE work,
(Reference 9) and is usually ascribed to variations in subsurface soil
characteristics., Also included on Figure 5.9 is the preshot prediction
curve besed upon a crater radius of 146 feet, It is evident thet the
results agree with prediction only st ground ranges of 500 and €00 feet;
however, at close-in ranges the messured values are much lsrger than
would be predicted, The preshot orediction of peak horizontel earth stress
was made rather tenuous by the fact that no data were available on this
parameter from the other nuclear detonstions in Nevada (U end S). There-
fore, it was necessary to base the oredictions upon small-charge HT dsta.
It tecomes obvious that, considering earth stress from underground nuclear
detonations, this orocedure yields values which are tvo low,

Whitman (Reference 15), in his discussion of the reiiability of the
Carlson-Wiancko gage ss a true stress detector, uses an interesting
example, He first conputes the ststic overburden oressure of the soil
above the gage., Second, from the date on permanent horizontal and verti-
cal displacement, he finds the radius at which these displacements are
zero or very small, Third, from the stress records, he finds the radius
at which peak recorded stress corresponds approximastely to the calculsted
static overbturden onressure, Then, if the two radii (that where peak
stress corresponds tc static oressure and that where displacement is
smell) apgree, the stress gage is protably measuring true earth stress.
For small-chasrge HE underground explosions in Nevedas the agreement is
good at 2.0 to 2.5 crater radii. For "7a.JT Shot 7, a similar analysis
is possible: Tn Section 5.5 it is shown that the permanent horizoatal
and vertical displacements approach zero at ground ranges of
300 to 350 feet, that is, & . approximately 2.0 to 2.3 crater radii.
Reference to Figure 5.9 shows thet at these renges the peak horjzontal
earth etress s 33 to AC psi, whereaeg the static overburden pressure for
a 10-fout deep gage in Nevada soil 1s about 42 psi, This good eagreement
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lends some confidence tc the method of measuring earth stress using Carl-
son-Wiancko gages,

5s2,2 Zarth Strain. The results of the Shot 7 horizontal redisl
eerth struin measurements ere listed in Table 4.4 and jllustrated 3in
Figure 5,1C. The strajin is presented in units of varts per thousand (pok).
In the fipure, two curves are shown; one for surface messurements using
long-span strain geges and the other corresponding tec the 1C-foot depth
data obtained with the short-span gages. At ground renges of 3C0 and
400 feet, the two measurements are practicslly identical, but at a range
ol 25C feet the streain recorded st the surface is markedly larger than
the underground strain, Although little previous date were available, it
had been expected that the subsurface streins would be consistently less
than those at the surface, i.e., negative strain gradient with depth.
Nevertheless, the dsta indicete that this behavior is confined to rela-
tively close-in ground ranges for TEAPOT Shot 7.

The values of postshot residual streir are also listed in Table 4.4.
It is evident from these dats that the surface strains are more permanent
than those at 10-foot depths; that is, the residual horizontal strein at
the surface is approximately equal to the maximum value, Therefore, al-
though the measured maximum strains sre vzry similar for the two depths
at 30C and 4CC feet, the 10-foot deep strains appear to reccver better
following the passage of the disturbance,

Table 4.4 also lists the maximum values of the observed surface
level tangentisl strain, From these data, assuming a uniform symmetrically
expanding medium, it is rossible to compute, at the surface, peak hori-
zontal displacement values, In fact, displacement is the product of the
tangential strain an¢ the redius. Figure 5.11 shows these values plotted
agajnst ground range, indicating severe attenuation with increesed range.
Also shown cn the figure is the peak displecement curve from 10-foot deep
acceleromsters (Table 4.2). As was the case for horizontal strein, it is
evident that the verticel gredient is appreciatle nesr the crater, but
practically disappears at two or more crster radii.

5.3 DYNAMIC AND PERMANENT EARTH DISPLACEMENT

5:3,1 Dynsmic Farth Displacement. Dynamic earth displacement may
be obtajned by double integrstion of scceleration-time records., This

method is admittedly subject tc some unevoidatle errors, the magnitude
of which can only be estimated,

Some wave forms for horizontel displacement versus time obtained
from the TEAPOT Shot 7 and JANGLE U measuremerts are nresented in Figure
512, In each case the records rise slowly to a broad maximum, followed
by a long decay; it apoears that the TEAPCT recorcs schieve maximum value
later in time, The disvnlacement-time wave form comparisons indicste that
the first meximum is orobably the only mesningful compsrison parameter,

The peak horizontal displacement data from the three nucleer detona-
tions of interest are summsrized in Figure 5,13, From the fipure, it can
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be sn.d that the TEAPOT shot yielded significantly higher displacements
than did the JANGLE shots; however, there appears to be no real difference
between the svailable U and S data, which i1s inconsistent with a charge
depth effect., It should be noted that the U and S gsges were at different
depths; nevertheless, ths shallower gage burial on the U shot would tend
to favor higher displacements, which were not observed,

In an effort to check the interrnal consistency of this strain
measurement plan, the slope of the surface displacement-vs-ground range
was calculated for a number of renges using the tangential strain data,
which produced the horizontal strain-distance curve of Figure 5.14, When
this curve js compered with the observed velues of horizontal strain
(Figure 5.10), the closeness of the comparison is striking, whichk reesults
in some degree of confidence in tho observetions, It is recognized that
the above procedure is approximate to the extent that displacement peaks
do not occur similtaneously, tut the broad peeks encountered make this
correction negligible,

Using the data available from Shot 7, it is possible to make one
additionsl interesting comperison. In Figure 5,15 a comparison is made
between the surface horizontal displacement versus time (computed from
the tangential strain data) end the 1-foot depth displacement obtained
from the results of integreted accelerstion-vs-time, It is probebly not
wise to generalize extensively from such meager data; however, Figurs 5.15
indicates that, within the reliability of the meessurements, the horizontal
displacement of the surface at 250-foot ground range on Shot 7 is signifi-
cantly higher then that at 1-foot depth, Also, at the 4C0O-foot range, the
behavior appears to be reversed, which is consistent with the comparisons
between the surface and 10-foot deep displacements,

B nent th D eper;e The vertical and horizontal
components of permanent displacement for TEAPOT Shot 7 were determined
from pre- and post-shot survey date on the location of concrete monuments
set in the ground. Since these monuments are only 3 feet long, the
measured displecements are characteristic of the motion of a neesr-surface
sarth layer,

The permsnent earth displacement data from Shot 7 are summerized in
Table 4.5. The horizontal displacements as measured along the four radial
lines ere shown in Figure 5.1€, It is obvious that the displacements
along the S520W line are significantly larger than indicated on the other
lines, Figure 5,17 shows a similar plot for the vertical displacements;
in this cese, there apprears to be an ancmaly in the data at 250-foot
ground rasnge,

A more graphic presentation of the permanent displacement data is
included in Figures 5.18 and 5.,19. These figures show the contours of
equal displacement surrounding the Shot 7 ground zero point, Referring
to the horizontal displacement contours (Figure 5,i8), it is obvious that
the pattern is asymmetricel, indiceting a bulge in the southwest direction,
Since the JANGLE U shot creter is northeast of the Shot 7 ground sero, its
proximity cannot be the explanation for the afcorzseid asymmetry, The
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instrumentation line is indicated on the figure. Figure 5,19, showing

the Shot 7 vertical displecement contours, illustrates the fact that the
vertical component of displacement was much smeller than the horizontal,
Also, the same peneral type of asymmetry appears to be chsracteristic of
both comporents., Finally, it should be mentioned that many of the monu-
ments beyond 3CC-foot ground renge indicated nepstive (away from the
ground surface) voerticel displacements; this scems to indicate that, be-
yoné a certain range, the airblest slap has more influence on near surface
vertical displacements then do the directly transmitted earth waves,

5.4 ATR-BLAST PHENCMENA

The record tracings in Figure 4.6 show the wave form of the air-
tlast preegsure versus time messurements obtained on Shot 7. In addition
to the classsical airtlast wave form, which is chasracterized by a sharp
increase in nressure to a peak value followed by a logarithmic decay,
there was observed on the 250-foot and 30C-foot records a preshock disz-
turtance commonly referred to as the "front porch.” An explanstion can
be advunced to identify the possible mechanisms leading to this shock
wevs shape,

Briefly, it is assumed that immediately following an underground seeses

detonation, the earth first rises relatively slowly but steadily, This IR
fact is supported by measurements teken from high-speed motion pictures.
The resultant air shock from this "earth piston" should thus be of small R
but relatively constent amplitude., However, the explcsion gases soon sesees
pjerce the curtasin of rising earth., Since tre velocity of the ges jet is & .*°
consideratly greater than that of the rising earth, the air shock resulting : .-,
from this "gas jet piston" is stronger than that from the earth rise, e
Moreover, the jet decelr- .ites much fasgter than the earth, so the air-blast ‘..:..
pressure deceys from the peak much more rapicdly than does the pressure et
from the earth rise slone, Alsc, the jet shock, by virtue of its higher RS
pressure level, travels faster than the releatively low-pressure earth O
rise (front porch) disturbtance. Hence, the jet shock starts late, but Seteas
eventually overtakes the earth piston shock and merges to produce a single ...
shock,

This explanation also accounts for the absence of a front porch
pressure on air pressure records from shallow turied charges; that is, for
shallow burial, the time interval between earth rise and jet bresk-through
is so short that the jet shock overtav¥es the earth rise effect before the
wave reaches the closest air-blast pressure gage.

Brode (Reference 24) in his theoretical paper on strong-shock spheri-
cal blast waves, derives some relations for the pressure decay behind a
sorerical shock noving through en ideal gas medium, He finds that the
dezay is, in general, nct a simple exponential, since the early portion
of the pressure-time function decays more rapidly than do the later parts.
It should be noted that this method of computetion is strictly limited to
the case of free-air wave propagstion. Thus, any epplication to shock
phenomena which are influenced by energy transfer from cne medium into
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another (underground detonations) necessarily involves sporoximations of
unknown magnitude, Nevertheless, it seems worthwhile t¢ mrke some compsr~
isons between free-air theory and experimental underground-explesion sir-
blast data.

Figure 5.20 presents the comparisons between the Shot 7 messured and
theoretical air-blast pressure-time wave forms, It is obvious from this
figure that the recorded pressure consistently decays more sbruptly than
would be predicted on the besis of free-air point source theory., Also,
the generasl form is nonclassical in appearance; specificelly, the records
exhibit, after the abrupt decsy, a long-duration pressure plateau before
the negative phase develops, In fact, if the initial decay were extra-
polated to sero pressure, the indicated positive-phase duration would be
about one-half ths duration actually observed, This nonclassic character-
istic is possible due to the effect of the 'extended" swvurce (i.e,, jot
of expanding gases) identified with underground detonations,

Similar wave-form comparisons are made in Figure 5,21, using data
from the JANGLE U (shallow) underground shot, In this case, the agreement
betwesen point source theory and experimental data is quite good, although
the close-in pressure record (3CO-foot ground range) shows & tendency
toward the pressure plateau which is characteristic of the TRAPOT results
(Figure 5.20), The foregoing discussion indicates that the deviations of
airblast pressure wave forms from classical form are more pronounced the
deeper the charge is turied,

The airblast maximum pressures observed during Shot 7 were greater
than expected, as is shown in Figure 5,22, where the peak observed air-
blast pressures are compared with the predictions based on small-charge
HF. data (Reference 2) and with the results from JANGLE U, It s obvious
that the pesk pressures are higher than vere predicted, about c¢ne-half
those of JANGLE U (also included on Figure 5.22), The rapid change in
slope of the pressure-distance curve neer 300 feet is not unexpected;
simi ar results have been ohserved on HFE shots, in that pressures close
to the crater 1ip on dsep shots are sometimes less than or no greater
than the pressures st larger distances, However, it should be noted that
the predominant decay of peak pressure versus distsnce is simjlar for the
three nuclear shots and unlike the HE data behavior, It is also evident
that the peak pressure exhibits a definite charge depth effect, Although
data from the two JANGIE shots are comparable, the TTAPOT values are
significantly lower, In addition, if S data were avajlable at close-in
ranges, they would probably deviate markedly from the U pressures,

Air-blast gage records at 250~ and 3C0-foot pround range showed the
predicted cmell front porch with a magnitude of about 5 nercent of the
maximum, Neturelly, this was soon cvertaken by the main shock wave, and
the more remote pspes {4CC and €00 feet) show only 8 single shock (see
Figure 4.6). Consideration of the arrival time date reveals that the
front porch travels at approximately 1,160 ft/sec and is overtaken at
about 350 feet by the main shock, which at that ranse has a velocity of
aporoximately 1,55C ft/sec, later decreasing to 7,3:) ft/sec at 600-foot
ground range,
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Included on Figure 5.22 is the Brode point source pressure-distance
curve (Reference 24). To explain: if the surface of the earth were an
jdeal reflector for shock waves, then imepge theory snould apply for low
burst heights, and the oressure produced near the surface at any distance
frum a charge fired above the surface should be equivelent to the pressure
in free air (with no surface) that would be produced by the original
charge plus an equal imspe charge at the image distance below the now
imaginary surface, As the point of measurement is removed to greater and
greater radii, the pressure produced by the charge and its image tecomes
more and more closely equivalent to the pressure produced by a single
charge of twice the weight, locrted at the surface,

On this basis, the Brcde curve in Figure 5,22 has been drawn to
describe the pressure 4o be expected from a 2.,4-kt TNT charge, Consid-
eration of the JANGLE S data on this figure yields the result that this
surface nuclear detonation was about 35 to 40 percent efficient (when
compared with TNT) in producing pesk airblast pressure., A considerable
mass of data obtained from nuclear air bursts indicate about a 45 percent
efficiency, which indicates that the JANGLE S peak air-blast pressure
date are reasonsble,

Figures 5,23 and 5,24 present the positive duration and positive
impulse data obtained from the three pertinent nuclear shots, Although
the duration data from the two JANGLE shots agree well, the TFAPOT air-
blast positive durastions sre much higher. This result is traceable to
the deviation from the classic wave form observed on the TEAPOT records
(Figure 5.20); the long pressure plateau contributes significantly to an
increased positive duration, Similarly, it appears that the lengthening
of the positive pressure pulse lesds to lerge impulse values, which are
summarized in Figure 5.24. Here, the deta from the JANGLE shots are
consistent with en assumption of a charge depth effect; however, at
close-in ranges the TEAPCT Shot 7 impulses exceed the JANGLE U data, In
this connection it is worthwhile to point out that the pressure plateau
portion of the TWAPOT records mskes a substantial contribution to the
total ovositive impulse,

5.5 FEVALUATION OF PRFDICTION METHOD

It appears desirable to devote a part of this report to an over-all
evaluation of the prediction method which is based upon measured crater
radius, As ststed previously, this method results in oredicted values
lower than would be obtained from direct W1/3 scaling of HE results, How-
ever,except for airblast, measured nuclear results are also lower than
direct w1/3 scaling of HE results would obtain. It is considered that
usirg free-field effects data from HE charges in terms of crater radius
to predict ruclesr effects in 2 given soil partially compensates for the
TNT efficiency of the nuclear charge,

The fact that the predictions and measured results do not agree

precisely indicates that the TNT efficiency for cratering is not exactly
the same as for other free-field phenomena or that possibly * .ere may be
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some varietion due to the change in energy density. o er, it would
appear that this method i1s more realistic that direct wl scaling with
100 percent mechanical efficiency assumed, It is noteworthy that, for

the crater radiuvs prediction method, it was necessary to use apparent
crater radius data., This procedure was dictated by the fact that reliable
"true" crater data are not available for most detonations.

Some measurements of true crsters (or, more exactly, the spatial ex-
tent of the disassociation zone) were made on the pre-TEAPOT Mole opera-
tion in Nevada (Reference 23), using the technique of colored-sand
columns, These measurements indjcate thet the deviation of the true
crater from the apparent becomes most serious as the charge depth is in-
cressed, The foregoing result supggests that if the true crater radius
had becen used for the TEAPOT Shot 7 predictions the agreement between
prediction and measurement would have been improved. A detailed procedure
for "correcting " apparent crster radjus data and an extensicn of the
prediction method is described in Reference 9, the final report of Pro-
ject Mole.

5.6 SEISMOLOGY AND SCIL MECHANICS

The acceleration-time and earth stress-time records from the three U
nuclesr shots and some pertinent HE tests were used to plot travel-time Teteet
curves femiliar to seismologists. In addition, it is possible, using the o
TEAPOT Shot 7 dats, to obtain an approximate stress-strain relation for Seteae
the soil found at the Nevada Test Site. —

6,1 Se Congjderationgs. The travel-time plots corresponding o
to the pertinent lsrger-charge shots conducted at the Nevada Test Site OF20
(Yucca Flat) are shown in Figures 5,25 through 5.31, It should be noted e
that arrivals of earth acceleration, and, where appropriate, stress and IR

airblast are plotted; velocity is computed, The data from these plots
are summarized in Table 5.1,

Reference to the travel-time plots of the JANGLE HE series (Figures esent
5.25 through 5.28) makes it clear that the curves of first arrivals de-
tected by the close gages are linear <“ithin experimental error, indicating
that the velocity of the first arrivals is constent and that propagation
is not affected by the magnitude of the signal beyond the smallest gage
distance, 72 feet (2.1 \) for the large charge (HE-2) and 28 feet (2.05 \)
for the smaller charges., It would be desirable to have data closer to
the explosive to study the transition zone between magnitude-dependent
and magnitude-indepeadent propagation,

The seismic survey carried out by the United Geophysical Company
(Reference 25) sheds consideratle light on the Nevada Test Site's geologic
structure, although the closest profile and dr 11 hole are over 7,000
feet awey from the site of the JANGLE HE test series. In the light of
these seismic results, the travel-time curves obtained on the form pro-
files of Figures 5.25 through 5.28 become more understandable, On HE-3
(Figure 5.25), a 3,937 ft/sec line is observed out to 1,340 feet, with
n 4,651 £t/sec e breaking out at 100 feet, For HE-1 (Figure 5 26),
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TABLE 5,1 - WAVE VELGCITIES FROM TRAVFL-TIME PLOTS
{NEVADA SAND~CRAVEL MIX)

Velgcities
First later Arrivalsl
Arrivals Normal Heverse AiT Vave
Shet A it=/sec) | (ft/sec)| (ft/sec) {ft/sec)
-3 0.5 3940 - 100-360 —
HE-1 C.15 | 4360-35212 | ——- 12C-1600 —
-2 0.15 3355 1350 — —
HE-4, 0.5 | 4280-3770% | —- - 6450-3780-12752
TRAPOT
Underground 481¢-35002 | 3100 | 400-1200 1262
JANGLE )
Underground 3840 -3 340-1270 | 1920-1400-1280
JANGLE ~
Surface 37ec Data unavailsble 2270-1620-1186

1. Velocity of lster urrivals =

shot-gage distsnce/travel-tims,

2. Higher velocity nearest ground sero.

3. Some additional late arrivals noted which dc not fit standard pattern,
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the 4,360 ft/sec line with an $ntercedt of less than 0,001 second breaks
into a lower velocity (3,521 ft/sec) line near 700 feet., A 3,355 ft/sec
line on HE-2 (Pigure 5.27) is offset about 0.024 second at about €00 feet,
with the same velocity on each side of the offset. These data indicate
higher velocity (4,100 ft/sec) material in the areca within 7C0 feet south-
west of HE-B, shown on the geologic map of Figure 5.32, and lower velocity
material (3,500 ft/sec) south of HE-A. In addition, a low velocity (2,100
ft/sec) material overlies the 3,355 ft/sec materials beyond atout €00

feet south of HE-A,

The resultis of HE-, (Figure 5.28) require special attention. After
plotting the travel-times of the air oressure arrivels as & function of
distance, it is evident that the air wave velocity diminishes from €,450
ft/sec at 28,4 feet (2.C8\) to about 1,275 ft/sec at 200 feet. The air
wave is the first arrival out to about 7C feet, where the ground arrival
overtakes it, Actually, for some distance beyond this, ground motion
data and resulting velocity determinations sre governed by ajr-ground
coupling, which should be especially strong where the velocities arc com-
paratle (in the neighborhood of 4C feet).

Later arrivals are observed on all these shots, except H%-4. These
arrivals possess characteristics similar tuv those observed for the Project
Mole rounds; that is, at closest gage stations the late arrival amplitudes
are smaller than that associasted with .he first pulse, but by the éx
range they are compersble to or even larger than the first arrivel ampli-
tudea. Tn addition, characteristic reverse velocity of later arrivals
is observed on these shots, with the "turn-sround" point usually nesr €\.

The travel time for the later arrivals is of the order of C.10 sec-
ond, If these arrivels were reflections from a subsurface reflector, this
reflector would be at a depth of abocut 150 feet., No such reflector was
observed on the seismic surveys and none cen be expected from reference
to the geologic sketch mep of Figure 5.32. Furthermore, late arrivals
which fall into the seme vattern are observed in different soils and in
different areas. They cannot be identified either as shear or Feyleigh
surface waves, since their velocity is too low and their travel-time
curves do not pass through the origin., Therefore, it ig desirable to
look to the mechanics of wave propsgstion in soils for sn explanation of
these late arrivale,

For the JANGLE HE series, later arrivals are observed on all gage
records down to gage depths of €8 feet, appearing later the deeper the
gage., The amplitude of these waves chanpes slowly with depth., The only
gages set at various depths were at ground ranges beyond 6\, For these
data, the velocity of the later wave is normal (not reversed) at about
600 ft/sec. The later waves appear most prominently on the verticel
acceleration records and to a lesser extent on the horizontal acceleration
and earth pressure yege records; also, these later arrivals tear no evi-
dent relationship to the arrival of the air-blast pressure at the gapge
station.

The travel-time plots from the three pertinent nuclear detonations
are shown in Figures 5.29, 5.350, and 5.31. These results show first
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arrival velocities for the three shots in the range 3,500 to 4,200 ft/sec,
which compares well with the JANGLE HE results, lste arrivals are ob-
served on the two underground nuclear detonations; the absence of late
arrivsl data for the surface shot (Figure 5.31) could be misinterpreted.
Actuelly, complete gage records from this shot are not available in the
published literature; therefore, only tabulaticns of accelerstion and
airblast first arrivals could be included on ihe rigure. Hence, the
JANGLE surface shot must be eliminsted from any discussion of lste arri-
valg, Concernire the underground shots, both exhitit reverse velocity
for the leter arrivals; the turn-around radjus for the shallower detona-
tion (JANCLE U shot) occurs at about 300 feet, whereas the same effect is
apperent at about 4CC feet for the TEAPOT Shot 7 data, which may be evi-
dence that the turn-around point is a function of charge depth, For both
these nuclear shots, the velocitiec corresponding to the late arrivsls
are in the range 400-1,200 ft/sec (see Table 5.1%, This velocity range
is significently higher than the 5C to 700 ft/sec range often observed
for the Mole rounds, which suggests that these velocities are not inde-
pendent of cﬁérge weight or magnitude of disturbance.

Finally, it cen be said, even from this brief look at the seismic
picture, thst 8 reel contribution to the problem of understending under-
%round exolosions could be made by apnlying the principles of seismology.

t is hoped thet this avenue cf investigetion will eventually leed to
better explanations for the propagetion of wesvez through elastoplastic
media,

52622 Soil Stregs-Straip Comparjsons. Reference to the gage layout
for the TEAPOT underground shot (Figure 3.1) shows thet &t threo gege

stations (Stations 72, 73, and 74) a short-spen strain gage was installed
in cloce proximiiy with an earth stress gape, both buried 1C feet deep.
Using these data, it is possible to construct "free-fjeld stress-strain
diagrams" for the scil. When this js done, using the available data,

the curves shown in Figure 5.33 result, OSeverasl significant conclusions
can be stated on the basis of these resultis:

1. Ascuming, ac is the case in conventionel materisls testing
procedure, that the srea enclosed bty the stress-strain diagrem is a measure
of the enerpy absorbed by the soil as the disturbance passes through it,
Figure 5,33 indicetes thst the most energy is abgorted at the closest
page station to the charge and the least absorption occurs at the most
rcmote pege staticn,

2. The stress-strain diagrsm corresponding to Station 74 (400-foot
prouné range) is the sort of result expected in the elastic regime where
the soil is not stressed btevond jts yield noint,

3., Howev.r, the diapgrems for the other two stations indicste that
the soil was stressed teyond yield and, therefore, the deformstion was
plastic,

L. For the strain-rates encountered on the TEAPOT Shot 7 test, it
appears that the yield stress for the Nevada sand-grevel soil is in the
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5033 Horizontal earth stress vs horizontal earth strain, short-span
gages, 10 feet deep, TFAPCT Shot 7.

75-4C psi renge, No laboretory trensient test data on this soil are
available for comparison purposes,

The evident change tetween 300 and 40C feet in the mode of propega-
tion of energy through the soil {Figure 5.33) might be related in sowe
way to the radius of the turn-around voint of the late arrival travel-
time curve discussed in Section 5.6.,1. However, the fact that the same
two effects occur at approximetely the seme ground rsnge may be fortui-
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tous. In any case, it would be unwise to base an analysis on such meager
stress-strain deta. The suggestion uf possible correlation here points
up the need for more complete data of this type, so that a clearer pic~
ture of wsve propagation in earth can be formed.

5.7 SIGNIFICANT HE RESULTS *

To conclude the discussion of the TEAICT Shot 7 free-field under-
ground measurements, it seems profitable to review briefly the signifi-
cant conclusions which have resulted from analyses of HE test data ob-
tained at various soil sites and using various charge sizes,

Referring to the Project Mole data (Reference 9) it is possible to
meke some genersl stztements:

1« The response in wet and damp soils was preater than in dry soils
for all meesured parameters, except airblast phenomena,

2, For dry soils, the more cohesive (dry“clay) produced larger
response than did the moderastely cohesive soil (send-gravel mix).

3. Only ajrblast and postshot static measurements (crsters and per-
manent displacement) show consistent charge depth effects in all
soils tested,

4. The only dynamic earth parameter which indicetes a charge depth
effect in all sojls tested is the maximum horizontal velocity.

The consideration of the possible applicetion of the W1/3 modeling
procedures to undergrcund explosion ohenomens msy logically be divided
into two mein sections, the first dealing with the effects of increasing
the TNT charge weight and the second with the effects of larger nuclear
detonations where both charge type and weight must te considered, In

the Project Mole final report (Reference 9), the value of strict w1/3
modeling was tested using data (see Tables 3.1 and 3.2/ obtained =t the
Utah dry clay site (Dugway Proving GCrounds) and the Nevada sand-gravel
site (Nevada Test Site?? The modeling technique, when applied to TNT
detonations oniy, has been found wenting in several respects, However,
it should be clearly understood that the model laws are not questioned,
but rather the ability to conduct idealized model exneriments is subject
to doubt.

Some progress has teen mede, in terms of cratering, by applying

wl/3 medeling to the resulis of surface and underground nuclear detone-
tions when the charge weight is teken as scme lesser fraction than 100
percent of the tctel radiochemical yield., For example, the TNT efficiency
for cratering for TEAPOT Shot 7 is approximately 3C percent in terms of
the Project Mole data at Nevada (Reference 23). This e“ficiency lesds to
a scaled chsrge depth of Apyp = 0.75, whereas the rsdiochemical data gives
ARC = 0.50, If 4t is assumed that the TNT efficiencies of other free-
field ohenomena are essentially the same as that for cretering, the earth
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parameters c?v}d be scaled for compsrison with mucleer data using this
factor and W'/ modeling, This idea is the basis for the crater radius
prediction method referred to previously.

Because it is not within the scooe of this project, little has been
said in this report about damage to sctual underground and surface struc-
tures due to an underground detonation. However, jt seems obvious that
any future efforts in the underground effects field should include a
detsiled consideration of the physic: . quantities which are most vertinent
to structursl response and demage. The besic question must be rajsed as
to whether the most useful quantities are being messured and campsred;
this question should be answered by thcse dealing with the effects of
underground explosions upon underground and surface structures,
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Chapter 6
CONCLUSIONS and RECOMMENDATIONS

6.1 CONCLUSICNS

The instrumentation performence on Overation TEAPOT Preject 1.7
(Shot 7) was excellent; records were obtained from 75 of the 76 connected
channels of information., The results of the structural measurements for
Projects 3.2.1 and 3.2.2 have been transmitted to the proper agencies for
analysis; the conclusions in this chepter are restricted to analysis of
the free-fieid data obtained on Project 1.7.

In general, the wave forms of the various gage records of free-field

earth measurements obtained on TEAPOT Shot 7 are quite uniform with respec

to ground range and gege burial depth, In addition, the induced effects
which mey be identified with airblast appear to be small and of short
duration, For this reason, unlike results from previous underground
detonations, separation of airblast effects from direct earth-transmitted
effects seems straightforward,

6,1,1 FEarth Acceleratiop and Particle Velocity. The influence cf
airblast-induced effects appear to be most pronounced upon the earth

acceleration parameter, particularly upon the vertical component of accel-

eration, For the Shot 7 detonation, the surface (Rayleigh) waves exhibit
an overriding jnfluence at the larger ground ranges. % vidence points to
the fact that the frequency content of the acceleration-time disturtance
is a pertinent consideration in attempts to correlate with structure
damage., It is considered that earth particle velocity (and displacement)
are probably better demage parameters than acceleration, However, it
rust be emphasized that when considering demage - 5 the contents of an
underground structure, earth acceleration may be the most important par-
smeter,

Results regarding horizontal radial) earth velocity from three nuclear

detonations at the Nevada Test Site indicate a consistent charge depth
effect for this variable; that is, the deeper the charge burial, the
greater the peak-to-pesk earth veloci’y at comparable ground renges., The
predictions taced upon previous dats and the measured crater yradius agree
well with the velocity data obtained on Shot 7.

1 D cepent. Although the deep underground shot (Shot
7) ylelded large underground dynamic earth displacem=nts, a consistent
effect of charge depth was not evidenced in the data from the shallower

1 Ty

t

(JANGLE U) and surface (JANGLE S) shots. The surfsce dynsmic displacement,

as computed from the tengentiel strain observations on Shot 7, indicates
that, at close-in ranges, the displacements decresse markedly from the
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ground surface to 10-foot depth; however, at larger ground ranges, the
surface and undergrourd displacements are comparable,

For vermanent displacement, the Shot 7 verticsl camoonent is signif-
jcantly smaller than the horizontsl component., The permsnent displace-
ment contours indicate an asymmetry which cennot be ascribed to the
proximity of the JANGLE U shot crater. However, the main asymmetry appears
to occur in the general ares where excavation (and backfills) were made
for underground test structuras.

€,1,3 Farth Stress and Strein. The horizontal earth stress measure-
ments were little affected by airblast-induced effects. Preshot predic-

tions of peak esrth stress, based upon the small-charge HE data only,
yielded values which were tcc low, particulsrly at close-in ground ranges.

From horizontal earth strain measurements, it is concluded that only
at close-in ranges (250 feet on Shot 7) is there a significsnt positive
strain gradient with decreased depth of measurement, At two crater radii
and beyond, the strain gradient with depth is practically zero. Tangen-
tial strain measurements sppear to be consistent wilh the concept of a

uniformly expanding soil medium. D
€214 Ajrblast. Meximum airblast pressures observed on Shot 7 were ‘- :

two or three times greater than would be predicted using pertinent data 58000
from previous muclear tests and underground HE experiments, Some signifi- o

cant devistions from the classjcel airblast wave form were observed on %2 3
the Shot 7 records. Generally there is a pronounced tendency toward an P
abnormally long positive phase; consequently, the airblast positive impulse .....
from Shot 7 is larger then would be expected. seene

Maxirum blast pressure exhibits s charge depth effect, in that the S

JANGLE U and S data are significantly higher than those from TEAPOT Shot 7. '™

6,1,5 Seismolopgy and Sojl Mechanics. The snalysis of the seismic Eos0c:

travel-time data from the three pertinent nuclear tests, as well as some
selected HE testz, shows first-disturbance velocities which approximate
the measured seismic (elastic wave) velocities, Alsc, for the nuclear
shots late arrivals are observed which exhibit s reverse velocity behavior
characteristic of small-charge HE results,

Use of Shot 7 dats to construct some free-field stress-strain dia-
grams leads to the conclusion that at the 4L00-foot ground range the
sojl disturbance remained in the elastic regime, whereas, closer to
ground zero, the deformation was plastic. It is possible to identify
tentatively the turn-around point of the curve of late-arrival travel
time with this transition between plestic and elastic deformation,

From a brief analysis of the seismic and soil mechanics picture, it
can be concluded that further considerstion is meri%ied; it is hoped that

the work would lead to a better understanding of wave propagation through
elastoplastic media.
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6,1,6 HE Resultz. A review of the underground HE results yields
some useful conclusions, the most significant of which is the fact that
all attempts to conduct scaled experiments have met with little success,
That is, the data obteined from H% tests employing various charge weights
are not consistent with model laws, and when the nuc* r charge weight
is assumed to be the radiochemical equivalent, the W modeling cannot
be applied to nuclear test observations., Thus, at present, the only hope
lies in the determination of TNT efficiences to be assigned to the nuclear
charge for the various ohenomena arising out of underground nuclear
detonstions., It is possible that, for military purposes, this approach
will provide adequately accurate predictions of the significant parsmeters.

6.2 RECOMMENDATIONS

The following are recommendations to guide future work in the field
of underground explosion phenomenaj

1. The need is apparent for a more complete determination of the
influence of airblast-induced effects upon such parameters as
earth acceleration and earth stress. For this purpose, it
would be desirable to concentrate on the measurement of the
vertical component of acceleration and stress.

2. More information, both theoretical and experimental, is required
concerning the attenuation of free-field earth response with
increasing depth below the ground surface, response due to both
airblast-induced and earth-transmitted effects.

3. There is a serious lack of definitive free-field underground
measurements from a surface nuclear detonation; it is recommended
that this deficiency te considered in future test plans.

L. In addition to the more conventional underground instrumentation,
it is desirable that, for any future tests, the measurement of
surface and subsurface strein be included,

5. Work should te contirued in an attempt to place the laboratory
and field determination of soil stress-strain relationships on
8 common basis so that current and future data will be more
understandable, Also, it would be desirable on future tasts to
obtain complete travel-time and seismic survey data,

6. It would te advisable to initiate a thorough survey and subsequent
laboretory testing progrem of underground effects instrumentation,

7. It is recommended that a detgiled review of the available free-
field earth response and siructural damage data be undertsken to
determine which free-field parameters are most pertinent to damage.

8. For any future underground effects tests, it would be desirable

to include free-field earth response measurements as well as
structural response snd damage data,
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Appendix
UNDERGROUND EXPLOSION EFFECTS FROM

HIGH-EXPLOSIVE TESTS AT SHOT 7 SITE

Prelizinary data reduction of the measurements taken on ths under-
ground structures of Project 3.3.2 from TEAPOT Shot 7 showed that the
forces, accelerations, and relative displacements on these structures
devisted markedly from the predictions based on HE data. In general,
these functions were lower than were expected, and the pressures measured
on the faces of the structures, particularly, were esven lower than those
measured in the free field.

R A ks - .5 SRR

There were, naturally, questions as to whether these results were
typical of structures of these types under these conditions or whether
they were due to a peculiarity of this individual experiment, such as o
improper backfilling of the structures, improper placement of the gages,
or gross failure of the gages themselves to respond properly., It was 000D
decided at that time to conduct a series of tests on these structures A
using HE charges when the radiation level in the ares permitted, It was - o .
hoped that these tests would provide definitive data as to the cause of $ |
the deviations noted and would also provide more general information as

to the loading of structures from underground explosions,

These tests were conducted im Octoter of 1955 in conjunction with :
operations in the area of Project 1,6 for the determiration of crater -
characteristics and with the fina)l measurements on permanent displacement
monuments, a part of Project 1.7.

A.1 SHOT LAYOUT

A total of three rounds were fired; the explosive in each case con-
sisting of a 256-pound spherical TNT charge Cetonated at the center,
buried at a depth corresponding to the center of the structure involved
(8 feet 2 inches from the nominal ground surface), The location of the
charges and the gage layouts are shown in Figures A.1 and A.2. Prior to
the tests the throwout from TEAPOT Shot 7 was cut away and the surface
leveled in the vicinity of the structur2s, so that the height of the sur-
face above the structures was approxirately the same as in the original
experiment design, and the interior of the structures wac excavated to
the original level,

A.2 GAGE LAYOUT

Gages were located on the structures at the same points as on Shot 7.
The esrth pressure gages on the surfaces of the structures were the identi-
cal gegea used on Shot 7; they had not been excavated, so no question was
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introduced as to the similarity of the planting of these gages between
Shot 7 and these HE tests, Accelerometers and displacement gages origin-
ally mounted inside the structures hsd been damaged by the throwout from
Shot 7, so it was necessary to remount and recalibrate them, but they
were remounted under conditions identical to the original., On each shot
an array of free-field earth stress gsges and accelerometers was included
for purposes of correlation between shots with other tests. Free-field
gages were locsted at radij of 13, 20, and 30 feet on each shot., At the
12-foot radius, both the accelerometer and the stress gage were buried

to a depth of 8 feet 2 inches (the depth of the center of the structure
and the depth of the center of the explosive). At the other radii the
stress gages were buried at a depth of 2-1/2 feet, corresponding to the
depth used on the majority of the Project Mole shots; the accelerometers
wvere buried at 5 feet for similar reasons., It was originally desired to
place the nearest stress gage and accelerometer at the same radius as the
front wall of the structure involved, but this wes found tc be impossible
on the later shots since such placement would put these gages within the
crater and records would not hsve been obtained, In all cases, the free-
field layouts were along radij at right angles to the line between the
charge and the structure, as is shown in Figures A,1 and A.2.

A.3 TERMANENT DISPLACFMENTS AND CRATERS

On all shots an array of two radisl lines of permanent displacement
monuments was established prior to the shot, using the same techniques
as were used on Project Mole, These monuments were located at a number
of radij between 13 and 5C feet. Their verticel and horizontal location
with respect to fixed monuments were determined prior to the shot and
after the shot, thus giving deta as to the variation of permanent dis-
placement with ground range, After each shot the crater was surveyed
along two diameters to determine its shape and size., All measurements
were made on the apparent crater only and have been referred &s accurately
as possibtle to the original ground level,

A., PREPARATIONS

The Stanford Reseerch Institute Field Party bagan operations on
these tests on October 12, 1955, Prior to this time, contractors' person-
nel under the direction of John E, Lewis, Project 1.6, had commenced
clearing the area and removing surfaco soil for decontamination, as well
as recovering and resurveying the Project 1.7 permanent displacement
monuments, 1his work continmued until October 18, In the meantime the
instruments remaining in the recording shelter from Shot 7 were rechecked
and reconnected to the recording oscillrgrenhs which had been removed
subsequent to Shot 7,

It was found that all gage cables had been broken at ranges up to
700 feet from ground zero by throwout and earth strain, so it was necessary
to replace portions of all cables, Fortunately, it was found possible to
identify the cables leading to the external earth preasure gages at points
some 50 feet from the structures, so it wes unnecessary to excavate these
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gages. These particular gages were connected to the same channels as

were used on Shot 7, so that a minimum of question would exist as to the
similarity of their performance. All other gsges on each test, including
those used in the free-field measurements, were connected to their respec-
tive channels and calibrated prior to each test,

A.5 SHOT SCHFDULE

Shot 1 wvas fired on October 20, 1955. All channels gave usable
results, and the preliminary data cbtained therefrom permitted the
decision to be made as to the lccation of Shot 2, which was fired on Octo-
ber 22, 1955, and Shot 3, which was fired on October 25, After the com-
pPletion of the test series all gages were excavated, including these
earth pressure gages associated with the structures, The latter were then
reconnected to their respective channels and recalibrated, with the excep-
tion of Gage FP5, which was damsged beyond repair by Shot 3.

A.6 RECOVERY

Opportunity was taken at this time to recover the geges used in
free-field measurements on Shot 7 with the exception of those at Stations
71 and 72 (excavation of which would have interfered with the operstions
of Project 1.6). Operations were completed on Octobter 27, and the field
party left the Nevada Test Site at that time,

A.7 RESULTS

Of the total of 42 gsge chcanels installed on the three shots, 39
usable records were obtrined, although several of these were of rather
short duration, due to early cable breaks. The channels which failed to
produce useful data were the two disvlacement gages, ED3, and D4, and
the ‘-ont face accelercmeter EAS, on Shot 3., The latter was seriously
overranged and failed to return to zero, indicating that the instrument
had been demsged, One of the displacement pages suffered an early cable
break, and the other produced a record which was apparently meaningless
because of displacement of the gage itself rather then the point of
attachrent. The 2ak data obtained from the records that were considered
usable are presented in Tables A.1 and A.2, and tracings of the records
themselves are presented in Figures A.3 through A.8.

= + The free-field gapes were used on these

shots to form a basis of compsrison among shots and with other tests made
under similar conditions, Several perturbations were introduced into

these experiments: The tests were located in an area where considerable
excavation had taken place prior to TEAPOT Shot 7, including Operation
Jangle, and after Shot 7, in removing the added overbturden., In excsvations
and drilling before and after these tests, old ceble trenches, structure
foundations, and miscellaneocus junk were found, These conditions repre-
sented marked departures from a homogensous free field. In addition, the
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A.7 Record “racings, stresses and pressures, Shot 3,
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A.8 Record tracings, accelerations and displacements, Shot 3,
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presence of the structures being tested undoubtedly caused perturbations
of the free-field conditions, particularly on Shot 3, where the shot was
very close %o the structure and the structure failed, causing a severe
assynatry of effects,

The wave forms of free-field earth stress shown in Figure A.3; A.5,
and A.7 are similar for the three shots. There is & noticeable tendency
toward develooment of a second peak with increased ground range, causing
a marked increase in positive-phase dur tion, associated with a similar
increase in rise time, These effects are consistent with those observed
on the 4CC series of Project Mole (Reference 1), although the time scales
are increased (probably due to the greater depths of burial). In the
case of 1CH8, Shot 1, there is some question as to the validity of the
record between 0,020 and C.050 second, immediately prior to the cable
break, This wave form appears unnatural and ie similar to those observed
on 1CH8, Shot 3; 2H5, Shot 2; and EP3 and P4, Shot 3. The same warning
applies to the latter .rts of these records. There appenrs to be no
reason to question ‘ . validity of the peak values observed on these
records, It is possible, though doubtful, that the peculiar wave forms
are the cause, rather than a result of the cable break,

The peak values of earth stress are compared among shote and Mole
Rounds 404 (charge depth 6 feet 4 inches) and 402 (charge depth 4 feet
9 inches) in Figure A.9. It will be seen here that the scatter among

Shots 1, 2, and 3 is considerably less than that between the two Mole
shots, It should be noted that the measurements at 13 feet ground range SoRudo
were at a depth of 5 feet, whereas all other measurements shown were at = - 2
2.5 feet. Julee

It may be concluded that the measured free-field -~tresses were well S
within the range to be expected and that the wave f( were not abnormal, Dt

The weve forms of the observed free-fisld horisontal acceleration Teeses
shown in Figures A.4, A.6, A8 are similer for the three shots (with the et
exception of 2H5, Shot 2), The variations with ground range are similar S
to those of earth stress and are consistent with those of the Mole 400 . L&
series (Reference 20), Seleed 3

The peak values of horizontal earth acceleration are compared with
similar Mole data in Figure A.10, Here the scatter between Shots 1, 2,
and 3 is approximately the same as that between Mole 404 and 402, In
spite of the differences in depth of burial, the similarity of peak values
versus ground range is pronounced, There is a marked tendency for the
Shot 2 values to drop below those for the other shots, presumebly due to
variations in soil conditions,

A7.2 Structural Data. No effort will bte made in this report to
analyse the structural data in detail. A few comments on the records
presented may be useful, however,

The similarity between gage records EP3 and FP,, nominally in
symmetricsl positions, is excellent on Shot 1 and fair on Shot 3, This
correspondence increases the confidence in the remainder of the data,
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An examination of the peak values of Table A.1 shows that, where
camparison with corresponding peaks in the free-field is possible, the
measured pressure on the structure faces is higher than in the free field,
Although no data are available, extrapolation of the curves of Pigure
A.9 would indicate that EP1, Shot 2, was lower than the free-field preasure
at 10 feet ground range, This reading represents an overrange of the
gage used, however, and the reading may be low,

Tt should bte observed that the arrival times of the pressures on the
side and back faces of the stru.tures (Table A.2) are earlier than those
at similar ranges in the free field., This indicates different modes of
propagation, probebly through the structure.

The fact thet the peak pressure on the back face on Shot 3 was lower
than on the other shots may be taken as an indicr*ion that the failure of
the front wall relieved the forces transmitted through the side walls,
Any slight asyrmetry in this failure would explain the 15 percent differ-
ence between the two readings of back wall pressure,

Many of these measurements mus% be used with some reservations. On
Shot 1, EA, shows a very short duration., It is possible that the fre-
quency range of the gege (425 cps undamped natural frequency) was exceeded,
and that the reading was lower than the true peak, This also applies to
FA1, Shot 2, and possibly to a lesser degree to other acceleration records.

VA3, Shot 2, and FA4, Shot 3, show severe ringing. The nature of
this ringing implies overshoot, and a consequent high observed peak, but
this conn~t be considered to follow implicitly, since the source of the
ringing cannot be deterrined, The same gages, on other shots, did not
ring, Comparison of acceleration peaks with those at similar ranges in
the free field are probably meaningless, since the mechanism of propaga-
tion is quite complex. The times of arrival and peak will be seen in

\\\\\

nnnnnn

Table A.2 to be earlier than the free-field arrivals, at comparable ranges, -..:..

which indicates significant propagation through the structure,

The values quoted for deflection (gages ED1, -2, -3, =4) in this
report are not corrected for the geometry of the gage system. This geome-
try is shown in Figures A.1 and A.2 and the correction to be applisd is
such as to make the true deflections some 1,22 times those reported, No
results are given for deflection measurements on Shot 3, since cable
breaks occurred before any peaks had been reached (see Figure A.8).

AsZa3_Permanent Displacements. Location of wooden stakes at a
number of ground ranges were measured before and after the shot., Because
of interference from the structures being studied and other topographic
features, it was not found possible to measure permanent displacements
on more than two redjal lines, These lines formed a diameter that was
parallel to the free-field gage line on Shots 1 and 3, and was displaced
15° from the gage line on Shot 2,

Figures A.11 and A.12 show the observed permanent displacements as
a function of ground renge. It will be seen that no displacements of
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TABLE A,1 MEASUR™D PEAK VALUES
ﬂﬁ. 1 Shot 2 Shot 3
Punction Gage Gage Gage
Measured Gage Location Code Peak Code Peak Code Peak
Structure’
Unit Pressure Front Wall -3 30 - 4] 460 OR
Froot Wall B4 304
Side Wall 6 &4, EP6 111
Back Wall PS5 64 P2 86 EP3 62
Back Wall P4 n
Accelerstion Pront Wall EAM 154 S EAY 215 8 K5 m
Side Well FAG 45,2 Ya) 7.9 N A6 %.8
Back Vall EAS 28 RA2 =34.8 EAL 187 R
[Pislacement] | Froot well m3 0,57 | ™ 1.21 ™4 >
Back Well o - 0.17 m2 0.09 m3 c
2
Free-Fisld
%arth Stress 13 £t GR, 8 £t deep 10u8 197 1Cug 202 o 126
20 £t GR, 2,5 ft doep | 20H2,5 14.3 20H2,5 15.7 M. 5 1.7
30 £t GR, 2.5 ft deep 3CH2.5 8.6 2.5 8.9 ICH2. 5 8.9
Tarth Accel, 13 £t GR, 3 ft desp 1R8 104 148 86.5 188 225
20 £t GR, 5 ft doep 2HS 2.4 2H5 4.6 245 19.8
30 £t GR, 5 £t deep NS 5.8 NS 2.4 M5 9.9
1. Structure faces designated with reference to these shots., For pressure, displacement, and frcmt
and beck face acceleration, positive direction is inward towards center of structure, For side wall

acceleration, positive direction is awmy from shot,

- N
. R

w383

Positive direction awy from shot,

TABLE A,2 ARRIVAL AND PPAK TIMES

Displacement values quoted as resd, without correction for gage geametry.

No record; gege damaged

Cable bresk befors peak

Severe ringing; values questiomble
Over-ranged gage; resding may be low
Very short durstion; probably excesds frequency response of gage and readings may be low

Shot 1 Shot 2 Shot 3
Ar-ival| Peak Arrivel| Peak Arrival] Peak
Time Time Time Time Time Time
Gage (sec) | (sec) | Cage {sec) | (sec)| Cage (sec) | (sec)
w3 0.010 0,0125) ®1 | 0,0065 |0,0085
P 0.0105 10,0135
\-43 02,0115 |0.017% FPE | 0.0045 [0.0085
EP5 0,0135 ]o,019 | P2 | 0,009 0.0145| ¥P3 | 0,0 0,014
BP4 | £.0085 [0.014
BAL 0,01 0,073 | "t | 0.,0065 |0,009 | ®A5 | 0,0035 [0,007
YA 0,012 C.0%65! ®A3 | 0,0075 |0.C105] YA6 | 0.0045 }0,0085
YAS 0,013 0,016 | A2 | 0,N085 0,012 | EA4 | 0,0055 [0.007
3 0,0135 (0,021 | @1 | 0,010 0,018 | ™4 | C.006 cB
I:‘ 0,0185 (0,024 | @2 | 0,0125 10,0173| W3 | 0.0065 c8
1CH3 0,009 0,020 0,0165 0,034 9,010 1 .0145
j2CH2, 5] 0.0185 |0.030% 0.0245 |C.0445% 0.0195" [0.0285
3CH2,5 0.0205 10,1105 0.028 0.124 0,0205 |0.108
1H8 0,012 0,018 0.010 0.019 0.011 0.015
[2H5 w015 0.0285 0,0145 [0,0225 0,014 0,024
IHS c.08 0.043 0.C255 |0.0535 0.0175 |0.035%
1., Rough trece == could be 0.C155 sec
CB Cable break before peak
112
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importance were observed at pround ranges greater than 25 feet, beyond
wvhich the messurements tended to scatter,

« Data taken on the craters from these shots were
1limited to the measurement of the apparent craters—-no attempt was nade
to orobe for the true crater. As might be expected, the craters were
asymmetrical due to the proximity of the structures., This effect is
shown in Figures A.,13, A.14, and A,15,

The average crater radius (in the symmetrical direction) was 13.15
feet or 2,07\. An extrapolatior of the crater radius curve of Project
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A.15 Crater profiles, Shot 3. RN
Mole, Phase JIB (Reference 20) to the shot depth used (1.29A) would lead Bt

to a prediction of 2.0h, This variation from prediction is slight. The
results indicate that normal energy release was obtained on each shot
of this series,

A.8 CONCLUSIONS

No effort is made in this report to drav any conclusions as to the
mechanism of structural loading; such analysis is within the province of
Project 3,3.2. The resuits of these tests do indicate, however, that the
pronouncedly low structural loading in comparison with the free-field
pressures observed on TEAPOT Shot 7 was not present in these HE tests,.
This fact indicates that thers was no gross error in the performance of
the instrumentation or in tha placing of the gages on that test and that
the deviations n.ted were apparently a function of the difference in
loading mechanisms due to the size of the explosion involved, !
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