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FOREWORD

Within the past five years, several major engineering excavation
projects have been accomplished with the use of l2rge buried 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 applicatfon of this technology. The use
1 of large explosive cratering charges on dry land is now relatively well
j understood and detailed design procedures are available. However, a number
; of potential applications involve excavation in submerged environments.
Underwater cratering dynamics are not well understood. Accordingly, it
was decided to initiate a program of numerical hydrodynamic calculations
to model the effects of buried underwater explosions and achieve a better
understanding of the uynamic 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 Livermore Laboratory (LLL).

This report summarizes the results of 18 one-dimensional hydrodynamic
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 hydrodynamic 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 cratering
calculations which may be used to design underwater exca‘ation 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. 20061102833G. 1In
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 (Mbars) 1012 dynes/cme ,
tons (explosive energy
release) 4.186x10'° ergs
tons (explosive energy
release) 10° g-cal
tons (explosive energy -
release) 1073 kilotons
tons (explosive energy
release) 4.186x104 Mbar-cm3
psi-sec/ft "
(impedance) a.42x107% g/cmz-sec

* To obtain Celsius (C) te
use the following formula:
use: K= (5/9)(F-32)+273.15.

mperature readings from Fahrenheit (F) readings,
C = (5/9)(F-32). To obtain Kelvin (K) readings,
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NOMENCLATURE AND MATERIAL PARAMETERS

Nomenclature
csonic = Sonic wave transmission velocity
P = pressure (kbar or Mbar)
oy = Radfal stress (kbar or Mbar)
ot = Tangential stress (kbar or Mbar)
K = Elastic bulk modulus (kbar or Mbar)
G = Elastic shear modulus (kbar or Mbar)
o = Poisson's ratio (dimensionless)

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

R =  Range from center of problem (dynamic calculations); or
horizontal range from surface ground zero (afrblast calculatfons)

T 90 =  Acoustic pressure transmission factor in the normal direction
P at an interface.

R 90 = Acoustic pressure reflection factor in the normal direction
P at an interface.

V =V = Vertical spall velocity at an interface.

0110940 =  Three normal components of stress in the principal coordinate
17°2°73 system.

Pbar'r = Mean pressure: -1/3 (0toyto,)
k =  Shear strength of material = (01-03)/2 at faflure surface.

KE = Kinetic energy contained in a given material or problem
region (Mbar-cm3)

IE = Internal energy contained in a given material or problem
region (Mbar-cm3)

D = 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).

D = 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)

00B = Total depth of burial, measured from explosive center
to free surface = Dr + Dw'

APo = Peak airblast overpressure immediately above surface
ground zero (psi; 1 psi = 6.89 x 10-8 Mbar

AP = Peak airblast overpressure (at ground level) beyond i
the immediate detonation vicinity (psi).
a = Constant in equation for peak afrblast overpressure. 2
oC = Acoustic impedance of a medium (psi-sec/ft). 1
v = Artificial viscosity; numerical factor = 0.1 to 0.2, used
to damp high-frequency noise in the code calculations.
Abbreviations:
cm = centimeter
m =  meter
ft = foot |
g = gram
sec = second

Mbar = megabar

kbar = kilobar

psi = pounds per square inch
kt = kiloton (energy)
cal = calorie
cm3 = cubic centimeter
dy = dyne
Subscripts:
w = water
r = rock
a = air
cav = cavity
r = radial

stress-related parameters
T = tangential
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Material Parameters

Po = Initial bulk density of material (mass/volume; g/cm3)

V° = Initial specific volume = El (volume/mass; cm3/g)
()
P = Density as a function of pressure (mass/volume; g/cm3)

W =¢/p, - 1= volumetric compression (dimensionless)

P = Graip density of a rock material (mass of solids/volume of solids;
grain g/cma)

Py = Water density (% 1.0 g/cm3 assumed)

Z = lWater content by weight (weight water/total weight of s§mp1e)
pdry = Dry density (weight of solids/total volume; g/cm3)

¢ = Total porosity (1.0 - volume of solids/total volume)

¥ = Gas-filled porosity (volume of gas-filled voids/total volume)

S = Saturation (volume of water-filled voids/total volume of voids)

The following formulae may be used to calculate relationships between

material parameters[]]:

Pary " Po (1 -2) =Pgraip (1-¢)
p = l/v°
Po = Pgrain [(14)/(1-2)]

-

¢ = ik = po(]'z)J

pgrain
=1 -0 ()-2ps6 -2
[ -b—— 0 (0]
grain
o
: St s s DoV - g (D] = gl
- Z (for 100% saturation) = (pgrain - po)/(poograin - po)
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ONE DIMENSIONAL ANALYSES:
SHOCK WAVE PROPAGATION FROM
UNDERWATER CRATERING DETONATIONS

Charles M. Snell

| 8 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.[4] 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 imp1emented.[4]
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 dry-land
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




means of analyzing the results of past experiients 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 cratering 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
cratering applications waned. Nonetheless, some of the modeling tests
associated with the Plowshare program demonstrated that high-explosive crater-

} ing charges present certain benefits for smaller excavation tasks. Within
the past five years, several major engineering Erojects have been performed
with large conventional explosive emplacements. 5,6] Two of these projects
involved excavation in an underwater environrnent.U’e’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 cratering. The earliest submerged high-
explosive cratering tests were intended to model weapons effects; the charges
were located at the water-medium 1nterface[]°]. or were buried at very shallow
depths in the medium (too shallow to be of interest for excavation design).[]]]
More recent excavation shots were emplaced in saturated sand[8] or in weak low-
density coral[gl. 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




understanding of the crater formation process. Indeed, no major surprises
have been encountered during any recent experiments. The opposite situation
prevails for underwater cratering: Nimensions, 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 cratering 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
cohesionlecs media such as sand or crushed coral. For small-scale (= one
pound) cratering 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 1ittle
or no elevated 1ip material. Appearances indicate that the normal 11p 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 ® 0.1, while the crater depth and 1ip height decrease
abruptly. ~or deeper water layers, Dw/ Oy 2 0.3-0.4, the crater radius begins
to decrease gradually, returning to approximately the "dry-land" value at




nw/Dr = 1, while the crater depth also continues to decrease slowly. Small
1ips tend to reappear for deeper water layers, but the shallow crater depths
and flattened contours are maintained.[lz 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). 8] Finally, somewhat similar
craters are producvd 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 iarge crater radii and very large volumes. The flattened
shape and shallow. crater depth are again apparent. The cratering process

in coral is interpreted as one of shock crushing and 1iquefaction of the weak
matrix to great ranges, beyond the distance at which the 1ip-forming material
would normally come to rest. The 1ip fallback and its liquefied nonsupporting
base thus fail 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 evpected that flat-
bottomed 1ipless craters will occur in coral except possibly when the ratfo 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 cratering in media of this type. Small-
scale tests (= one pound) have been conducted in rather weak saturated concrete
with no overlying water and with water depths Dw/Dr = 0.3-2.7, 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 depths.[]3’7]
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




density, water depth, and the exact configuration of the experiment. The
relative importance of these factors has not been investigated. However,
for typical high-explosive cratering configurations, washback effects

are likely to be predominant in cohesionless or finely-crushed materials
(particle sizes & a few inches), and much less important or negligible in

most rock media (particle sizes 2 several inches to several feet, densities
>2 g/cm3).

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 Lagrangian hydrodynamic computer codes .re used to calculate the
effects of buried 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[‘4-‘5] (one-dimensional, spherically symmetric shock propa-
gation) and TENSOR[16'171 (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 Lagrangian 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.




Certain limitations inherent in the Lagrangian calculations must

be considered. The codes use material zones of finite size which limit
calculational 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-hydrodynamic" 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 hydrodynamic 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 1ikelihood of design failure or unexpected results.

In summary, hydrodynamic codes are well-suited to the simulation of
shock propagation 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




which occur after the phase of ballistic material ejection cannot be

examined with this approach. Lagrangian codes are thus directly applicable

to the calculation of shock transmission and material ejection from under-
water cratering 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 cohesionless 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 Lagrangian 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.

fhe hydrodynamic 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 cratering 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.[lsl

In view of the continuing interest in underwater explosive excavation
and the need for more quantitative design procedures, it was decided to
conduct a calculational 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




with 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 1ikely 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 hydrodynamic code application to multiple
layer cratering configurations; (2) To investigate the properties of typical
saturated media for underwater blasting calculations; (3) To achieve a basic
understanding of the submerged crateriny process (within the 1imitations 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 calculateéd
waveforms is included. This information should also be very useful in
developing and verifying future two-dimensional calculations. Since the
calculational suite was 1imited 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
previously been examined in some detail.[]7’]8']9] 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 dissipative effects gradually diffuse the sharp peak of the
outward-moving wave. Stresses and velocities decay or attenuate because

of dissipative 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
are on the order of 100 kbar (energy content -0.1 Mbar-cm®/cm”). At lower
pressure levels, energy deposition continues by compressional crushing,
cracking, or deformation of the materfal. Finally, as the peak stresses

near the shock front drop to very low levels, major dissipative processes
cease to occur. The transmitting material begins to respond elastically,

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"P"= 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
initfal conditions except for the velocity acquired by the material near the
interface. In the 1imiting case of normal incidence, the boundary ccndition
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 i
which has a local particle velocity “Vp" (induced by the compressional shock) K
toward the boundary. The rarefaction must change this velocity by an amount i
# -Vp" relative to its direction of advance (away from the interface), ieaving
the material with a local velocity '2Vp" toward the boundary. Thus, relative

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




a velocity Vs-va away from the boundary (downward), where "Vg" 1s the

upward velocity of the incident shock wave; the boundary is translated up-
ward relative to the initial coordinate system with velocity 2Vp. 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,

y | and the material velocity is strongly redirected toward the vertical. This
analysis is oversimplified, since it ignores irreversible (dissipative)

i 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 rarefactive 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 cratering mechanisms, material spallation. Most rock media cannot
support large tensile stresses (1i.e., the intact rock mass will break apart
easily under tension). The tensile strength of in-situ rock is further reduced

by the presence of joints or other discontinuities. Cratering detonations
are buried 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, 1f 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,




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 buried, 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 essentiaily spherical (s1ight 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
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is 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-buried events, since the cavity signal must

have time to be transmitted throughout a significant part of the mound. The
intense spallation wave of a shallow event rapidly launches material into
ballistic trajectories, and mound breakup occurs before the gas-acceleration
"push" can become effective.

The hydrodynamic 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
kinematically. This technique is used in two-dimensional hydrodynamic calcu-
lations, which are carried until the mound dynamic parameters (such as kinetic
energy and mound mass) approach an asymptotic 11m1t.[]9’2°] The hydrodynamic
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 1inking and will later
:'I rebound to some fraction of its original volume. Note, however, that the

all-important dynamic calculations for the material mound above the shot
l are correct and accurate. The most crucial aspects of the cratering process
are thus adequately described by the hydrodynamic code model.

The above-discussed crater formation process undergoes further
modifications if gradual material changes or discontinuities are present
in the cratering medium. Of particular interest is the case of horizontally-
stratified, impedance mismatched layers above the shot point. Even for
shallowly buried explosions, layers of successively lower density and sonic

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




surface layer itself may consist of porous weathered material of low sonic velocity.
Submerged cratering shots present a similar configuration, since the dense

rock layer is overlain by a low velocity material of lower impedance. The

chief difference 1ies in the fact that the upper layer is a fluid with no A
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 compressional
shock wave will be transmitted into the low impedance medium. The condition ;
that pressure and particle velocity 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 A
may develop if the material below the interface is sufficiently fractured. P
However, velocities in the material Ibove the interface will decline as

the shock is transmitted away from the interface (unless the overlying layer

1s 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 compressional 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




-

-14-

downward-travelling conpressional wave). The compression pulse in turn may
be partially reflected (as a compression) at the lower interface, and a
compressional 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 compression 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. Hydrodynamic
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.




The energy source in all calculations was a sphere of aluminized
ammonium 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 1ittle 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 "Dr" 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 in

coral. Water layer depths "Dw" 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 Dr = 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 compressive 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 |
Rock /
%—Quter radius = ]
Explosive 100 m (reflect- z
radius = 1.13 m; __J ing surface) ’
10 tons of AANS
(30 zones) N = 30 zones of 3
tot L
explosive +
200 zones of 1
rock
Vertical calculations (run to about 20 or 28 msec)

uter radius (free surface, water or rock)

(o]
Li}

Water - Overlying water layer depth

o
"

0, 5, 10, and 36 ft

q.'rr = Depth of rock layer +
explosive radius

Dr = 30 or 36 ft

Explosive
radius = 1.13 m = 3.71 ft
I 10 tons of AANS (30 zones)

Origin

Figure 1. Horizontal and vertical problem configurations for
the one-dimensional spherical (SOC) calculatiors.




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 D, = 30 ft, D, = 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
BAS36/36.  One additional horizontal calculation in coral, using a modified
constitutive relation, 1s denoted "PSIPHRZ". The nomenclature scheme is
summarized in Table 1.

Previous studies with SOC and other hydrodynamic 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 impedance 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, sirce 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 1ow-impedance
(Tow-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
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the zone size in the overlying material. Resolution at the interface and
in the Tow impedance layer may be improved by using very fine zones in
both materials, at the cost of increz>+d calculation time.

Quring this study, it was cunclusively 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 witi water zones half the size of thé "impedance matched"
i zoning. It was found that the resolution factor grossly affected peak shock
transmission in the water layer, but had 1ittle 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").
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TABLE 2(a). Interface Locations and Approximate Rock Zone Sizes Used in the
Vertical Calculations.

Range from Center

Explosive-Rock| Rock-Water Water Rock Zone No.
Interface Interface Surface Size* Rock
Calculation* (m) (ft) (m) (ft) (m) (ft) (m) (ft) Zones*
30/00 None None )
{ 30/05 10.67 35
30/10 193 [ 3.7 129146 | 30 | 15 15 | a0 0.04 |0.131 | }200
30/36 ‘ 20.12 66
36/00 ‘ None None ‘
36/05 }1.03 | 3.71 [No.oze <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>