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FOREWORD 

Within the past five years, several major engineering excavation 

projects have been accomplished with the use of Urge burled explosive 

charges. The U.S. Army Corps of Engineers Waterways Experiment Station 

Explosive Excavation Research Laboratory (EERL) has been Intimately 

Involved In the development and application of this technology. The use 

of large explosive craterlng charges on dry land Is now relatively well 

understood and detailed design procedures are available. However, a number 

of potential applications Involve excavation In submerged environments. 

Underwater craterlng dynamics are not well understood. Accordingly, It 

was decided to Initiate a program of numerical hydrodynamlc calculations 

to model the effects of burled underwater explosions and achieve a better 

understanding of the dynamic mechanisms Involved. This program was Imple- 

mented under the direction of EERL, and calculations were performed by the 

Earth Sciences (K) Division of the Lawrence Llvermore Laboratory (LLL). 

This report summarizes the results of 18 one-dimensional hydrodynamlc 

calculations plus several subsidiary comparison calculations and acoustic 

wave calculations for high-explosive detonations In saturated media and In 

saturated media overlain by a layer of water. The hydrodynamlc calcu- 

lations provide an early-time description of close-range shock wave trans- 

mission within the rock medium, including time histories of pressure, 

stress, and particle velocity, shock interactions at the Interfaces, spall 

velocities, shear stress and failure effects, etc. Safety-related pheno- 

mena may likewise be estimated from this information. These calculational 

results form a basis for future two-dimensional multilayer craterlng 

calculations which may be used to design underwater exca"at1on events, both 

nuclear and conventional. 

The investigation described herein was sponsored by U.S. Army Research 

Office grant ARO-D No. I-479-E under R&D Project No. 200611Q2B33G. In 

accordance with ARO-D program requirements, this report documents results 

of the one-dimensional underwater calculations and related studies to date. 
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ONE-DIMENSIONAL ANALYSES:    SHOCK WAVE PROPAGATION 

FROM UNDERWATER CRATERING DETONATIONS 

SUMMARY 

Research has recently been conducted on the use of large buried 

chemical explosive charges for engineering excavation.    Investigations 

in this area were initially concerned with crater formation in relatively 

homogeneous rock media, a process which is now well understood. 

However, it has become apparent that the greatest cost and operational 

advantages may be realized by applying the technique to rock excavation 

in an underwater environment.    Cratering dynamics in an underwater (two- 

layer) configuration have not been well understood.    Small-scale 

modeling tests and large-scale excavation projects have revealed two 

new factors which significantly influence underwater cratering processes: 

(1) Early-time dynamic effects caused by the presence of the rock-water 

interface and water layer; and (2) very late-time water washback and 

slope failure effects in the crater vicinity.    This report addresses the 

first of these two effects by means of hydrodynamic computer calcula- 

tions.    The one-dimensional spherically-symmetric "SOC" computer program 

has been used to calculate the dynamic effects of a spherical explosive 

charge emplaced in rock media and in rock with overlying water layers of 

various depths.    Calculations have been conducted for three different 

rock types, coral, weak basalt, and granite.    Significant correlations 

of dynamic behavior with medium properties and layer depths have been 

established.    Some comparisons with experimental data have also been 

accomplished.    The results indicate that computer design calculations 

for future underwater events are quite feasible. 
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CONVERSION FACTORS 

Units of measurement used In this report may be converted to metric 
units as follows: 

MULTIPLY BY TO OBTAIN 

Inches 2.54 centimeters 
feet 0.3048 meters 
cubic feet 0.02832 cubic meters 
cubic yards 0.764555 cubic meters 
pounds 0.4535924 kilograms 
foot-pounds 0.138255 meter-kilograms 
pounds per cubic foot 16.02 kilograms per cubic meter 
Fahrenheit degrees 5/9 Celsius or Kelvin degrees* 
pounds per square Inch 0.00689476 meganewtons per sq. meter 
pounds per square Inch 0.0689476 bars 
atmospheres 1.0133 bars 
megabars (Nbars) 1012 dynes/cm2 

tons (explosive energy 
release) 4.186xl016 ergs 

tons (explosive energy 
release) 109 

g-cal 

tons (explosive energy 
release) lO"3 

kllotons 
tons (explosive energy 

release) 4.186xl04 Mbar-cm 

psi-sec/ft 
(impedance) 4.42X10"4 2 

g/cm -sec 

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
use the following formula: C - (5/9)(F-32). To obtain Kelvin (K) readings. 
use: K - (5/9)(F-32)+273.15. 
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NOMENCLATURE AND MATERIAL PARAMETERS 

Nomenclature 

sonic 

P 

ar 

«T 

I 

• 

a 

V or V. 

pQO 

>90 

V «V o sp 

al»02'a3 

'tor'* 

IE 

Dr 

cav 

Sonic wave transmission velocity 

pressure (kbar or Mbar) 

Radial stress (kbar or Mbar) 

Tangential stress (kbar or Mbar) 

Elastic bulk modulus (kbar or Mbar) 

Elastic shear modulus (kbar or Mbar) 

Polsson's ratio (dlmenslonless) 

Material particle velocity (may be either peak or time- 
dependent velocity) 

Range from center of problem (dynamic calculations); or 
horizontal range from surface ground zero (alrblast calculations) 

Acoustic pressure transmission factor In the normal direction 
at an Interface. 

Acoustic pressure reflection factor In the normal direction 
at an Interface. 

Vertical spall velocity at an Interface. 

Three normal components of stress In the principal coordinate 
system. 

Mean pressure: -1/3 (an+a-*^) 

Shear strength of material ■ (O1-CT3)/2 at failure surface. 

Kinetic energy contained In a given material or problem 
region (Mbar-on3) 

Internal energy contained In a given material or problem 
region (Mbar-cm3) 

Depth of rock layer (Including explosive radius) in a vertical 
problem (equal to the total depth of burial "DOB" for an 
event with no water layer). 

Depth of overlying water layer In a vertical problem. 

Volume-weighted pressure of explosive cavity gases (Mbar or kbar) 
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Nomenclature (continued) 

DOB 

APo 

AP 

a 

PC 

v 

Abbreviations: 

Total depth of bunal, measured from explosive center 
to free surface = D + D . r  V 
Peak airblast overpressure immediately above surface 
ground zero (psi; 1 psi = 6.89 x 10-8 Mbar 

Peak airblast overpressure (at ground level) beyond 
the Immediate detonation vicinity (psi). 

Constant in equation for peak airblast overpressure. 

Acoustic Impedance of a medium (psi-sec/ft). 

?rt!fklf1 v^coslty; numerical factor = 0.1 to 0.2. used 
to damp high-frequency noise In the code calculations. 

cm = centimeter 

m s meter 

ft ■ foot 

9 s gram 

sec ■ second 

Mbar ■ megabar 

kbar = kllobar 

psi ■ pounds per square inch 

kt ■ klloton (energy) 

cal = calorie 

an3 = cubic centimeter 

# = dyne 

Subscripts: 

w 

r 

a 

cav 

r 

T 

water 

rock 

air 

cavity 

radial 

tangential 1 stress-related parameters 

xviii 
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Material Parameters 

Initial bull- density of material  (mass/volume;   g/cm3) 

Initial specific volume - J   (volume/mass; cm3/g) 
0 T 

P     ■     Density as a function of pressure (mass/volume; g/cm ) 

V     ■ f/p0 - 1 ■ volumetric compression (dimensionless) 

Vain   '     GraiQ density of a rock material  (mass of solids/volume of solids; 
g/cnr) 

Pw     ■ Water density (^ 1.0 g/cm3 assumed) 

Z     » Water content by weight (weight water/total weight of sample) 

pdry " Dry dens1ty (weight of solids/total volume;   q/cm3) 

I     - Total porosity (1.0 - volume of solids/total volume) 

$     ■ Gas-filled porosity (volume of gas-filled voids/total volume) 

S     - Saturation (volume of water-fiiled voids/total volume of voids) 

The following formulae may be used to calculate relationships between 
material parameters'- ■': 

'dry po    n -Z)   -PgrainO-*) 

1/V, 

po'pgrain MVWO-2)] 

♦ ■ i - "p0(i-zr 
pgrain 

- 

i ■ i - Po         ( 1-Z) - ZP0 ■*  - 2l>0 
pgrain 

s ■ i • • 
4> W" - „grain " 

Z (for 100% saturation) = (pgrain - P )/(p ograin - p ) 

xix 
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ONE DIMENSIONAL ANALYSES: 

SHOCK WAVE PROPAGATION FROM 

UNDERWATER CRATERING DETONATIONS 

Charles M. Snell 

I.   INTRODUCTION 

Widespread interest in underwater excavation with large explosive 

charges was first manifested during the early stages of the Plowshare 

program for peaceful uses of nuclear explosives.^  This interest was 

primarily a result of three factors: (1) The enormous commercial value 

of deep-draft harbors and navigation facilities; (2) The difficulty and 

expense of underwater excavation in rock with conventional techniques; 

and (3) The apparent potential of nuclear explosives for rapid, effi- 

cient large-scale excavation. A variety of possible sites and applica- 

tions were considered, including some projects which could not be 

economically accomplished with conventional construction techniques. An 

experimental harbor excavation model. Project Chariot, was planned for 

a remote section of the Alaskan coast, but was never implemented. ^ 

Other conceptual designs included the excavation of navigation channels, 

widening and deepening extant channels, removal of submerged obstacles, 

creation or improvement of harbor entranceways, etc. 

During the same period, extensive investigations of dryland 

cratering with nuclear explosives were carried out. Both theoretical 

and experimental studies were performed, culminating in the series of 

Plowshare cratering events at the Nevada Test Site. A physical model 

was developed to describe the phenomena of crater formation. Hydro- 

dynamic computer programs were written to predict effects of buried 

detonations. It soon became apparent that computer techniques offered a 
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means of analyzing the results of past experii«nts and of predicting both 

crater dimensions and other physical effects of future events. Thus, the 

design uncertainties and the need for extensive field experiments could be 

greatly reduced. Successful calculations were performed for the Plowshare 

events and for high-explosive craterlng tests In various media. Certain of 

the calculations made during the Trans-Isthmian Canal Studies involved wet or 

fully saturated rock, similar to the media which might be encountered In 

underwater excavation projects. However, no studies were performed for sub- 
merged configurations. 

After conclusion of the Plowshare test series. Interest In nuclear 

craterlng applications waned. Nonetheless, some of the modeling tests 

associated with the Plowshare program demonstrated that high-explosive crater- 

lng charges present certain benefits for smaller excavation tasks. Within 

the past five years, several major engineering projects have been performed 

with large conventional explosive emplacements.^5»6^ Two of these projects 

Involved excavation In an underwater environment.^7»8»9^ Due to the high 

cost of excavation In submerged rock, this area Is perhaps the most promising 

for future use of large-charge blasting. In addition to the cost advantage, 

explosive excavation may also provide environmental benefits over other 

methods, greater speed and efficiency of construction, applicability to 

emergency situations, and the ability to carry out projects which would be 

extremely difficult or dangerous to accomplish with standard techniques. The 

major problem associated with underwater designs is the lack of experience 

and empirical data on underwater craterlng. The earliest submerged high- 

explosive craterlng tests were Intended to model weapons effects; the charges 
were located at the water-medium Interface^10^ 

depths In the medium (too shallow to be of Interest for excavation design). 
, or were burled at very shallow 

[11] 

More recent excavation shots were emplaced In saturated sand^ or In weak low 
To | 

density coralL J, with no large-scale tests In submerged rock or other media. 
The ability to accurately predict dry-land crater dimensions In a variety 

of media Is dependent on the combination of a broad data base and a fundamental 
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understanding of the crater formation process. Indeed, no major surprises 

have been encountered during any recent experiments. The opposite situation 

prevails for underwater craterlng: nimenslons, crater shape, and collateral 

effects cannot be reliably predicted before the shot. In the past. It has 

been necessary to conduct expensive single-charge calibration events at the 

project site, or to utilize an untested design which may not precisely achieve 
project requirements. 

Most underwater craterlng emplacements consist essentially of a two- 

layer configuration, dense saturated solid material overlain by a much less 

dense layer of water. The considerable differences between dry land and 

submerged craters are thus attributable to two factors: (1) Water washback 

or liquefied flow of the fallback material; washback effects occur at very 

late times, after the ejecta mound has collapsed. And,(2) the Influence of 

the water layer on shock propagation and material dynamics at early times, 

as the shock wave travels outward and Is reflected at the rock Interface 

and the water surface. The subsidiary effects of saturation may also reduce 

the strength of the rock and Increase the efficiency of shock propagation 

(most submerged events are expected to occur In fully-saturated material). 

Water washback effects are known to be most critical In fine-grained 

cohesionle:s media such as sand or crushed coral. For small-scale (= one 

pound) craterlng tests In saturated sand. It has been observed that crater 

dimensions and shapes change dramatically at relatively shallow water layer 

depths between 0.05 and 0.2 times the charge burial depth in the solid 

(Dw/Dr * 0.05-0.2). Craters In this depth range are modified from typical 

"dry-land" contours Into broad, shallow, saucer-shaped depressions with little 

or no elevated lip material. Appearances Indicate that the normal lip material 

Is overtopped by water washback; slope failure occurs and ejected material flows 

Into the crater, producing the flattened shape. The crater radius actually 

Increases sharply at Dw/Dr s 0.1, while the crater depth and lip height decrease 

abruptly. Tor deeper water layers, 0^0,. I 0.3-0.4, the crater radius begins 
to decrease gradually, returning to approximately the "dry-land" value at 

—m 
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IVDr z  '• wh11e the crdter dePth a1so continues to decrease slowly. Small 
lips tend to reappear for deeper water layers, but the shallow crater depths 
and flattened contours are maintained.L12J Current evidence Indicates that 
shallow flat-bottomed craters are also formed by large-scale (• one-ton) events 
In a submerged sand environment (Dw/Dr < 0.6).^  Finally, somewhat similar 
craters are produced by large charges (1-10 tons) In weak submerged coral, 
with the added modification that collapse and compaction of the porous coral 
matrix cause very large crater radii and very large volumes. The flattened 
shape and shallow, crater depth are again apparent. The craterlng process 
In coral Is Interpreted as one of shock crushing and liquefaction of the weak 
matrix to great ranges, beyond the distance at which the lip-forming material 
would normally come to rest. The lip fallback and Its liquefied nonsupportlng 
base thus fall radially and flow Into the crater with the water washback. 
The net volume of the coral material Is reduced by fracturing, compaction, 
and later settlement of the finely-crushed fallback, accounting for the rela- 
tively large volumes and radii of the coral craters. It Is expected that flat- 
bottomed llpless craters will occur In coral except possibly when the ratio of 
water depth to burial depth Is extremely small.^7*5-' 

Very weak or fine-grained materials are the exception rather than the 
rule in most underwater blasting situations. Indeed, the greatest advantages 
of explosive excavation methods may be attained for the more difficult tasks 
of excavating Intermediate or high-strength rock. Unfortunately, little 
Information Is available on underwater craterlng In media of this type. Small- 
scale tests (s one pound) have been conducted In rather weak saturated concrete 
with no overlying water and with water depths Dw/Dr s 0.3-2. . This material 
fractures Into large chunks, similar to rock ejecta. The limited data Indicate 
that crater dimensions are not sensitive to the presence of water overburden, 
although the crater depths may be slightly reduced at all water layer depthsJ13,7^ 
It appears probable that dense media which break Into large granular sizes when 
cratered are not subject to water washback and slope failure effects, at least 
for shallow to Intermediate depth water layers. The conditions under which slope 
failure begins will depend on particle size (or size gradation), particle 

mmm 
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dtnslty, water depth, and the exact configuration of the experiment. The 

relative Importance of these factors has not been Investigated. However, 

for typical high-explosive craterlng configurations, washback effects 

are likely to be predominant In coheslonless or finely-crushed materials 

(particle sizes * a few Inches), and much less Important or negligible In 

most rock media (particle sizes « several Inches to several feet, densities 
> 2 g/on3). 

Since engineering experience Is not currently adequate to enable 

confident design of submerged events. It Is appropriate to ask If the 

computational methods evolved during the earlier Plowshare studies may be 

applied to this area. In order to answer this question. It Is necessary 

to examine briefly the characteristics of the available techniques. Several 

versions of Lagranglan hydrodynamlc computer codes .re used to calculate the 

effects of burled detonations. These codes utilize finite difference schemes 

to numerically model ad'abatic shock wave propagation through media for which 

constitutive relations are known. Elastic, plastic, inelastic, fluid, and 

gaseous behavior of a material may be taken into account. The available 

codes include SOc'- * ^ (one-dimensional, spherically symmetric shock propa- 

gation) and TENSOR^16*17^ (two-dimensional, cylindrically-symmetric shock 

propagation). Both codes carry up to 26 variables which describe the state 

of the material at each point in the Lagranglan grid. The basic variables 

include displacements, velocities. Internal energies, pressures, stress tensor 

normal components, local compression, etc. The one-dimensional code may be 

used to calculate free-field shock propagation at a constant depth In a 

nearly-infinite medium ("horizontal problem"); alternatively, vertical shock 

propagation in a constant gravitational field may be modeled, and a free 

surface or a rigid wall may be introduced at any desired range to reflect 

the shock wave back toward the center of the problem ("vertical problem"). 

The two-dimensional code is normally used to determine the effects of a single 

explosive source in a cylindrically-symmetric configuration. For example, 

a spherical source emplaced below a horizontal free-surface may 

be used to model the formation of a single-charge crater. Both codes have 

provision for regions of various materials with different properties. 
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Certaln limitations Inherent In the Lagrangian calculations must 

be considered. The codes use material zones of finite size which limit 

calculatlonal resolution of "discontinuous" phenomena such as a steep-fronted 

shock. Resolution may be Improved by finer zoning, at the cost of Increased 

calculation time. Likewise, a numerical technique known as linear artificial 

viscosity, used to damp nonphysical numerical noise in the problem, may some- 

times cause other nonphysical effects in the solution. The influence of zone 

size and viscosity parameters may sometimes be analyzed and taken Into account 

by simple one-dimensional parameter studies. Another limitation of the hydro- 

dynamic calculations Is related to the time-scale of the problem. The codes 

are most efficient and accurate when used to calculate strong shock Inter- 

actions, over time scales on the order of one to several shock transit times 

throughout the problem region. They are not suited to the analysis of very 

late-time "non-hydrodynamlc" phenomena, after shock Interactions are essentially 

completed. In some cases, the results of Lagrangian calculations may be 

combined with simpler methods to simulate material dynamics at late times. 

The successful application of hydrodynamlc codes hinges on a detailed 

knowledge of the constitutive relations of all materials In the problem, 

throughout the expected range of pressures and densities. The density, det- 

onation velocity, energy release, and pressure-volume adiabat of the explosive 

source region must be determined. Similarly, for solid media, it is necessary 

to define hydrostatic compressibility curves, the high-pressure Hugoniot 

relation, the elastic moduli of the bulk material, and shear strength at 

failure as a function of confining oressure. The codes are therefore most 

conveniently applied to media with already-established constitutive relations. 

Extensive materials testing may be required to derive this information for a 

new explosive or geologic medium. However, the cost of testing may be more 

than offset by the reduced need for expensive site-calibration experiments, 

and by the decreased likelihood of design failure or unexpected results. 

In summary, hydrodynamlc codes are well-suited to the simulation of 

shock propagatioii and early-time dynamics In multiple-layer material problems. 

The effects of relevant medium parameters, such as degree of saturation and 

failure strength In shear, may be taken into account. Late-time interactions 
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whlch occur after the phase of ballistic material ejection cannot be 

examined with this approach. Lagranglan codes are thus directly applicable 

to the calculation of shock transmission and material ejection from under- 

water craterlng events. In addition, two-dimensional codes may be used to 

determine final crater dimensions for most events In rock media (ballistic 

ejecta deposition not greatly modified by late-time effects). Crater forma- 

tion In fine-grained coheslonless materials Is Influenced by washback, slope 

failure, and settlement effects which occur during or after deposition of 

the fallback. For this reason, the final crater contours cannot be accurately 

predicted, although an Idealized Initial or "ballistic" fallback distribution 

can be calculated. It Is suggested that the results of Lagranglan and ballistic 

ejecta calculations might be combined with a late-time slope stability and 

washback analysis In order to determine final crater dimensions. This approach 

has not yet been attempted, but might be justified for the design of a large- 
scale excavation project In a weak medium. 

The hydrodynamlc codes obviously offer considerable benefits within 

the field of explosive excavation design. This Is particularly true of under- 

water applications, for which empirical data are not available and the crater 

formation process Is poorly understood. Perhaps the greatest long-range 

advantage to be derived from numerical modeling Is the Improved understanding 

of craterlng mechanisms which can be gained by studying the stress and velocity 

fields In the excavated material. Detailed Information about these fields 

cannot be obtained from experimental measurement programs at any 
cost.[18] 

In view of the continuing Interest In underwater explosive excavation 

and the need for more quantitative design procedures. It was decided to 

conduct a calculatlonal study of submerged blasting. The Initial phase of this 

study Involved a suite of one-dimensional (spherically symmetric) calculations 

using a modified version of the SOC code which contains a high-explosive "burn" 

option. Both horizontal and vertical calculations were performed for a 10-ton 

high-explosive energy source emplaced In three different fully-saturated media. 

The vertical calculations Included rock "free-surface" configurations (no 

overlying water layer), and configurations at the same burial depth In rock 

—^——  
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wlth overlying water layers of varying thickness. The three media were 

selected on the basis of the following criteria: (1) Availability of material 

properties data and known or calculable compressibility curve; (2) Applica- 

bility to typical high-explosive excavation projects; (3) Existence of 

past experimental data; and (4) Moduli representative of a range of geologic 

media likely to be encountered In field work. Detailed discussion of the 

material properties Is given In Chapter V. 

The primary goals of the calculation series were fourfold: (1) To 

demonstrate the feasibility of hydrodynamlc code application to multiple 

layer craterlng configurations; (2) To Investigate the properties of typical 
saturated media for underwater blasting calcjlatlons; (3) To achieve a basic 

understanding of the submerged craterlng process (within the limitations of 

the one-dimensional code); and (4) To develop some of the knowledge required 

to Implement two-dimensional design calculations for future engineering projects. 

This report presents a summary of the one-dimensional study and related 

underwater shock Investigations to date. Peak pressures, stresses, and 

velocities for all configurations are given. Proper Interpretation of 

multiple layer dynamic Interactions requires a knowledge of the waveforms as 

well as peak values. For this reason, a data abstract of the calculated 

waveforms Is Included. This information should also be very useful In 

developing and verifying future two-dimensional calculations. Since the 

calculatlonal suite was limited to three typical media, the analysis Is con- 

cerned primarily with shock Interactions, early-time dynamics, and water 

layer effects for these materials. The fundamental dynamic parameters may vary 

dramatically with medium properties and with layer depths. Thus, caution 

should be exercised In extrapolating from or generalizing these results; 

actual crater design will require two-dimensional calculations for a specific 

medium and depth configuration. 

II.  CRATER FORMATION MECHANISMS 

The dynamics of explosive crater formation In "single-layer" media have 
n? is i9i previously been examined In some detail.  * * *   Detonation of a chemical 

explosive charge Is completed In a time on the order of a millisecond, the exact 

value depending on charge size and shape, type of explosive, and other 

factors. When the detonation front reaches the explosive Interface, a 

relatively steep-fronted shock wave Is transmitted Into the surrounding medium. 
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Inelastic dlssipative effects gradually diffuse the sharp peak of the 

outward-moving wave. Stresses and velocities decay or attenuate because 

of dlssipative energy loss and geometric divergence of the wave. At ranges 

very close to a strong energy source, environmental material may be vaporized 

or liquefied by the shock. These effects are normally absent or unimportant 

for high-explosive detonations In rock, since peak pressures near the explosive 
3  3 

are on the order of 100 kbar (energy content :0.1 Mbar-cm/cm ). At lower 

pressure levels, energy deposition continues by compresslonal crushing, 

cracking, or deformation of the material. Finally, as the peak stresses 

near the shock front drop to very low levels, major dlssipative processes 

cease to occur. The transmitting material begins to respond elastlcally, 
and the low-amplitude shock wave propagates as a sonic pulse In the local 

medium. 

This Ideal picture of shock propagation In an Infinite homogeneous 

medium Is greatly modified by the Introduction of a free surface. Boundary 

conditions require that pressure and velocity across an Interface be continuous. 

In the case of a free surface, the requirement that pressure"?"« 0 applies 

at the Interface. Ignoring density changes due to Irreversible compaction, 

the density also remains unchanged at the boundary. Finally, the displace- 

ments experienced In typical shock waves are sufficiently small so that changes 

In gravitational potential are negligible compared with shock compression 

energy. Using these assumptions, a reflected wave must occur to restore all 

Initial conditions except for the velocity acquired by the material near the 

Interface. In the limiting case of normal Incidence, the boundary condition 

P«0 Is satisfied by a reflected wave of rarefaction (negative pressure) 

travelling back from the Interface. The rarefactive or tensile wave Is a 

mirror Image of the upward-travelling compression wave, and exactly cancels 

the wave at the boundary. The rarefaction front propagates Into material 

which has a local particle velocity "Vp" (Induced by the compresslonal shock) 

toward the boundary. The rarefaction must change this velocity by an amount 

■ -Vp" relative to Its direction of advance (away from the Interface), having 
the material with a local velocity "2V " toward the boundary. Thus, relative 

to the Initial or undisturbed coordinate system, the rarefaction front has 

«■MMBMH 
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a velocity Vs-2Vp away from the boundary (downward), where "V " Is the 

upward velocity of the Incident shock wave; the boundary Is translated up- 

ward relative to the Initial coordinate system with velocity 2v . Velocity 

doubling therefore occurs when a normally-Incident wave of compression Is 

reflected at a free surface. A similar velocity reinforcement effect may 

be demonstrated for plane waves at non-normal Incidence. The velocity vector 

of the Incident wave Is normal to the wavefront. In the upward direction 

of propagation. The vector of the reflected tensile wave Is normal to the 

wavefront, opposite the downward direction of propagation. The vertical 

components of the Incident and reflected waves at the Interface reinforce, 

doubling the vertical velocity. The horizontal components cancel. Thus, 

the vertical velocity at the Interface Is doubled for oblique Incidence, 

and the material velocity Is strongly redirected toward the vertical. This 

analysis Is oversimplified, since It Ignores Irreversible (dlsslpatlve) 

effects at the shock front, the tendency of rarefaction waves to "shock 

down" (spread) due to shock velocity variations with pressure, and failure 

phenomena In solid media. Likewise, the acoustic paradox for grazing incidence 

at a boundary cannot be taken Into account (a grazing wave produces only 

tangential velocity changes, and yet must restore the material to Its Initial 

pressure). In spite of these problems, the simple rarefactlve scheme provides 

an accurate description of Interactions at or near a free surface, except In 

the case of very high pressures or oblique angles of Incidence. 

Tensile reflection at a free surface gives rise to one of the two 

primary craterlng mechanisms, material spallatlon. Most rock media cannot 
support large tensile stresses (I.e., the Intact rock mass will break apart 

easily under tension). The tensile strength of In-sltu rock Is further reduced 

by the presence of joints or other discontinuities.  Craterlng detonations 
are burled sufficiently shallow that the peak shear and tensile 

stresses near the surface far exceed the rock strength. Material close to 

the free surface is thus broken by the reflected tensile wave, if not already 

shattered by the compressional shock. The momentum content of the upward-moving 

compression wave and the downward-travelling tensile wave is trapped in the 

cohesionless fractured material, which spalls upward at approximately twice the 

vertical peak particle velocity Induced by the incident compressional shock. 

--- — 
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This material enters a state of freefall and describes a ballistic 

trajectory (as modified by air resistance or collisions between neighboring 

particles). As the head of the tensile wave propagates downward, deeper 

layers of material successively undergo spallation. However, the peak particle 

velocity is not doubled for this material, since the tensile wave arrives 

on the decaying tail of the compressional shock and is attenuated by divergence 

and inelastic propagation effects. The deeper spall layers enter a freefall 

phase which may however be quickly terminated by impact against overlying 

layers and recompaction by underlying material. Spallation may be thus thought of 

as a depth-and range-dependent phenomenon whereby layers of mound material 

above the explosion receive a vertical velocity reinforcement from the 

reflected tensile pulse. If a detonation is very deeply burled, the rock 

near the free surface may remain unbroken. In this case, the initially- 

doubled velocity peak at the surface may be damped because the material does 

not break apart and enter freefall. Spallation parting may occur at greater 

depths, below the surface, and thick layers of material may be launched with 
somewhat reduced freefall velocity. 

The second primary cratering mechanism, gas acceleration, begins 

when the reflected tensile wave reaches the explosive cavity. Prior to 

this time, cavity growth is essentially spherical (slight deviations from 

spherical free-field growth may occur due to depth-dependent variations In 

hydrostatic pressure around the cavity). As the rarefaction impinges on the 

roof of the cavity, local stresses in the rock are relieved, and accelerated 

asymmetrical growth toward the free surface begins. The signal from the 

cavity is transmitted upward at less than the preshot acoustic velocity because 

of the rarefied mound material. Indeed, the gas-acceleration signal may never 

reach the surface layers, which have spalled away from the underlying material. 

Nonetheless, gas acceleration is often an Important mechanism for transferring 

cavity energy to the lower parts of the mound. The effect of gas acceleration 

Is to progressively recompact high-velocity material adjacent to the cavity 

with overlying material; thus, the closest adjacent material is decelerated 

and mound velocities are compacted over a relatively narrow range. Energy 

HMMMMMMaM 
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1s transmitted from the Immediate cavity region to the mound as a whole. 

In contrast with the spall phenomenon, which redirects velocity vectors 

toward the vertical, gas acceleration forces above the cavity are more 

nearly radial In direction. Gas acceleration Is generally most 

effective for rather deeply-burled events, since the cavity signal must 

have time to be transmitted throughout a significant part of the mound. The 

Intense spallatlon wave of a shallow event rapidly launches material Into 

ballistic trajectories, and mound breakup occurs before the gas-acceleration 

"push" can become effective. 

The hydrodynamlc phases of the explosive craterIng process are 

completed when the coherent material mound begins to disintegrate and the 

explosive cavity gases vent to the atmosphere. By or before this time, 

significant energy transfer and velocity changes within the mound have 

ceased to occur. Most of the material ejected from the crater region Is 

essentially In ballistic freefall, and the trajectories may be calculated 

klnematlcally. This technique is used In two-dimensional hydrodynamlc calcu- 

lations, which are carried until the mound dynamic parameters (such as kinetic 

energy and mound mass) approach an asymptotic limit.'- * ■' The hydrodynamlc 
code Is then linked to a ballistic throwout code, which determines the final 

distribution of ejecta and the crater size. This procedure may create slight 

errors In the calculated crater, since the deep material below the ejecta 

mound Is still somewhat compressed at the time of linking and will later 

rebound to some fraction of Its original volume. Note, however, that the 

all-Important dynamic calculations for the material mound above the shot 

are correct and accurate. The most crucial aspects of the craterlng process 

are thus adequately described by the hydrodynamlc code model. 

The above-discussed crater formation process undergoes further 

modifications If gradual material changes or discontinuities are present 

In the craterlng medium. Of particular Interest Is the case of horizontally- 

stratified. Impedance mismatched layers above the shot point. Even for 
shallowly burled explosions, layers of successively lower density and sonic 

velocity are often encountered between shot point and the surface. The 

■MIMMMM* 
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surfict l«yer 1t$«lf may consist of porous weathered material of low sonic velocity. 

Submerged craterlng shots present a similar configuration, since the dense 

rock layer Is overlain by a low velocity material of lower Impedance. The 

chief difference lies In the fact that the upper layer Is a fluid with no 

shear or tensile strength. In either case, partial tensile reflection of 

the Initial shock will occur at an Interface between higher- and lower-Impedance 

layers. Vertical particle velocity at the Interface will be significantly 

Increased, but not doubled. Pressure at the Interface will be decreased by 

the tensile wave cutoff, but will not decline to zero. A weak compresslonal 

shock wave will be transmitted Into the low Impedance medium. The condition 

that pressure and particle velocltv must be continuous across the Interface will be 

fulfilled; thus, the approximate peak pressure and velocity transmission at 

the Interface can be calculated from the acoustic wave equations. Spallation 

may develop If the material below the Interface Is sufficiently fractured. 

However, velocities In the material ibove the Interface will decline as 

the shock Is transmitted away from the Interface (unless the overlying layer 

is very shallow, and It too spalls almost Immediately). Spall material below 

the Interface may then Impact upon the overlying material, ending the freefall 

phase. Layer Interactions do not cease at this point; the compresslonal wave 

transmitted Into the overlying material Is subsequently reflected as a tension 

wave at the next Interface, perhaps creating spallation In the upper layer. ! 

This rarefaction will then return to the higher Impedance Interface, where 

It will be partially reflected again (as a rarefaction). Upper layer tensile 

pressures will be Increased by this re-reflectIon, but the upward velocity 

component will be decreased (the downward velocity component of the upward- 

moving tensile re-reflection partly cancels the upward component of the downward- 

moving tensile wave). Pressure and velocity at the Interface are continuous, 

so a tensile wave with an upward velocity component will be transmitted into 

the lower layer, producing an Increase In the vertical velocities. The details 

of this second shock arrival at the Interface can only be determined by 

hydrodynamic calculations, since the pressures, densities, and velocities in 

both layers have been modified by earlier dynamic interactions. If the upper 

layer has not yet been dispersed by spallation, the re-reflected tensile wave 

may be transmitted upward once more, suffering yet another reflection (as a 
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downward-travelling co pressional wave).    The compression pulse In turn may 
be partially reflected (as a compression) at the lower Interface, and a 

compresslonal wave with a downward velocity component will be transmitted 

into the lower layer.   Similar reflections will be generated by any addi- 

tional layers In the configuration.   Even for simple acoustic waves, the 
potential complexity of multi-layer Interactions Is quite evident.    For 

finite-amplitude shocks, spall dispersion within a layer may decrease or 
block transmission of reflections after the first tensile wave (unless the 

layer Is recompacted when a reflection arrives).   The situation Is further 
clouded by the time-dependence of material velocities and of compresslor or 
dispersion within each layer, the effects of material strength, 

etc.    Finally, the acoustic transmission and reflection analysis breaks down 

completely after the first tensile reflection returns to the cavity and the 

gas acceleration signal propagates Into the medium.   The gas acceleration 
pulse Itself will be subject to Interactions at various Interfaces as It 

recompacts the successive layers, and subsidiary gas acceleration pulses may 

be generated as later tensile reflections reach the cavity.    Hydrodynamlc 

calculations are required to treat the general problem of finite-amplitude 
multiple-layer shock propagation In nonlinear media (material moduli change 
with pressure). 

III.      CALCULATIONAL SUITE 

Due to the complex Interrelationships between multilayer shock Inter- 

actions and material dynamics, no generalized model can be expected to simulate 
the cratering process for all media and layer depths.    Indeed, all 

dynamic Interactions after the first Interface reflection will be affected 
by medium properties and shock strength.   For this reason, the sample materials 

and layer depths    were selected to conform closely with realistic high-explosive 
cratering designs.   Eighteen one-dimensional (spherically-symmetric) SOC calcu- 
lations were performed for high-explosive detonations In three saturated media: 

coral, basalt, and granite.    Further calculations, suggested by the results of 
this first series, were later added for comparison. 
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The energy source in all calculations was a sphere of alumlnlzed 

ammoDlum nitrate slurry explosive (AANS) weighing approximately 10 tons. 

The spherical source region had a radius of 1.13 m (3.71 ft) and was 

divided into 30 calculational zones of equal thickness. This source was 

"detonated" in both horizontal and vertical configurations for each of the 

three media. Horizontal calculations were first performed to simulate free- 

field shock propagation in a semi-infinite rock medium. The problem size 

(100 m - 328 ft) was much larger than the region of interest for close- 

range effects, and the calculations were run until late time (75 msec). The 

horizontal calculations assumed a constant overburden pressure of 2.02 bars 

at all ranges (i.e., constant-depth free-field environment). This pressure 

is equivalent to about 36 ft of saturated coral overburden, or a somewhat 

lesser depth of dense rock. This small overburden pressure had little effect 

on close-range shock calculations. The horizontal free-field calculations 

are useful for defining shock propagation in the absence of a free surface, 

but resolution is somewhat degraded and the front is smeared by the coarse 

zone size required in a large problem. Vertical calculations were next 

conducted, with the explosive source emplaced below a rock surface with or with- 

out water overburden   (the upper boundary in each case being a free surface). 

The depth of burial beneath the rock Interface "D " was 36 ft or 30 ft 

(Dr » range from the center of the explosive to the rock interface). The 

36-ft depth is near optimum depth for crater size from 10-ton charges, and 

also simulates the Project Tugboat underwater cratering events 1n 

coral. Water layer depths HDW" above the rock-water interface were 0 ft (no 

water, rock Interface is a free surface). 5 ft. 10 ft. and 36 ft. Due to 

time limitations, every possible combination of rock and water depth could 

not be calculated for each of the three media. Therefore, the D = 36 ft 

configurations were emphasized. Since the size of the vertical problems was 

quite small, very fine constant zone size (about 0.04 m or 0.13 ft) was used 

in the rock layer. This zoning achieved excellent resolution of the shock 

front. Vertical problems were run for about 20-28 msec to allow ample time 

for the Initial compresslve wave transmission and return of the tensile 

reflection. Strong dynamic Interactions in the vertical direction are 

essentially completed by this time. Figure 1 schematically depicts the 

horizontal and vertical problem configurations (not to scale). 
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Horizontal calculations (run to 75 msec ; overburden =2.02 bars) 

Origin 

radius = 1.13 m; 
10 tons of AANS 
(30 zones) 

■Outer radius = 
100 ■ (reflect- 
ing surface) 

N   = 30 zones of 
tot     .  . 

explosive + 
200 zones of 
rock 

Vertical calculations (run to about 20 or 28 msec) 
)uter radius (free surface, water or rock) ir-Ou 

D = Overlying water layer depth 

D = 0, 5, 10, and 36 ft 
w 

Depth of rock layer + 
explosive radius 

D = 30 or 36 ft 
r 

Explosive 
radius = 1.13 m = 3-71 ft 
10 tons of AANS (30 zones) 

Origin 

Figure 1.    Horizontal and vertical problem configurations for 
the one-dimensional spherical (SOG) calculations. 
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Abbreviations have been devised for convenience In discussing the 

various calculations. Medium names are denoted as follows:  COR (coral), 

BAS (basalt), and GRN (granite). The medium name Is followed by the configu- 

ration, either HRZ (horizontal), or by the vertical calculation rock depth/ 

water depth. In feet (I.e., 30/10 represents Dr = 30 ft, Dw » 10 ft). For 

example, the coral horizontal calculation Is designated CORHRZ. The basalt 

calculation at a depth of 36 ft with a 36 ft overlying water layer Is 

BAS3Ö/36.  One additional horizontal calculation In coral, using a modified 

constitutive relation. Is denoted "PS10HRZ'. The nomenclature scheme Is 
summarized In Table 1. 

Previous studies with SOC and other hydrodynamlc codes have demonstrated 

that generation of physically meaningless numerical noise often occurs at 

Impedance-mismatched Interfaces within a problem. Such noise usually takes 

the form of a "ringing" or echo effect originating at the location of a sudden 

change In zone size (for single-material problems) or at the Interface between 

two different materials. Noise generation is most severe for sharply-rising 

Incident shock fronts, and for large impedance mismatches. Difficulties of 

this sort may be reduced by avoiding sudden changes in zone size (within a 

material), and by impedance matching of adjacent zones across an Interface 

(zone size proportional to the acoustic impedance of the medium; coarser zones 

in the "soft" low impedancs medium). 

The latter technique has been used at the rock-water discontinuity 

in these problems. Matching across a very-high to very-low Impedance interface 

may degrade resolution, sir^e much larger zones are required for the overlying 

material. The shock front may undergo dramatic spreading as it propagates 

Into the low-impedance layer. For similar reasons, reflection phenomena at 

the interface may be Inadequately resolved; the reflected shock front rapidly 

transits several zones of the dense material before the overlying low-Impedance 

(low-velocity) layers become fully active. Significant errors occur when the 

distance travelled by the Incident shock front during its rise time and the 

depth-scale of reflected shock interactions near the Interface are smaller than 

MMM 



^T*i**w^m 

-18- 

o    •>- 

<0 

3 <• 
U ^— "D 
10 0» 
o N 

-C C 
u •^ •^ E 
£ 3 
3 

<■ u 
o l^ <*- O 

l/> 0) 
c O) 
o E •^ lO 
+J f 
<0 o 
L. 
3 r— 

o> <0 
•f— o 
«♦- •^ 
c u 
o 1 • 

Q. ■o 
4-> </1 c QJ 

1 c 
o 

0* •M 
u 1 >. 
<a c o» ^— 0) s- 
p. (— 01 
E c 

LU in <u 

5 

VO VO VO 
VO CO co co co ^^ ""s. «>. 
N VO VO VO s co CO co c a ■ «/) z o o < QC 

B 
o 00 0 

" 
> o 0 0 
0) s ^«^ ^ •v» > VO VO vo 

T" ♦' II co co co 
(A ^ x ■ l/> ■ o a o < oc 

^M VO o CO 0 
Q. 
X 

n 
Ul ii 

1 
I o en Q m ^^ 

•^ II ij 
z X a s 

ft ^^ 
0) (J 

■o 
o 
o 

o O 0 
8 o o O 0 
I/) II vo VO VO x co co CO a M 00 z • * 
> 

o 
D 3 ■ 

C5 
•r~ 
«/I 
o VO s 

0 
^— co 
Q. VO ^^ 
X co o <u II co u 
in o» ■ 

o «1- 
2 o 0 

5 
o 

«4- 

■M m 

o 
o 

<u 11 
o 
co 0 

*J s oc. ♦J 
•^ Q o 
3 +J tj 4J 

00 ^- c 
01 

<0 
O 

m <o 
c o > 
o II in "»v •^ 
•^ II o 3 
♦J h X CO 0- 
« o a ac 01 
iS o 
3 
B D ■ 1 

3 
<o 

o 
o o 

E ■ > 
0 

"x o 
co a ■ 
o a 

E ■ 
* M 

i a: INI rsi INI C\J N^ X K a: d 0 •r-   IQ o Z z z 
i-  +J r~ ae 00 z CM o c «/I o < ■ 

1:co a. o CO t3 

>. a 
|S 1 

u 
p^ ^ -^ •*- 4-> 1-   CT «o B J3 to f— 0) c E 0.7: a) ia >  0) o 0 v, >   Vfl •■- u u 

ä ^j <o a£ -M OJ 
3 CO «^ <J +-> v a* r~ O       1     T- « * Q.> TJ   U 0^ c 

5 •— e i- 3   «O 0 0110 
<TJ   O 3 ^— ^— C-<-   L. o> t OO «0 3 ••- z 0 

1 3 
»- 

O 
O 2 0 



■ i   rrn^mv^^- '"       ' ■■—  ■—^WB^I^B^TWW^WI 

-19- 

the zone size In the overlying material. Resolution at the Interface and 

In the low Impedance layer may be Improved by using very fine zones In 

both materials, at the cost of Incre'^jd calculation time. 

During this study, It was conclusively shown that the water-transmitted 

shock front and the Interactions at the Interface could be well resolved 

for the smoothly-rising shock waves characteristic of coral or basalt. In 

spite of the coarse water zone sizes required for Impedance matching. How- 

ever, the very short rise times and the sharp fronts In granite gave rise to 

some Inconsistencies. The shock wave underwent abrupt spreading, with a decrease 

In particle velocity upon entering the water layer. Early-time reflection 
phenomena In granite zones adjacent to the Interface were likewise Improperly 

calculated. These difficulties are accentuated by the fact that the Impedance 

discontinuity Is greatest for the dense granite medium, requiring coarse 

water zones. Accurate Impedance matching Is also most necessary for sharply- 

rising shock fronts. Finally, small granite zone sizes cannot be used due 

to the long calculation time required for a "stiff" high-velocity material. 

In order to define the errors Incurred, additional granite calculations were 

performed with finer overlying water zones (not Impedance matched). These calcu- 

lations included a set wU«i water zones half the size of tlife "impedance matched" 

zoning. It was found that the resolution factor grossly affected peak shock 

transmission In the water layer, but had little Influence on long-term dynamics 

within the granite layer. 

Tables 2a and 2b summarize the Interface locations, rock zone sizes, 

and water zone sizes featured In the set of vertical calculations. Interface 

locations (measured from the center of the problem) and the zone sizes are 

given In both meters and feet. Note that the interface positions and rock 

zoning are Identical for corresponding problems in all three media. However, 

the water zone sizes (Table 2b) vary because of the impedance matching require- 

ment. In the case of granite, two different water zone sizes are listed. The 

first refers to the impedance-matched calculations ("coarse water zones"), 

while the second corresponds to half-size water zoning ("fine water zones"). 

HHIBBM 
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TABLE 2(a). Interface Locations and Approximate Rock Zone Sizes Used in the 
Vertical Calculations. 

Calculation* 

Range from Center 

Explosive-Rock 
Interface 

(m)       (ft) 

Rock-Water 
Interface 

(m)       (ft) 

Water 
Surface 

(m)   (ft) 

Rock Zone 
Size* 

(m)   (ft) 

No. 
Rock 
Zones* 

30/00 

30/05 

30/10 

30/36 

36/00 
36/05 
36/10 

36/36 

1.13 

1.13 

3.71     >9.146 

3.71    >10.976 

30 

36 

None 

10.67 

12.195 

20.12 

None 

12.50 

14.02 

21.95 

None 

35 

40 

66 

None 

41 

46 

72 

0.04 

'0.04 

0.131 

0.131 

200 

246 

* Identical interface locations and rock zone sizes are used for the corresponding 
calculations in all three media 

TABLE 2(b).   Approximate Water Zone Sizes Used in 
Vertical Calculations 

Water Zone Si ze 

Medium On) (ft) 

Coral 0.10 0.328 

Basalt 0.254 0.833 

Granite (coarse water 
zones) 

0.392 1.29 

Granite (fine 
zones) 

water 0.196 0.643 

.MMMMtHMLM 
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Addltlonal test calculations with somewhat modified Interface locations, 

depths, or zone sizes were subsequently added to the study.   These calcula- 
tions will be discussed and compared with tue "standard" configurations 

(Table 2) In a later chapter. 

IV.      ONE-DIMENSIONAL VS.TWO-DIMENSIONAL CALCULATIONS 

The spherically-divergent geometry Imposed In SOC calculations presents 

certain difficulties of Interpretation when applied to craterlng dynamics. 

Crater formation Is an Inherently two-dimensional process; It Involves, In 

the simplest case, propagation of a spherically-divergent shock front, 
reflection at a planar Interface, followed by hydrodynamlc acceleration and 

ballistic ejection of the crushed material.   Oblique reflection of the shock 

wave plays an Important role In fracturing material near the edge of the 

crater and In lateral ejection.   Gas acceleration effects In the lateral 

direction may also contribute to crater formation.   Dynamics of this laterally 

displaced material are not directly related to the dynamics vertically above 
the charge; Instead, they are dependent on shock attenuation, medium strength, 

emplacement geometry, and other factors.   For these reasons, the volume of 

material ejected and crater dimensions cannot be accurately predicted from 

one-dimensional results.   Likewise, the "optimum" depth of burial for a 
craterlng charge depends upon medium properties, and Is not simply related 

to the vertical spall velocity, residual velocity, kinetic energy, or other 

one-dimensional dynamic parameters.   With these cautionary notes In mind. It 
is permissible to observe that there Is, nonetheless, a considerable degree 

of correlation between crater formation and close-range vertical dynamics. 
This correlation Is expressed by the relationship between the vertical spall 

velocity In the near-surface layers and the required depths of burial for 
"optimum" crater formation or for "mounding" (no apparent crater).    Before the 

advent of two-dimensional codes, the vertical velocity was successfully used 

as a rough criterion for burial depth In a variety of media.    Similarly, the 
cube-root scaling laws which describe shock front parameters (velocity, stress, 

spall velocity) also apply approximately to burial depth and crater dimensions 
in competent media at "small" length scales (I.e., typical high-explosive events) 

and over small ranges of yield.   These simple laws are of course not valid 
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over great yield ranges and at large yields where aravltatlonal scaling effects 

air viscosity, and other factors become Important.C21'22'23] However, given 

the conditions of small yield range, small variation In the size scale or 

depth of the experiment, and similar media, one expects that the other "non- 

hydrodynamlc" scaling effects will be unimportant and a good correlation will 

exist between vertical dynamics and efficiency of material ejection. 

No detailed study has been conducted to relate one-dimensional (vertical) 

and two-dimensional dynamic parameters for burled craterlng events. Unfortunately, 

two-dimensional calculations are not yet available for media Involved In this 

Investigation. The nature of the difference between one- and two-dimensional 

calculations Is Illustrated In Figure 2a. This figure compares the kinetic energy 

content In coral (for one-dimensional calculations) with the kinetic energy content 

In Bearpaw clay shale (for two-dimensional calculations).Cl9'24] The coral results 

(solid curves) are shown for a horizontal (free-field) configuration and a 

vertical configuration at a burial depth of 36 ft (coral 36/00, no water layer). 

The two-dimensional clay shale kinetic energy curves (dashed) are plotted for the 

total kinetic energy In the clay shale and the kinetic energy content In the ejecta 

mound (material thrown above the Initial ground surface level). Clay shale Is a 

weak fully-saturated material with a compressibility curve quite similar to coral. 

However, certain differences should be mentioned: (1) Clay shale has a density 

and Impedance about 17« greater than that of coral, while sonic velocities for 

the two media are about the same. (2) The clay shale calculations use a different 

explosive, nltromethane; the total energy release for the clay shale calculations 

Is 1.23 times as great as the energy release of the AANS charge used In the coral 

calculations. Note that the clay shale total kinetic energy curve lies above the 

coral curve by a factor of approximately 1.23 at early time. (3) The clay shale 

calculations were at a depth of bu.-lal of 41 ft, or 1.14 times as deep as CORAL 

36/00. Therefore, the shock arrives at the free surface slightly later. (4) Clay 

shale Is a very weak, semi-fluid material with a strength on the order of the over- 

burden pressure; therefore, cavity expansion would continue almost unhindered at late 

time, even for a spherical free-field calculation. Kinetic energy continues to enter 

the medium by a process similar to fluid-flow expansion. The ratio of kinetic energy 

to Internal energy In the shale medium does not change dramatically with time. 

These contentions are borne out by free-field one-dimensional calculations 

(not shown), which reveal a total kinetic energy content similar to Figure 2a, 

MMMH 
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  KE in clay shale (2-d) 
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Figure 2a.     OQQ arison of kin?tic omrgjf   in coral (one- 
cUuensional vertical calculations) and in 
clay shale  (two-dinensional calculations). 
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decreasing very slightly at late times.   The stronger coral material. In 

contrast, halts cavity expansion much sooner (see coral-horizontal), the kinetic 

energy content begins to decrease, and the internal energy of the medium Increases 

correspondingly.    For this reason, the total kinetic energy curve for clay shale 

may not be legitimately compared with coral after 2 or 3 msec.   A two-dimensional 

coral calculation would show a large relative decrease In total kinetic energy 

at late times due to severe damping of expansion beneath the lower half of the 

cavity.   However, the mound kinetic energy for clay shale may be compared with 

coral 36/00 at late times (after the coral Is almost completely fractured and 

has entered freefall spallatlon).   The clay shale curve has been multiplied 

by a factor of 1.63 to facilitate compirlson (upper dashed curve).*     Shock 

arrival at the free surface (= 4.5 to 5 msec) is indicated in the figure; spalla- 

tlon begins at this time.    Note that the two curves show a similar percentage 

Increase at late times, but the two-dimensional  (clay shale) kinetic energy 

rises gradually to its maximum value   between 5 and 20 msec.    The coral curve 

ascends abruptly, and spallatlon is essentially complete throughout the vertical 

problem by 10 msec.    It is evident that spall  launch takes longer to propagate 

to long slant ranges, throughout the two-dimensional mound.    However, the ulti- 

mate increase in kinetic energy during the spallatlon phase Is encouragingly 

similar to the one-dimensional result.   Comparing the true clay shale mound 

energy (lower dashed curve) with coral 36/00, it is seen that the coral kinetic 

energy lies above the clay shale by a factor of 1.56 to 1.68 after spallatlon 

and most dynamic interactions are complete (i.e., at times later than about 

10 msec for the vertical coral 36/00, or 20 msec for the two-dimensional 

clay shale configuration).    Correcting for the input energy differences 

between the two problems, this corresponds to a factor of 1.92 to 2.07 between 

the two-dimensional and one-dimensional  (vertical) results, roughly as 

expected for energy division between upper and lower hemispheres.   The 

very accurate "factor of two'' difference observed here occurs fortuitously 

because of the very low strength properties and high shock propagation effi- 

ciency in clay shale, and also because of other slight differences between the 

problems.   A two-dimensional coral calculation would ultimately place some- 

what less than half of the corresponding one-dimensional vertical kinetic 

*   This multiplicative correction factor is used because only about half of the 
total energy in the two-dimensional calculation propagates into the upper 
hemisphere (region of mound launch).    However, the total energy is 1.23 times 
greater.    Thus, a rough compensation factor relating the two-dimensional 
mound launch energy to the one-dimensional  vertical calculation KE is given 
by: 2x(l/1.23) = 1.63. 
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energy Into mound kinetic energy. Nonetheless, behavioral similarities 

shown here indicate a strong analogy between the dynamics of the one-dimensional 

and two-dimensional calculations. A more detailed Investigation is needed 

to fully verify the relationship. 

Other more subtle differences also complicate the interpretation 

of one-dimensional calculations. Chief among these is the less-than- 

satisfactory handling of reflected and refracted wave propagation. One- 

dimensional spherically-divergent calculations produce spherical convergence 

of reflected waves returning toward the center of the problem. This effect 

is not serious over time periods and distance intervals which are small compared 

with the propagation time and range from the problem center. The shock inter- 

actions near an interface and far removed from the center are almost planar. 

Thus, peak surface velocities and early time spall dynamics close to an 

interface may be accurately calculated. The spherical convergence effect 

is in one sense self-cancelling, even over larger regions of the problem. 

The spherically-divergent tensile reflection for a two-dimensional cratering 

event spreads throughout a broad region of the mound (rather than converging 

on the center), but still contributes to spallation and kinetic energy of 

the mound as a whole. Spall dynamics are thus fundamentally similar for one- 

dimensional and two-dimensional cases. However, significant differences in 

the material velocities and dynamic interactions at a given radius are likely 

to occur as the one-dimensional wave propagates back to the cavity and is 

again reflected outward. The worst "errors" (relative to a corresponding 

two-dimensional problem) are expected to originate within the extreme inner 

regions. For example, the late-time cavity gas acceleration effects in the 

vertical direction might be overestimated for a one-dimensional problem, since 

the returning tensile wave which reaches the cavity interface is convergent 

rather than spherically divergent. The effects will be most severe and will 

become apparent soonest at ranges close to the cavity. However, the inner 

regions of the problem account for only a small portion of the total mass. 

Changes in the overall material dynamics may be very small and may occur at 

late times. Further, if the overlying material is rarefied by spallation, 

reloading signals from the cavity propagate outward quite slowly and may not 

reach the bulk of material nearer the free surface within a time Interval 
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relevant to crater formation.   The problems considered here are relatively 

shallow craterlng events In fully-saturated media.   Previous Investlga- 
ri9 251 

tlons1   '   J and results of this study demonstrate that shock propagation 

In saturated media Is a very efficient process, and that spallatlon Is 

the predominant mechanism of crater formation.    The upper regions of 

material remain in freefall long after spallatlon begins.    Recompactlon and 
cavity echo signals reach the outer regions only at very late times (t » two 

acoustic transit times) and are extremely weak.    Gas acceleration and multiple 

reflections from the central region exert little Influence on the overall 
dynamics for problems of this class. 

The analogy between kinetic energy In one- and two-dimensional problems 
has already been examined (Figure 2a).   The one-dimensional coral 36/00 calcu- 
lation shown In Figure 2a reveals a sudden rise In kinetic energy from 5 to 10 

msec (spallatlon phase), followed by a very gradual Increase at later times. 

Cavity gas acceleration and late-time recompactlon effects are relatively 

unimportant within the scope of overall dynamics to 20 msec.    The mound kinetic 
energy for the two-dimensional clay shale calculation presents similar behavior, 

although the spall wave takes longer to spread throughout the mound region. 
Gas acceleration effects have likewise been shown to be unimportant in the 

two-dimensional configuration^19^ Kinetic energy is a velocity-sensitive 
parameter which relates closely with material spallatlon and craterlng dynamics. 

The correlation between one- and two-dimensional results thus demonstrates 

that spherical convergence does not adversely affect problem dynamics over 

times of interest (• 20 msec).    However, the one-dimensional kinetic energy 
is weighted by "mass times velocity squared," de-emphasizing the low-mass 

inner zones.   Small velocity changes near the center of the problem are not 
readily detected.    In an effort to analyze detailed dynamic effects, the 

spall velocities and waveforms above shot point were examined.    Due to data 
availability, a different set of problems was used for this examination.   A 
vertical one-dimensional coral problem at a depth of 41.31 ft is compared 

with a two-dimensional clay shale event at a depth of 41 ft.    The clay shale 
problem in this case consists of a hypothetical nuclear source and has a total 

kinetic energy of only 0.6 times the coral problem energy at late times.   Thus, 
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the shock stresses and velocities far from the source are lower than for 

coral. However, the nuclear shock wave arrival times are slightly earlier 

due to the high Intensity of the close-range nuclear shock when It is decoupled 

from the source. Figure 2b shows the velocity waveforms at a range of 

9 m (29.5 ft) above the problem center. Note the earlier arrival and 

slightly lower amplitude of the clay shale wave. Shock Interactions at 

spallatlon are similar for the one- and two-dimensional problems. In both 

cases, the spall wave arrives about 3.2 msec after the Initial peak and causes 

a similar Increase In velocity. The freefall phase persists until very late 

time (> 20 msec), and no gas acceleration arrival occurs. Approximately 62X 

of the total mass Is located at or beyond 9 m for the one-dimensional 

problem. The velocity waveforms at other ranges have also been compared; 

Figure 2c graphs the vertical spall velocities as a function of range from 

the problem center. Coral spall velocities are slightly higher near the free 

surface due to the greater amplitude of the coral shock wave at long ranges. 

However, at locations very close to the source (4 to 6 m), the spall 

velocities are equal. This effect Is caused by the slower decline In particle 

velocity at late times for clay shale (fluid flow effect mentioned earlier). 

The tall of the upward-travelling compression wave declines more slowly for 

clay shale than for coral, thus maintaining a slightly higher velocity when 

the spallatlon wave arrives. It Is quite evident that the expected Increase 

In coral spall velocity near the problem center (due to spherical convergence) 

Is less Important than this minor medium-dependent effect. This result Implies 

that convergence has relatively little Influence on spallatlon throughout most 

of the one-dimensional problem region. Late-time gas acceleration effects 

close to the source were examined; It was found that the coral velocity after 

gas acceleration was approximately 58 m/sec at a range of 6 m; the 

corresponding velocity for clay shale was 56 m/sec at the same range (the 

spall velocity before gas acceleration Is 50 m/sec In both cases. Fig. 2c). This 

slight difference may Indicate a convergence effect near the center of the 

one-dimensional coral calculation, but the velocity change Involved is negligible 

and could be attributed to differences in the media and energy sources. It 

appears that spherical convergence has little effect on one-dimensional spall- 

dominated cratering calculations. This conclusion might not apply to very 
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deeply buried events, for which the gas acceleration pulse recompacts a 
large portion of the mound and contributes significantly to late-time 
material acceleration. 

The spherical geometry used in one-dimensional configurations also 
fails to take account of refraction at medium interfaces. The problem 
of reflection and transmission of a low amplitude (acoustic) wave at a 
discontinuous boundary and subsequent propagation of the reflected and trans- 
mitted waves is analogous to the problem of light reflection-refraction in 
geometric optics. General equations may be written for simple hydrodynamic 
compression waves (in a fluid)L26J or for compression plus shear wavesJ27^ 

The acoustic transmission and reflection conditions and geometric propagation 
laws apply with a high degree of accuracy to weak shock waves in fluids, and 
are known to be valid even for very strong shocks as long as the angle of 
incidence does not deviate too far from the normal.'-28^ Failure and hysteretic 
effects complicate strong shock transmission in solid media, but the acoustic 
and geometric laws are usually applicable to peak shock parameters across an 
interface. As discussed earlier, acoustic theory for a high- to low-impedance 
interface requires that an incident compressional shock be partially reflected 
as a tensile wave. The pressure at the boundary is reduced, and the vertical 
velocity component is increased. The transmission and reflection coefficients 
depend only on the characteristic impedances of the two media and the angle 
of incidence, approaching limiting values at normal incidence. The impedances 
may be sonic values "pCson1c" for an acoustic wave (Cson1c = sonic velocity), 
or finite-amplitude values "pCshock" for a discontinuous shock front 

^Cshock '  shock front velocity). The "acoustic" equations apply in either 
case, assuming that the reversible Rankine-Hugoniot jump conditions are valid 
at the front. The finite difference equations used in hydrodynamic codes are 
not completely compatible with the discontinuous "jump" conditions at a 
boundary. Nonetheless, most codes will accurately treat transmission at an 
interface if the problem is carefully formulated. The jump conditions are 
sometimes used to check the accuracy of a solution. 
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Shock propagation within the second medium presents another unrelated 

problem for the calculation scheme. Refraction of the wavefront takes place 

at an interface. The angle of refraction is dependent on the sonic velocities 

(or front velocities) in the two media and the angle of incidence, according 

to the familiar law of geometric optics. Refraction, in turn, modifies the 

radius of curvature of the wavefront in two respects. The first of these is 

spherical aberration, caused by the shift in the wavefront's direction of 

propagation relative to the axis of symmetry (vertical axis perpendicular to 

the inte-face). Upon transmission at a high-velocity to low-velocity inter- 

face, the ray is refracted toward the normal direction, increasing the apparent 

distance to the axis of symmetry and the radius of curvature. As the radius 

of curvature increases, the shock attenuation rate in the second layer decreases 

(relative to an unrefracted spherically-divergent wavefront). The second 

effect is due to the change in the radius of curvature of the wavefront as 

measured in the radial plane. This effect likewise increases the radius of 

curvature at a high- to low-velocity interface. Again, the attenuation rate 

in the second layer will be decreased. The change in divergence of the wave- 

front approaches a limiting value for normal incidence, defined by the velo- 
cities in the two media. 

Multilayer wave propagation thus involves two distinct phenomena: 

transmission at an interface, and attenuation of the transmitted wave beyond the 

interface. The problem of interactions at the interface for a specific ray 

may properly be analyzed with a one-dimensional code. However, the geometrically- 

conditioned problem of shock propagation into the upper layer is inherently 

two-dimensional. The spherical divergence condition imposed in one dimension 

excessively damps the shock energy and increases attenuation (if the wavefront 

divergence should decrease, as at a high- to low-velocity interface).or co-.centrates 
the shock energy and decreases attenuation (if divergence should increase, as 

at a low- to high-velocity interface). In the case of rock calculations with 

"low-velocity" water overburden, divergence of the shock front decreases 

dramatically at the interface (radius of curvature increases). The SOC code 

should therefore underpredict shock pressures and velocities in the upper layer. 
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Unllke spherical convergence, which develops only for reflected waves, 

this effect applies to the Initial outgoing shock wave. Serious errors 

may occur In the first-order dynamic parameters and In safety or effects 

predictions for the upper layer. Initial shock front peak velocities and 

pressures moving into the water layer will be progressively reduced (due 

to excessive divergence of the outgoing shock wave beyond the inter- 

face), and tue peak spall velocity at the water surface will, of course, be 

underpredicted. One consolation lies In the fact that tensile wave spall 

velocity calculations below the water surface will be Improved. This Improve- 

ment occurs for two reasons: (1) Spherical convergence of the water surface 

reflection In one-dimensional calculations causes spall velocities to be 

overestimated; however, divergence of the (two-dimensional) compression and 

reflected tension waves In the water layer Is reduced by the refraction 

effect. The error caused by spherical convergence Is thereby decreased; 

(2) The one-dimensional error caused by ignoring refraction decreases velo- 

cities In the outgoing compresslonal shock (both the peak and decaying 

velocities In the "tall" of the pulse). The error created by spherical 

convergence Increases the particle velocities for the reflected tension wave 

below the water surface. The combined effect of these errors on the reinforced 

"tensile wave plus remaining compresslonal wave" spall velocities is partially 

self-cancelling near the middle of the water layer (but not at the Interface 

or the surface). 

A detailed examination has been conducted to determine the effect of 

refraction errors on the peak shock parameters. Water was treated as a 

linearly elastic medium with acoustic propagation, permissible In this case 

because peak pressures in the water layer are on the order of one kllobar. 

Refraction at the Interface and transmission in the water layer were calculated 

using the accoustic formulae for peak pressure of a simple compresslonal wave.  ^ 

Shear wave effects and shear reflection at the Interface were not taken Into account. 

It was found that the worst errors occur for large velocity mismatch at the 

Interface and for deep water layers (long ranges from the Interface). 

Sample results for rock and water layers of equal thickness (coral 36/36, 

basalt 36/36) are presented In Table 3. The SOC-calculated peak spall velo- 

cities are compared with spherically-divergent acoustic calculations (uncorrected 

for refraction effects on wavefront attenuation away from the Interface) and 

corrected acoustic calculations (refraction effects Included). The spherical 
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(uncorrected) acoustic velocities are similar to the SOC results. However, 

the corrected acoustic velocities at the water surface are higher by about 

21X (for a slight velocity mismatch, coral-water), and 56X (large velocity 

mismatch, basalt-water). The peak velocities and pressures at the shock 

front are In error by a similar amount at ranges well beyond the rock-water 

Interface. For an extreme velocity mismatch, the pressures, particle velo- 

cities, and spall velocities far from the interface may be Incorrect ^y a 

factor of two or more. Results of the Individual calculations are presented 

In a later section. The refraction error explains some discrepancies which 

have appeared In earlier applications of one-dimensional codes to layered 

configurations. This effect Is particularly troublesome, since shock para- 

meters are underpredlcted for the commonly-encountered situation of decreasing 

sonic velocity In the shallow (near-surface) layer. 

The combined Influence of refraction and spherical convergence errors 

on multilayer calculations has not yet been fully Investigated. The situation 

Is rather complex because the dynamic effects of the congressional shock and 

of the rock-water Interface reflection (below the rock surface) have already 

occurred before the water surface reflection arrives. Also, recompactlon 

effects near the rock-water Interface and the cavity gas acceleration signal 

(which Is accentuated by the water layer recompactlon of underlying material) 

may precede the water surface reflection In some regions. Acoustic analysis 

Is Inappropriate due to these late-time effects. In general, the same 

arguments applied to spherical convergence errors are appropriate here» The 

geometrically-caused errors may safely be Ignored for small changes In 

distance (I.e., the shallow water-layer calculations, such as the 36/05 or 

36/10 configurations). However, the shock front parameters and the dynamics 

of an Individual zone may be greatly modified If a large change in problem 

geometry occurs (36/36 calculations). These changes may be rather more apparent 

for the refraction error, since the dynamics of the outer layers (rather 

than the less massive inner regions) are first affected. The overall 

problem dynamics are less sensitive to these errors than are the velocities 

at a given location. Therefore, mound kinetic energies and residual velo- 

cities throughout the mound after the shock fronts have passed provide 

appropriate criteria for comparing the individual calculations. 

-■ --- "■ 
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Another fortunate situation also reduces the Influence of geometric 

errors on rock dynamics. Refraction difficulties are most significant for 

a large velocity mismatch at the interface (i.e., much stiffer underlying 

medium). However, the reflection at the interface is also strongest for 

these cases. In the extreme situation of a very low-impedance overlying material, 

the shock is almost perfectly reflected as a tensile wave. Thus, when a strong 

impedance mismatch exists, tensile wave spallation due to the interface 

reflection will be predominant in the rock layer. Likewise, the cavity gas 

acceleration signal and recompaction effects propagate more rapidly in high- 

velocity materials. These effects may have more influence on problem dynamics 

near or below the interface than the weak water surface reflection. In the 

36/36 calculations, it was found that rock layer spallation, water layer 

recompaction effects, and the later gas acceleration pulse control rock dynamics 

near the interface. For coral 36/36 and basalt 36/36, the water surface reflection 

arrives at the interface immediately before the enormously larger gas accelera- 

tion pulse. Its only effect is to terminate the very slight deceleration due 

to water layer recompaction which is still occurring at this time. For granite 

36/36, the gas acceleration pulse arrives at the interface before the water surface 
reflection can return, and overwhelms water tensile reflection effects. Thus, 

dynamics in the rock layer (and in the lower portion of the water layer) are 

dependent upon the initial shock wave, interface spall reflection, recompaction 

prior to the water surface reflection, and the cavity gas acceleration pulse. 

Long-range propagation and surface reflection of the water pulse influence 

dynamics only in the upper portion of the water layer, and are unimportant in 

the lower regions of the problem. The water surface effects are more signifi- 

cant for very shallow water layers, but geometric errors in such problems become 

negligible. This conclusion implies that precise modelling of the "upper layer" 

shock propagation is not crucial to the "lower layer" dynamics in the impedance- 
mismatched problems examined here. One-dimensional codes may be legitimately 

used for this particular class of problems. Equally important, submerged 

cratering dynamics at early times are controlled by the interface spall phenomenon, 

water layer recompaction, and the consequent enhancement of the gas acceleration 

pulse. For this reason, a single-layer analysis with one interface cannot 

adequately describe the process; multilayer calculations of the type employed 
here must be used. 

^HaMMMMM 
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V.   MATERIAL PROPERTIES 

Hydrodynamic calculations require a knowledge of the constitutive 

relations for all materials In the problem. Ideally, these relations should 

be established over the entire range of expected physical effects. Five 

materials are encompassed In this study: Alumlnlzed ammonium nitrate slurry 

explosive, water, and the saturated rock media coral, basalt, and granite. 

The properties of these materials will be examined separately. 

Explosive.  Detonation characteristics and constitutive relations 

of a wide variety of high explosives have been extensively Investigated. A 

convenient formulation, known as the Jones-Wllkins-Lee equation of state, 

1$ often used In hydrodynamic calculations.^ The best-studied materials 

fall within the class of "military" or high explosives» which propagate a 

nearly-discontinuous detonation front at constant velocity. Energy Is released 

Irmedlately upon arrival of the front. The properties of commercial explosives 

available for civil excavation projects are somewhat less well-defined. Only 

one commercial explosive, an alumlnlzed ammonium nitrate slurry, has been studied 

in detail.^ * A modified version of the Jones-Wllkins-Lee equation of state 
has been developed to describe this material. The equation of state assumes 

a total energy release of 0.11 Mbar-cm3/an3 (1752 g-cal/g). About 23% of the 

explosive energy Is released Instantaneously upon arrival of the detonation 

front at a given location. The remaining part of the energy is released at a 

constant rate over a period of 0.025 msec after the detonation front 

arrival time. An explosive sphere of l.T3-m radius was used In these 

calculations. The properties of the energy source are as follows: 

P0 (Initial density) - 1.50 g/cm
3 

Det. Velocity - 5300 m/sec 

Radius ■ 1.13 m 
Total energy Input » 6.65 x 105 Mbar-cm3 

- 1.59 x 1010 g-cal 

■15.9 tons of explosive energy 
Weight • 9.066 x 106 g = 10 tons. 

The explosive sphere was divided into 30 zones of equal radius; calculational 

time step was restricted so that no more than one percent of the explosive energy 

could be generated per cycle. With this model, the peak of the explosive shock 

wave entered the surrounding medium about 0.24 msec after the beginning of the 
calculation. 
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Water. Compressibility and tbermodynamlc properties of water and Ice 

are well-established over a very wide range of pressures and temperatures.'-   ^ 

Available data have been used to produce the two water equation of state curves 

(pressure vs. specific volume) shown In Figures 3, 4, and 5. The upper curve 

In Figures 3 and 4 (larger specific volume at low pressures) Is based on a 

measured Hugonlot centered at 20° C and one atmosphere.^31,32^ This 

equation of state was adopted for the water layer calculations. The second 

curve was used by Butkovlch In a model for generating equations of state of a 

rock-water-air matrix'- -'; It was applied In determining the basalt and granite 

equations of state for this study (see below). The second curve has no rela- 

tionship to the water layer calculations. The water equations of state do not 

Include hydrostatic water-Ice phase changes near 11 and 24 kbar; It Is not 

known whether these transitions occur under shock loading.'- ■' Peak pressures 

In the water layer are on the order of 1 kbar for these calculations, so 

phase changes would not take place In the water. Shock vaporization of water 

was likewise Ignored, since vaporization occurs only at pressures above 50 to 

It Is noted that the water layer compressibility curve shows a slight 

discontinuity at low pressure (Figure 3).^ • ^ The abrupt Increase and 

subsequent decrease In compressibility cause corresponding sudden changes In 

the bulk modulus and shock velocity for the water. This behavior. In turn, 

gives rise to a discontinuity In the hydrodynamlc shock waveforms at low pres- 

sures. The equation of state has been modified to achieve constant bulk modulus 

at low pressures (dotted line. Figure 3). The Initial bulk modulus and sonic 

velocity for the modified curve correspond with the expected values for water 

at about 20oC. Calculations were attempted using both equations of state; 

the constant bulk modulus eliminated low-pressure discontinuities In the water 

waveforms, but no significant effect on the rock layer was apparent. Results 

presented here are based on the constant bulk modulus calculations. 

Rock Media. The three rock media were selected to typify potential 

underwater excavation sites and to represent a wide range of material properties. 

The sites which served as precise or approximate analogs for these media are 

listed below. 

tmm 
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1. Coral;  Tugboat coral, Kawalhae Harbor, Hawaii; site of 

Project Tugboat,'»9-' large-scale underwater explosive harbor excavation 

series. Material Is a porous, low strength, fully-saturated aragonltlc 

coral. Engineering properties data, pressure-volume measurements, and failure 
strength tests are available.C9»40^  Tests were made on Intact samples; 

the overall density of the reef Is slightly lower and water content 1$ 

higher due to branching of the coral. On-site measurements Including 

seismic velocities and experimental data Including alrblast measurements 
and spall velocities from explosive events have also been obtained. L9*41»42] 

2. Basalt;  Kaalualu Harbor basalt. Island of Hawaii; potential 

site of a small boat harbor. The material Is a porous, low- to Intermediate- 

strength saturated basalt representative of possible excavation sites In 

competent rock.  Samples and engineering properties data available. No 

compressibility or strength tests. 

3. Granite:  Orinoco River high-strength granite, Orinoco River, 

Venezuela; site of proposed underwater excavation project. The medium Is 

a very dense, low porosity high-strength granite. Samples and engineering 

properties data available. No compressibility or strength tests. 

Required Input data for each of these media Include the pressure-volume 

compressibility curve or equation of state (EOS), which specifies the bulk 

modulus as a function of pressure. One additional modulus is required to 

specify material behavior. In these calculations, a constant Poisson's ratio 

has been used for each medium. Finally, failure envelopes are required to 

determine the brittle and ductile failure behavior of the material under 

compression, shear, and tension. Derivation of these Input parameters Is 

discussed below. 

The coral medium, as previously noted. Is a very low strength material 

subject to extensive crushing, compaction, and washback effects. Final crater 

sizes cannot be predicted with currently available codes. Nonetheless, coral 

Is Included In the calculation suite because of the availability of laboratory 

test data and limited dynamic measurements from Project Tugboat. The Tugboat 

excavation events utilized cylindrical charges of an amnonlum nitrate slurry 

explosive. The emplacement configuration Is compared with a schematic "SOC" 

MM^I 
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vertlcal problem In Figure 6. Note that the Tugboat explosive source 

is less dense, and therefore greater in volume, than the AANS explosive 

used in the calculations. The L )ecified energy (s 1700 g-cal/g) and 

detonation velocity (= 5000 m/sec) of the Tugboat charges are, however, 

closely comparable to the calculations. The Tugboat Phase I (single-charge) 

events will be compared with S0C results in later sections of the paper. 

Engineering properties data for numerous coral samples were derived 

during the course of the experiments,'- ^ while hydrostatic pressure-volume 

curves and compressional failure data were taken by Stephens.^40^ Coral 

material parameters and elastic moduli derived from these data are listed in 

Table 4. Stephens' hydrostatic loading and unloading data (for loading to 

30 (kbar) are presented in Table 5, and plotted in Figures 7 and 8. The 

loading and unloading curves coincide at low pressure, as would be expected 

for a saturated material (no air void porosity to be removed by compression). 

However, the effects of the water phase transitions are apparent from 10 to 

12 kbar and 18 to 25 kbar. These transitions, which may not occur under shock 

loading, generate slight discontinuities in the hydrodynamic calculation wave- 

forms. Therefore, a "smoothed" equation of state curve was drawn through loading 

and unloading data (Table 5 and Figure 8). Horizontal SOC calculations were 

performed with the measured and smoothed data (PS10HRZ and CORHRZ, respectively). 

Differences between the two calculations were small and consisted primarily of 

noise in the waveforms close to the cavity. The smoothed curve was used in 

all subsequent calculations. 

Stephens did not acquire loading data above 30 kbar, and no very high 

pressure Hugoniot measurements are available for coral. Therefore, the pressure- 

volume curve has been extrapolated to higher pressures (Table 5 and Figure 9). 

The extrapolation is partially based on measured Hugoniot data for Sabana shale 

(Figure 9), a very weak saturated material with a somewhat higher density and 

lower porosity than coral, and on data for other saturated shale media.^43"45,3^ 

Hydrostatic and Hugoniot data are also available for dense, nonporous calcium 

carbonate and magnesium carbonate rocks. These data derive in part from shock 

experiments using marble, limestone, and other carbonate media with a compo- 

sition similar to the coral matrix, but with little or no air void porosity 

or water content. The compressibility of a coral-water matrix may be 

simulated by using a calcium carbonate equation of state to describe the 

rock matrix and a normal water compressibility curve for the water component 
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TABLE 5.  Measured, Smoothed and Extrapolated Equation of State Data 

for Saturated Tugboat Coral. [9,40] 

Pressure 

Measured 
Loading Curve 

Spec. Vol. 

Smoothed 
Loading Curve 
Spec. Vol. 

Me&sured 
Unloading Curve 

Spec. Vol. 

P(Mbar) (an3/Q) (cm3/a) (cm3/a) 

0 .531915 .531915 .531915 

.001 .521277 .521277 .521277 

.002 .512341 .512341 .512341 

.003 .504894 .504894 .504894 

.005 .492766 .492766 .492766 

.007 .483245 .483245 .483245 

.010 .471436 .471436 .470213 

.011 .467926 ^57926 .461064 

.012 .458351 .4640 .458351 

.015 .451755 .4550 .451755 

.018 .446649 .446649 .446649 

.020 .443617 .4402 — 

.022 .440851 .4345 .426436 

.025 .423138 .4264 .423138 

.027 .420745 .4218 _-_ 

.030 .417553 .417553 — 

.040 .406873* 

.060 .387038* 

.080 .373814* 

.100 .361000* — 

.150 .334144** — 

.200 .315631** — 

.250 .302305** — 

.300 .291931** — 

.400 .275148** — 

** 
Extrapolation, 30 - 100 kbar 

Based on Hugonlot data for saturated Sabana shale, normalized to the 
measured specific volume of coral at 30 kbar. 
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(slmple mixture volumetric compressibility model). This analysis predicts 

stlffer bulk moduli and lower compressibility than Figure 9 would Indicate, 

both In the low pressure regime (measured data) and along the high pressure 

Hugonlot (extrapolation). Volume errors of several percent occur In the region 
of the hydrostatic measurements. However, the bulk modulus of coral 

Increases significantly at the upper end of the measured pressure range 

(25-30 kbar). Thus, coral may be less compressible than the compromise fit In 
Figure 9 at high pressures. If the stiff behavior Indicated by the carbonate 

Hugonlot Is correct, the extrapolation will be Increasingly Inaccurate at 

higher pressures ^ 100 kbar. Since maximum pressures encountered furlng high- 
explosive calculations are on the order of 100 kbar, the implied inaccuracies 

are not Important here. 
Strength data for the Tugboat coral material were obtained to a 

maximum confining pressure of 3.5 kbar by trlaxlal compression and Brazil 
tests on Intact core samples.'- ^ Results are displayed in Figure 10. 

The abscissa and ordinate of the plot conform with the parameters used in 

the code: failure shear stress k [= (a1-o3)/2] and adjusted mean pressure 

f [■(a,+o3)/2].  Ho data were obtained for failed (crushed) material, 

but an estimated failure envelope has been drawn below the "Intact" 

data (and assuming no tensile strength for failed material). The data shown 

in Figure 10 indicate an abrupt increase in strength to about 60 bars at 

very low pressures, followed by an apparent slight decrease at higher P  values. 
This unusual behavior has been explained as a work-hardening effect Involving 

collapse of the coral matrix.'- ^ The code does not accept a decreasing strength 

function, so a constant strength is assumed between 0.2 and 2.86 kbar (dashed) 

line in Figure 10). The failure surfaces have been extrapolated to a maximum 

shear strength of 101 bars at and beyond 5 kbar. Tests indicate that the behavior 

of coral is ductile except at very low confining stresses; a transition from 

brittle failure to ductile Uehavior at 0.2 kbar is assumed. 

Engineering data for Kaalualu basalt and Orinoco River granite are 

presented in Table 4. The measurements Include bulk density, rock grain density, 

and porosity.l-J The elastic moduli and other properties not available from 
Pi? 47-511 

measurements were estimated using data for similar media.1- *   J Because the 

elastic constants of an Isotropie linearly elastic material are interrelated, 

the density and any two constants are sufficient to define the material (see 

"Relationships Among Elastic Constants", table at the beginning of this report). 

Such parameters as the bulk modulus, compressional velocity, shear modulus. 

mamm 
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and Polsson's ratio have been determined for various basalts and granites. 

These measurements. In conjunction with reasonable expectations for the known 

sample densities, have been used to produce the values In Table 4. In parti- 

cular, the bulk moduli and sonic velocities are known to be reasonable for 

comparable geologic materials. The shear modulus (or Poisson ratio) Is less 

accurately fixed.*  The Polsson's ratio for porous basalts does not vary 

dramatically, and the assumed value Is probably accurate. However, a very 

low Poisson ratio (high shear modulus) Is accepted for the granite. This 

Is In accord with the relatively high bulk modulus and sonic velocity. Hardhat 

granite has been used as a model for the elastic parameters In this case.^49^ 

The Hardhat material Is a very dense high-strength rock from a deep layer 

(= 1000 ft). It has low porosity, with a high sonic velocity and shear modulus. 

The granite Is thus being selected to represent a dense, highly competent 

medium at one extreme of the material properties spectrum. This choice may not 

be Inappropriate, In view of the low porosity and probable high strength of 

the Orinoco rock. 

Compressibility curves and failure surfaces for the basalt and granite 

are likewise unknown. Butkovlch has recently developed a method for estimating 

the equation of state of silicate rocks.^39,52,53^ This technique, which Is 

based on simple mixture theory for a rock-water-air matrix, generates 

accurate pressure-volume relations for a variety of silicate rocks, over a 

broad range of porosity and water content. The equation of state for the 

grain density rock Includes allowance for high-pressure (Hugonlot) phase transi- 

tions known to occur In silicate minerals. The water equation of state 

discussed previously Is used for the water component. A slightly modified 

version of the Butkovlch technique, suitable for fully-saturated materials, 

has been used to generate basalt and granite equations of state. Following 

empirical expectations and experimental evidence for saturated media,'- ^ the 

bulk modulus Is assumed to be slowly and monotonlcally Increasing at low 

The shear modulus, for example. Is highly sensitive to the assumed 
sonic velocity. Selsmlcally determined sonic velocities may differ from 
values measured for small intact rock samples, thus causing significant 
uncertainty if shear modulus is calculated from this parameter. 

mm 
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pressures (^ 0 to 2 kbar). The low-pressure curve ts then smoothly connected with 
a rock-water matrix equation of state at higher pressures. Loading and 

unloading curves are assumed to be Identical (no nonrecoverable air void 

porosity). The resultant equations of state for basalt and granite are 

displayed In Figures 11-12 and 13-14, respectively. In this case, pressure 

has been plotted against the dlmenslonless volumetric compression V 
(w . fi_ .], ,_ ,|j where p » density, or v » specific volume). Data 

for similar basalts and granites are presented for comparison. The basalt curve 

appears consistent with measurements of comparable porous and consolidated 

basalts (p0 % 2.6) at low pressures. It falls somewhat below (less stiff than) 

dense consolidated basalt, and the canal zone basalts.^17^ At very high 

pressures (J* 300 kbar), the large water content causes the generated curve to 

become less stiff than the measured basalts. This region Is of no Interest 

for high-explosive calculations. The granite curve compares closely with 
measured data. 

Failure surfaces have also been estimated on the basis of available 

data. The basalt medium, as Indicated by extensive measurements for porous 

and saturated basalts,f17,31^ Is allowed a tensile strength of 0.1 kbar and an 

ultimate strength of 0.4 kbar. The granite f31»54'49^ is arbitrarily assumed 

to have a high ultimate strength of 5 kbar, with a tensile strength of 0.38 kbar. 
There is some evidence that strength may decrease considerably with 

saturation, even in the case of a very low porosity granite.^48,14^ 

However, the high strength is retained. In keeping with the desire for one 

"extreme case" calculation. Failure envelopes of the assumed ultimate strength 

have been smoothly fitted using an empirical hyperbolic equation.^39^ The 

resultant failure surfaces for Intact rock are shown in Figures 15-16 (basalt) 

and 17-18 (granite). Low-pressure failure surfaces for crushed material have 

been drawn at approximately one-half of the corresponding failure strengths for 

Intact material. The condition of no tensile strength at ^»0 has been imposed 

at the lower end of these curves, as is reasonable for fully-crushed rock. The 

crushed failure surfaces are then smoothly connected with the intact failure 
envelopes at very high pressures. 
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The parameters which control multilayer acoustic wave transmission 

are the Impedances and sonic velocities of the layers. Acoustic parameters 

for the five media discussed above are summarized in Table 6. The ratio of 

the medium Impedance to the Impedance of water "pAC/pC +A  ", and the pressure 
transmission factor normal to the medium-water interface "T-gAt" are also given. 

Acoustic transmission parameters are not valid at a strong shock front. 

However, typical pressures near the rock-water Interface are on the order of 

one kllobar in these calculations; the acoustic transmission analysis may 

be used with a high degree of accuracy. 

VI.  RESULTS: ARRIVAL TIMES, VELOCITIES, STRESSES, AND WAVEFORMS 

This section presents detailed results of the "SOC" horizontal 

and vertical calculations. Since the study Involved a broad-scale survey 

of several media and configurations, any one of which might prove applicable 

to a future design, it is considered worthwhile to compile a fairly extensive 

library of Individual events. Accordingly, the peak velocities, pressures, and 

stresses have been plotted as a function of range for all calculations. Selected 

velocity and pressure time-dependent waveforms at several ranges from the center 
of each problem are also presented. 

Before reviewing the dynamic results, it is appropriate to consider 

the order of effects of interest. We are examining typical cratering events of 

15.9 tons energy yield, at burial depths of about 36 ft (143 ft/kt1/3). Shock 

parameters at ranges in this vicinity are relevant to crater formation. For 

the vertical calculations, material velocities near tue free surface (or rock- 

water interface) are a primary factor in material ejection. Thus, velocity 

waveform changes near the Interface attributable to the water layer are 

significant. Peak particle velocities near the Interface are typically on 

the order of 70 m/sec (i.e., near-optimum burial depth cratering events); 
peak pressures near the Interface and in the water layer are 

% 1 kbarJhe interface region is in the range of assumed brittle failure 
behavior for basalt and granite, but is ductile for coral. The ultimate shear 

strength of 5 Kbar for granite is never reached at the interface, or at ranges 

^ 4 m from the center of the problem. The ultimate strength of basalt may 

or may not be exceeded in the vicinity of the interface. Finally, the 
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TABLE 6. Acoustic Parameters for the Media and for Aluminized Ammonium Nitrate 
Slurry Explosive (AANS). 

Medium 

I 
Initial 
Bulk 

Modulus 
(kbar) 

sonic 
(ft/sec) 

• 

(g/cm3) 

' Impedance ' 

^oC 

(Esi^sec) pC(water) 

♦ 
TP90 

(medium- 
water) 

Coral 49 6,500 1.880 164.53 2.4816 0.5744 

Basalt 210 11,810 2.605698 414.32 6.249 0.2759 

Granite 380 17,800 2.718234 651.43 9.825 0.1847 

Water (fresh. 
Temp. Rr 20-30oC) 22.568 4,933.4 0.9982 66.30 1.0 (1.0) 

AANS explosive** Cdet 
=17,389 

1.500 ^det 
=351.18 (5.2968) (0.3176) 

* T QQ = Pressure transmission factor for an acoustic wave propagating normal to tho 

medium - water interface.(Reflection factor R g0 = 1 - f „»; since water is 

of lower impedance than the other media, the transmitted wave is compressional 

and the reflected wave is tensile.) 

** The AANS material used in these calculations is a high-energy non-ideal aluminized 

ammonium nitrate slurry explosive. The velocity of the propagating detonation front 

"C. " is 17,389 ft/sec (5300 m/sec); the total energy release is assumed to be 
3  3 

0.11 Mbar-cm /cm . The explosive is described in greater detail in Chapter V. 
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ultimate strength of O.lül kbar for coral is exceeded in virtually all 

zones, tnroughout the vertical problems. It is of interest to note that 

peak pressures at or near the interface lie in the relatively low pressure 

range, where a slowly-changing bulk modulus is assumed for saturated materials 

and water. Thus, nearly linear-elastic behavior for peak transmission at and 

beyond the interface may be expected. The peak shock parameters will be 

analyzed acoustically and compared with SOC runs in Chapter VIII. 

Time of Arrival.  Shock time of arrival measurements provide a useful 

means of checking code calculations. Arrival tir^s have been obtained for 

only one underwater cratering event. Tugboat Phase 11  IJKL (a four-charge 

array of lü-ton charges; l)r z  36 ft, Dw * 5 ft). Several dynamic 

gages were emplaced in the water layer, directly above each of the 

four charges.1-  Little usable information was recovered from these gages, 

but the initial arrival was detected in most cases. Unfortunately, the 

recording system used did not give accurate "real time" measurements (detonation 

to shock arrival), and the locations of the gages were not very precisely 
determined. 

Vertical propagation from each charge of the Tugboat IJKL event 

may be compared with the almost-identical Coral 36/05 vertical calculation. 

Initial wavefront arrivals and peak arrival times for Coral 36/05 are shown 

in Figure 19. The peak arrival in the extreme upper portion of the water layer 

cannot be determined because the spall reflection truncates the peak. Note 

that the wavefront velocity in coral approaches 2000 m/sec (slope of straight 

line), in agreement with the assumed sonic velocity of 1980 m/sec. Tugboat IJKL 

measured arrivals are also plotted in Figure 19. Considerable scatter is evident, 

but most of tne measurements lie near the calculated curve. Positions for three 

of the gages listed in the Tugboat report^ lie above the water surface level, 

evidently an error (all gages were underwater). 

Arrival times for the deep water layer calculation coral 36/36 are 

depicted in Figure 20. Initial and peak arrivals in the coral are identical 

to Figure 19. The velocity in the water layer approaches the sonic value 

of 1503 m/sec, indicating nearly-acoustic behavior of the wave. 
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The SOC initial shock arrival times at the rock-water Interface and 

at the water surface for all vertical calculations are compiled In Table 7a. 

These values may be used to aid In analysis of the waveforms presented later. 

The acoustic velocity pulse transit times from problem center to problem 

boundary (rock surface or water surface) are also given In Table 7b. The 

acoustic transit times are In all cases a fraction of a millisecond longer 

than the SOC-calculated arrival time at the corresponding boundary. 

Peak Parameters. Appendix A presents graphs of peak particle 

velocities, pressures, radial stresses and tangential stresses as functions of 

Initial range, for both horizontal and vertical calculations (Figures A1-A47). 

These are the maximum values of each variable which occur In a given zone during 

the course of the calculation. Thus, a peak velocity for a vertical calculation 

may represent either the peak at the shock front, or the spall velocity (If It 

exceeds the Initial peak). Figures A1-A15 show the peak curves for the horizontal 

(free-field) calculations. Note that the two coral calculations CORHRZ and 

PS10HRZ, for the "smoothed" and measured equations of state, are almost identical 

(A1-A4). Figures A5, A10, and A15 show the relationships between peak pressure, 

radial stress, and tangential stress for each of the rock media. Note that the 

three curves for each material overlap at very close ranges, where the solid shows 

a ductile rapidly-falling behavior, and the development of shear stress Is 

severely limited by the ultimate strength of the material. The radial and 

tangential stresses are large relative to the permitted shear stress and are 

nearly equal. At longer ranges, the shear stress becomes appreciable (relative to 

the magnitudes of the radial and tangential components). Thus, the tangential 

stress drops below the radial value; the three curves of radial stress, pressure, 

and tangential stress approach the parallel behavior expected for an elastic 

material of constant Poisson's ratio. 

Figures A16-A19 plot the peak velocities, pressures, and stresses for all 

three media on the same graph. The particle velocities (A16) are highest for 

coral, followed by basalt, then granite (coral is the lowest impedance medium, 

and granite is the highest). Attenuation rates of velocity and stress are dis- 

tinctly higher for granite than for the other two media, particularly at ranged 

> 4 to 10 m. This Is the expected effect, since shear strength is a dominant 

dissipation mechanism in these saturated (nonporous) media. The three 

tangential stress curves plotted in Figure A19 all show precipitous declines, but 

at somewhat different ranges: granite declines between 3 5 and 4.8 m, basalt 

between 12 m and 16 m, and coral near 25 m. At ranges within each of these respective 

Intervals, the peak shear stresses decrease below the ultimate strength of the 
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TABLE 7(a). Approximate Initial Arrival Times of the Pressure Pulse at the Rock 
Surface (or Rock-Water Interface) and at the Water Surface. 

i 

Initial Arrival Initial Arrival   | 

Configuration Rock 
(msec) 

Water 
(msec) Configuration Rock 

(msec) 
Water 
(msec) 

Coral 30/00 

Coral 30/05 

Coral 30/10 

Coral 30/36 

Coral 36/00 

Coral 36/05 

Coral 36/10 

Coral 36/36 

3.6 

3.6 

3.6 

3.6 

4.4 

4.4 

4.4 

4.4 

4.6 

5.4 

10.5 

5.4 

6.3 

11.6 

Basalt 36/00 

Basalt 36/10 

Basalt 36/36 

Granite 36/00 

Granite 36/10 

Granite 36/36 

2.6 

2.6 

2.6 

1.75 

1.75 

1.75 

4.4 

9.5 

3.4 

8.3 

TABLE 7(b). Approximate Acoustic Transit Times From the Explosive Radius 
to Free-Surface (Vertical Problems). * 

Configuration 

Coral 30/00 

Coral 30/05 

Coral 30/10 

Coral 30/36 

Coral 36/00 

Coral 36/05 

Coral 36/10 

Coral 36/36 

Transit 
(msec) 

4.05 

5.1 

6.1 

11.3 

4.97 

6.0 

7.0 

12.3 

Configuration Transit 
(msec) 

Basalt 36/00 2.7 
Basalt 36/10 4.8 
Basalt 6/36 10.0 

Granite 36/00 1.8 
Granite 36/10 3.8 
Granite 36/36 9.1 

* Material zones adjacent to the explosive radius first become significantly 
active about 0.22 msec, and the peak shock enters the medium at 0.24 msec. 
Shock front velocities somewhat exceed the acoustic velocity within the first 
few meters near the explosive. 
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raaterlal. Thus, the shear stress Is no longer severely limited by material strength, 

and radial stresses larger than the tensile components begin to build up (I.e., the 

material responds In a more nearly elastic fashion). This change occurs at close 
range for granite because of its high strength. 

Figures A20 through A27 are comparative plots of the 36/00 and 36/10 

vertical problems for all three media. In the case of velocities, note the 

thin surface spall layer near the Interface (A20); note also the tensile wave 
pressure "cutoff" effect below the Interface {A21). For the 36/10 water 

overburden calculations (A24), a spall layer occurs mmedlately below the 

rock-water Interface; the shock wave then enters the water layer, attenuates 

further. Is reflected at the water surface, and creates another spall layer 

near the water Interface. (The medium above the Interface has been denoted 

as "air" In the diagrams; the upper boundary In the calculations Is actually 

a free surface, with no constraint.) Comparing the media, we find that 

spall velocities are highest for coral, and lowest by a large margin for 

granite. Comparing the 36/00 and 36/10 configurations, we see that spall 

velocities at and near the rock Interface are decreased by the presence of 

the water layer (A20. A24). Spall velocities In the water layer appear to 

be high (relative to the rock) because water is a low-Impedance medium. The 

water layer pressures and velocities also decrease In the order: coral, basalt, 

granite. Finally, an abrupt decline In the water velocities very near the 

Interface Is apparent for granite 36/10 (Figure A24). The velocity continues 

to attenuate rapidly In the water layer and water surface spall velocity is 

low. Likewise, the pressure for granite does not show a "rebound" in the 

water layer beyond the reflection region at the rock Interface (A25). This 

damping of the water layer pulse for granite will later be seen to be 

partly due to a calculational difficulty. 

Figures A28 through A31 present velocities and pressures for the coral 

vertical configurations at Dr - 36 ft.  (The coral horizontal calculations, 

shown for comparison, appear to lie above the "vertical" curves at very close 

ranges (A28. A30). This apparent discrepancy was caused by dezoning or combina- 

tion of close-range zones at late times during the calculation, and by a computer 

plotting routine which draws a rough "averaged" fit through the remaining zones.) 

An Interesting effect may be noted in Figures A28-A29: the ■ ock Interface 
spall velocities (at 10.97 m) are Identical for coral 36/05. 36/10. and 36/36. 

but are higher for the free-surface event 36/00. It Is evident that water layers 

of all depths exert a "constant Impedance" effect on the Interface spall reflec- 

tion: Water layer depth causes no apparent changes in the Initial spall velocity. 

Note that velocity behavior at the Interface and attenuation in the water layer 
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spall "cutoff" layer for coral 36/05 extends almost back to the rock 

Interface (A29). Thus, a water surface reflection might increase the rock 

interface peak velocity with a water layer shallower than 5 ft. A rock 

spall velocity due to water surface reflection which exceeds the initial 

spall velocity (due to the; rock-water interface reflection) was not encountered 

for any of these calculations, and is expected to occur only for very shallow 

water layers. 

Additional calculations were implemented to test the effect of dezoning 

on a vertical problem. The coral 36/05 event was run to 20 msec with and 

without automatic dezoning after the shock peak has passed.* Numerical results 

in the two cases did not differ significantly (Figures A29, A31). but the 

dezoned calculation required far less computer time. 

Figures A32 through A35 depict peak velocities and pressures for the 

coral D ■ 30 ft calculations. Once more, the spall velocities at the rock 

interface (R » 9.146 m) are equal for 30/05, 30/10, and 30/36, but are considerably 

higher for 30/00 (no water). Due to the shallower depth of burial, all of 

the rock and water spall velocities are much higher than the corresponding 

values for the I),, ■ 36 ft series, r 

Figures A36 and A37 show velocity and pressure for the basalt events 

at 0 * 36 ft. Again, the basalt "horizontal" curve deviates because of 

averaging by the computer program. The basalt rock interface spall velocities 

are high for 36/00 (no water), lower for 36/10 and 36/36. However, the 

apparent difference is less than for coral (A28). This trend is expected, 

since the Impedance mismatch is greater for basalt and tensile reflection 

at the rock-water interface is more efficient. The peak values in the water 

layer are smooth and well-behaved, with an attenuation rate similar to the 

coral calculations. Similar velocity and pressure plots for granite (Dr = 36 ft) 

are given in Figures A38 and A39. In this case, the impedance mismatch is 

still stronger, and the 36/00 calculation deviates only slightly from the 

underwater calculations at the interface. Severe attenuation effects in the 

water layer are evident. 

♦Dezoning refers to a code routine which gradually combines small adjacent zones 
in the inner portion of the problem far behind the shock front. This 
technique increases the time step and enables the calculation to run more 
efficiently without seriously degrading resolution. 
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A parameter study was carried out to test the effects of artificial 

viscosity In these media. Horizontal calculations In coral (smoothed 

equation of state) and basalt were run with artificial viscosity v = 0.1 and 

0.2. The effects on peak velocity, pressure, and stress are shown In 

Figures A40 through A45. Increasing viscosity reduces all of the peak sho.k 

parameters; the reduction Is greatest at long ranges. Moderate changes are 

apparent In the coral calculation beyond 5m. Changes In the basalt 

calculation are extremely small Inside 11 m (I.e.. within the range of 

Interest for vertical calculations). Greater differences appear at long 

ranges. The coral calculation was observed to be noise-free at v = 0.1, 

while a larger damping factor was required for best results In basalt. 

Accordingly, a viscosity of 0.1 was used for all coral calculations presented 

in this study, while y ■ 0.2 was used for basalt and granite. 

In conjunction with the artificial viscosity test, trials were 

conducted to determine the Influence of zone size on vertical calculations. 

Results for typical configurations demonstrated that zone size has virtually 

no influence on peak shock parameters, waveforms, or late time interactions. 

This result holds true because of the extremely fine constant rock zone size 

used for the suite of vertical calculations (much finer than zoning normally 

used for horizontal free-field configurations^3^). Shock resolution is 

essentially not limited by rock zone size in the vertical calculations. 

The effect of water zone size on granite-to-water shock transmission 

was mentioned previously. In an effort to reduce the errors encountered, 

granite 36/10 and 36/36 calculations were rerun with water zone sizes reduced 

by 50% ("fine zone" calculation; not impedance matched at granite-water 

interface). Results are depicted in Figures A46 and A47. The abrupt drop 

in water pressures and velocities immediately beyond the interface is reduced, 

and the water spall velocities are Increased. However, rapid attenuation 

within the water layer persists in both calculations. The anomalous sudden 

damping of the shock near the interface is thus caused by zone-size-dependent 

resolution loss in the coarsely zoned water layer. Continuing rapid 

attenuation in the water is a more complex phenomenon, not entirely explained 

by zone-size effects. This topic will be further examined in Chapters VIII 

and X. 
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Interface spanation.   Spall launch at an interface is caused by 

interaction of the outgoing compression wave with the reflected tension 

wave. At a free surface (used to represent the medium-air interface in the 

vertical calculations), perfect reflection occurs and the peaks of the 
two waves coincide. The particle velocity is doubled. As the tension wave 

moves downward, it interacts with the declining tail of the compression wave, 

producing lesser reinforcement. At some depth within the medium, dependent 

on attenuation and the rapidity with which the compressional wave.decays, 

spall launch velocity will be lower than the initial peak particle velocity 

at the same location. Spallation is illustrated by Figure 21, which shows 

water layer velocity waveforms in the zones located 0,9 m and 1.6 m below 

the coral 30/10 water surface. The spall velocity after the tensile arrival 

is greater than the initial peak at 0.9 m. However, the later spall arrival 

at 1.6 m produces a lower velocity and fails to match the initial peak. This 

effect is responsible for the appearance of the peak plots (i.e.. Figure A20): 

The spherically-divergent compression wave determines the "peak" velocity 

except within a narrow region near the interface. Since the peak velocity 

at the wavefront is a transient phenomenon, it does not control dynamics 

within the mound. Instead, one must examine the spall velocities and late- 
time residual velocities long after the peak has passed. 

Spall interacticns in solid media are frequently somewhat more complex 

due to the less regular waveforms and the failure and tensile strength effects 

involved. Figures 22-23 present typical pressure waveforms with their corres- 

ponding velocity waveforms near the interface for coral 36/00 and basalt 36/00. 

Freefall begins when the reflected tensile wave returns the pressure to zero. 

Due to its longer rise time, flattened peak, and slower decay, the basalt 

pulse produces significant spall reinforcement over a greater depth interval 

than coral. The basalt spall velocity exceeds the initial peak velocity at 

R = 9.01 m (or 1.9 m below the interface), while the coral velocity reinforce- 

ment has fallen below the initial peak at I = 9.49 m (1.5 m). By the same 

token, spall reinforcement within the broad basalt spall layer is somewhat 
less intense and well-defined than for coral (Figure A20). 
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W>vefonws.      Appendices B through F contain velocity and pressure 

wavefonas it selected radii for all of the SOC calculations.    A key to 
the nonenclature precedes Appendix B (p. 325).      Results of the horizontal 

free-field calculations In all Media are presented as Appendix B, followed 

by the waveforms of the vertical coral calculations (Dr ■ 30 and 36 ft) in 

Appendix C, the vertical basalt diagrams (0   * 36 ft) In Appendix 0, and 

the vertical granite calculations (0   * 36 ft) In Appendix E.    Finally, examples 

of the waveforms transmitted Into the overlying water layer for vertical 

calculations are given In Appendix F.    It should be pointed out that most 
of the plots are logarithmic; therefore, the apparently high noise level* 

appearing in some pressure waveforms ire actually a factor of 50 to 100 lower 

than the peaks.    In order to facilitate interpretation of the vertical data 
(Appendices C-t), important dynamic interactions have been noted on the 

velocity waveforms.    The following abbreviations are used:    R > rock surface 

or rock-water interface spall reflection arrival;   W > water surface reflec- 

tion arrival;    C > cavity gas acceleration pulse arrival.    In addition, 

certain other significant events such as freefall phases or deceleration 

during recompaction of overlying material have been indicated. 

Horizontal waveforms at each range for the three media (Appendix B) 
have been olotted together.   These calculations include a 2.02 bar overburden 

pressure (Figure B2), which, however, has little influence on the close-range 

results.    Horizontal calculations for the two different coral equations of 
state (CORHRZ and PS10HRZ) have been compared in Figures B28-30.    Trivial 

differences are noted at ranges close to the cavity.   The artificial viscosity 

calculations for v • 0.1 and v ■ 0.2 in coral and basalt are shown in 
Figures 831-834.    Small but noticeable differences occur at ranges far from 

the cavity; for lower viscosity, the initial arrival occurs later, pulse 
rise time is shorter, the peak is higher, and post-peak "noise" interactions 

are shifted to slightly later times. 

In some instances, it is desirable to use calculational results for a 
comparison of cratering phenomenology in different media.    Velocity waveforms 

for the coral, basa't, and granite calculations 36/00, 36/10, and 36/36 have 

^ ■mi 
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been replotted on the sa«e scale (Figures tA-29).    Locations adjacent to 

the rock Interface were selected, since these regions are crucial to 

■aterial dynamics and water layer effects show up most readily near the 
interface. Late-time spall velocities for the 36/00 configuration (R ■ 9.49 
and 10.6 m) clearly show that the coral and basalt events are comparable, 

while the granite velocity is low by more than a factor of two (Figures 24-28). 

Tne coral velocity is slightly higher than basalt at ranges very close to 

the interface (10.6 m) because of the sharper shock front in coral. Under- 

water configurations 36/10 bear out this trend (Figures 26-27): Time- 

dependent dynamic interactions for the media are distinctly different, 

but coral and basalt ultimately attain similar velocities. Granite remains 

much lower. Calculations "36/36" present a similar picture, except that 

the late-time gas acceleration pulse reaches the rock surface somewhat sooner 

for dense high-velocity granite (Figures 28-29). It is interesting to note 

that the late-time velocities of coral and basalt near the interface for the 

36/36 calculations (deep water layer) are actually greater than the corres- 

ponding granite 36/00 spall velocities (no water layer). Late-time velocities 

less than or on the order of 30 m/sec clearly indicate that the granite 

events are burled well below optimum cratering depth. It is evident that 

the zeal for choosing a very stiff, high-strength rock medium 

was carried a little too far. The parameters and calculational results may 

be unrepresentative of a "real-world" medium near the ground surface, where 

flaws, joints, and weathering reduce the effective strength of the material. 

Calculated waveforms may also be used to define the detailed dynamic 

effects of water overburden on events in a given medium. Velsclty waveforms 

and arrival times for all calculations in a single series are intercompared. 

In some cases, the free-field waveforms are very complex and must be included 

In the comparison as well (see. for example. Figures B7-B11, granite). A 

single example will serve to illustrate the technique. Let us examine water 

layer effects throughout the mound for coral calculations at D ■ 36 ft. 
Appropriate data are compiled in Appendix C (Figures C1-C54). In order to 

facilitate comparisons of this sort, all of the velocity waveforms have been 

replotted on an expanded linear scale, and corresponding waveforms for a 
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given medium have been placed on the same graph where possible (Figures BO- 

SS).    Thus, the velocity effects for roral 36/00 and cr.al underwater 
calculations (D   « 36 ft) may be Intercorapared In Figures 30-39.    Wave- 
forms are shown for ranges between 2.01 and 10.89 a.    (Coral Dr » 30 ft 

waveforms have also been Included In Figures BOO'i; the interface Is located 

at 30 ft   ■ 9.14 m. and no waveforms are given beyond this range. )    A 
sumnary of the comparative water layer effects for Dr = 36 ft Is presented 

below, beginning near the Interface (R ■ 10.97 m), where wate   overburden 

effects are most evident, and moving Inward. 

Range ■ 10.89 m, near the rock-water Interface or rock surface: 

Coral 36/00 (Figure 38a) shows the classic spall waveform very close to a 
free surface; the Initial peak Is cut off by the tensile reflection, and 

the velocity at the free surface Is approximately doubled.    Material enters 
the freefall phase (signified by "R") almost Inroedlately (horizontal line 

of constant velocity; deceleration by gravity Is very slight over the brief 
time Interval shown).    Peak velocity due to reflection at the rock-water 

Interface for coral 36/0S, 36/10 and 36/36 Is somewhat lower (Figure 38b-c). 

about 70 m/sec Instead of 100 m/sec.    This decrease occurs because the rock- 
water Interface Is not a free surface (tensile reflection Is not perfect). 

Note that all three underwater calculations have the same Initial peak spall 

velocity Independent of water depth, as expected for a constant degree of 
Impedance mls-aatch.    However, the overlying water layer damps motion at the 
Interface after the Initial spall reflection, and the coral material does not 

Inroedlately enter freefall spallatlon.    Subsequent velocity history depends 
on the water layer depth; freefall does not begin until the water surface 

tensile reflection ("W") returns to the rock layer and ends the damping 
phase.    The reflection transit time and the degree of damping depend on the 

depth of the water layer.    Figure 38b shows that the spall velocity near the 

Interface Is less than 50 m/sec for coral 36/05, and lower than 30 m/sec for 
coral 36/10.    The water surface reflection for coral   36/36 returns to the 

Interface at very late time (Figure 38c).    Damping Is almost complete, and 
the only apparent effect of the spall relief Is to end the slight late-time 

noise and Initiate true freefall.    The damped late time velocity (or the 

MM 
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spall velocity) for coral 36/36 Is about 21 m/sec. Shortly after the 36/36 

surface reflection, a powerful gas acceleration pulse "C" (moving outward 

from the cavity) arrives and Increases the velocity to about 30 m/sec. Gas 

acceleration pulse transmission near the Interface Is accentuated for deep 

water layers, due to the Increased velocity damping and material compaction 

near the Interface. It Is evident that the presence of water (regardless 

of depth) Influences the Initial reflection at the rock Interface; the depth 

of the water layer greatly Influences water surface reflection spall velocity 

and late-time history very close to the rock-water Interface. 

Range ■ 10.6 m: Motion histories shown In Figures 37a-c are similar 
to the trends noted above. In this case, the shock peak arrival and the 

spall cutoff peak are slightly separated (greater distance from the Interface). 

Less obviously, the damping of the late-time spall velocities for the under- 

water events (Figures 37b-c) Is less severe relative to the coral 36/00 event 

(Figure 37a) at this location further below the Interface. 

Range ■ 9.49 m: Figure 36a reveals that this location Is beneath the 

narrow region of Intensely reinforced spall launch near the Interface; the 

rock Interface reflection peak "R" Is lower than the Initial peak for 

both the coral 36/00 event and  the underwater cases. Note that the coral 

36/00 "free-surface" calculation again enters freefall upon arrival of the 

rock reflection, whereas the underwater events are damped until the water 

surface reflection arrives. However, the relative damping becomes still less 

outside of the "Intense spall" region, and the calculations with and without 

water overburden are beginning to converge. 

Range * 9.01 m: Figures 35a and 35b show certain changes In phenomenology 

well away from the Interface. The "rock" spall arrival "R" remains weaker for 

the water-layer calculations, but a brief freefall phase occurs after this 

arrival (before damping due to recompactlon of the overlying rock and water 

begins). Additional damping effects of the water layer become much less 

Important relative to event "36/00". However, the velocity decrease for 36/36 

(Figure 35b) Is still quite severe until the very late-time gas acceleration 

pulse arrives and returns local velocities almost to the level wMch prevailed 

before the damping occurred. 
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Range - 8.01 m: Further modifications In relative water layer effects 

are visible at this range. The coral 36/00 and 36/05 waveforms (Figure 34a) 

are quite similar, undergoing freefall spallatlon after the "R" reflection 

arrives. No water layer damping effects act upon coral 36/05 within the time- 

scale of the problem. Coral 36/10 also reveals a freefall phase, which 

terminates with recompactlon of overlying material at 9 msec. However, the 

velocity Is decreased by only about 10 m/sec. Approximate freefall motion 

develops at later times, although slight noise pulses occur due to Inter- 

actions with adjacent zones. Figure 34b shows a more significant damping for 

event 36/36 (velocity decreased from about 50 to 35 m/sec). In spite of the 

damping and deceleration, no water surface reflection (late-time freefall 

phase) Is apparent In Figure 34b; the cavity gas acceleration pulse (outward- 

moving) actually precedes the water surface reflection (Inward-moving), and 

completely overwhelms any further dynamic effects of the second or water surface 
reflection. (NOTE: Figures 34a-b and subsequent figures also contain waveforms 

for coral "30 ft" calculations; these are not directly comparable with coral 

"36 ft" at the same range, due to the difference In Interface locations.) 

Range = 6.01 m: At this range, water surface reflection effects are 

becoming negligible In all cases, but recompactlon still Influences material 

dynamics. Note that the waveforms and "rock Interface" reflection spall are 

closely similar for coral 36/00, 36/05, 36/10, and 36/36 (Figures 33a-b). 

However, the cavity gas acceleration pulse arrives fractionally sooner for 

the underwater events, due to the slightly lower spall velocities of material 

moving away from the cavity. The coral 36/36 calculation (Figure 33b) reveals 

a significant late-time deceleration due to recompactlon of overlying layers 

after the gas acceleration pulse arrives. The velocity decreases back to 

approximately Its Initial "freefall" value. Thus, the gas acceleration pulse 

has only a temporary Influence on the waveforms and does not greatly modify 

overall mound dynamics for these calculations. Similar effects have been 

noted at Intermediate or close ranges in the other media as well. 

Range * 5.01 m: Here the waveforms are closely comparable for all 

calculations (Figures 32a-b). Again, spall velocities are a little lower 

and cavity gas acceleration begins slightly sooner for the underwater events. 

! 

■MM 
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The gas-acceleration-induced velocities are low by about the sane amount 
as the spall velocities; this is obviously a residual effect of the 

"imperfect" reflection at the rock-water interface, and persists throughout 
the calculation.    The velocity difference involved (at R » 5.01 m) is 

negligible.    Once more, the coral 36/36 calculation, which was carried to 

late time, shows a recompaction and deceleration phase which roughly cancels 
the increase due to the gas acceleration pulse (Figure 32b). 

Ranges 4.01 and 3.01 m:    Interactions parallel the above description, 
but the freefall phase between the rock surface reflection "R" and the gas 

acceleration pulse "C" gets progressively shorter at ranges close to the 

cavity (Figures 31a-b and 30b-c).    Finally, near the cavity boundary, the "R" and 

"C" events coincide and there is no true "spall" phase (Figure 30a, Range - 

2.01 m).    The gas-acceleration pulse is, of course, initiated when the first 

spall reflection returns to the cavity interface.   The recon^action phase, 

which returns late-time velocities to approximately the "R" spall value, is 
likewise evident (Figures 31b, 30c). 

Some interesting aspects of the late-time deceleration are also evident 
in the shallower coral "30 ft" calculations.    In this case, successive inter- 
actions occur earlier due to the shallower rock layer depth, and at shorter 

intervals due to the higher velocities involved.    The deceleration for coral 

30/10 is visible in Figures 32a, 31a, and 30b; velocity returns to the "spall 

reflection" value.    The deceleration for coral 30/36 appears in Figures 33b, 

32b, 31b, and 30c.    The relative velocity decrease is slightly greater than 

for 36/36 (higher material velocities are involved and more violent interactions 

can occur). The velocity decrease for 30/36 occurs relatively soon after 
the gas acceleration pulse arrival, almost immediately at R = 5.01-6.01 m 

(Figure 33b, 32b).    The pulse develops   a rather complex double structure 

involving acceleration and subsequent deceleration at successive ranges 
moving     away from the cavity (Figure 32b, 33b, 34b, 35e).   At locations near 

the rock-water interface, part of the energy transferred by gas acceleration 
remains with the material, and velocity does not decrease all the way back 

to the "residual" value before gas acceleration (Figures 34b, 35e; ranges of 

7.98 and 8.98 m).    Similar but less well-defined effects are detected near 
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the coral 36/36 Interface (Figures 35b, 36b, 37c, etc.; ranges > 9 n). 

Unfortunately, the interactions occur later for coral 36/36 and the cal- 
culations were not run long enough to fully define very late t1«e effects. 

The overall dynamic Interactions for coral Dr « 30 ft calculations 

generally parallel those for Dr - 36 ft, but are shifted closer to the 
cavity In the Intemedlate-to-long range region (Interface at 9.14 m) and 

are coi^ressed In time.    The dynamic regimes for basalt (Figures 39-47) and 
granite (Figures 48-55) are likewise fundamentally similar, the chief 

differences being In the shock wavefront contours, which are more rounded 
for the basalt        (deep and Ill-defined surface spall layer),but sharp 

and "noisy" for granite (complex stress relief and spall Interactions near 

an Interface).   The granite 36/36 calculations actually show two gas 
acceleration phases, initiated by the first tensile wave reflection from the 

rock-water intrrface and by the subsequent reflection of the first gas 

acceleration pulse from the rock-water Interface.   This interaction Is 

apparent as two successive freefall phases near the cavity, each followed 
by an acceleration pulse and subsequent deceleration (Figures 49b, 50b, 

51b).   These signals proceed toward the outer regions of the problem as 
two distinct acceleration pulses separated by about 13 msec (Figures 52b, 

53b).   The multiple-pulse structure occurs because of the very high assumed 
sonic velocity in granite and the low spall velocities in these calculations 

(material does not become greatly rarefied by spallation; recompaction 
and transmission of later pulses are very efficient).   Reflection effects 

would become less severe for an "optimum"depth calculation.    Late-time 

velocities near the inner regions of the mound tend to return almost to the 

initial "R" spall level, with a slight Increase (Figure 50b), in spite of 

the second pulse.   Second or subsequent cavity pulses in a one-dimensional 

calculation are difficult to Interpret physically because of convergence 

effects.    Generally, multiple reflections are of little interest for 
shallow cratering calculations; the spall launch rarefies mound material 

(decreasing multiple pulse transmission), and velocity fields are already 
established before two or three source-to-surface transit times have elapsed. 

Most of the mound material enters ballistic freefall and strong "hydrodynamic' 

Interactions cease to be Important. 
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In summary, cratering dynawics for underwater events are controlled 

by the initial (rock-water interface) spall reflection, recoi^action due 

to the water burden, first gas acceleration pulse (initiated by the "inter- 

face" spall wave), and by water surface spall reflection. The water layer 

effects of recowpaction and particularly the water surface spall reflection 

are Most significant near the rock-water interface, becoming less intense 

within the rock mound. Deceleration of the rock interface due to reconpaction 

increases with increasing water layer depth, up to a limiting value which 

corresponds with late-time residual mound velocity. The limit is apparently 

approached in these calculations for Dw/Dr * 1.0 (i.e.. 30/36 and 36/36 events) 

Presence of a water layer causes certain other dynamic modifications as well. 

Tne gas acceleration pulse transmits more efficiently and arrives sooner in 

the upper regions of the mound, due to recompaction of the mound material. 

This effect may partially compensate for the water layer damping in some 

cases. The recompaction phase near a rock-water interface ends and true 

freefall begins when the water surface tensile reflection arrives (except for 

the deep water layer events Dw/Dr = 1.0; in these cases, the material has 

already been decelerated to residual velocity before the reflection arrives, 

and the strong gas acceleration pulse may even precede the surface reflection). 

Water surface reflection is thus important near the interface (except for 

"deep layer" events); the reflection becomes progressively less important 

in the deeper portions of the rock mound, and does not cause an independent 

gas acceleration phase(i.e., gas acceleration is associated with the first 

interface reflection rather than the water surface reflection). Likewise, 

multiple reflections in the water layer and multiple gas acceleration pulses 

exert little influence for optimum depth cratering events with high spall 

velocities. This conclusion may not apply to very deeply buried low-velocity 

events not characterized by strong spallation. 

Water-laver Waveforms.  Selected velocity and pressure waveforms 

within the overlying water layer have been plotted in Appendix F (coral 

configurations. Figures F1-F3; basalt. Figures F4-F6; granite. Figures F7-F8). 

Waveforms within the rock layer adjacent to the interface have been included 

in Figures F1-F6. to demonstrate velocity and pressure continuity across the 

interface. The beginning of the freefall phase (water surface tensile 
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reflection, propagating downward through the water layer) is indicated by 

an arrow in the velocity waveforms.    Water spall velocities are compared 

with detailed "acoustic" calculations and with experimental results in 

Chapters VIII and IX.   The gas acceleration pulse arrival near the interface 
is also visible at late time in Figures F3, F6, and F8 (coral 36/36, basalt 

36/36 and granite 36/36), but does not have time to recompact and propagate 
through most of the rarefied (spalled) water layer. 

Water waveforms for the "coarse" and "fine" water zone granite 

calculations are presented in Figures F7 and F8.    The "fine" calculations 
show later arrival times, shorter rise time, higher "peak" values, slight 

differences in noise behavior and late-time arrivals, and higher spall 
velocities.    Water layer effects for granite will be e'alyzed in Chapter x. 

VII.    HOUND DYNAMICS 

Peak velocities correspond with long-term spall velocities only in 

the narrow "cutoff" region near a free surface, where toe spall arrival 1$ 
higher than the Initial peak and no subsequent recompaction effects occur. 

All other "peaks" throughout the problem history are transient values at 
the shock front or the temporary "undamped" values before recompaction. 

In order to analyze long-term mound dynamics, we should Isolate the late- 

time residual velocity and spall velocity data from the waveforms, or, 

better still, determine the "averaged" dynamic parameters within appropriate 

problem regions (i.e., cavity pressure, overall mound momentum and kinetic 

energy, etc.).    This section summarizes dynamic parameters for the eighteen 

vertical calculations.   The overall mound dynamic trends may also be correlated 
with features appearing in the finer-resolution individual waveforms 

(Figures 30-55, Appendices B-E). 

Residual velocities.    Calculated spall velocities and late-time 

residual velocities within the rock mound are shown in Figures 56 (coral, 

Dr » 36 ft). 57 (coral, Dr = 30 ft), 58 (basalt, Dr = 36 ft), and 59 (granite, 

Dr = 36 ft).    These velocities were arbitrarily selected at times near 

20 msec.    Thus, the gas acceleration phase and the very late-time recompaction 

IM 
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after gas acceleration are excluded for the outer regions of some of the 

curves.    The errors Incurred are not large, since velocity changes 
after 20 msec are relatively minor, and, as we have seen, the gas accelera- 
tion velocity pulses are oscillatory and tenj to be self-damping (I.e., the 

gas acceleration pulse just restores velocity lost during the previous 
recompactlon). 

The granite calculations form a special case, due to the "deeper- 

than-optlmum" burial, low spall velocities, and high sonic velocity.   The 

gas acceleration pulse Is Intense, and propagates tnrough about 8 m 

of the mound (for granite 36/00 and 36/10) or all of the mound (granite 
36/36) prior to 20 msec.    Likewise, severe recompactlon effects *ftpr the 

first gas acceleration phase and other late-time Interactions are partially 
Included for granite 36/36 at ranges closer than 6 m.    These facts explain 

the somewhat peculiar behavior shown In Figure 59.    Granite 36/36 residual 
velocities are lower than the other curves at close ranges because of the 

severe deceleration Included immediately after the gas acceleration phase 

(cf. Figures 51a and 51b).    Granite 36/00 and 36/10 lie close together. 
with 36/10 slightly lower due to imperfect spall reflection at the Interface 

and correspondingly decreased late-time velocities.   At ranges beyond about 
0 

9 m, the situation Is reversed:    the granite 36/00 velocities are quite high 

(undamped spallation near a fr^e surface), while the granite 36/10 veloci- 
ties are substantially decreased (water layer damping, relieved by tue water 

surface reflection at later times).    The gas acceleration pulse is not 

Included in these velocities.    The interactions are displayed In Figures 
52a. 53a, 54a. and 55a.    The granite 36/36 velocities, on the other hand, 

are very strongly damped hy the water layer but aUo include a strong gas 

acceleration pulse (Figures 52b, 53b, 54b, and 55b).    The gas acceleration 
pulse reaches the outer problem regions due to strong recompactlon of the rock. 

The initial gas acceleration peak compensates for the strong water damping, 

and granite 36/36 residual velocities (with gas acceleration) are equal 
to the granite 36/10 residual velocities (no gas acceleration) beyond 9 m. 

This comparison may be a little misleading, since damping of the granite 
3b/36 gas acceleration velocities In the outer rock rones will continue at 

very late times.    Thus, we see that very late tinv» interactions and multiple 

pulse reflections may become significant for deeply buried events with very 
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low spall velocities. These considerations may be Ignored for spall- 

dominated craterlng events In saturated media (I.e.. coral and basalt 
calculations with weak late-time Interactions). 

Discounting the minor granite difficulties, residual velocity curves 

In Figures 66 through 59 present a consistent picture of underwater mound 

dynamics.   The presence of a water layer decreases the residual velocities 
dramatically within 2 m of the interface.   Most of the decrease occurs 

for even the shallowest water layers (see 30/05, 36/05, and 36/10 calcula- 

tions), with slight additional decreases for water depths up to 36 ft 

The dramatic decrease near the Interface is caused primarily by imperfect 

spall reflection for the water layer calculations (not layer-depth dependent), 

and secondarily by water layer recompaction (depends on layer depth and 

elapsed time).   As expected, the velocity decrease is most severe for coral 

(slight Impedance mismatch, low reflection factor at the Interface), less 
severe for basalt, and least severe for granite (strong impedance mismatch, 
almost perfect "free surface" reflection).   Water layer effects decrease 

further below the interface, and the velocities for both free surface and 

underwater calculations tend to converge on high values (« 100-140 tn/sec, 
coral and basalt).   The exception to this rule occurs for the coral 30/10 

and 30/36 events. Figure 57.    Their close-range velocities are somewhat 
damped   relative to coral 30/00 and 30/05   because "very late time" deceler- 

ation (after the cavity gas acceleration pulse)has already occurred 

at 20 msec (see Figures 32a-b. and 31a-b).   Similar deceleration and recompac- 
tion of the mound for coral 30/00 and 30/05 will proceed at slightly later 

times.    The close-range differences are largely apparent rather than real. 
Note that the late-time recompaction begins relatively early for D   ■ 3ö ft 

events because of the shallow scaled burial, very high spall velocities, 
and correspondingly rapid interactions.    The deep mound velocities remain 

extremely high even after recompaction has begun, as expected for shallow 

spall-dominated craterlng events.    Late-time mound recompaction effects close 

to the cavity are not expected to modify any conclusions presented here for 
"optimum depth" spall craterlng events. 
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Cavltv growth and close-range Interactions.     The time-dependent 
cavity radii "Hcav" and cavity pressures "Pcav" are plotted in Figures 60-62 

and Figures 63-65 (a-b), respectively.    The corresponding horizontal calcula- 

tion curves are included for comparison (free-field cavity growth in an 

infinite medium; no relief pulse reflected from an interface or free surface). 

Initial cavity radius is 1.13 m (» explosive radius), and growth begins 
about 0.3 msec.   The cavity pressures are plotted beginning at 0.1 msec, 

while the detonation is still in progress.    Pressures increase until about 
0.26 msec, when the peak shock enters the surrounding medium, then drop off 

as the cavity expands.    All pressures are average values weighted by zone 

volume (zone volumes are smallest hear the center of the spherical 

calculation; volume weighting of pressures throughout the cavity compensates 

for this effect).    Each set of pressure curves has been plotted at compressed 

scale (10" -10"   Mbar, Figures 53-65a), and also on an expanded scale to better 

reveal late-time effects (10"3-10"S Mbar, Figures 63-65b). 

Late-time cavity expansion and cavity pressures are descriptive 

of the gas acceleration coupling and of dynamic effects immediately adjacent 

to the cavity.    Cavity growth follows "free-field" expansion (infinite, medium) 
until the spall reflection returns from the nearest free surface or inter- 

face.    Growth is then accelerated toward the free surface and the gas acceler- 
ation phase begins.    Deviation from free-field behavior begins soonest 

for a shallow event (nearby interface); the cavity expansion is also most 

rapid and pressure dropoff is fastest for a shallow burial depth.    As burial 
depth increases, accelerated cavity expansion begins later and occurs more 

slowly.    In the limit (horizontal or free-field event, no interface), cavity 

growth proceeds until the pressure approximately equals the lithostatic head 
plus restraining material strength of the adjacent rock.    The cavity then 

begins to stabilize, although some overshoot and "ringing" effects are 

expected at late time.    Cavity growth rates and pressures thus reveal the 

effects of interface reflections, overburden (including water layer depths), 

and material strength on gas acceleration and late-time interactions. 
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Figure 60.     Cavity radius  as a  function of time   (coral conficura»ions). 

10       L2      111      lib       1H       20      22      2k      26 
Time   (msec) 



—•^-  ■   

160 

6 

3 
9        -3 
-O     J 
GO 
M 

>> 
■P 

> 
ID 
Ü 

1.0 

i—i—i—\—i—i—i—i—i—r7~r 

Basalt 36/00^^Basalt 
36/10, 36/36 

Basalt, 
horizontal 

J I I I I I I I I I I  
2        I        6 8       10      12      BE      16      18       20       22       K 

Time  (msec) 

Figure 6l.    Cavity radius as a function of time   (basalt configurations). 



161- 

•^■^^p" ■» m 

i    i    i    i    r—i—i—i—i—i—I—I 

i—i—i i    i    i    i    i    i    i    i 0   2 ^   o   ö   TO  i2  n  B  n  So 22 -» 
Time (msec) 

Figure 62.  Cavity radius as a function of time (granite configurations). 

riEa^ 



r •"  - .  

162- 

10 

I 

CO 
V 
1 

>> 

I»- 

Peak shock enters rock medium 

10 

10" 
0.1 10 

Time (msec) 

Coral, horizontal 

^-Corfcl 3^/05, 36/10, 36/36 

Coral 36/OO 
Coral 30/36 
Coral 30/10 
Coral 30/05 
Coral 30/00 

j L 
100 1000 

Figure 63a. Cavity pressure as a function of time (coral configurations). 



M . .w  ..  mmmm^m r~, 1-  1 

-163- 

10 

5 x 10 

1 
10 

I 
u 5 x lO"5 

Coral, horizontal 

Coral 30/C 

Coral 36/00 

Coral 36/05,' 
36/10, 36/36 

oral 30/36 

oral 30/10 

oral 30/05 

10 -5 _l 1 
5      10 
Time (msec) 

Figure 63b. Late-time cavity pressures (coral). 

50 



■i.uii >9m  — -5— " '•  "'_nW^P»r~ "^■■»^•,* i wm mi.   —^^———, >■'  

-164- 

10 I 
0.1 

T 1 

Basalt, horizontal 

Basalt 36/10, 
36/36 

Basalt 36/OO 

X 
1 10 

Time (msec) 

100 

Figure 6Ua. Cavity pressure as a function ol' time (basalt configurations). 



"'>     "  ' m. .' ■ "    ■!    i     -«ii   ii       ■   i   n     ■■HI "«up ■   ■»    ■ .   in  i    ■ ■ ai ii■•'«• 

•165- 

10 -3 

5 x 10 

I 
10 

! 
5 x 10 _ 

Basalt,  horizontal 

Basalt 36/10, 
36/36 

Basa.Vo 36/OO 

10 ± 
5 10 

Time   (msec) 

Figure 6Ub.    Late-time cavity pressures  (basalt). 

SO 



w^^r^^m^f    .1 ^^^v«wi    ■■    i   i>«npui>       \ww i\t\m*^m^*^^ •I. f ^w^ii rmmm 

-166- 

u 
a 

I 
co 
ü 

10 

10 
0.1 

Interpolation 
h H 

N^—Granite horizontal 

Granite ju/36 

Cranite iü/lO 

Iranite 36/01 

1 
10 J00 

Time  (msec) 

Figure 65a.    Cavity pressure as a  function of time  (granite configurations), 

mmm 



■^■iWWW-^PWW^ww^WüpwiH.ippi«   ■ II   I p^-    ■•■"•»-—   .-■.-     --ii ^^^^^i^P^^^» 

167- 

10 

5 x 10 

a) 

(0 
w 
?J 

ft 

■P 

> 
CO 
o 

10 

5 x 10 

10 

1 \ 

T  

V 

\ ̂ . y-Granite  30/36 

Vi   Granite 3ö/lÜ 

- 

Y^ranite 36/OO 

« 1 
5 10 

Time   (msec) 

Figure 05b.     Late-time  cavity preGsuns  (granite). 

50 



■Ib8- 

Cavity growth for coral is depicted in Figure 60, while the 
pressures are plotted in Figures 63a-b.    Cavity expansion for the 

horizontal calculation ceases after about 12 msec (cavity pressure 
s 10    Mbar or 0.1 kbar i ultimate strength of coral).    The vertical calcu- 
lations begin to deviate after about 7 to 8 msec, when the first inter- 

face reflection impinges on the cavity for the "30 ft" configurations. 

(The "horizontal" curves differ very slightly before 7 msec because of the 
coarse zoning used.)   Cavity growth and pressure decline are most rapid 

for the shallow "Dr « 30 ft" calculations, and are somewhat less rapid 
for the "Dr « 36 ft" events.    Water layer effects are less important 

than rock burial depth "Dr".    The presence of a water layer damps cavity 

growth and increases cavity pressure somewhat.    However, at times earlier 

than 14 msec, the curves for coral 30/05, 30/10 and 30/36 are virtually 
identical, as are the curves for 36/05, 36/10, and 36/36.   This fact 

indicates that the presence of the water layer influences early-time cavity 

growth and gas acceleration, but the depth of the water layer is unimportant. 

It is evident that imperfect spall reflection from the rocK-water interface 
causes the decreased cavity growth rates relative to the "free-surface" 
events (coral 30/00 or 36/00).    At times later than 14 to 17 msec, water 

layer depth dependence becomes apparent in the coral 30/^0 and 30/36 

calculations.    The thick water layers damp cavity growth and increase 

pressure.   This effect is caused by the close-range damping discussed in 
the previous section.    Due to the shallow burial depths and high spall 

velocities for the "30 ft" calculations, mound recompaction occurs at 
relatively early times.    Thus, the gas acceleration phase near the cavity 

is concluded and cavity growth is damped before 20 msec (termination of 

plotted curves).    This effect is visible in Figures 30 a-b-c; reconpaction 

and deceleration begin   at about 14 msec (30/36)or 17 msec (30/10), the 

same times as the deviations visible in Figures 60 and 63.   As noted pre- 

viously, mound recompaction near the cavity will also occur (somewhat later) 
for the corui 30/00 and 30/05 events, thereby partly compensating for the 

apparent differences in cavity growth.   The calculations were not carried 

long enough to analyze very late time cavity damping after the gas acceleration 
phase for coral 30/00 and 30/05.    To place the "water layer" effects in 
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proper perspective, we note that the coral 30/36 cavity radii decline and 

the pressures increase almost to the levels of the 36/00 calculation at 

very late times. However, the coral 30/36 event actually has 37X more 

overburden weight than coral 36/00. In addition, the curves should separate 

again at later times, as cavity damping begins for the 36/00 event. Rock 

burial depth and rock overburden are more important than water layer over- 

burden in determining cavity growth, and the first interface reflection is 

the principal factor controlling cavity interactions in these calculations. 

Cavity radii and pressures for basalt are presented in Figures 61 

and 64 a-b. Horizontal cavity growth decelerates at about 6 msec {? 

= 0.5 kbar : ultimate strength). The vertical calculations 36/00, 36/10, 

and 36/36 are almost Identical up to 20 msec, in accord with the similar 

close-range waveforms (Figure 29a-b). Some cavity damping would be 

expected for basalt 36/36 after 20 msec (Figures 39b; gas acceleration 

phase ends and recompaction is apparent near 25 msec), and at later times 

for the other events. The basalt 36/10 and 36/36 growth rates are marginally 

slower and pressures slightly higher than for 36/00, due to inperfect 

reflection at the interface. 

Granite cavity expansion and pressures are shown in Figures 62 and 

65a-b. Horizontal cavity growth ends abruptly at 5 msec, and the pressure 

Is almost immediately stabilized (Pcav ■ 4 kbar : ultimate strength). This 

behavior is expected for a very high-strength rock. Cavity growth is most 

rapid for granite 36/00, somewhat slower for 36/10 and 36/36 (spall reflection 

slightly weaker). The cavity growth rate Is somewhat damped and pressures 

are increased for granite 36/36 after 13 msec (compare with 36/10 curves). 

This effect is again attributed to cavity damping after the first gas 

acceleration phase; Figure 48b shows rather severe recompaction effects 

near the cavity for 36/36 during the later stages of the calculation. 

To conclude, cavity growth and gas acceleration effects are dominated 

uy the first interface reflection arrival at the cavity. Cavity growth 

Is most rapid for a strong "free-surface" spall reflection, and is somewhat 

retarded for a weaker rock-water Interface reflection. The relative degree 

of retardation is greatest for a small impedance mismatch, which causes 

MttMiM^HM«  .  
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Inefficlent reflection (I.e., coral-water interface). Secondary effects of 

water layer depth appear only at late times, after the first gas acceleration 

phase Is complete. Recompactlon and damping of cavity growth occur earlier 

for deep water layers. This deceleration may be partly compensated at later 

times, when cavity damping must occur even for the "shallow water layer" 

or "free surface" events. In any case, close-range mound reconpactlon after 

the gas acceleration phase has little Influence on optimum depth craterlng. 

It Is therefore expected that the presence of a water layer will exert 

primary control over craterlng dynamics, and layer thickness will be a 

second-order effect. As a corollary of these conclusions, water layer depth 
for moderate-to-thick water layers has far less effect on cavity growth and 

gas acceleration than an equivalent mass of rock overburden. A rather abrupt 

change In dynamics Is expected for shallow water layers, with much less sensi- 

tivity to Increasing overburden at greater water depths. No direct parallel 

should be drawn between "rock overburden" and water layer thickness. 

Mound kinetic energies.  Craterlng dynamic effects are perhaps best 

described by the mound kinetic energy.^J The kinetic energy Is a velocity- 

sensitive and, therefore, burial-depth sensitive parameter. Kinetic energy 
Is Initially transferred from the explosive to surrounding material by the 

detonation shock front and by subsequent spherical expansion of the cav- 
1ty.  After the Initial shock wave Is reflected at an Interface or free 

surface, spall launch of the mound material begins. The kinetic energy then 

Increases as spallatlon spreads throughout the mound. This Increase occurs 

soonest and Is greatest for shallowly-burled events. As the depth of burial 

Is Increased, spall becomes a less efficient energy transfer mechanism and 

the fraction of the total problem energy converted to kinetic energy decreases. 

Finally, for horizontal or freerfleld calculations, no spallatlon occurs. 

Kinetic energy achieves a maximum at early time, then declines continuously 
as material motion is damped in the Infinite medium. 

The kinetic energy content of spalled mound material in ballistic 

freefall  is approximately constant (ignoring gravitation). Thus, If the 

entire mound entered ballistic freefall, one would expect the kinetic energy 

to rise to a peak value (during the spall phase) and remain constant thereafter. 

■il^Mil>M>aiakiMHii-if n ■■■■m 'n rliiti 
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In reality, the gas acceleration phase, beginning when the spall wave reaches 

the cavity, and continuing energy transfer from the cavity at late time cause 

the medium kinetic energy to increase gradually. The gas acceleration effects 

spread slowly throughout the mound, and may not reach the near-surface spall 

material. In addition, material interactions may change the relative energy 

contents of various regions of the mound. For example, mound recompaction and 

reassembly after the gas acceleration pulse arrival will decelerate lower 

parts of the mound and transfer energy to the upper sections (see the previous 

discussions of recompaction and cavity growth darrfing). Interactions of this 

type are of particular Interest in multilayer cratering problems. 

Otner energy-related parameters are also useful in describing dynamic 

effects. The ratio of kinetic energy to total problem energy provides a 

measure of the efficiency of material ejection. Its behavior is, of course, 

similar to kinetic energy. This parameter provides a convenient means of 

comparing different classes of problems. The ratio of kinetic energy to 

internal energy (KE/IE) likewise gives an estimate of the fraction of the 

locally available energy (in the entire mound or a given region) which goes 

into material motion. The KE/IE ratio is high for shallowly buried events, 

and extremely high in the spall region near a free surface. Material pro- 

perties also influence the ratio: other factors being equal, the internal energy 

content is highest (and KE/IE ratio is lowest) for stiff, high-strength, 

shear-supporting materials; the internal energy content decreases for weaker 

material and for fluids. The KE/IE ratio becomes small for deeply buried 

events in all media. In the horizontal problems, material motion is strongly 

damped at very late times and the Internal energy content approaches total 
problem energy. 

Multilayer dynamics may be examined by dividing the problem into 

various material regions and examining kinetic energy behavior in each region. 

This procedure is particularly appropriate here for three reasons: (1) Cratering 

material ejection for underwater events depends almost entirely on velocities 

and energies in the underlying rock. The dynamics of the overlying water layer 

(after initial shock reflection, damping, and recompaction at the Interface 

are complete) do not influence the dynamics of the rock material and the rock 

mm 
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ejecta trajectories. Thus, cratering dynamics after the initial strong 

interaction phase may be analyzed solely in terms of the underlying rock 

layer. Indeed, the entire water layer for most of the shallow events in 

this study (Dwater = 5 or 10 ft) enters freefall when the water surface 

reflection spall phase is complete, and does not Interact again with the 

rock layer within about 20 msec (problem termination time). (2) The problem 

sets discussed  here use a r.onst&nt rock layer depth, in confcination with 

variable water layers. Hence, the rock kinetic energies for problems in a 

given series may be directly compared to reveal water overburden effects. 

Since the kinetic energy is velocity-sensitive, damping and deceleration 

effects which influence rock layer motion will be readily evident. (3) Gravita- 

tional energies are negligible {*  10"3 x KE) over the time and distance 
scales of these problems. Even for the rapidly-moving upper spalled regions, 

gravitational energy accounts for only one percent or so of the zone energy 
at late times. 

Kinetic energy content in rock as a function of time for all problems 

is plotted in Figures 66-69 (solid lines). The kinetic energy content in the 

overlying water layers is also given for comparison (dashed lines). The 

various problem sets are displayed separately: coral (D = 30 ft) in Figure 

66, coral (Dr = 36 ft) in Figure 67, granite (Dr = 36 ft) in Figure 68, basalt 

(horizontal and 36/00) in Figure 69a, and basalt (36/10 and 36/36) in Figure 69b. 

The basalt diagrams also show the internal energy in rock and water and the 

total cavity energy for all problems. Note that each figure gives the total 

problem input energy after detonation is complete (horizontal line at 

6.65 x 10 Mbar-cm ) and the arrows at the bottom of the figure indicate the 

approximate (acoustic) shock arrival times at each problem interface or boundary.* 

Code: 30/00A or 36/00A: Initial shock arrival at rock surface or rock- 
water interface. 

30/05Aor 36/05A: Initial shock arrival at water surface, Dy^ = 5 ft. 

30/luA,or 36/10/\: Initial shock arrival at water surface, Dw = 10 ft. 
30/36Aor 36/3^ Initial shock arrival at water surface, Dw = 36 ft. 

riMaMHBHaai 
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A11 of the kinetic energy figures show trends consistent with 

previous discussions* although the water layer damping effects are some- 

what exaggerated due to the extreme velocity sensitivity. Primary features 

of the kinetic energy behavior are summarized as follows: 

(1)  Kinetic energy curves for all problems in a given medium are 

identical until reflection occurs at the rock surface or rock-water inter- 

face. The kinetic energy for rock free-surface problems (30/00 and 36/00) 

then rises steeply throughout the spall phase and tends to level off at 

later times. The rock kinetic energy for underwater problems continues to 

decline aftar rock-water interface reflection due to water layer damping at 

the interface. However, the kinetic energies then begin to increase as 

spallation spreads through the rock mound and as the water surface reflection 

returns to relieve damping near the rock-water interface. The kinetic energies 

finally become almost constant, with slight variations at late times. Horizontal 

problem kinetic energies decline steeply at late times, as expected. 

(2) The kinetic energy in water rises steeply after the shock wave reaches 

the rock-water interface. This increase continues as spall reflection occurs 

at the rock-water interface. Ballistic spallation then spreads throughout 

the water layer and the kinetic energy curves level off (water layer in 

freefall). Water dynamics are most clearly displayed in the "^aep" 30/30 or 

36/36 problems. Kinetic energy in water rises steeply as the siiock enters 

the water (time 30/00/1, or 36/00A), increases more slowly as the shock moves 

through the water layer, jumps suddenly as the shocK is reflected at the free 

surface (time 30/36A or 36/36/\), increases rapidly as spallation spreads 

through the water layer, then levels off during ballistic freefall. Further 

small increases may occur at very late times if the rock layer again catches 

up with and recompacts the bottom part of the water spall (gas acceleration 

pulse reaches water layer). (3) Kinetic energy content in rock is decreased 

significantly by the presence of an overlying water layer, with most of the 

decrease occurring even for the shallowest water depths (Dw = 5 or 10 ft). 

Additional water layer depth has little influence on the rock kinetic energy, 

and likewise does not increase the water layer kinetic energies dramatically. 

(4) The rock kinetic energy curves are slowly varying functions beyond 

10-15 msec (after initial spall phase is complete) and are not extremely 

mmmm 
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sensitive to late-time Interactions.    This trend clearly shows that overall 
mound dynamics are not crucially dependent on late-time effects, and the use 

of one-dimensional vertical calculations and kinetic energies to analyze 

mound dynamics is quite appropriate.    (5) The late-time effects which do 

appear consist primarily of a slight continuing increase in rock energy due 

to gas acceleration.    This phase is followed by a very late-time decrease 

in the rock kinetic energy for coral 30/36 (Figure 66), coral 36/36 (Figure 67), 
basalt 36/36 (Figure 69b), and granite 36/36 (Figure 68).    The water kinetic 

energy then increases for these same problems at still later time*.    This 

interaction is explained as recompaction of the mound following the gas 

acceleration phase (see previous discussion).    The gas acceleration and subse- 

quent recompaction effects spread slowly upward through the rock mound, 
eventually transferring kinetic energy to the upper regions of the problem 

(water layer).    Note that the granite kinetic energy curve actually shows 

two gradual increases followed by two deceleration phases (Figure 68); 

these correspond with the two separate gas acceleration pulses and subseouent 

recompaction phases noted earlier (cf., Figure 50b and others).    Only the 
first gas acceleration pulse reaches the water surface layer for granite 

36/36 (single late-time increase in water kinetic energy). 

The shallow water layer problems were not carried late enough to 

snow these mound recompaction effects or late-time interactions with the 

water layer.    Recompaction would occur at very late times for these configu- 

rations, but the dispersion of the rapidly-moving spalled rock and water 
layers obviously decrease the intensity and speed of propagation of late-time 
effects. 

The internal and cavity energies are also shown for the basalt events 
(Figures 69a-b).    The cavity energy content at late times is highest for 

the horizontal calculation, and is lower for the vertical configurations 

(energy is transferred from the cavity to basalt during the gas acceleration 

phase).    The cavity energy curves are similar for vertical problems 36/00, 
36/10, and 36/36 (as were the cavity radii and pressures discussed earlier). 

Again, this behavior supports the conclusion that the water layers have 
little   influence on gas acceleration and late-time close-range effects for 

basalt.    The internal energy curve for basalt (horizontal problem) shows a 
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steady increase at late times, corresponding with the decrease in kinetic 

energy. Internal energy approaches total problem energy after 20 msec. 

The basalt vertical problems reveal almost-constant internal energies at 

late times; event 36/00 has the lowest internal energies, while the under- 

water problems 36/10 and 36/36 are successively a little higher. However, 

the difference in internal energy between these three problems is extremely 

small, much smaller than the loss of kinetic energy for the underwater 

problems. The relationships between kinetic and internal energy are more 

clearly shown in Figure 70, wnich plots the ratio of kinetic energy to 

internal energy (KE/IE) for both basalt and water layers. The ratio in 

basalt is highest for 36/00, increasing dramatically dunng the spall pnase. 

The ratios for 36/10 and 36/36 decline due to water damping in the same time 

period, converging on lower levels at late time. It is evident that the 

presence of a water layer causes only a slight increase of internal energy 

but a large decrease of kinetic energy and KE/IE ratio in the underlying 

basalt. Almost all of the kinetic energy lost from basalt goes into the 

water layer (ratner than into internal energy of basalt). This situation is 

expected to occur for all shallowly-buried spall-dominated problems. The 

internal energy curves for the water layers (Figure 69b) reveal interesting 

trends not visible in the kinetic energy curves alone. Internal energy 

increases until spall reflection at the water surface occurs, then decreases 

rapidly as spallation spreads throughout the water layer, finally -eaching 

a constant value when the entire water layer enters freefall. These relation- 

ships are also illustrated in Figure 70 (KE/IE ratio in water layer). The 

ratio of kinetic to internal energy actually remains constant or declines 

slightly as the shock propagates through the water layer (times from 36/00A to 36/10A 

or 36/OOA to 36/36A). However, after reflection at the water surface (see 

times after 36/10.' or 36/36' ), the internal energy decreases and the ratio of KE/IE 

increases rapidly, again approaching a constant value at late time. The 

late-time internal energy content in the rapidly-moving water spall layer 

is quite small and the ratio of KE/IE is very large as expected. The water 

internal energy curve for basalt 36/36 shows a slight increase near the end 

of the problem, corresponding with the water kinetic energy increase at the 

same time (gas acceleration pulse and recompaction effects reach bottom of the 

water layer). 



■"-^ •"'   w» i.       »ivw^^mr^t       immm^r^^n^^^ w^imnmr*"' -W^F»«™^^^» 

-181- 

100 

(4 
0) c I 

CD 

I    10 
M 

■P 
c 

o 
•p 

I 
-p i 
ß 

c 
1.0 

■P 

en 

0.1 
0.1 

1 1—I   I   I I II T 1—I   I   I I II T 1—I   I   II I U 

For waver, 
basalt 36/10 

For water, 
basalt 36/36 

Basalt 36/OO* 

Basalt 36/10 

Basalt 36/36 

•Basalt, Horizontal 

I I II I I 

Time (msec) 
100 

Figure 70. Ratio of kinetic energy to internal energy (KE/IE) as a function 
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Some of the representative late-time energy data have been abstracted 

from Figures 66-69, and are summarized in Tables 8 and 9.    The tables 
also list corresponding data for three subsidiary sample problems (lower 

three entries of each table).    These results will be discussed in Chapter X. 
All energies are selected at times later than two shock transit times through- 

out the problem, after spa 11 ation is complete and the energy curves have"leveled 
off."    In most cases, a two-value range is listed for each quantity, repre- 

senting the approximate variability at late times.    Table 8 lists the ratios 

of kinetic energy (KE) to total input energy for each problem; this ratio 

is given for the rock layer (KE (rock)/total energy), water layer (KE (water)/ 
total energy), and both layers combined (total KE/total energy).    Also, 

the relative partition of kinetic energy between rock and water is listed. 
Table 9 presents the ratios of kinetic energy to internal energy; the ratio 

is compiled for the rock layer [KE (rock)/IE (rock)] and for the water layer 
[KE (water)/IE (water)].    Rock values list an approximate range of varia- 

bility at late times.    The water layer ratios tend to converge on a constant 

value at late times, since most or all of the water layer is in ballistic Treefall 

The ratios of kinetic energy   in rock   to total problem energy 
(Table 8) are highest for coral 30/00 (about 0.45, or 45% of total energy 

is converted into kinetic energy) and for coral 36/00 (about 0.4 or 40%), 
becoming progressively lower for basalt 36/00 (38%) and granite 36/00 (15%). 

These ratios decline somewhat as water layers of increasing thickness are 

added to the problems, and the ratio (kinetic energy in water)/(total energy) 
increases correspondingly.    It is quite interesting to note that the ratio 

(total  kinetic energy)/(total energy) for each set of problems declines by 
only about 0.02 to 0.06 (2 to 6%) as tnicker water layers are added (up to 

Dw 
s 36 ft).    Thus, the addition of water does not greatly decrease the 

total available kinetic energy, in spite of the increase in overburden. 
The addition of 6 ft of coral (30/00 to 36/00) modified the total 

available kinetic energy about as much as 36 ft of water overburden for 

similar problems.    Since total kinetic energy does not change dramatically 
with water depth, we may conveniently deduce water layer effects by comparing 

MMMMHUkB 
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Table 8     Ratio of Kinetic Energy'to Total Problem Input Energy 

(late times, after rock layer spallatlon Is complete)f* 

Configuration 

KE(rock) 

Total Energy 

KE (water) 

Total Energy 

Total  KE*" KE 
Partition 

Total  Energy 

Coral  30/00 0.434 
0.452 

— 0.434 
0.452 

1.0 
1.0 

0 
0 

Coral  30/0b 0.261 
0.279 

0.1o5 
0.165 

.426 

.444 
.613 
.628 

.387 

.372 
Coral 30/10 .225 

.228 
.189 
.189 

.414 

.417 
.543 
.547 

.457 

.453 
Coral  30/36 .194 

.150 
.197 
.227 

.391 

.377 
.496 
.398 

.50« 

.602 
Coral 36/00 .389 

.404 — 
.389 
.404 

1.0 
1.0 

0 
0 

Coral 36/05 .234 
.251 

.148 

.147 
.382 
.398 

,613 
.631 

.387 

.369 
Coral 36/10 .200 

.216 
.174 
.173 

.374 

.389 
.535 
.555 

.465 

.445 
Coral 36/36 .176 

.147 
.189 
.203 

.365 

.350 
.482 
.420 

.518 

.580 

Basalt 35/00 .374 
.389 

-- .374 
.389 

1.0 
1.0 

0 
0 

Basalt 36/10 .246 
.260 

.112 

.112 
.358 
.372 

.687 

.699 
.313 
.301 

Basalt 36/36 .222 
.209 

.125 

.141 
.347 
.350 

.640 

.597 
.360 
.403 

Sranite 36/00 .143 
.149 

-- .143 
.149 

1.0 
1.0 

0 
0 

( Jranlte 36/10 .116 
.120 

.018 

.018 
.134 
.138 

.866 

.870 
.134 
.130 

( Jranlte 36/36 .112 
.084 

(Lower Layer] ' 

.021 

.026 
.133 
.11 

.842 

.764 
.158 
.236 

Coral 41.31* .185 
.199 

.167 

.167 
.352 
.366 

.526 

.544 

upper 
.474 
.456 

( 

E 

:oral 55.11* .083 
.101 

.197 

.194 
.280 
.295 

.296 

.342 
.704 
.658 

Jasalt 39.83* .246 
.260 

.103 

.102 
.349 
.363 

.705 

.719 
.295 
.281 
 1 

* Equivalent overburden comparison calculations (no water layer) - see text   Chao X 

*** Total  KE = Rock KE + Water KE 
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TABLE 9. Kinetic Energy/Internal Energy Ratios at Late Times 
{ t « 2 transit times). 

CONFIGURATION KE/IE RATIO*.* ROCK 
LATE-TIME KE/IE 

RATIO IN WATER 

Coral 30/00 0.86 - 0.95 

30/05 .49 -    .58 37.9 
30/10 .46 -    .48 22 
30/36 .46 -    .3 8.5 
36/00 0.73 - 0.78 mm 

36/05 .46 -  .43 - .48 54.3 
36/10 .45 -  .38 - .41 32 
36/36 .45 - .33 12 

Basalt 36/00 0.66 - 0.74 - — 

36/10 .44 -  .43 - .48 33 
36/36 .44 - .42 12.8 

Granite 36/00 0.17 - 0.20 .. 

36/10 .13 - .16 11 
36/36 .13 - .15 -0,1 ^7    ' 

RATIO, LOWER LAYER RATIO, UPPER LAYER 

Coral     41.31% .331  - .37^ (8.95) 
Coral     55.11 .151  - .168 (3.27) 

Basalt   39.83* .396 - .480 (19.5) 

Equivalent overburden comparison calculations (no water layer) 
see text. Chapter X. 

A range of values Is listed, corresponding to the approximate 
variation at late times, after two transit times. 
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the kinetic energy partition for each set of problems.   Using average 

values» the fraction of kinetic energy partitioned into the rock declines 

from 1.0 to 0.44 for the series coral 30/00 to coral 30/36 (the kinetic 
energy partition in water correspondingly increases from 0 to 0.56). 

The partition in rock decreases from 1.0 to 0.45 for coral 36/00 to 36/36. 

from 1.0 to 0.62 for basalt 36/00 to 36/3ü, and from 1.0 to 0.80 for granite 

36/00 to 36/36.    In all cases, the greatest decrease of rock kinetic energy 

occurs for the shallow water layer (Dw = 5 or 10 ft), with small additional 
decreases at greater water depths.    The water layer causes the largest 

kinetic energy decrease in rock for the coral events (slight impedance 
mismatch at the rock-water interface); the decrease is much less severe 

for basalt and for granite (gross impedance mismatch, efficient tensile 

reflection at the interface).    This situation has a very significant effect 
on the KE (rock)/total energy ratio: The "rock" kinetic energy for coral 

36/00 is greater than kinetic energy for basalt 36/00, but the basalt kinetic 

energy in rock becomes greater for events 36/10 and 36/36.    The implications 

for underwater cratering in high and low impedance rock are obvious.    Kinetic 

energy partitioning into the rock is even more efficient for the granite 
3ü/10 and 36/36 events (= 0.86 to 0.80).    Note, however, that the kinetic 

energy (rock)/total energy ratios for all granite problems are extremely 

small  (=2 0.1b to 0.1).    The rock kinetic energy for granite 36/00 is less 

than the rock kinetic energies for coral 36/36 and basalt 36/36, with deep 

water layers.    This result once more verifies that the high-strength granite 

configurations are at deeper-than-optimum burial and do not model realistic 

cratering events.    Nonetheless, the fundamental result obtained here, high 
kinetic energy partition into the rock layer for high Impedance rock, is 
expected to hold at all burial depths. 

The KE/IE ratios (Table 9) show trends similar to the above.    The 

ratios are highest for coral 30/00 and 36/00, declining for the other media. 

The KE/IE ratios for high-strength granite are quite low, again revealing 
inefficient material ejection and excessively deep burial.    Most of the 

explosive energy is effectively lost as internal energy of the medium, 
and does not contribute to material ejection. 
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General conclusions of the kinetic energy analysis may be stated 

as follows:    (1) Presence of a water layer Is more Important than water 
depth In determining overall mound dynamics (even for relatively deep 

water layers. Dw/Dr ■ 1.0);    (2) The kinetic energy partitioned Into rock 

depends primarily on the acoustic mismatch at the rock-water Interface, 
and only secondarily on water depth;    (3) Increasing water layer depth 

does not rapidly modify the total kinetic energy available to eject 

material; by contrast, the available kinetic energy decreases precipitously 

with Increasing burial depth In a single-layer rock medium;     and (4) Following 
conclusions (1) - (3), the water layer should never be treated as an "equivalent 
weight" of rock overburden In craterlng problems. 

VIII.    SPALL VELOCITIES-ACOUSTIC ANALYSIS 

This chapter compares SOC-calculated shock propagation and spall 
velocities In the water layer with the results of a simple acoustic trans- 
mission analysis.    It Is assumed that the shock front Is transmitted and 

reflected as a low-amplitude (acoustic) wave at the rock-water Interface. 

Angle of refraction and radius of curvature are described by geometric laws. 
Further, the front Is assumed to propagate at sonic velocity (linear Elastic 
medium) and with a constant peak attenuation rate In the water layer.    These 

assumptions are reasonable because the peak amplitudes near the Interface 

are moderate (P : 1 kbar) and peak waveforms arc relatively well-resolved. 

For acoustic waves, the angle of reflection at an Interface Is equal 
to the angle of Incidence.    The angle of the refraction Into the overlying 
layer Is given by, 

cos ew = > cos 9 
r 

where "e" Is measured between the direction of shock propagation and the 
Interface; 9 = 9^ for normal Incidence. 

Sw = angle of refraction Into upper (water) layer 

6r ■ angle of incidence in lower (rock) layer 
Cw = front velocity of propagation in upper layer 

Cr = front velocity of propagation in lower layer. 

mm 
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Continuity of pressure and particle velocity across the interface may be 
applied to derive transmission and reflection factors.    The reflected peak 
pressure at the interface is determined to be, 

pC sine -pC sine 

Pr ■ incident peak pressure in lower (rock) layer 

pCr = acoustic impedance of lower layer 

pCyj ■ acoustic impedance of upper layer 

Similarly, the peak particle velocity after reflection at the interface is, 

V (reflected) = Vr 
pCwsiner-pCrsin9w 
pCwsiner+pCrsinew 

Vr = incident peak particle velocity in the lower (rock) layer. 

The quantity"sin 0" is of course equal to 1.0 for normal incidence. Note 

that the velocity or pressure reflection factor is negative at a high-to- 

low impedance interface (pCr>pCw, Cr>Cw, ew>er). Thus, an incident compression 

wave is reflected as a downward-travelling tensile wave (upward velocity component). 

The spall velocity at the interface is obtained by summing the vertical velocity 

components: 

Vspall (rock) = CVr+V (reflected)] siner < 2Vr 

Note that this rock interface spall velocity is a peak value; velocity near 

the interface may be damped by the water layer at later times, as the trans- 

mitted shock propagates away from the interface and velocities in the water 

layer decrease. 

The peak pressure transmitted into the upper layer at the interface is, 

2pCwsiner 
Pw = pr CpCwsiner+pCrsinew

] 

Pw = transmitted peak pressure in the upper (water) layer 

The term in brackets will be denoted as the pressure transmission 

factor into the water layer. The transmission factor decreases for increasing 

impedance mismatch between rock and water and for increasing incident angle "e "; 

Figure 71 presents a plot of the rock-water pressure transmission factor as a 

function of angle for the coral, basalt, and granite media used in this study. 
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The Impedances of rock and water differ, so the velocity transmission 

factor Into the water layer Is not the same as the pressure transmission 

factor. Peak particle velocity and peak pressure at the shock front In the 

water layer are related by the acoustic equation, 

Pw -  PCw Vw 

Vw = peak particle velocity at the front. 

Thus, the transmission equation may be expressed In terms of velocity as. 

pCr  2pCws1ner 
vw a V,r pC^ Ptwslner+pCrs1new 

Note also that either peak velocity or peak pressure at the shock front may 

be determined If the other quantity Is known. For the properties of water 

assumed In these problems, 

pC 5 66.3 fiil^= 217.5 £il^. w        TL m 

and the peak pressure is given by, 

Pw = pCwVw ' 217-5Vw     ^w in m/sec' pw 1n psi) 

This relationship applies at the shock front (peak values), but not to 

spall velocities In the surface cutoff layer adjacent to an Interface, where 
the tensile reflection truncates the peak pressure of the Incident wave. 

For water. It has been shown'-28-' that peak attenuation of weak pulses 
and even of relatively strong shock fronts occurs at the rate of "R"1,13", where R 
Is the range from center for a spherically divergent front, or.more generally, 

the radius of curvature of the front.    Hence, attenuation of the transmitted 

shock in the water layer may be adequately modeled by a power law dependence. 
Spall launch velocities of the water surface may likewise be calculated, 

since perfect tensile reflection occurs at a free surface and the vertical 
component of particle velocity is doubled: 

Vspall(water) = 2Vw(at surf^e)s1new ^^^ at Surface) s1n6w 

The peak pressures and velocities at or above the rock-water Interface 
and the peak surface spall velocities may thus be acoustically simulated if 

the following parameters are available: Peak pressure or particle velocity of 

MMMM 
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the shock front incident at the interface, angle of incidence, impedances 

and sonic velocities of the two layers, and attenuation rate in the upper 

layer. All of these quantities are known except the peak pressure (particle 

velocity) at the interface, which must be derived from SOC calculations for a 

given medium. Preston and Wheeler'- ^ have demonstrated that peak shock 

front parameters in rock may be accurately fitted over a broad range interval 

by power law equations. However, separate equations are needed for the "high 

pressure" regime (range < a fixed transition range) and the "low pressure" 

or acoustic regime (range > transition range). Approximate relations have 

been derived for the coral, basalt, and granite calculations. It was convenient 

in this case to fit peak particle velocities at the shock front. The horizontal 

calculations were first used, but results proved slightly inaccurate (= 10% low) 

due to the coarie zoning. Small corrections were applied to better match the 

finely-zoned vertical calculations. Fitted equations take the form, 
bl 

V^ = a,R  (for Range R < transition range Rtr) 
b? 

V2 * a2R 
c  (for R > Rtr) 

'1 V2 at Rtr 

a and b are constants 

Peak velocity relations for the three media ar» presented in Table 10.    Note 

that attenuation rates "b," and "by" in each midium are always more rapid for 

the close-in region ("b-,") than at long ranges ("bp").    Comparing materials, 
the attenuation rates in both regions are most rapid for granite.    Power law 

fits proved slightly inaccurate at very close ranges (R < 10 ft) for these SOC 

calculations; all of the events discussed here were buried more deeply than 

10 ft      so the close-range inaccuracies have no effect at the interface. 

Given a suitable model of the rock-layer peak particle velocities, 
the velocity or stress at any interface location may be determined and acoustic 

calculations for the ray transmitted at that location may be performed.   Note 
that these calculations are applicable for any intercept angle (as well as 

for the vertical direction), thus giving a two-dimensional picture of shock 

transmission into the upper layer.    Figure 72 schematically depicts the 
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transmission of a vertical ray and an oblique ray in a two-layer configu- 

ation.    (The figure shows a third overlying layer of air as well; we will 

treat the water surface as a free surface for present purposes.) 

Acoustic calculations have been performed for events at a variety 

of rock and water layer depths, in coral, basalt, and granite.    Velocity 

fits from Table 10 provided the input rock velocities "Vr".    Results of 

these calculations may be conveniently compared with the "SOC" interface 

and surface spall  velocities (vertical direction only).    However, it should 

be remembered that the SOC   one-dimensional calculations necessarily impose 
the condition of a spherically-divergent geometry.    No corrections are 
included for refraction effects and change in wavefront curvature at an 

interface.    The error thus introduced will be negligible very close to the 
interface (thin water layer), and will become progressively larger as the 

transmitted shock propagates away from the interface.    In order to compare 

"SOC" and "acoustic" velocities, it was necessary to make two sets of acoustic 
calculations.   The first set assumes spherical divergence of the transmitted 

shock in the water layer,* and will be denoted as the "linear" or "uncorrected" 

set.   The second set of calculations includes the correct treatment of refraction 

and change in divergence at the interface for all rays.'-    *    ^   These calculations 
will be known as the "corrected" set.    The two sets are identical at the rock 

interface, but the water surface spall velocities deviate progressively for 
increasing water layer depths. 

Spall velocities above shot point.   Table 11 compares the spall velo- 

cities at the rock-water interface and at the water surface for the SOC calcula- 

tions and acoustic calculations.   All of these velocities are in the vertical 
direction, directly above shot point.    In addition to peak values, the SOC 

tabulations list a range of spall velocities for the near-surface high-velocity 

For example, the vertical  fnormal) ray transmitted into the water layer 
attenuates as [0 /(Dr+Dw)]l-13 beyond the rock-water interface.    No change in 
the radius of curvature of the wavefront occurs at the interface.   Corres- 
ponding equations may be written for other angles of incidence in the case 
of "two-dimensional" calculations (oblique incidence). 
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spall region (see Appendix A). The first column of SOC results gives the 

rock interface spall velocities for each configuration. The next two 

columns l^st the water surface spall vsiocities (in the high-velocity spall 

region, and over an arbitrary 1.5 m depth interval below the surface). 

Two sets of velocities are listed in the case of granite, for the coarse and fine 

water zone SOC calculations. The acoustic section of the table gives the 

rock interface spall velocity (identical for both uncorrected and corrected 

calculations), the water surface spall velocity for linear or uncorrected 

calculations, and the water surface spall velocity for corrected calculations. 

The rock interface velocities agree quite closely between SOC and acoustic 

results, as would be expected (SOC calculations were used to model peak 

shock front parameters in the rock layer). However, the SOC interface velocity 

for granite (36/10 and 36/36) is somewhat higher than the acoustically-calculated 

value for reflection at a rock-water interface. Comparing the water surface 

peak spall velocities for coral and basalt events, we find that the acoustic 

linear (uncorrected) values are in excellent agreement with the corresponding 

SOC results. The corrected acoustic water surface velocities are much higher 

than the uncorrected and SOC results (refraction at a high- to low-velocity 

interface decreases divergence of the shock front, thus increasing water 

layer pressures and spall velocities), sargest errors occur for the deep 

water layer configurations. The errors for Dw = 36 ft are approximately 21-26% 

(coral) or 36% (basalt, strong impedance mismatch). The acoustically- 

calculated water surface velocities for granite configurations are all 

significantly higher than the SOC values; agreement improves somewhat for 

the "fine" water zone calculations. In summary, the uncorrected acoustic 

calculations match the SOC results for basalt and coral configurations, but 

not for granite. The corrected acoustic velocities are higher, showing that the 

assumption of spherical divergence causes errors in the SOC water layer calculations. 

Errors are greatest for deep water layers (far from the interface) and for 

a large acoustic mismatch at the interface. 

The disagreement between acoustic and SOC calculations for granite 

is closely related to the attenuation effect mentioned previously (Chapter VI, 

peak velocities and pressures). It was noted that peak velocities beyond 

the granite-water interface suffered a sudden drop, then continued to attenuate 

mm 
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rapldly throughout the wter layer. The use of "fine" (half-size) water zones 

reduced the sudden drop but rapid attenuation remained. It is not surprising that 

the constant "R-l-13.. attenuation rate of the acoustic calculations generates 

higher water spall velocities than the SOC calculations. The water layer 

attenuation rates for "SOC" results are examined in Table 12. Table 12a pre- 

sents the approximate attenuation rate of peak particle velocity at the shock 

front (excluding the narrow surface spall layer where peaks are reinforced 

by the tensile reflection). The water attenuation above coral and basalt varies 

approximately as R' ' 5 to R"1,2. rates which are slightly greater than the "acoustic" 

assumption. The rate above granite is R'1-55. The attenuation rates of water 

surface spall velocity between the various calculations (i.e.. coral 36/05- 

36/10-36/36. etc.), show a similar trend (Table 12b).* The granite-water 

calculations once more show an attenuation rate on the order of R'1-5. This 

question will be further examined in Chapter X. 

More detailed results of the acoustic calculations for the vertical 

direction are presentea in Figures 73-79: 

Figure 73 shows the rock Interface peak spall velocities as a function 

of burial depth In rock, "Dr". Acoustically-calculated velocities are shown 

for the case of no water layer (free surface) and for the case of an overlying 

water layer (partial reflection at interface, spall velocities are lower, decrease does 

not depend on water layer depth). SOC-calc ilated velocities (with and without 

water layers) are Included for comparison. Some additional SOC velocities 

(from Chapter X) have also been added to demonstrate agreement at other burial depths. 

Figures 74-77 depict the corrected water surface spall velocities 

as a function of water layer depth. The water surface velocities for 

all three media are given. Figure 74 is for a rock burial depth Dr = 24 ft, 

Figure 75 for a depth Dr = 30 ft. Figure 76 for Dr = 36 ft, and Figure 77 for 

Dr = 42 ft. This encompasses the range of burial depths commonly u ?d with 10-ton 

excavation charges. Note that the water spall velocities are generally highest for 

coral, lower for basalt, and lower still for granite. However, coral calcula- 

tion velocities decrease most rapidly with increasing water layer depth. This 

Free-surface spall velocity is approximately twice the local peak particle 
velocity at the shock front; therefare. the attenuation rate of surface spall 
velocity between the various water-layer depth calculations should match the 
attenuation rate of peak particle velocity in the water layer. 
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trend again illustrates the importance of interface refraction effects: 

Strong refraction at the basalt or granite interface causes the shock 

front to diverge more slowly. Spall velocities far from the interface 

correspondingly decrease less rapidly. This difference between coral and basalt 

behavior would not be apparent for unconected calculations (spherical 
divergence). 

Figures 78 and 79 show both the corrected and linear (uncorrected) 

water surface spall velocities for coral, basalt, and granite. The S0C- 

calculated peak spall velocity data points are plotted for comparison. 

The coral (C) and basalt (B) points agree with the linear acoustic calcu- 

lations, as discussed above. The granite points (Gf = fine zone, G = 

coarse zone) are low. In order to examine attenuation effects, the linear 

(uncorrected) acoustic calculations for granite were redone with a water- 

layer attenuation rate of R-1.55. The resultant curve is shown in Figure 79. 

Agreement with the "fine-zone" granite calculations is greatly improved, 
with SOC data points slightly below the revised acoustic calculations. 

Empirical data. Water surface velocities have been measured for 

the Tugboat Phase I underwater events in coral.^42J Data are listed in 

Table 13. Four of these events were of one-ton yield; the rock burial depths 

"Dr" and water layer depths "D " have been cube-root scaled to 10 tons, in order 

to render the results comparable with calculations. All velocity measurements 

were made using late-time low-resolution photographic techniques (time > 90 msec, 

mound height = 10 to 100 ft). For this reason, the data cannot be directly 

compared with early-time peak surface spall velocities. The water medium 

has very low tensile strength and spalls upward in thin layers when a shock 

wave is reflected at the surface. These thin lasers, unlike massive rock 

spall, suffer enormous air drag deceleration at early times. Indeed, the 

initial surface deceleration may be on the order of hundreds of g's, even 

for greater ranges and lower velocities than those encountered here.^ 

The rapid deceleration ceases and a stable freefall configuration is achieved 

only after an appreciable thickness of water is accreted to the bottom of 

the spall. Thus, velocities measured over distance scales on the order of 

many feet and time scales much greater than the initial spall launch time 

MMMMMi 
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wlll bo representative of the "average" accreted velocity throughout 

several feet of the water mound (rather than the instantaneous peak very 
near the free surface). 

The SOC-calculated range of water peak spall velocities in the high- 

velocity near-surface region and in the top 1.5 m of the water layer are 

plotted against water layer depth in Figures 80 (coral, 0 = 30 ft), 81 

(coral Dr = 36 ft), 82 (basalt), and 83 (granite). The corrected acoustic peak 

spall velocity curves are also shown. Data points for the Tugboat coral 

events at the closest comparable rock depths "Dr" are presented in Figures 80 

(Dr = 30 ft) and 81 (Dr • 36 ft). It is evident that the measurements fall 

below the "S0C" and "acoustic" peak surface velocities, and are more nearly 

comparable with the velocities about 1 to 1.5 m below the surface. Note that 

event "ID" in Figure 81 may not be legitimately compared with the other data 

and calculations, since it was at a very great scaled depth of D = 44.4 ft. 

The differences between Tugboat data and the corrected acoustic calcula- 

tions are more accurately compared in Figure 84. Acoustic calculations were 

performed for the precise (scaled) rock and water depths of each Tugboat con- 

figuration. Figure 84 plots the apparent error "V(acoustic)/V(measured)." 

The "acoustic" peak velocities are about 1.9 times as high as the measurements 

for the one-ton events (IA-ID), about 1.37 times as high for the 10-ton 

event (IE). This fact in itself indicates a photographic time-scale and 

resolution problem, since accretion occurs over the smallest distance and 

shortest time interval for the "small scale" one-ton events. However, 

Figure 84 again indicates that measured velocities are representative of the 

top layers of water spall rather than the peak surface velocity. 

A final comparison between calculation and experiment is presented 

in Figures 85-87. These Figures show the SOC-calculated spall velocity (or 

residual velocity) profiles throughout the water mound after spallation is 

complete. The corrected acoustic surface velocities are also shown as 

crosses (somewhat higher than the S0C surface velocities). The S0C calcu- 

lations reveal the characteristic features of slowly changing velocities deep 

within the mound, followed by a sharp increase in spall velocity within 

about 2 m of the free surface. The measured velocity for Tugboat IB is 
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indicated in Figure 85 (compare with coral 30/10). Measurements for Tugboat 

IC and IE are marked in Figure 86 (compare with coral 36/10). The late- 

time measured velocities indeed appear consistent with the interpretation 

of "averaged" velocities throughout the accreted water spall mound. Water 

velocity profiles for basalt and granite calculations are shown in Figure 87 

(no measurements available). These data are slightly less accurate than 

coral due to the larger refraction errors (high-impedance media) and the 
resolution difficulties for the granite-water calculations. 

"Two-dimensional" calculations. As noted previously, the acoustic 

transmission equations may be used to simulate shock transmission for 

Intercept angles other than the normal (vertical) direction. Thus, trans- 

mitted pressure and velocity may be determined anywhere within the water layer; 

peak vertical spall velocities may likewise be calculated for any location 

along the rock interface and water surface, giving an approximate "two- 

dimensional" picture of mound growth. Corrected acoustic calculations have 

been performed for a variety of configurations; sample results are shown in 

Figures 88 (coral, Dr - 30 ft), 89 (coral, Dr = 36 ft), 90 (basalt, D^ = 36 ft), 

and 91 (granite. Dr = 36 ft). Each diagram plots the peak vertical spall 

velocity profiles of the rock free surface (no water), rock interface (over- 

lying water layer, imperfect reflection at the Interface), water surface 

(for Dw = 10 ft), and water surface (for Dw = 36 ft). Note that the 

water surface spall velocities frequently exceed the underlying rock spall 

velocities at the same surface range, even for the 36 ft water layers 

(Figures 89-91). This situation is a result of the low impedance of water 

and of the Interface refraction effects which decrease divergence in the 

water layer. These acoustic calculations give only peak particle velocities at 

the shock front and spall velocities at an Interface; thus, they are not equiva- 

lent to true two-dimensional dynamic calculations used to simulate the entire 

history of the mound and predict crater dimensions. Currently, there are no 

available mound growth data or two-dimensional dynamic calculations with which 
Figures 88-91 may be compared. 
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IX. AIRBLAST 

In the foregoing discussion, the water surface above a submerged 

cratering event has been treated as a free surface. This approximation is 

a reasonable one to make when studying the instantaneous peak spall velocities 

or overall dynamics of the water layer at early times, since water has a much 

greater density and impedance than air. However, the airblast shock trans- 

mitted into the overlying air is also of interest for safety predictions. 

Window breakage and undesirable noise effects are often limiting factors 

in designing underwater excavation shots. This section discusses airblast 

prediction for underwater events and provides a conparison with empirical 
data. 

Explosive cratering events usually generate two airblast pulses. 

The first of these is the spall-induced shock, coupled into the air by 

the piston effect of the spalled rock (or water) surface. The intensity 

of the spall-induced airblast is closely related to the peak surface spall 

velocity, and may be accurately predicted if the surface velocity profile 

is known.  '   The second or gas-vent-induced pulse originates when the 

material mound begins to disintegrate and cavity gases vent to the surround- 

ing atmosphere. The intensity of gas vent airblast is related to the pres- 

sure and volume of cavity gases at vent time; this pulse may be weak or 

absent if cavity pressure is near or below atmospheric pressure when venting 

occurs (i.e., late vent time or deeply buried event). It has been observed 

that vent times are relatively late and gas vent airblast is negligible for 

events near or below optimum burial depth in saturated and saturated sub- 

merged media. This trend is presumably attributable to the coherency of the 

saturated material mound, which efficiently contains the cavity gas bubble 

until late time. Since gas-vent airblast is negligible for typical cratering 

events in saturated media, this discussion will be concerned with the predominant 
spall-induced pulse. 

Due to the very long duration or wavelength of the airblast signal 

from a large excavation event, window breakage and other distant damage effects 

are related primarily to the peak amplitude (rather than impulse or duration). 

Thus, safety criteria may be established on the basis of the peak overpressure 

"AP" (greatest increase above the local ambient air pressure). Surface spall 

velocities may be used to predict the peak airblast overpressure, both in the 

itnnediate vicinity of the spall mound ("near field), and at ranges beyond this 
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vicinity ("far field")J57^   Specifically, the peak spall-induced over- 

pressure "AP0" directly above the center of the mound (surface ground zero) 
is determined from the acoustic equation. 

APoipCaVsPall  {atSGZ, Eqn- ^ 
pCa = acoustic impedance of air 

I 0.0184 Ps1^ec at sea level 

Vspall^SGZ^ = Meak spa11 velocity of the mound at surface ground zero. 

The far field peak airblast overpressure "AP" as a function of horizontal 
range "R" is given by, 

DOB 
AP = AP0a -j-   where DOB = total depth of burial of detonation 

or, for a two-layer configuration, 
D +D 

AP = AP0a -^ Eqn.  II 

AP0 = peak local airblast overpressure at surface ground zero 
(near field). 

a ■ dimensionless "source strength" parameter which is related to 
the overall or integrated mound velocity profile. 

R = horizontal range from surface ground zero (measured along the 
rock or water surface). 

Note the different use of the symbol  "R" in this connection.    The above 
equation applies only in the horizontal direction (i.e., close to surface 

level), and only at far field ranges beyond the rapidly-rising spall mound 
[R»(Dr+Dw)]. 

As might be expected, the source strength parameter "a" is dependent 
on the width of the surface velocity field and the integral of the spall velocity 

profile throughout the field.    For the cases under consideration here, "a" 

may be satisfactorily approximated by a cross-sectional integral of the 
(symmetric) surface spall velocity profile: 

mmm 
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a = 
+0..)    ) 

V
SDallW

dR E^-    "I 

i 

21rVspall(atSGZ)(Dr+Dw)    J        sPa11 

Vspa11^R^ = Peak su^ace spall velocity as a function of range "R" 
from SGZ. 

This relationship has been found to be accurate for explosive cratering events 
in a wide variety of media.    In practice, the profile integral is carried 

r ly over the "high velocity" inner portion of the velocity field, which is 
entirely responsible for creating the airblast pulse.    The surface velocity 

declines rapidly away from SGZ. and the outer "wings" of the velocity profile 
do not contribute significantly to the integral. 

Since the impedance of air is much lower than that of water, tensile 
reflection of an incident compressional shock at the water surface (water- 

air interface) is almost perfect.    Therefore, the vertical conponent of 

parcicle velocity is very nearly doubled at the interface, and water surface 
velocities calculated on the basis of the "free surface" assumption may be 

used to predict airblast.    Water surface spall velocities for the underwater 
cratering media included in this study are obtainable from either "SOC" or 

acoustic calculations.    The acoustic calculations are corrected for refraction 
effects, and can easily be performed for a variety of different water depths 
(only ten "SOC" underwater calculations are available).    Also, acoustic 

calculations may be used to generate the entire surface spall velocity profile 
(as well as the velocity in the vertical direction, at SGZ).    Accordingly, 

the corrected acoustic results have been adopted for airblast predictions. 

Water surface spall  velocities as a function of water layer depth 
were presented in Figures 74 through 77.    These velocities have been used to 

calculate "APo" (Eqn.  I).    Likewise, the acoustic water surface    spall  v.locity 
profiles were integrated to obtain "a" (Eqn.  III).    (Typical examples of the 
velocity profiles were shown in Figures 88-91.)    The results of these calcu- 
lations are displayed in Figures 92-94: 

Figure 92 shows "AP0" (psi) and "a" (dimensionless) as functions of overlying 
water layer depth for events buried in coral  (Dr = 30.36. and 42 ft).    The "AP " 

scale is calibrated along the left vertical axis, the "a" scale along the righ? axis. 

Figure 93 presents "APO" and "a" as functions of water depth for events 
in basalt (Dr = 30.36. and 42 ft). 
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Figure 94 gives "AP0" and "o" as functions of water depth for 
events In granite (Dr * 30 and 36 ft). 

Note that the water depths "Dw" and rock depths "D " In Figures 92-94 

are for a 10-ton AANS charge yield (15.9 tons energy).    These depths may be 
cube-root scaled to other yields of Interest.   The water depth range and 

sample rock depths used here were chosen to represent typical craterlng events 

near optimum burial depth.   Acoustic calculations and alrblast predictions 
may also be performed for other burial depth confclnations of Interest. 

Tugboat alrblast data.     Alrblast measurements were obtained for the 
five Tugboat Phase I single-charge experiments In submerged coral.^   Data 

show certain deviations from acoustic behavior (Eqn. II): The peak overpressure 
attenuation rates far from surface ground zero are typically on the order of 

R   '  , Instead of R" .    Rapid attenuation Is observed when air temperature 
decreases with Increasing altitude (sound rays are refracted away from surface 

level, progressively decreasing the surface overpressures at long ranges). 

Such conditions often exist at seashore locations.    Reverse refraction may 
also occur at higher altitudes or at an Inversion layer, bending the rays 

back toward ground level and creating a "focus" (area of Increased overpressure) 
several thousand feet from ground zero.    Tugboat measurements show Indications 

of both effects: rapid attenuation at Intermediate ranges, with one "high" data 
point at long range (In three cases).    These deviations must be taken Into 
account when comparing measurements with acoustic predictions. 

Corrected acoustic calculations have been performed and alrblast 
predictions have been obtained for each of the five Tugboat Phase I configu- 

rations (coral + water layer).   The acoustic results and measured data are 
suninarized In Table 14.    This tabulation lists the approximate charge weight 

and true depth of burial for each event.    Since four of the events were one- 

ton charges, the length dimensions (Dr.Dw, and R) have been cube-root scaled to a 
charge weight of 10 tons.    Next, the acoustic calculations for the given rock 

and water depth are presented:   Water spall velocity "Vs y." at SGZ, "AP " In psl 

and "a".    Finally, the measured alrblast data have been least-squares fitted 
by an equation of the form, 

AP ,Dr+Vn 
»•• ("TH Eqn.  IV. 
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where "AP " is obtained from the acoustic predictions; "a" and "n" are the 

least-squares constants. The complete fitted equations and the "a" constant 

are listed in the last two columns of Table 14. The longest-range "high" 

data point(which shows evidence of a focus)has been omitted from the fit in 

three cases. 

The acoustic airblast predictions listed in Table 14 may be expressed as, 

AP ^ rt 
ür+ü\ri rQn v WZ   a  —R- q 

AP and a ■ acoustic prediction parameters. 

This form is directly comparable with the least squares fit given above 

(Eqn. IV). Substituting the acoustically-predicted "AP0" and "a" values 

and the layer depths ("Dr" and "Dw") for each event into Eqn. V, we obtain 

a predicted airblast function "AP/AP " vs "(Dr+Dw)/R" (straight line of slope 

"R-1").  The acoustic prediction R  lines and the least squares fits (dashed 

lines) for each of the five Tugboat events are presented in Figures 95-99. 

The measured data points are also shown. In this case, it has been convenient 

to plot "AP/AP " against "R/(D+D )" [rather than "(D+DJ/R"]; this convention 
0 i  W r  ft 

is followed because airblast overpressures are normally plotted as decreasing 

overpressure vs. increasing range "R". It is evident in all figures that the 

data and the least squares fits are lower and show a faster attenuation rate 

than the acoustic "R"1" predictions. The average attenuation rate for the 

least squares lines is about "R-1-175" (constant n = +1.175 in fitted equation). 

Rapid attenuation is attributed to refraction of the airblast pulse away from 

ground level. 

Due to the differing attenuation rates, Tugboat measurements and 

acoustic predictions cannot be directly compared at long ranges. No data 

points are available at very close ranges, near the high-velocity spall mound. 

However, an approximate comparison may be based on close-range predictions 

and the expected behavior of the spall-induced airblast signal. The airblast 

pulse from a buried cratering event originates within the range interval 

R/(Dr+Dw) J 1 to 3 [i.e., (Dr+Dw)/R ^ 1 to 0.33]. Beyond this interval, 

■MtMMaaMMM 
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Figure 96.  Airblast overpressures, TUGBOAT IB event. 
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Figure  97.     Airblast overpressures,  TUGBOAT IC event. 
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Figure 99.  Airblast overpressure:;, TUGBOAT IE event, 
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surface spall velocities are usually much less than 1/2 to 1/10 of the SG2 

velocity, and most of the airblast pulse energy may be expected to have 

decoupled from the ground (or water) surface. Thus, it is legitimate to expect 

that refraction effects and faster attenuation will become apparent at 

ranges R/(Dr+Dw) ^ 1 to 3. Accordingly, straight lines of slope "R"1-2" 

have been extrapolated from the acoustic "R"1" predictions at R/(D +0 ) * 1 

and at R/(Dr+Dw) = 3. These lines encompass most of the data points and 

the least-squares fits within the region of the data for four of the five 

events (Figures 95-99). Event ID (Figure 98) still lies below the prediction. 

Note that IÜ also shows the fastest apparent attenuation rate (R-1,2549). 

The measurements and acoustic predictions may also be conpared by 

extrapolating the least squares fits inward, toward the high-velocity spall 

region. The intercept of the fitted line at R/(Dr+Dw) = 1 is equal to the 

constant "a"  in Eqn. IV. This intercept may be compared with the acoustic pre- 

diction of V for each event. The predicted a-values are listed in coluim 9 

of Table 14, while the least-squares intercepts are given in the last olunr. 

Four of the predicted values appear slightly higher than the extrapolated fits 

(Fig. 96-99), although the event IA prediction is somewhat lower (Fig. 95). 

These results may indicate that either the acoustically predicted "AP 'S" (and 

spall velocities) or the a-values are slightly too high. 

As noted in the previous section, photographically-measured late- 

time velocities for the Tugboat events are somewhat lower than the corrected 

acoustic predictions (peak spall velocity). The measured velocities and "AP " 

values calculated from these velocities are listed in Table 15. The Tugboat 

airblast data have been reanalyzed, using the new AP values to determine 

"AP/AP0". Least-squares fits to the revised data give the a-intercept values 

listed in the last column of Table 15. The theoretical maximum value of 

acoustic "a" (for spall launch by a spherical non-dissipative shock wave) 

is equal to 0.5.t57J Four of the five a's in Table 15 exceed 0.5 (measured 

surface velocity for the fifth event. Tugboat IE, was in much closer agreement 

with the corrected acoustic predictions). The systematic deviation indicates 

that measured velocities and corresponding AP -values are too low. The 

corrected acoustic predictions are apparently more consistent with measured 
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airblast data.    This result supports the earlier conclusion that measured 

velocities do not represent the true early-time peak spall veljcity at the 
water surface. 

It Is concluded that the acoustic technique can be used to predict airblast 
from submerged cratering events; however, allowance must be made for the variations 

In long-range airblast pulse attenuation rate which occur under some circumstances. 

X.    SUBSIDIARY CALCULATIONS 

In an effort to resolve some of the uncertainties and pursue interesting 

results revealed by tlie first suite of SOC problems, several additional SOC 

calculations were run.    These include:    (a) Modified coral and granite under- 

water configurations, intended to examine methods for better modeling shock 

propagation in the water layer; and (b) coral and basalt "equivalent overburden" 
calculations (no water layer), undertaken to compare trie dynamic effects of a 

water layer witn those of an equivalent mass of rock.    This section reviews 
the subsidiary calculations and compares results with the previous set of 
problems. 

Shock resolution in the water layer.     Significant difficulties involving 
excessive shock damping, rapid attenuation, and disagreement with the spherical 

acoustic calculations in the water layer were encountered only for the granite 

underwater events.    It therefore seems probable that these difficulties are 
related to unusual granite medium properties (stiff, high strength), errors in the 

acoustic analysis, or errors In the water layer SOC nodeling.    Shock resolution in 

the water layer presents an Immediate candidate as a causative mechanism.    Wave- 

forms have been examined for the 36/36 ft (deep water layer) vertical calculations 

in coral, basalt, and granite.    The velocity waveforms at the rock interface 
(R ■ 10.93 m), in water just beyond the rock interface (R ~ 11.3 m). and at 

long range in the water layer (R = 19.9 m) are presented in Figures 100 (coral 
36/36), 101   (basalt 36/36), 102 (granite 36/36 - coarse water zones), and 103 

(granite 36/36 - fine water zones).    The vertical  (velocity) scales in these 
figures are arbitrary; all peaks have been plotted about the same height to 

permit comparison of rise times.    The horizontal scale consists of an arbitrary 
10 msec time Interval, and the waveforms for each medium have been moved close 

mm 
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In coral, 

10.93 ■ 

•In watei1, R ■ 11.3 ■ 

-In water, R ■ 19*99 m 

(Tensile wave 
reflection 
arrival) 

lO-msec  time  Interval 

Figure  100.     Velocity waveforms:   coral 36/96  (arbitrary  si-ales). 
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In granite, R = IO.93 m 

In water, R = 11.1+ m 

-*■ In water, R ■ 19.99 ;n 

iO-msec time interval 

Figure 102.  Velocity waveforms: granite 36/36, coarse water zones 
(arbitrary scales). 
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rf 
In granite, 

R = 10.93 ■ 

In water, R ■ 11.U m 

In water, R = 19.99 m 

Figure 103, 

10-msec time interval 

Velocity waveforma: granite 36/36, fine water zones 
(arbitrary scales). 
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together.    It is evident that the moderately sharp velocity peaks for coral 

(Figure 100) and the somewhat rounded waveforms of basalt (Figure 101) 

undergo no dramatic modification upon transmission at the interface,or in 
travelling auout 9 m through the water layer.    A quite different 

situation occurs for the sharp, short-duration and rather noisy pulses in 

granite (Figures 102, 103).    An abrupt increase in rise time and an even more 

noticeable broadening of the peak is apparent just beyond the water inter- 
face.    More gradual changes continue throughout the water layer.    Waveforms near 

the surface (K = 19.9S m) reseirtble the broad, smooth peaks for coral and 
basalt calculations  (note the slight differences In time scales between figures). 

Smearing of the front and rise time increase are more noticeable for the "coarse 
water zone" granite calculation, but occur even in the "fine zone" case.    The 

"fine zone" waveforms (half-size water zones) show evidence of noise trans- 
mission and "ringing" on tiie declining edge of the water-layer waveforms 

(Figure 103).    This effect is also visible in the waveforms shown in Appendix F 
(Figures F7-F8). 

A more quantitative comparison of rock and water layer waveforms for 
tne 3b/3ü ft calculations is given in Table 16; this tabulation presents 

the approximate velocity peak rise times in the top part of the rock layer 

and in the water layer, and the pressure or velocity peak half-widths* near the 

rock Interface and in the water layer.    The quantities are listed for coral 

36/36, basalt 36/36, and granite 36/36 (coarse and fine zone) calculations, 
and also for additional calculations "coral  36/36" witn very low damping in 

the water layer .and "modified granite 36/36" with equal  size rock and water 
zones of width = 0.099 m (discussed in greater detail below).    The half-widths 

of tne rapidly-declining pressure peaks were measured for coral and basalt; 
however, the "granite" pressure peaks were so rapidly damped and noisy that 

velocity peak half-widths were used instead.    It is most useful to compare 

*   Pulse widtii in msec at one-half of peak anplitude. 
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the relative trends in rise time and peak half-width for the three media. 

The rise times undergo no significant modification very close to the rock- 

water interface for coral (1.0 msec) and basalt (1.2 msec), and only a 

gradual change while traversing the thick water layer. Indeed, the wave- 

form parameters remain almost constant for the sample "coral 36/36" low- 

damping calculation. The pressure pulse half-widths likewise show only moderate 

changes near the interface and in the water layer. It is interesting to 

note that the factor by which the pressuru pulse half-width increases in the 

water layer is roughly comparable for basalt and coral, in spite of 

the enormous water zone size used in the "basalt" calculations. This fact 

is attributed to the relatively smooth and well-resolved waveforms entering 

the water layer. It indicates that excellent resolution was achieved in the 

water layer for these events and explains the close agreement with acoustic 

calculations. 

The granite "coarse" and "fine" zone calculations (Table 16) reveal 

a dramatic increase in rise time close to the rock-water interface. This 

change occurs over a very few calculational zones (the exact distance cannot 

be defined due to inadequate resolution in the data edits) and is most 

severe for the coarse-zoned calculation. Its immediate effect is to smear 

the shock front and severely decrease the peak. The consequent sudden decline 

of particlp velocities near the interface was discussed  in Chapter VI 

(Figures A38, A39, A46, A47), and obviously results from an abrupt loss of 

resolution. In order to reduce this effect, a modified granite 36/36 calcu- 

lation was performed with somewhat coarser rock zones and with equal-size 

water zones. This calculation eliminated the sudden increase in rise time 

necr the interface, and the peak velocities likewise ceased to decrease 

abruptly at the interface. However, the general trend of increasing rise 

time and rapid attenuation throughout the entire water layer persisted. 

Rise time within the water layer increased by a factor of 2.5, in spite of 

the elimination of the discontinuous bshavior near the interface. The 

attenuation rate of peak velocity also remained close to R   in the water 

layer, comparable with the R"'"55 factor for the other granite events (beyond 

m 
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the Immediate vicinity of the Interface). In summary, rise times for all 

three of the granite calculations tend to Increase from a few tenths of a 

millisecond to about 1 or 2 msec within the water layer, and correspondingly 

rapid attenuation of the peaks Is observed. This trend Is not noticed for the 

coral and basalt calculations, which fall In close agreement with predictions 

for compresslonal acoustic wave transmission. Possible reasons for the 

differing behavior are examined below. 

Modified coral 36/36 calculation, low damping in the water layer. 

Good shock resolution and near-acoustic behavior In the water layer were 

achieved for the coral and basalt underwate*- events. In order to more pre- 

cisely define the factors which Influence the best multilayer calculations, 

further SOC runs were undertaken for the coral 36/36 configuration. The 

problem format and the Impedance-matched rock and water zoning were Identical, 

but very low water viscosity factors v z  0.05 to 0.07 were used. Viscosity 

factors lower than = 0.1 normally cause peak overshoot and severe ringing 

behind the shock front. In this case. It was noted that noise from the coral 

layer was transmitted undamped Into the water, but remarkably little evidence 

of overshoot or ringing was apparent (relative to the "normal" coral 36/36 

calculation). Noticeable ringing began to develop several meters beyond 

the rock-water interface when the viscosity factor was reduced to 0.05. The 

success of these calculations is attributed to the gradual rise times and 

smooth shock contours near the coral-water interface. At v = 0.05, at 

water layer velocity attenuation rate of about R"1,03 was achieved (compared 

with spherical nondissipative attenuation rate of R"1,0, and with the measured 

rate for water and earlier SOC-calculated rates ~R"  3 to R"1,2). For 

problems of this type, shock attenuation in the water layer may be adjusted 

and nondissipative acoustic behavior may be simulated with no serious adverse 

effect on the solution. Modifying the water layer viscosity did not signifi- 

cantly influence the initial reflection at the rock-water interface nor did 
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1t change the calculated dynamic behavior of the rock layer. Spall 

velocities near the rock interface were 60-70 m/sec, similar to the previous 

SOC calculation and to the acoustically-calculated interface peak spall velocity of 

71.25 m/sec. However, shock attenuation in the water layer was decreased, 

and the water surface spall velocity increased correspondingly. Water 

surface layer spall velocities were 38-70 m/sec, cortpared with 34-62 m/sec 

for the earlier coral 36/36 calculation and with a peak water surface spall 

acoustic calcu- velocity of 65.1 m/sec for the spherical (uncorrected) R"1'13   

latlon (Table 11). A revised acoustic calculation (uncorrected) was per- 

formed with a "water" attenuation rate of R-1'03, to match the lower rate 

attained in this problem. The acoustic peak water surface spall velocity 

was found to be 69.8 m/sec, in excellent agreement with the 70 m/sec SOC 
result. 

Additional calculations were attempted with still lower water viscosity 

factors, but ringing and overshoot were encountered at ranges close to the 

Interfax. The use of lower viscosity factors is not justified, since 

essentially acoustic attenuation can be achieved in this case. It is 

concluded that, for smoothly-rising "resolvable" shock waveforms typical 

of coral and basalt, the viscosity factor controls attenuation in the water 

-ayer. Loss of resolution due to Impedance matching and water zone size is 

not a significant effect. No serious discontinuity in shock behavior occurs 

at the Interface. These conclusions are consistent with the earlier dis- 

cussion of rise times and peak widths. The viscosity factor may be used 

to control the water layer calculation and achieve any desired attenuation 

rate for underwater calculations in coral- and basalt-type media. 

"Standard" and modified granite underwater calculations - zone size 

effects.  Granite underwater events present the opposite situation of very 

sharply-rising, noisy waveforms at the interface and resolution-limited 

propagation within the water. Attenuation rates greatly exceed the 

acoustic level  throughout the water layer. Low water viscosity factors 

cannot be used to reduce attenuation because of the sharply rising and 

noisy shock input from the rock layer. Likewise, the use of very fine water zones 
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creates a severe acoustic mismatch at the interface, which also causes 

ringing for sharp-fronted shock waves.   The succeeding paragraphs discuss 

in more detail some of the results of granite underwater calculations. 

The initial granite 36/10 and 36/36 calculations were conducted with 

the standard rock zone size of 0.04 m and impedance-matched water zones 
of about 0.39 m (Chap.III. Table 2).    These coarse water zone configur- 

ations produced a sudden drop in particle velocity and a lack of pressure 

restoral beyond the rock-water interface (just above the "low-pressure" 

rock zones in trie spall cutoff region below the interface).   A corresponding 
loss of shock resolution and sudden peak-smearing were noted near the inter- 
face.   At slightly longer ranges, the particle velocities approached a 

constant but rapid attenuation rate of about R"1'55, and gradual smearing 

of the wavefront continued throughout the 10 ft and 36 ft water layers. 

The two granite calculations were repeated using halved water zone size 

(= 0.196 m), with the result that the sudden velocity dropoff and the degree 
of smearing of the front near the interface were reduced significantly. 

However, these fine-zone calculations continued to show gradual loss of 

resolution and a rapid attenuation rate in the water layer.    The fine-zoned 
calculations also began to reveal impedance-mismatch effects in the water 

layer.    Impedance mismatch may be easily distinguished from artificial 
viscosity effects, since mismatch tends to cause erratic ringing on the 

declining edge of the waveform close to the interface, while inadequate 

damping gives rise to gradually-developing overshoot and oscillations at 

longer ranges (for a low-amplitude wave).    Water waveforms near the inter- 

face (R = 11.4 m) for granite 36/36 are shown in Figures 104 (coarse zones) 
and 105 (fine zones).    Artificial viscosity factor for the water layer was 

v = 0.1 in both cases.    The fine-zoned calculation gives a higher pressure 
and better peak resolution, but some erratic ringing is apparent in the late- 
time waveform (impedance mismatch = factor of 2). 

A closer examination of the coarse and fine zone calculations demonstrated 
that the major differences were primarily confined to the water layer and had 

little influence on the underlying rock.    Waveforms in the rock layer were almost 

identical except for slight changes in tensile reflection arrival time and duration 
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of the freefall phase, and in the late-time residual velocities. The beginning of 

the "water overburden" deceleration (recompactlon) phase well below the rock-water 

Interface and the subsequent arrival of the upward-moving gas acceleration pulse 

were slightly earlier for the "fine" zone calculations. The overall kinetic 

and Internal energies In the rock layer were modified by less than 3%, 

and did not diverge at late times. However, the water layer velocities 

and energies began to differ notlceaoly as the water surface spall reflection 

moved downward through the water layer. Kinetic energies Increased by about 

4X and Internal energies decreased by up to 10% at late times for the fine- 

zoned calculations, due to better shock resolution and higher spall velocities 

In the water. 

The granite 36/36 calculation was repeated In modified form with 

equal rock and water zone sizes of 0.099 m. Shock rise time in the rock 

layer was slightly Increased due to the coarser rock zones, but the peak 

values and shock width near R = 10 m (close to the rock-water Interface) 

were only negligibly changed. This fact indicates that somewhat coarser 

rock zoning could have been used with no deleterious effect in the vertical 

calculations. 

The equal zone sizes and finer water zones exerted a considerable 

influence on the water layer calculations, as discussed previously. The 

abrupt loss of peak resolution at the rock-water interface and the corres- 

ponding sudden decline of velocity in the water layer just beyond the interface 

both disappeared. However, the slowly-increasing rise time (to about 1 msec) 

and rapid overall attenuation in the water layer persisted. The use of equal 

water zones also caused almost undamped transmission of "granite" noise 

throughout the thick water layer, with the addition of severe ringing near 

the Interface due to the gross impedance mismatch. 

The elimination of discontinuous behavior near the interface and 

Improvement of water-layer resolution slightly affected other aspects of the cal- 

culations. The previous granite underwater events (Table 11) gave a rock 

Interface peak spall velocity of about 32 n/sec, approximately equal to the 

peak spall velocity with no water overburden (granite 36/00). The peak 

velocity was thus not reduced as expected for inperfect reflection at the 
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grar.He-wa-Lor Interface. The early-time effects of the water layer were not 

properly calculated due to the large water zone siae (zone width greater than 

the effective wavelength of the incoming shock). The modified granite 36/36 

calctlation with equal zoning produced a velocity range of 18 to 30 m/sec in the 

rock surface spall layer. The peak velocity of 30 m/sec lies close to the acoustic 

value of 29-29.6 m/sec for reflection at a granite-water interface (Table 11). 

Henc-», the modified SOC calculation is seen to be more consistent with expected 

spa!• velocity. The difference in spall velocities between the SOC calculations 

decliros at locations further below the interface; even at the interface, differ- 

ences in peak velocity disappear soon after shock arrival, as the peak is damped 

by water-layer deceleration of the rock material. 

The modified water layer calculation also influences water spall 

velocities. The surface spall layer is somewhat thinner and more clearly 

defined due to improved resolution of the shock front. Surface layer spall 

velocities for the modified granite 36/36 configuration are 11.5 to 20 m/sec, 

significantly higher tian the previous coarse-zoned (9.7-16.1 m/sec) and 

fine-zoned(10.6-18 m/sec) calculations. However, the peak spall velocity 

remains lower than the spherical (uncorrected) acoustic value of 26.5 m/sec 

(Table 11, Figure 79; assuming r' * attenuation). Substituting a water- 

layer attenuation rate of R"1,55 into the spherical acoustic analysis 

gives a spall velocity of 20.0 m/sec (Figure 79), in precise agreement with 

the modified SOC result. 

We see that the apparent disagreements between "SOC" and "acoustic" 

calculations for granite are attributable to discontinuous behavior near 

the interface (eliminated in the modified calculation) and rapid attenuation 

through the water layer (not eliminated). Rapid attenuation is not solely 

attributable tc water zone sizes, since near-acoustic behavior was attained 

in -oral calculations (water zones =0.1 m) and even in the basalt calculations 

with coarse water zoning (=0.254 m). Granite events consistently show rapid 

attenuation well beyond the rock-water interface, even when equal-size rock 

and ./ater zones are used. This may represent a physical Inconsistency in the 

results or a real trend dependent on material properties. The underlying 
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granlte Is a stiff high-velocity rock which transmits sharp waveforms. It 

possesses a high shear strength and a low Polsson's ratio. Thus, the material 

supports large shear stresses which build up even at close ranges, and shows a 

high shear-wave velocity. The radial and tangential stress components differ 

considerably at ranges %10m, near the Interface range (see, for example, peak 

stresses plotted In Figure A15, Appendix A). This situation differs from the 

coral and basalt media, for which the low ultimate strength severely limits shear 

stress and behavior Is more nearly fluid. The acoustic analysis used here takes 

account only of peak compresslonal wave transmission and refracvlon at an 

Interface. Srear wave effects and shear wave reflection at the Interface are 

not considered. The errors thus Incurred may Influence peak attenuation beyond 

the Interface for the stiff, shear-supporting granite material. The situation 

Is further complicated In this case because of the failure behavior and 

spallatlon taking place near the Interface. The granite rapidly undergoes 

shear failure at a pressure and stress level below Us ultimate strength, 

falls In tension, spalls, and then Is reloaded In shear by water layer 

recompactlon. The behavior at and Immediately after shock arrival may thus 

be quite complex. Rapid attenuation encountered In other multilayer one- 

dimensional calculations'- ^ has been attributed to unloading and energy 

feedback Into the low-pressure reflected rarefaction region beneath the 

Interface. This effect could become Important for granite, a strong material 

with a very narrow high-velocity spall zone at the Interface and rapid 

velocity damping beneath the Interface. Two-dimensional calculations may be 

required to solve the general layer transmission problem for granite and 

similar stiff, high-strength materials. Part of the apparent Inconsistency 

in attenuation Is undoubtedly due to the shear reflection effects, which can 

be studied by a more comprehensive acoustic treatment. Part may be due to 

failure and other nonlinear material behavior which can be properly analyzed 

only by complete calculations. 

To summarize, a judicious choice of problem format and zone size 

produce« valid two-layer calculations for the coral and basalt submerged 

craterlng cor guratlons examined here. Peak pressures and velocities for the 

water layer and other safety-related parameters such as alrblast can be 

predicted by a simple acoustic analysis. The granite medium Imposes rather 

more severe calculatlonal restrictions due to the large density and sonic 
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veloclty mismatch «t the Interface, and due to the shear supporting character- 

Istlcs and other properties of the material.    Fortunately, the precise behavior 
In the water layer exerts very little Influence on the underlying rock. 

Lagranglan codes with coarse water zoning may be confidently used to predict 

shock transmission, long-term dynamics, and craterlng for the rock layer. 

Equivalent overburden calculations.     Attests have been made to 

treat the multilayer craterlng problem with single "overburden" models. 

Possible approaches Include the use of a single layer of the same total 

depth and average density (weighted by layer thickness) as the series of 

layers In the actual configuration.    The two-layer underwater case has 

been analyzed by assuming that the water layer acts as a depth of rock 

equivalent to the overburden weight (llthostatlc head) of the water layer [12:i- 

[Equivalent "rock" depth of water layer = Dw (pw/pr); total equivalent burial  ' 

depth of shot * Dr + Dw (pw/pr)].    Dimensional arguments may be cited In sup- 

port   of this approach.    The complexity of multilayer shock Interactions 

provides certain counter-arguments.    Consider the cases of an undervater 

craterlng event and of Its "equivalent overburden" analog In rock alone.* 

The underwater event experiences an Initial rock layer spall phase caused 

by partial tensile reflection at the rock-water Interface.    This Is followed 

by a delayed spall pulse from the water surface, transmitted through the 

water layer.    The gas acceleration phase begins at relatively early time, 

when the Interface spall reflection reaches the cavity.    In the"equ1valent 

overburden"case, the Initial shock wave Is perfectly reflected as a single 

tensile wave at the rock free surface.    Due to the added rock overburden, 

this pulse arrives at a given "rock" location relatively later than the 

corresponding rock-water Interface reflection, but much earlier than the 

corresponding water surface reflection (which must travel through the thicker, 

low-velocity water layer).     The gas acceleration phase also begins somewhat 

toUr because of the increased rock depth.    Comparison Is further complicated 

by the fact that the underwater event experiences early-time spall rarefaction 

The "equivalent overburden" event has additional rock overburden thinner 

thl2kSessW=X ST )Ut ^ eqUa1 0Verburden wel9ht; added rock overb"^en 
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of the rock layer, followed successively by recompaction due to water 

overburden and relief from the water surface reflection. These depth 
dependent interactions begin immediately after interface spall reflection, 
and affect the later dynamic history and transmission of all subsequent 
pulses in the rock layer. The interactions are not identical to the delayed 
single spall pulse and the more continuous damping which occur for the equivalent 
overburden event in rock alone. Finally, the water layer and rock over- 

burden problems differ with regard to strength effects, shock attenuation, 
and spall velocities in the upper (water or rock) region. Even Ignoring ' 
these Inherently different aspects of solid medium behavior, such as 
ability to support shear and the material strength, it seems Improbable 
that the complex double pulse spall and recompaction phenomena for the under- 
water event would produce exactly the same dynamic results as the single- 
reflection overburden case. One might expect the greatest discrepancies 
to occur for thick water layers (i.e., largest difference between water 
layer and rock overburden thicknesses, greatest difference between reflec- 
tion arrival times, severe recompaction effects near the rock-water inter- 
face for the underwater event), and for large Impedance mismatch at the'rock- 
water Interface (largest differences between depths and sonic velocities of 
the water and rock overburden layers, greatest difference between pulse 
arrival times, longest relative delay between first and second spall 
pulses for the underwater event). 

A set of three "equivalent overburden" SOC calculations has been 
implemented to examine the dynamic effects of rock and water overburden. 
These include coral 41.31 (rock depth Dr = 41.31 ft. simulates coral 36/10). 
cora1 Ü«U ^r = 55-11 ft' simulates coral 36/36). and basalt 39.83 
(Dr = 39.83 ft, simulates basalt 36/10). In all cases, the added rock depth 
was chosen to match the overburden depth  of the corresponding water layer. 
The "equivalent overburden" rock calculations used constant rock zoning through- 
out (homogeneous rock material, no impedance mismatch); however, the rock was 
arbitrarily divided into two sections for purposes of analysis. These sections 
encompass the "lower" 36 ft and the "upper" overburden region, corresponding 
with the "rock" and "water" layers of the underwater calculations. 
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In comparing spall and late-time residual velocities of the various 
^.alcilations, the following trends are noted: 

For the "shallow" (36/10 and equivalent) configurations, the water 

layer spall velocities are generally higher than the "upper" region rock 
spall velocities of the equivalent overburden events.   This effect is 

expected from the lower impedance of the water medium.    More important to 
cratering dynamics, the residual velocities near R=36 ft (near the interface) 
are relatively lower for the underwater events (due to water- 

layer damping of the initial peak spall velocity near the interface, and 

due to the nearness of the rock free surface for the equivalent overburden 

events); the residual velocities then become relatively higher for the under- 

water events further below the interface.    Velocity waveforms are illustrated 
in Figure 106a (basalt 36/10, and equivalent overburden calculation basalt 
39.83).    The residual velocity after water recompaction near the interface 

(R = 10.6 m) for basalt 36/10 is dramatically lower than the spall  velocity 
at the same location for basalt 39.83.    The water layer damping effects are 

quite evident.    At R = 9.06 m, well below the rock-water interface, this 
trend is reversed; the basalt 36/10 late-time residual velocity (after slight 

water damping) is higher than the "equivalenfoverburden" spall velocity 
for basalt 39.83.    This relationship persists throughout the lower regions 
of the rock layer. 

Somewhat different behavior is noted in the "deep" calculations (coral 
36/36 and coral  55.11).    In this case, the lower portion of the rock layer 

for coral 55.11  is far removed from the free surface.    Initial  peak   velocities 
within the lower 36 ft of the rock are strongly damped before the much- 

delayed free-surface spall reflection arrives.   The spall velocities are 
accordingly very low.    The earlier-arriving interface spall  reflection for 

coral 36/36 proves more efficient in ejecting material, despite water layer 
damping effects.    Velocity waveforms near the interface (R = 10.6 m and 9.01 m) 

are presented in Figure 106b.    In both cases, the late-time residual  velocities 
for coral  36/36 (t = 10 to 20 msec) are seen to be significantly higher than 
the corresponding single-layer rock spall  velocities.    Evidently, the underwater 
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36/36 event produces more efficient material ejection within the critical 
rock region (R < 36 ft or 10.97 m) than the deeply-buried 55.11 ft 
"equivalent overburden" event.    The difference with regard to cratering 

effectiveness will be still greater, since there is no additional rock 
overburden above 36 ft to be ejected for coral 36/36.    After 20 msec, 

another modification becomes apparent:   The early-arriving gas acceleration 

pulse for coral 36/36 reaches the upper regions of the rock layer, increas- 

ing the velocities still further above "coral 55.11".    Due to the short distance 

between the cavity and the interface, gas acceleration occurs sooner and is 
expected to be a more effective ejection mechanism for coral 36/36.    To 
summarize, the underwater configuration has less rock material to eject 

and the velocities within the critical region are higher than for the 
"equivalent overburden" event.    The discrepancy is greatest for "deep" 

overburden layers (i.e., 36/36 ft comparison).    The coral 36/36 ft configur- 

ation thus simulates a more shallowly burled "rock" event, and is effectively 
closer to optimum depth of burial than its 55.11 ft analog.    The "equivalent 
overburden" analogy is  conservative, tending to underestimate cratering 
efficiency and crater dimensions for submerged events relative to their dry- 

land counterparts. 

The overall mound dynamic parameters have also been examined for the 

equivalent overburden calculations.    Residual velocities at late time are 

plotted in   igures 107 (coral) and 108 (basalt).    Other events in the 

respective media are shown for comparison.    The coral 41.31 velocities are 

much less than coral 36/10 in the lower parts of the mound, becoming greater 
within 2 m of the 36 ft (10.97 m) location of the coral 36/10 inter- 

face.        The coral 55.11 velocities are lower than coral 36/36 throughout the 
"36 foot" region, and are significantly less than 50 m/sec for most of the 

mound (even within the deeper "high-velocity" regions).    These velocities 
were determined after the Initial spallation phase was complete.    Coral 55.11 

is obviously below optimum cratering depth.    The basalt 39.83 spall velocities 

(Figure 108) are somewhat less than basalt 36/10 in the lower mound, but rise 
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rapidly within 1.5 m of the 36 ft location.      This behavior is attributable 

to the free surface at 39.83 ft (located only slightly beyond the 36 ft 
range). The overall velocity profiles within the 36 ft layer for 

basalt 36/10 and 39.83 are much more similar than the corresponding profiles 

for the coral events.    Thus, the basalt "equivalent overburden" calculation 

(with large impedance mismatch) did a better job of modeling the underwater 
event than the coral calculation (smaller impedance mismatch).   The conclu- 

sion applies only for these two specific media.    A much larger discrepancy 
would be expected between basalt 36/36 (deep) event and its equivalent over- 

burden calculation.    A "deep" overburden calculation ^or basalt would provide 
useful information, but has not yet been performed due to the long calculation 
time required. 

Cavity radii and cavity pressures for all of the equivalent overburden 
calculations are shown in Figures 109 and 110, respectively.    These para- 

meters give a good idea of the relative gas acceleration effects for the 

"overburden" and"underwater" events.    In all cases, the underwater calculations 

reveal progressively greater cavity radii and lower cavity pressures than the 
equivalent overburden events at late time.    Energy transfer by gas acceleration 

is considerably more effective for the underwater calculations, and the closer 

location of the rock-water interface obviously has a significant influence 
on this phase of cratering dynamics.    Note that the radii and pressures are 

virtually identical for coral 36/10 and 36/36; the interface reflection 
completely controls cavity growth for these events.    The discrepancy between 

underwater and overburden calculations is rather large for coral 36/36-coral 

55.11, somewhat less for coral 36/10-coral 41.31, and least for basalt 36/10- 

basalt 39.83 (time > 10-15 msec).    Once more, the basalt overburden calcu- 

lation fell closest to the underwater event, and the basalt curves do not 
diverge dramatically at late times. 

The calculated energies as a function of time for equivalent overburden 

and underwater calculations are depicted in Figures llla-b (coral) and 112 

(basalt).    To permit meaningful comparison, the problems have been divided 
into a "lower" region (below 36 ft), and an "upper" water or overburden region 
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(underwater or equiv«1ent overburden events).    Coral kinetic energies in 

the lower region or rock layer are shown in Figure Ilia.    This kinetic energy 

plot clearly reveals the overall differences in relative mound velocities 

for the various events.    Kinetic energies for the underwater events inrie- 

diately deviate above the equivalent overt -den calculations when reflection 
occurs at the rock-water interface, and remain appreciably higher at late 

tines.    The discrepancy is greatest for the "deep" layer events.    The coral 
36/10 curve lies somewhat above and almost parallel to coral 41.31, while 

coral 36/36 lies far above coral  55.11.    The relative loss of kinetic energy 
to the lower 36 ft region is very much less between coral 36/10 and coral 

36/36 than between coral 41.31 and coral 55.11.    The addition of a thick 
water overburden layer therefore has less effect on the lower problem region 

than the addition of an equivalent depth of rock overburden.    It is signifi- 

cant to note that the coral  36/36 rock mound kinetic energy is actually much 

closer to the near-optimum coral 41.31 and 36/10 events than to the "deep" 

equivalent overburden analog (coral 55.11).    The great importance of the 

interface spall reflection and lower layer spall velocities is quite evident 
here, particularly for the "deep" water layer event. 

Kinetic energies in the upper region or water layer for the "coral" 

calculations are displayed in Figure 11 lb.    The upper section may be thought 

of as a high-velocity spallation layer, most of which enters freefall upon 

return of the free surface reflection.    In this case, the discrepancies between 

underwater and equivalent overburden events are less evident than in Figure Ilia. 
The "water layer" kinetic energies rise more gradually and achieve the "free- 

fall" (constant) value later than the equivalent overburden events because 
of the greater thickness and lower transmission velocity of the water layer. 

The final kinetic energies are slightly higher for the underwater events, a 
fact which may be partly attributed to the zero strength, low internal energy 
content, and efficient shock transmission of the fluid material. 

Energy curves for basalt 36/10 and basalt 39.83 are plotted in Figure 112. 
In this case, the kinetic, internal, and cavity energies are all shown. Kinetic 

energy in the lower layer is slightly greater for the underwater event "36/10" 
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than for "39.83", although the discrepancy is much less than for coral. 

The internal energy in the lower layer is slightly smaller for basalt 36/10, 

again indicating more efficient conversion to kinetic energy and better 

material ejection in the lower region for the underwater case. The basalt 

36/10 water layer achieves freefall spallation later than the upper layer 

of basalt 39.83; its final kinetic energy is higher and the internal energy is 

lower, as expected for a fluid. The cavity energy content for basalt 36/10 

drops below basalt 39.83 after the interface reflection impinges on the 

cavity, and remains lower at late times. Thus, transfer of cavity energy 

to rock is more efficient and the gas acceleration phase is stronger for 

basalt 36/10, as noted previously. 

Late-time energy data abstracted from the equivalent overburden cal- 

culations are summarized in Tables 8 and 9 (see Chapter VU with accon^anying 

discussion). Comparing the appropriate pairs of calculations, we see that 

coral 41.31 places less kinetic energy in both "lower" and "upper" regions 

than coral 36/10 does in the corresponding rock and water layers (Table 8). 

Hence, the ratio of total KE/total energy is also less for coral 41.31. The 

kinetic energy partition fractions between lower and upper regions show that 

relatively more of the available kinetic energy goes into the upper region 

and less into the lower region for coral 41.31. Comparing coral 55.11 with 

coral 36/36, we find that the discrepancy between "lower layer" kinetic 

energies is still greater; the coral 55.11 "lower layer" energy is less than 

half of the coral 36/36 energy in the same region. However, the upper region 

or water layer kinetic energies in the two cases are about the same. The 

ratio of total KE/total energy is obviously smaller for coral 55.11 than for 

"36/36", and the partition fraction shows that much less of the available 

energy goes into the lower region and more into the upper region for coral 

55.11. These observations verify and extend previously noted trends: The 

"equivalent overburden" coral calculations give less kinetic energy in the 

lower region (equivalent to the rock layer) and less total mound kinetic 

i 
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energy than the corresponding underwater events. Relatively more of the 

available energy is partitioned into the upper region. Discrepancies are 

worst for "deep" layer events (I.e., a thick water or overburden layer 

comprising a significant portion of the entire problem). The "equivalent 

overburden" events tnus simulate detonations at a relatively deeper scaled burial 

depth; the inefficiency of kinetic material ejection from these events will be 

further accentuated by additional rock fallback material from the "upper" rock 
region. 

Kinetic energies for the basalt 36/10 and 39.83 calculations (Table 8) 

show the same similarity of behavior mentioned earlier. The late-time kinetic 

energies in the rock layer or lower layer are approximately equal, while the 

water (upper) layer energies and total energies are slightly greater for the 

underwater event. This similarity would probably break down for deeper over- 

burden layers, and the underwater event would again be expected to attain 

relatively greater kinetic energies in the lower region. 

The ratios of kinetic energy to internal energy (KE/IE) in the lower 

and upper regions are listed in Table 9. The KE/IE ratio of the lower or 

rock layer is less for coral 41.31 than for coral 36/10, and much less for 

coral 55.11 than for coral 36/36, again indicating inefficient material ejection 

in the "equivalent overburden" cases. Note that the ratio for coral 55.11 is 

less than half that for coral 36/36 or any of the other coral events, and is 

actually comparable with the "rock layer" ratio for the granite 36/36 event 

(low spall velocities, below optimum burial depth). This ratio is quite use- 

ful for defining the overall dynamic behavior of the mound, and particularly 

in determining the ransltion from efficient kinetic ejection (high KE/IE 

ratio), to predominant crushing and mounding  of material (low KE/IE ratio). 

The lower layer KE/IE ratios for basalt 39.83 and basalt 36/10 are closely 

comparable. In the upper or water layer, KE/IE ratios are always smaller 

for the equivalent overburden events, although the discrepancy Is least for 

the basalt calculations. The ratio is less meaningful in the freely-launched 

spall region, since all material has high ejection velocities and very low 

internal energy content. 
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In summary, significant dynamic differences do occur between 

two-layer underwater events and the equivalent overburden calculations. 

The differences are greatest for thick overburden layers.    In most InsUnces. 

the underwater event may be expected to be relatively more efficient for 
cratering.    The discrepancies between two-layer and equivalent overburden 

configurations are not directly correlated with the degree of imoedance 

mismatch at the Interface, and material properties play an inportant role in 

defining multilayer interactions.    Calculations are required to accurately 

assess     overburden effects for each specific contination of media and layer 

depths.    The easily-accomplished "SOC" vertical calculations are very useful 
for determining relative layer-depth effects and particularly for establishing 
"optimal" or "non-optimal" configurations in a medium of known properties. 

XI.    CONCLUSIONS 

Hydrodynamic code calculations provide a viable and informative approach 
to the problems of shock propagation and material dynamics in underwater 
cratering.    The effects of water overburden and layer depth on the overall 

mound motion may be defined by one-dimensional vertical calculations. ' Indeed, 

such calculations very accurately depict the entire time-dependent dynamics 
of the underlying rock layer throughout the period of Interest for crater 

formation.    High-velocity spall launch is the predominant material ejection 

mechanism near optimum burial depth In saturated media.    The tensile waves 
reflected from the Interface and free surface control material dynamics. 

Multiple reflection effects and detailed dynamics of the water layer have little 
Influence on the rock.    Thus, one-dimensional calculations are particularly 

appropriate for cratering events In an underwater environment.    Likewise, 
peak shock parameters and safety-related effects In the water layer may be 

predicted on the basis of selected one-dimensional results in combination with 

an acoustic analysis.    Two-dimensional code calculations are required to 
determine final crater dimensions, detailed particle dynamics within the 

water layer, and very late-time interactions for deeply-buried multilayer 
configurations. 

MMM 
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In view of the progress achieved during tnis study, it Is suggested 

that two-dimensional comparison calculations for one of the media and 
burial depth combinations used here might prove worthwhile. Understand- 

ing of the multilayer cratering process has been advanced, and the ability 

to perform underwater cratering design calculations ^or cohesive rock media 

is within reach. 
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Appendix A 

Peak Velocities, Pressures, 

and Stresses 
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Appcndlx F 

Uattr Layer Uavtfonu 

for Vertical Underwater Calculations 

(Selected Examples) 

Preceding page blank 

u>_aaaMaMi_aaa 



■ n   imwiP« 

-540- 

I 

? 
I 

j 



Mir"" -■ i     ■ i ««i^^^^i^^v-^p^H^r^aHMBV^^Bvn^a 

1 

§ 

I 

-541- 

I 
I 

! i 
m 

atmmmmm 



-W—■^■W»^—-~—T~ mv'. m m i~mm~~"      •"    ""    'f'       ii-ii     i     ■   - ■■■■   - " ' ■• "' ■ 

-542- 



■   ^MW^WV^^PV^^WW^^B ^  ■   I 

•543- 

8 

I 

Ü 
S 

I 

H    J    • ■    MA 

• ■ • 

<> e« 

> i< 

I 



"T       »         I ■ ■■ i        ii   mm^^~~^m^^^m^mfm—^w^ 

-544- 

1 
I 

i 
f 
! 

i 
i 

J L 

I 
H 

I 



■    ' ■'  "■*' ^^^*^^w^^~^w^^^*^^^r^**^ 

-545- 

—  8 



f 

-546- 

'■«■■,    i  ^»^PW-^^»W« ■^«v^^^^M^mq 

-.   8 

I 
I 
i 

i 
I 
1 
I 

fc. 

if ■ « 

I 

i I 
0 

: 

4L. 
i 
ä 

. _„ r 
J 4. 

« 
E 
3 o 

I ■ 



-547- 

I 
i 

I 
I 
i 
i 
00 
u. 

5 

-i   8 

s 

£     8 


