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FOREWORD

This report presents the {inal results of one of the 46 projects comprising the military-effects
program of Operation Plumbbob, which included 24 test detonations at the lievada Test Site in
195817,

For overall Plumbbob military-effects information, the reader is referred to the “Summary
Report of the Director, DOD Test Group (Programs 1-9),” ITR- 1445, which includes: (1) a
description of each detonation, Lacluding yield, zero-point location and environment, type of
device, ambient atmospheric conditiors, etc. ; (2) a discussion of project results; (3) a summary
of the objectives and results of each project; and (4) a listing of project reports for the military-
eifects program.
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ABSTRACT

Project 1.4 objectives were to measure underground effects of a nuclear air burst (Shot Pris-
cllla; 38,8 kt) as they vary with time, depth, and ground range, particularly In the region of
high pressure; furnish, rom these measurements, input data to other projects; and analyze
there measurcements with resulls of other tests, At 750 and 1,050 [cet from ground zero,
acceleration, stress, and straln measurements were made at several depths down through 5
fect, including two measurcmenta cach of horizontal acccleration and stress. At 450, 550,
630, 750, 850, 1,050, and 1,350 [cet, vertical acceleration and stress were measured at 50
and 10-foot depths.

Records were obtalned on 52 out of 64 gage channels installed. 1°3scs were caused by
mechanical fallure of one oscillograph and by miscellancous individual channel fatlures.

Wave forms of acceleration and velocity showed no ideal or classical shape but could be
grouped In six categories according in their characteristics.

Outrunning occurred at the ground surface at 2,500-{foot ground range from a signal crigi-
nating at 1,900-foot ground range. However, outrunping can occur at closer ranges for deep
measurements, and refracted signals may te recordea after arrival of local elfects, as evi-
denced by acceleration measurements.

Attenuation of maximum downward acceleration at 3~ and 10-foct Jepths varied between 30
and 43 percent except at 550- and 650-fout ranges where it was negligible. At greater depths,
wave theory concerning energy transfer at an interface between iwo materials was borne out.
Horizontal (outward) acceleration at 10- and 50-Innt depths was attenuated loss with depth than
was the corresponding peak downward acceleration.

Peak downward velocity [ollowed an exponential deca) law rather than a power law decay
characteristic of downward acceleration. At 273-psi level, horizoatal (outward) velocity showed
somewhat less atienuation with depth than the downward component. Al the 100-psi level, peak
outward velocity at £0-foot depth was twice that at 10-foot depth, owing to signals from sources
closer to ground zero.

Attenuation of peak dispiacement corresponded closely to attenuation ol peak velocity.

Attenuation of maximum vertical stress was slight between the surface and 3-foot depth, and
stress decreased by half lor every 10-foot increase in depth, except at 30-foot depth where it
increased. Stress measurements on this project were not considered entirely successful, de-
spite extreme caution excrcised in gage placement and back{ill procedure.

At 275-psi overpressure, peak strain decreased abruptly between 1- and 20-foot depths,
leveling off 1o a constant value at greater depths. At 100-psi overpresaure, vertical strain
showed almost no change with depth. This difference between the two stativns could probably
be traced to the loager rise time of the overpressure at 100 psi than at 275 pal.

The velocity-jump peak overpressure ratio increased with decreasing pressure, with no
apparcal systemalic variation with yield, overpresasure levei or wave form, or test area.
Experimental rativs agreed well with the theoretical resull. Peak vertical displacement -
overpressure impulse ratio data were too scaltered (o allow [ire conclualons.

From displacement-i capoase spectra, the change in the character of the responac appeared
1o be assoclated with the interference of the refracted ground-transmitied wave and nct with the
local ground wave. Normalized velocity spectra for 8-, 10-, and 30-foot depths abowed similar
maxima 3ithough the frequency at which this maximum occurred decreasca with i reaatng depth,

In streas-atrain relations, i was tertatively concluded that lalaratory trisaial toeats weee
more uselul in corrclation with blas! reaults than were compaction lesia,

S
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Chapter |
INTRODUCTION

1.1 OBJECTIVES

The objectives of Project 1.4 were to: (1) measure underground effects of a nuclear air burst
as they variced with time, depth, and ground range, particularly in the region of high pressure;
(2) use these measurements to furnish input data to other projects; and (3) analyze these data in
combination with the results of other tests to establish criteria for the prediction of underground
elfvcls.

The quantities measured were earth acceleration, earth stress, and earth strain.

In addition, to obtain more information on the test medium, seismic studles were performed
at Frenchman Flat.

1.2 BACKGROUND

Underground effects of a nuclear air burst, as opposed to underground effects of an under-
ground burst, have not been extensively investigated. The most compiete full-scale study of
these eflects was on Operation Upshot-Knothole (Reference 1), when detailed measurements of
earth acceleration, stress, and strain were made at one depth and at one ground range on two
shots and when measurements of earth stress were made at three depths at several ground
ranges on the same shots. On Operation Tumbler (Reference 2), earth acceleration was meas-
ured on four shots; measurements were made at two depths on one shot and at three depths at
two ground ranges on all four shots. Only one of these shots was in Frenchman Flat; the other
three were in the Yucca Flut T7 area, where geological conditions were considerably different.
All these measurements were made at pressure levels considerably lower than the regions of
present interest. Small-scale studies of similar phenomena conducted by Stanford Reszarch
Institute (S8RD) on Project Mole (Reference J) and by SRI on the high-explosives series of Opera-
tion Buster-Jangle (Reference 4) provided little uselul information; the limited {requency re-
sponse of the instruments used resulted in under-registration of the phenomena. Therefore,
extrapolation of these small-scale results to full-scale effects was probably not uselul.

Rather extensive small-scale and full-scale stuicz of underground effects of underground
high explosives have been conducted, but the transmission and loading mechanisms under high-
explosive test conditions dilfered so markedly from those of the conditions of this project that
extension of thelr results to these problems was difficult U not impossible.

Requirements have been set up for criteria for protective construction against large air and
surface bursts in the pressure regions ol 100 pst and above. Such requirements imply that,
wherever possible, underground construction must be used for maximum protection. R is be-
lieved that most of the loading of underground structures in these pressure regions {rom such
shots will be produced by the air-blast slap oa the surface in the immediate vicinity of the struc-
ture (local clffects), rather than by eneryy transmitted theough the ground {rom the regions
closer to ground 2ero (remote offects). This project was exstablished to obtain quantitative data
on undecgroum! phenomena tn theae regions and Lo explore these phenomena sulficivatly to poer-
mit at least a teatatise application of the resulta to similar effects in soils other than thase
characteriatic of Frenchman Flat,  Because of limitations trpoacd at the Nevada Test Site (NTS),
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it was not possible to plan a large surface shot; therefore these studies were based on the effects
of a moderately large (35 to 40 kt) air burst,

A cumplete description of the ground motion induced by air blast from a high-cexplosive or
nuclear detonation requires spatial and temporal specificatlon of Loth the horizontal radial
(hercafter referred to simply as the horizontal component) and vertical components of: (1)
partlcle acceleratlon; (2) particle velocity; (3) particle dispiacement; and (4) carth strain,
Theoretically, only one of these need be presented along with carth stress since any one of the
first three may be derived from the other by differentiation or integration with respect to time,
and strain may be [ound by diffcrentiation of displuacement with distance and vice versa. To-
gether these parameters form a redundant set of data since the relationship between them is
simply one of geometry. On the other hand, if the medium exhibits inclastic behavior, the
relationship of stress to particle velocity, for example, requires a great deal more knowledge
than {3 now available. Furthermore, if the medium is strain-rate seasitive (as coil is suspected
to be) or possesses visco-elastic properties, then stress depends not only on the instantancous
values of strain and/or particle velr;cuy but on their past history as well.

From a practical standpoint, specification of ground motion as a singlc parameter is seriously
limited by tiie small number and low density of observations made on any one experiment and also
by the inherent complexity of soil-particle motion compared with that of air. At present, ground
motion must be specified as positive ard ncgative pcak values, time durations, and representa-
tive pulse shapes. Hence, salient features of acceleration, velocity, displacement, and strain
may be lost. I these salient features are required, as in computation of response spectrum
(see Chapter 4), it is necessary to refer to the original records.

In seeking a valid correlation of ground motion data with air biast input data, answers to
several fundamental questions are required. These may be tet {orth as follows:

1. What relationships are to be expected between the various elements of ground motion and
air-blast input? How are these relationships modilied by soil properties and by variation of
soil properties with depth?

2. Are the above relationships expected to vary with yieid of the device, ground range,
and/or stress level? If so, are these variations of major importance?

3. For a particular test area, i.e., a relatively {ixed set of soil properties, are data from
various experiments internally consistent?

4. Do systematic differences in the correlations appear when data from one test area are
compared with those from another? Are these differences consistent with known variations of
sotl properties?

Obviously the answers to ltems 1, 2, and 3 depend a great 22ai on theoretical knowiedge of
the probiem since the number ol measurements Involved are not sulficient to form an independ-
ent empirical evaluation of all factors involved.

1.3 THEORY

Adaption of historical theorivs of the prupagation of stress through soil is limited in that
either (1) flows are slow under applied loads or streyses (soil statics), or (2) stress waves are
of iow intensity (vxploration and carthquake scismology). The present need is for theorics and
special experiments that consider stress waves of high intensity and rapid rates ol loading.

1.3.1 Models for Soil Reacting to Stress. In this section are reviewed the well-known math-
ematicil modeis (f‘igure 1.1) {or solids which are subjected to stress, and the limitations and
range of applicadbility of these models are described.

Linear Elasticity: Statics. Fos the atudy of smail strains, lincar elasticity may
be a satisfactory model (Column 1 of Figure L.i). [n this model, »ail 1a assumed to act casens
tlaily as a2 [iwas apring supporting a masa. Because uf the succesa of this model in studying
complicated probiems tnvolving stecl, it R reccived g tremiadoys amount of attention.

The theory of clastieity without jurther qualifivation may be understowml 10 mean 4 theor y
hased on the assumption that there s a unigue relationahip otaween steess and strsin; morc
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explicitly, that for the material under constderation, cach component of stress can be caicus
lated solely from a knowledge of the local strain. This wssumption is believed Lo be false (or
all known materlals; but it is a usefu) approximation. In actual practice, the previous history
of the material, the rate of straln, and even the derivative of the rate of strain can affect the
values of the stress at cach point.  Spectacular examples of dependence on these quantities are

5
= 1 L=
& L@‘L‘Jt ol

LINCAR ELASTIC VISCOUS DAMPING  VISCO-ELASTIC  SOLID FRICTION

{
N v 7
D 7

‘ \:\
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apatr.

Figure 1.1 Typical stress and strain diagrams for various
models of soil behavior (sudden stress).

Ziven by bouncing putty, brcad dough, natural rubber, and synthetic plastics.

The complications or modifications of pure (linear) elastic theory which must be considered
can be separated into two classes (Table 1.1). The first class is the set of complications in
space, e.g., vertical anisatropy. The secnnd class is the sct of complications which are in-
trinsic in every cubic millimeter of the soil. Cerlainly the two types uf complications can be
combined: viscosity of soil can change with depth, etc.

Nonlinear Elasticity. R is paksible tn conceive of a substance in which the Lame’
constants, or (since they are related) in which Young's modulus and Poisson’s ratio, depend on
the strain. A simple example of such 3 substance (s a sprine which becomes stiffer in compres-
sion. A helical spring will exhibit this characteristic when it closes coil to coll.

For a apring which bucomes stilfer with increasing strain, the mathematical model is that of
2 subatance which consists of various {ibers, some of which ofier no resistance ta strain until
the strain reaches a finite value. A curreaponding maodel IS posisible {or a spring which becomes
leas atifl aith incrcaning strain, These models can even be combined to give a model of a aub-
atance, the stiffness of which ficat decreanes and then increases with increasing strain.  For il
these models, the supprosition is that the steate ix campletely pecovercd when steeva is relieved,
Theae modeds can proluni. be used successfully (o cortain walyses] sipee they are toa sumple
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to explain certain other experimental results, they seem not to have been used extensively n the
literature.

Plaaticity. By nonlinear behavior is meant usuaily a medium which has properties diff-
ercnt even from those of the paragraph above. If a solld undergoes permanent deformation or
set when It |s strained, it is sald to be plastic (clay, for cxample). A schematic stress-strain
relation for a plastic material is that of Flgure 1.2.

This diagram {s similar in some respects to Figure 1.3 which Is a stress vorsus strain curve
determined from dynamic measurement: obtained in typical silty clay soll.

In Figure 1.2, thc matcrial is called pericctly plastic U AB is a horizontai line and OA and
BC arc parallel straight lines. Such a material behaves as a lincar elastic material with no per-

TABLE 1.1 REFINEMENTS OF LINEAR ELASTIC THEORY

Complications

Complications In Space
o pace Intrinsic to the Medium

Space-Dependurit Velocities Nonlinearity
Interfaces Viscosily

Free Surfuces Visco-Elasticity
Layering Intrinsic Anisotropy
Refractions {as in crystals)
Reflections

Intorference

Lanses

Boulders

Inhomogeneities

manent set if the stress remains below a yleld value; the stress can never exceed this yiels
value; when the yield value is reached, the material flows plastically. A more general curve,
such as that of Figure 1.2 would be obtained by postulating a model with several [ibers; exch
{iber is perfectly plastic, but the fibers have different yield values.

Viscosity. R is convenient to study Lhe propagation of waves in a plastic substance by
assuming that a certain amount of strain energy is dissipated at the wave {ront. One possible
mode of dissipation, which seems physically reasonable, is that the rate of loss ol energy de-

SYRESS

-] STRAIN

som s

Figure 1.2 Scheniatic stress-strain relation
for a plastic material.

pends on particle velocity; this is viscous [riction. The mechanical analog for this mode i3 that
of a spring and dashpot in parallel (see Column 2 of Figure 1.1). For this model, the attenuation
per cycle s a function of the frequency.

Visco-Elasticity. U stress is applied to 2 sampie of scil rapidly and then suddenly
removed, the graph of strain against time 1y like that in Column 3 of Figure 1.1. A plavsible
model is thut at the top of the column. The upper spring and dashpol aliow for permancat set
and rapid rellef of stross; the spring and dashpot in parailel allow lor gradual relief of the re-
maining portioe of stress. Indecd, any number of parallel spring-dashpot units (Voigt units)
can be connected in serics to make a still more complicated moacl. The model in question can
be thought of 33 3 system of three Volgt units in serics. The dashpol constant in the [irst uait
is 2eco; it is effcctively a spring alone. The spring conatant in the accond sait is zecol W s
clfectively o dashpat alone. 1n the third unit, the spring conatant amd the dashpot constant are
Loth different (rom 2e00.

16

SECRET




Solid Friction. Ina solid friction model, (Column 4, Flgure 1.1) dissipation of energy
18 assumed to depeml un particle displucement but not on particle velocity. The attenuation per
cycie lu thus independent of the frequency. Certaln falworatory experiments of Born (Reference
5) on oven-dricd rocks support this model. For wet rocks, Born shows that viscous as well as
solid [riction damping is present. This result will probably be true for clay soil as weil. In
the model for solld [riction used by Born, the dampiny torce Is taken to be proportional to dis-
placement from the neuvtrai position. This is not stated by him, Lut can be inferred {rom the
formulas which he uses. This kind of damping is also termed structural damping.

Other Mathematical Models. Besides the possibiiity, already alluded to, of using
morc than three Voigt units in serics, the abuve schemes are not the only oncs that have to be
conxidered in making mechanical models uf the behavior of soil. Unforiunately soil i3 not iso-
tropic. The most common varlation in properties which it is necessary to take into account is
horizontal layering. For example, there can be horizontal iayers, in which seismic velocities
are widely different. I is frequently true also that in any one stratum the horizontal velocity
is not the same as the vertical velocity.

The propagation af waves in a layered medium is a special topic. Some wave paths which
enter the medium can be rcfracted and returned to the surface. Even the most straightforward
problems in wave propagation in 2 layered (lincar) elastic medium are difficull.

Table 1.2 gives practical limitations of some of the theories which are discussed here. The
table shows two things: (1) no single, simple model will explain all the phenomena observed
when shock waves pass through soil; and (2) the model to use in studying particular types of

160
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Figure 1.3 Actuai record of xtress versus
strain in typical silty clay.

problems must be a compromise between the [aitlfuiness with which one wants to portray all
elements of soli behavior and the economics of producing many numerical solutions. This is to
say that the least complicated modei which will give reasonably good agreement with experimen-
tal tacts 13 the model ta use. However, some rudimentary numerical solutions will always be
nrceesadry before one can chuase the simplest and yot the moat approupeiste modef lor A ziven
proffem.

17
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1.3.2 Homogencous Elastic Solid.  Within the framework of present theoretical knowledge,
several postulated relationships derived from analysis of a homogencous clastic so!ld can be set
down (Rcfcrence 6).

The assumptions under which this analysis was derlved are as follows. First, the plan radius
of curvature cf the air-blast wave is large compared with the depth under investigation so that in-
duced ground motion may be regarded as two-dimensional. Second, it is assumed that the air-

TADLE 1.2 PHENOMENA EXPLAINED BY VARIOUS MODELS OF SOIL BENAVIOR

Return of

Dissipation Permanunt Dispersion of

Model s Wiave Paths R
of Encrgy St to Surface Surface Wavos

Lincar Elastic (lsotropic muedium) No No No No
Nonlincar Elastic

(Isctropic mudium) No No Yua® Yes ®
Elastic with Vertical Anisutropy

(Including discontinuous layers) No No Yes Yeu
Solid (structural) Friction Yes Ne No No
Viscosity Yex No No Ne
Visco-Elastic Yes Yes No No

* These entries imply possible explanation of the phenomana, espuciaily in connsction
with waves of high stross.

blast wave of invariant magnitude is moving at a constant velocity, U, and that sufficient time
has elapsed so that a steady ground disturbance pattern appears to an observer {ixed in the coor-
dinates of the moving blast wave.

An elastic solid exhibits two wave speeds: one corresponding to the propagation of waves of
dilatation (or compression) Cp,, the seismic L (longitudinal) wave velocity, and another corre-
sponding to propagation of components of rotation, Cg, the selsmic S (transverse, shear) wave
velocity., Three distinct theoretical cases are present in the above situation,

1. U< Cg < Cp, the subselsmic case.
2. Cg< UKy, the transselsmic case.
3. Cy< Cp < U, the superseismic case.

The theory in Cases 1 and 2 says that the ground motion outruns the air-blast wave; the earth
moves downward and away {rom ground zero. Although ground motion outrunning is cbserved in
the {ield, the initial motion of the earth is gencrally upward and away (rom ground zero. This
motion is the result of refraction of the wave {ront due to the vertical gradient of seismic veloc-
ity. The overprussure at which outrunning occurs depends on the device yleld and the seismic
velocity gradient (Section 1.3.3). For the yields and seismic velocity gradients at the NTS (French-
man Flat), this overpressure is approximately 10 pat.

At higher overpressures, the blast-wave velocity is large enough 30 that it moves superseis-
mically (Case 3) and the ground motion lags progressively behind that at the surface as in Figure
1.4. At the surface, the vertical ground motion and the blast wave are related simply, viz.,

1 dp F U
v W a)
P Y
vt oo *(EZ)
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1 U

Where Ay, Uy, and Dy arc the vertical particle acceleration, vertical particie velocity, und
veriical particle displacement; p is the soll density; P is overpressurce; and t is time. The
function, # (derived from results in Refcrence 6), Is shown In Figure 1.5 and is nearly unity

for U/Cp, > 1.5. At small depths, one would expect the peak negative displacement to be pro-
portional to the positive overpressure impulse and the peak negative velocity to be proportional
to the peak overpressure, Pm. (The usual convention is preserved; positive motion is upward
and outward [away from ground zero| and negative motion is downward and inward [toward ground
zerol.) The peak acceleration depends on the overpressure wave form and for an ideal shock
wave would be infinite. In reality, ali shocks have a finite rise time, t,, so that

1 )
Ay ¥ ——
v pCy tr

If one postulates that all nonprecursor shocks have approximately the same rise time, then
one might expect the acculeration to be also proportional to the peak overpressure.

These simple statements form the basis of correlation of ncar-surface ground motion. At-
tenuation of ground motion with depth must at present be treated empiricaily.

1.3.3 Effects from Remote Sources. When the propagation velocity of the air blast is larger
than the compressional (L) wave velocity of the ground, signals will not be observed underground
prior to arrival of the wave {ront (Figure 1.4). In a homogeneous medium, the wave front will
be bent upward al increased depths (Curve a, Figure 1.4); however, U the seismic velocity in-
creases with depth, the wave (ront will tend to be bent downward (Curve b, Figure 1.4).

As the air-blast velocity decreases with distance irom ground zero, the information given
the earth wili eventually arrive prior to arrival of the direct signal. This may happen either

e 318 OL 88

Figuze 1.4 Schematic diagram of superseismic wave (ront.

when 3 acar-surface seismic velocity i3 greater than the alr-blast velocity or by ground trans-
mission along a curved path which dips into the higher velocity, lower earth strata, l.e., by
seismic refraction, The former currespnuls (0 the transsciamic case (Case 2), and the (nitial
signal i3 down and outward 33 in the supcracismic case. The cniet of acceleration i3, however,
more gradusl. The latter i3 distinguiahed by an upward and outward first signal and (s by far
the predominant type of outrurning observed at both the NTS and the EPG.

The outruaning signal arriving 3t 3 gage by refraction is generally called the air-induced,
sround-tranamitted wave, or, »imply, the remote elfect. The aignal arriving by the direct
path an the air blast passcs oves the gage ia called the air-induced, direct wave, or, simply,
the toc.d oiicet. R is 2 mianumer 10 descrnibe only the latter as U air-blast-imduecd ware
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since both classes of motion are air-blast induced, with the only difference belng the point of
origin and the transmussion path, (Siace the atr-induced remote eifect (8 due to an extended
source, it should nat be confused with the directiy-induced ground motion resulting from an
undergrounc detonation,)

Outrunning of the ground wave has considerable importance in that the character cf the ground
motion changes when thls occurs. I a scismic refraction survey has been made of the arca, the
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Figure 1.5 @ versus U/C; and Polsson’s ratio.

technique of constructing the ground motion arrival time distance is simple (Figure 1.6).

In the lower portion of Figure 1.6 is shown the measured refraction survey of Frenchman
Flat made during 1957. The concave portion of the refraction arrival time curve is due to the
{ncrease of seismic velocity with depth. The air-blast arrival curve is {irst constructed. At
each point along this curve a signa! is generated which travels outward at the rate prescribed
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Figure 1.6 Construction of ground motion arrival
time curves, Tumbler Shot |, S-foot depth,

e s oe

by the refraction arrival curve, ¢.g.. the signal from ground zeco. From the envelope formed
by supcrimposing the arrival time curves for all signals gencrated Ly the alr blast, the carliest
arrivals are selected. This curve then defines the ground range at which outrunning occurs,
e.g.. 920 tect in Figure 1.6,

The measured dic-blast and ground motion arcivils 3t $-foot depth {or Operativn Tumbicr
Shot | {(RNeference 2 are ahown in Figure 1.6, Before outruaning, the groumd n:otioa lags the
alr LL3st alightly since the air blaat 1» superseismsc.  Afler outruaning, the fruund motion pre-
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cedes the caleulated values by a small amount as the refracted wave travels upward to the sur-
face, The differences are not important at 5-foot depth; however, at much preater depths they
will Le significant. The 8,300-ft/see propagation velocity is the result of relraction from the
banement rock. The 1957 refraction zurvey did not extend sufficiently to piek up these arrivals.
From sclsmic velocities assoclated with strata of known thickness, the refraction curve may
be reconstructed, Detalls of this procedure may Le found in any text on geological exploration.
As the device yield Increases, Lhe acar-surface scismic velocity becomes less important in
the calculation of outrunning. The seismic veloeltics at depth play the dominant role, and hence
the overpressure at which outrunning would be expected to occur will generally increase as de-
vice yicld increascs. For surface bursts over shallow weathered layers or {or large yleld de-
vices dotonaled over decp weathered layers, the approximate values of Table 1.3 apply. This

Indication of carly outrunning for the most common materials focuses more than casual attention
to the behavior of the ground-transmitted wave.

1.4 SEISMIC MEASUREMENTS

The claatic properties of a soll are related to and may be determined (rom an accurate knowl-
edge of the scismic velocities. The main clastic waves which are of interest in this program

TABLE 1.3 APPROXNIMATE OVERPRESSURES AT WHICIH OUTRUNNING OF
GIROUND WAVE OCCLIRS, TARGE YIELD SURFACE BURSTS

Formation Overpressiars Formation Overpressury
pai pss

Allusium <40 Shale €50 o 2,50

Gravel, dry 10 1o 100 Limesione » 1,500

Gravel, wet 40 10 300 Metamorphic >1,000

Sandy Clay 100 to SO0 Granite >3,000

Sandatone $00 o 2,000

are longitudinal or compressional waves (L) and transverse or shear waves (S). Other seismic
waves thal may or may not be of interest are the Rayleigh and Love waves.

The compressional wave (L) is chavacterized by an in-line particle motion with particle dis-
placement parallel to the direction of propugation.  Of the elastic waves, the compressional
wave has the highest velocity.

The shear wave {3) is also linear, but the direction of particle motion is perpendicular to the
direction of propagation. The shear wave, because of its property of nolarization, can be fur-
ther subdivided into Sy and Sy type depending on whether the displacement is horizontal or ver-
tical, both waves traveling with the same velocity but lower than the L wave velocity.

The Rayleigh wave (R) is 3 surface wave which is a cumbined compressional and shear wave
with a plane of oscillation at right angles to the surface and paraliel to the direction of propaga-
tioa. Its velocity s depondent on [requency and is disgersive. Shear-wave velocity for shallow
depths may be estimated trom thewe surface-wave velocities. An approximate relation between
Cg and Cp ia:

Cp - [0.87 . 0.8u]Cy

The clastic propertics of 3 solid may be dezeribed by two claatic constamts. Three of these
constants are the buik motslus (), the madulus of rigidity (u), and Polssan’s ratto {v). The
bulk modulus (k) is defined an the ratio tetween applicd pressure and fractional change 1n volume
for 3 uniform Aydrostalic compreanion. The rigidity modeius (o} is defined aa Ihe ratio between
ahcag atreas amd ahear atrin, Paisson’s ratio o defined as the ratio between lateral contraction
and longitudinal extension of 4 sofid sith free Latoral surfaces, I is eolated to ik} and (ui by

]
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ke (Equation 1.1)
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The compressional and shear-wave veloeitics Cp, and Cg, measurced by sclsmic methods, are

(2} -r
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Figure 1.7 Seismic velocity ratios versus Poisson’s ratio.

{Equation 1.2)

e o fe]” [_EGQ-9 "
L ) pl-a(l-13

cs - [!‘p.]'"‘ [g(m-—:a] " (Equation 1.3

Where p L6 the deasity and K 18 Young's modulus. Iascrting Equations 1.2 and 1.3 ia Equation 1.1

1-2(Cs €
g = ———-L—LT

31-2(Cy Cy}

For pertevt fluida, o - 0, Cg - O amd 2 - 7,
¢
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TABLE L4 POISSON'S RATIO FOIG SOME MATERIALY
A plot of 7 wersus Cy/Cpoamd C/Cp, in shown In Figure 17,

Gravel 0.47 Refurvace 7
Lowxs, dry 0.4 Refervmee 7
fliver xeposits 0.4% Relerence 7
Clay, dry 0.47 Relfervnce 8
Clay, wut 0.4 Reference 8
Limuntons 0.2% Relference 7
Cranite 0.21 teferemea 7
Sandstome 0.12 Reforence ¥

For incompressibic materials, k becomes large and ¢ s !4 . For elastic solids,
0< o <Y . Valucs of o for some common materials arc shown in Table 1.4.
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Chapter 2
PROCEDURE

Project 1.4 participated on Shot Priscilla of Operation Plumbbob. Many other projects partici-

pated on this shot, including Project 1.3, which provided input data for this project; and Project
1.5, which made measurements similar to this project. There were also a number of structural
projects frr which Project 1.4 was designed to provide free-field {nput data.

2.1 PREDICTIONS

In planning an experiment of this type, it is necessary to predict the values of the functions
to be measured to an accuracy sufficicnt to allow the sensitivity of each channel of instrumen-
tation to be set closely enough that satisfactory deflection may be obtained. For best results
these values should be within a factur of two of the true values. A greater range is acccptable
on channels where dual-sensitivity galvanometers are used. Predictions are also important in
the selection of gage ratings to ensure that gages are not over-ranged, thereby introducing non-
linearities. This section (2.1) Is presented as written before the test; it has not been modified
in the light of the actual data obtained.

Directly applicable data, taken in the Frenchman Flat area on underground effects of above-
ground shots, are limited to those from Tumbler Shot 1 (Reference 2), and Upshot-Knothole
Shots 9 (Reference 1) and 10 (Reference 9). The majority of these data were taken from shock
waves at relatively low pressure levels, except some from Upshot-Knothole Shot 10 at levels
up to 100 psi with precursor wave forms. Reference 10 gives some seismic velocities in the
Frenchman Flat area.

2.1.1 Input Predictions. Subsurface phenomena are assumed to be a result of the overpres-
sure appearing at the surface in the immediate vicianity ol the station. Table 2.1 shows some of
the predicted parameters of interest obtained [rom analyses carried out on the basis of previous
data (Reference 11).

2.1.2 Earth Stress. In general, vertical earth stress may be assumed to be the same as the
aprlied pressure. There will be a small change in the slope of the front with depth. At Stations
1, 2, and 3, the sharp decay of overpressure behind the front may eat away the peak slightly,
with an estimated decrcase of 25 percent, which is insignificant for range-setting purposes.
Horizontal earth stress (s assumed to one [ifth the vertical. This ls consistent with some of the
previousg experimental experience and with probable values of Poisson’s ratio.

2.1.3 Seismic Velocity. Seismic velocity is not important per se, but it is important in pre-
diction of strain and acceleration. Uf one asyumes that p = 100 pcl and that ¢ = 0.25,then with
peak stress equal to peak surface overpressure P, Py (psi), Viax = 55.6 P/ Cy (in the early
part of the wave), or Cy, < 55.8 Ppg/ Vg, Where Vg i3 the peak particie velocity at the
ground surface.

Data from Tumb..~-Snapper Shot 1 and Upshnt-Xnrothale Shot 9 in the Frenchman Flat arsa
give average value of Cg, of 730 ft/scc at 1-foot depth, 1,220 [t sce at $-foot depth, and 2,460
[t sce at 50-foot depih. These values for Cp, at the three depths of measurement covered by the
data are represented best by an exponentlal form of empirical equation:

Cp 750 y Oot) (Equation 2.1j
24
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Where y denotes the vertical dimension.
Reference 10 gives the following scismic velocltics in the Frenchman Flat arca:

Depth, f(t Velocity, ft/scc
Oto 10 1,200
10 to 175 2,600
175 to 650 3,600
Below 650 10,000

While these values match well the average Cy, results at 5 and 50 feet, they show no diffecr-
ence betwecn 1 and § fect. This is unrealistic; particularly since the abrupt velocity change at
10 feet i3 not consistent with the profile of soil observed in excavations.

It must be observed that these data were derived from a refraction survey, where the pri-

‘TABLE 2.1 SHOT PRISCILLA INPUT PREDICTIONS

Ground Arrival Horizontal Wave

Station  pange  Time Velocity Form ~max i Pr T T
ft msec ft/sec psi psi psi msec msec

1 450 99 6,400 0 730 %0 — 0 —_—
2 550 117 5,000 0 600 600 — 0 -—
3 650 137 6,700 0 450 450 — 0 -_—
4 150 152 8,100 1 320 280 40 H] 7.5
5 850 167 5,600 1 200 110 120 S5 128
[] 1,050 208 4,800 1 100 6o 70 5 20
7 1,350 278 3,900 1 50 30 40 5 20

mary data were arrival time versus ground range from small shots. When these primary data
are reconstructed {rom the reported conclusions, they {it well an empirical exponential equation,

ty = 0.0015 x +¥ (Equation 2.2)

Where x denotes the horizontal dimension. According to Blondeau’s derivation (Reference 12),
this would correspond to a vertical variation of velocity,

CL = 1,160y "? (Equation 2.3)

There is a considerable difference between Equations 2.1 and 2.3, but the best compromise,
which does serious violence to neither, appears to be:

Cp = 1,000y"% (Equation 2.4)

S.1.4 Earth Strain. With the same assumptions uscd for calculations of Cp, it may be shown
that vertical strain, S, may be expressed as:

§ = $5.6 Ppy/Ci! = 5.6 4 1070 Py y~*? (Equation 2.5)

2.1.3 Earth Accelcration. Dala from Operations Tumbler-Snapoer and Upshot- Knothole of
the average values of Py A (ratic peak overpressure in psi to peak vertical aceeleration in
g-unity) fit well the exponential cquation,

A LGPy yTtY {Equatian 2.6)

This 18 {or shock=wave input at presaure levels between 10 and 25 psi. U the rise time were

r1)
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constant, A might be expected to vary inversely as the selsmic velocity, f.e., in the same way
a8 Vaxe '
From Equations 2.1 and 2.5,

Vmax - 0.056 Ppgy "% (Equation 2.7)
From normal mechanics, if one assumes the rise of velocity to resemble a hall cosine-wave,
A = 0.0975 Vux/TR (Equation 2.8)

From Equations 2.6, 2.7 and 2.8, then
TR = 0.0033y *¢ (Equation 2.9)

In other words, the steeper slope of acceleration with depth is explained by the increase of
TR with depth. Since TR is the duration of the rise of particle velocity, V, it should also be
the duration of the first acceleration pulse. Data on Tpg yleld average values of 3.25, 7.5, and
30 msec at 1, 5, and 50 fect, respectively, corresponding to the exponential Tg = 0.00325 y ¥,
a negligible diffcrence from Equation 2.9.

Equation 2.6 can be uscd to predict peak accelerations at Stations 1, 2, and 3. At subsequent
stations, however, Tp is alfected by the {inite rise time of the input-pressure wave. In the case
of a precursor-type wave form, the rise time of the input wave can be quite long. If one can add
geometrically, the influence of depth and input pressure upon rise time, (TR = v Ty! - Tp!). then
one may calculate Tp for cach depth and calculate A [rom Equations 2.4 and 2.5.

Amax » 0.00542 Py y~*/TR (Equation 2.10)
Horizontal accelerations are arbitrarily taken as one third the vertical. Although experience
to date indicates a considerable scatter in this ratio, it appears to be always less than one.

2.2 INSTRUMENTATION

2.2.1 Central Station. All central-station channels of instrumentation used on Project 1.4
were essentially identical tn those used on a number of previous projects, including Operation
Teapot Project 1.10 (Reference 13). Wiancko 3-ke oscillators supplied carrier power to the
transducers themselves and to modified Wiancko demodulatcrs. The demodulated signal was
applied to William J. Miller Corporation oscillograph recorders. Provisions were included
for applying automatically a synthetic calibrating signal to each channc]l immediately prior to
zero time to compare the final deflection on the record with the deflection produced by the same
signal at the time of calibration. An accurate timing signal of 100 cpa and 1,000 cps was also
applied to all recorders simultaneousiy from a single source having a time accuracy of bettor
tnan 10 parts per million. This provided means for time correlation of records to a high degree
of accuracy. Since the same central station equipment was used for Projects 1.3, 1.7, and 3.5,
this time correlation could be extended to include data obtained on Project 1.4.

The prime power supply for 2ll instruments during the shot was a bunk of storage batteries.
Suitable converters were used to produce 113-volts ac {or components requiring this power
source. An t-dividual converter was used {or ¢ach rectifice power supply, thus minimizing
the possibility of gross {allure due to converter lallura.

On this project, 62 gage channels were connected. Of these, 22 were connected to dual-
recording systems, consisting of one gaivanometer on vach of two recorders. These dual
channels were assigned to those papes which were considered to be most inportant to minimize
lois of important data due to any recorder failure. On 6 of these 22 channels, one of the gal-
vonomaters used had a patural frequency of 200 eps. and the remainder hat a natural (requency
of 30U ¢pa.  The channcls incorporating une 200-cps galvagometer were used on gages where
uncertainty of the predicted peak was greatest and where the expected sigmal waa such as not to

2
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be degraded appreclably by the reduced response of the lower frequency galvanometer.  Since
there was an apprectable differcnce in the sensitivity of the galvanometers thus used on a single
channel, a wider range of Input signal could be accommodated without loss of data (provided both
recorders operated properly).

Instruments were powered at suitable times before zero time by Edgerton, Germeshausen,
and Grier (EG&G) relay circuits, with lock-in relays controlled by a time-delay relay to continue
operation for approximately 1 minute after zero time, cven though EG&G relays dropped out
sooner. Utmost attention was paid to clrcultry and procedures to insure maximum reliability
of operation. Dual-relay contacts or dual relays were used wherever feastble,

A multipen recorder was connected to provide a record of time and scquence of operation of
various elements so that any fatlure which might occur could be traced to its source in a posttest
study.

The recording shelter was buried to a depth sufficient to reduce the integrated radiation dosage
within the shelter to below 10 r to avelid radiation fogging of the recording paper.

2.2.2 Stress Gages. The basic earth-stress gage used In these tests was a modification of
that originally designed by R.W. Carlson for the measurement of static stress in foundations
and grades. The gage consisted of two flat circular plates with thin flexible edges attached at
the edges so as to be separated by a narrow space filled with oil. A pressure gage was arranged
to measure the pressure in this oll as a measure of the actual component of the stress in the me-
dium in which the gage was buried.

Two variations of this gage were used. For the low pressures, a Wiancko variable-reluctance
pressure gage covered by a housing was used in an identical construction to those used on pre-
vious projects (Reference 3). For pressures above 300 psi, a special diaphragm-type transducer,
manufactured by Ultradyne Engincering Cumpuny, was used in place of the Wiancko transducer
(Figure 2.1) This variable-reluctance transducer was electrically similar to the Wiancko, but
was mechanically smaller in size 30 that the projecting housing was smaller.

2.2.3 Straln Gages. The earth-strain gages used were of a new type designed for the purpose
and shown in schematic form in Figure 2.2. The gage is shown unassembled in Figure 2.3 and is
shown Installed In Figure 2.4. Fundamentally, the gage consisted of a linear differential trans-
former, which measured the change in spacing between two anchors, separated by 2 or 3 {eet,
set into the side of a large hole before the hole was backfilled. One of these anchors supported
the body of the transformer enclosed in a protective housing, and the other carried a light tubu-
lar rod, at the far end of which was attached the movable core of the transformer. The position
of this core could be adjusted after instaliation. For calibration, the adjusting nuts could be used
as a2 micrometer by turning them one full turn at a time. The linear differential transformer was
connected through a trans{ormer to the normal Wiancko half-bridge circuit by the standard three-
conductor cable.

2.2.4 Accelerometers. Accelerometers used were Lhe standard Wiancko variable-reluctance
accelerometers used on previous tests (Reference 2). They were enclosed in protective canis-
ters of two typcs: one type carrivd a single vertical accelerometer; the other was used where
horizontal as well as vertical mecasurements were desired and carried two mutually perpendicular
accelerometers.

2.2.5 Instrumcnt Response. The Wiancko gage and its assoclated recording system was
basically {lat down to steady-state conditions, due to its design as a carrier-demodulator system.
No correctiung were required therefore for its low-frequency response. The high-frequency
response was limited either by the characteristics of the galvanometers used or by the dynamic
characteristics of the transducers. The (numinal) 300-cps galvanemeters had an undamped
natural (requency of 315 to 340 cps and were damped to ave an overshoot of approximately 7,
percent. This correspanded (o a damping lactor of spproximately 0.65 critical and provided a
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Figurc 2.1 Earth stress gage:
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Flgure 2.2 Schematic, carth strain gage.
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nomlual rise time of 1.3 msce.  The nomind 200-cps galvanometers had a correspondingly
longer rise time of approxinutely 1.8 msee.

The accelerometers varied widely In sensitivity and maximum range and consequently in un-
damped natural frequency.  In general, those used at high-pressure stations and near the rurface
were low-sensitivity, high-riange instruments with a high natural frequency; and those used at
low-pressure statlons, particularly at greater depths, were more sensitive instruments with
lower natural frequencies. Where the high-range Instruments were used, the overall frequency
response was limlited by the galvanometer response. Where the low-range Instruments were
used, the limiting frequency response was gencrally that of the accelerometer.

The [requency-response characteristics of the Carlson stress gages were difficult to deter-

Figure 2.3 Earth strain gage, unassembled. Figure 2.4 Earth strain gage, installed.

mine implicitly since they were affected significantly by loading of the earth on the gages;
however, the basic gage was known to have a response simlilar to that of the pressurc gage alone.
It is believed that the overall response was limited by that of the galvanometers. Similarly, the
response time of the carth-strain gages was difiicult to ascertain exactly, but measurements
indicated that for the short span used the response time was far shorter than the rise times in-
dicated on the {inal records; therefore, no distortion from this cause was attributed to the gages.

2.2.6 Calihration. Each yuge was calibrated in the field after it had been connected W its
associated cable and recording equipment and immediately prior to its {inal installation in the
carth. Carlson stress gages were calibrated by the application of direct air pressure. Accel-
cromoeters were calibrated by the use of a spin table which produced accelerations up to about
200 g. Where higher aceelerations than 200 ¢ were anticipated, gages were calibrated to that
figure in the field, and this calibration was extrapolated on the basis of lincarity checks made
previously in the laboratory.  Earthestrain gages were calibrated by the introduction of directly-
medsured deflections on the gages in place.

In the calibration procedure several deflections ranging {rom 2cro to acell above the expected
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peak (where possible) were applied to each gage In sequence.  Each galvanometer deflection was
noted and recorded.  In addition, the deflection caused by an artificlal signal (cal signal) injected
into the gage circuit was recorded.  From the former deflection, a calibration curve of deflec-
tion versus peak reading could be constructed. The cal signal served to correct for any changes
of sensitivity of the recording system between calibration and the final test since an identical
signal was injected on the {inal recourd about 10 seconds hefore zero time.

2.3 EXPERIMENT PLAN

2.3.1 Gage Placemcnt. Gages werce located at several depths in two sizes of holes. At five
stations, the holes were 30 inches in diameter by 10 fect decp, and at two other stations the
holes were 5 fcet in diameter by 50 [eet decp. Stress gages and accelerometers were placed
in small excavations in the sides of the holes, and backfill material was carefully tamped around
the gages by hand to ensure proper contact with the formation before the general backfilling pro-
ceeded. Strain-gage anchors were cemented into the walls of the large holes to make good con-
tact with the undisturbed formation and to mirimize the effcct of the difference between charac-
teristics of the backfill and of the original formation. In addition, every effort was made in
back{illing to return the material as nearly as possible to its original condition.

The specifications for preparation of backfill material and for tamping procedures were set
up by Project 3.8 (Refercnce 14) on the basis of labaratory tests conducted at Waterways Exper-
iment Station (WES) on samples of material from the area. These specifications were directed
toward restoring the dynamic modulus rather than the density and required careful control of
the water content at slightly below Proctor optimum, with somewhat greater than normal tamp-
ing effort. During backfilling, control of procedure was assisted by the {requent sampling and
analysis of the backfill in the field by Project 3.8. Samples for record were aiso taken by that
project and are reported in Reference 14.

2.3.2 Gage Coding. For identification of channels and recorded traces with their proper
gages, a systematic coding was adopted. A station number was assigned to each gage station;
these numbers were used as a [irst part of the gage code. The second part of the gage code
was a letter indicating the type of measurement. For this project V was used for vertical
acceleration, H for horizontal acceleration, CV for vertical stress, CH for horizontal stress,
and SV for vertical strain. A third part of the code indicated the depth of the gage (in feet)
below the surface.

Typical gage code numbers would then be 3V5 for Station 3 vertical acceleration at S-foot
depth; 4CVI0 for Station 4 vertical stress at 30-foot depth, etc.

2.3.3 Gage Layout. The gage layout (Figure 2.3 and Table 2.2) was selected to provide the
maximum of basic data on phenomenology and at the same time to provide maximum coordination
with other projects. Stations 4 and 6 were placed at ground ranges where predicted peaks of ap-
plied pressure of approximately 300 and 100 psi, respectively, were expected. At these loca-
tions, measurements were made of acceleration, stress, and strain, at a number of depths down
to 50 feet, including two measurcments cach of horizontal acceleration and horizontal stress.
The remaining stations were chosen to correspond to aboveground stations of Project 1.3 and to
cover a wide range of input pressure levels. At these stations, measurements were made of
vertical acceleration and stress at depths of S and 10 fect only.

2.3.4 Scismic Measurements. R was considered desirable to obtlain data on seismic propa-
gation velocitiery und their variation witi Jdepth, particularly in the first 100 feet, to assist in
interpretation of {inal data {rom this project. To oltain these seismic data, a program was
conducted in the area during the preparatiunal phase of operations prior (o the shot.  Fisure 2.6
shows the location of shot holes and Lnes used 1 this work.  Shot Points 1 and 2 were 200-foaot

holes, or:ginally drilled dey, but Dlaaded before use {(Section 2.4} Shot Point 3 was a similar
100- 160t hote deilled ater to cheek the pesulls fram the first two,  In thease hales, aowll charges
h (1}
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