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Preface

The U.S. Army Engineer Waterways Experiment Station (USAEWES) Explosive
Excavation Research Laboratory (EERL) was the USAEWES Explosive Excavation
Research Office (EERO) prior to 21 April 1972, Prior to 1 August 1971 the organiza-
tion was known as the USAE Nuclear Cratering Group.

EERL is conducting a program of research in topical areas critical to the overall

technology titled "explosive excavation." The prediction of airblast overpressures is

one of these topical areas, This report presents a shock wave transmission model that

is used to determine peak water surface spall velocities above single-charge cratering
detonations in a medium overlain by a layer of water.

These spali velocities are then
used to predict far-field peak airblast overpressures,

The work was performed in con-
junction with studies of airblast safety by the EERL Environmental Effects Division. It

was funded by the Office of the Chief of Engineers (OCE) appropriation 96x3121, Gen-
eral Investigations,

The Directors of EERL during the preparation of this report were LTC R. L.
LaFren® and L'TC R, R, Mills.

The author wishes to thank Mr. E. J. Leahy, Chief, Environmental Effects Divi- .

sion, for his assistance ard suggestions throughout the airblast investigaticn program.

Appreciation is also expressed to MAJ R. H, Gates for providing data and useful dis-

cussions concerning media characteristics. Mr. B, B. Redpath, Mr. W. C. Day, and

CPT D. E. Burton provided additional data concerning properties of saturated media.
Dr. A. Sakurai of the U.S, Army Engineer Waterways Experiment Station Weapons

Effects Laboratory also presented a number of helpful comments and suggested pos- )
sible areas for future research.
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Nomenclature

Undisturbed sonic velocity in air at sea level ({t'sec).

Compressional elastic wave velocity in the crztering medium (ft/scc).

Undisturbed sonic velocity in water (fifsec).

Total apparent charge depth, aliowing for refraction at the rock-
water interface.

Deptk of burial of the charge in the cratering medium {ft).

Depth of the water layer above the cratering medium (ft).

Scaled depth of burizal of a charge in 5 orne-layer cratering medium
(no overlying water iayer} = Depth of buriallwl[3 . (expressed in
ttfct'By,

Vertical height abuve the water surface of an elevated far-field
point at which AP predictions are desired,

A'ach number of the air shock at SGZ.

Ambient air pressure at SGZ, just above the water surface.
Ambient air pressure at standard sea {evel conditions = 1613 mbar
= 14,68 psi.

Peak lccal airblast overpressure (excess above amktient air pres-
sure) at the rising water surface in the near field (‘Rwi(Dr + Dw)

< 1to2).

Peak radial stress in the ro«k layer {excess above ambient pres-
sure); APr ock is a function of scaled range from the shot point.
Peak airblast overpressure {excees above ambient air pressure) at
the water surface level in the far field (R',‘(Dr +D )z 2)

Peak shcck pressure (excess above smbient hydrostatic pressure)
in the water layer; calcucilated for locations just below the water
surface,

Peak local or near-f{ield airblast overpressure (excess above ambient

air pressure) at SGZ.

Exponent describing the dependence of reck surface verticat spall
velocity on inverse dimensionless slant range {(D,.S,) from shot
point. The quantity 'p" applies to free rcck sucface veleocities (no
overlying water layer).

Scaled range frem shot point in the rock layer (ft kt
Water surface range: distance irom SGZ, measured along the water-
air interface (ft).

1/'3)

Surface ground zero; the point at the water-air interface {or rock-
air interface) vertically above the shot point.

Stant range from shot point to a location on the rock-water inter-
face (ft}.
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Uradial

V(rock)

Vs pall
= Vo(rock)

Vi{water)

Vo(water)
w

¥

ae'.e.vation

at SGZ

Slant range from a point on the rock-water inter{ace 1o a paint on
the water-air interface along a path of shock propagation (ft).
Press'-~e transmission factor at the rock-water interface; ratio of
the pressure on the water side of the interface to the pressure oa the
rock side of the interface at a given location.

Velocity of propagation of the peak of the radial stress wave in the
inelastic region of the cratering medium (ft/sec; Ur is less than the
compressional elastic wave velocity for most compressibie media

of interest for excavation applications.

Peak radial free-field particle velocity in the cratering mediem
near an explosion; Uradial is a function of scaled range from the
shot point.

Local shock front propagation velocity in water (ft/sec); U s Cw for ;
peak pressures less than 25,200 psi; Uw > Cw for very high pres-
sures,

Peak vertical spall velocity of a free surface with no overlying water
layer. This velocity is not necessarily at SGZ (interface vertically
above the shot point) but may be located at any distance from SGZ.

Peak vertical spall velocity at SGZ for a free surface (that is, for a
one-layer medium with no overlying water layer).

Peak vertical spall velocity of the water surface layer (as a function
of R,).

Peak vertical spall velocity of the water surface at or close to SGZ.
Yield of a detonation (kt or tons).

Uniquely determined constant (for a given detonation) which relates
peak airblast overpressure to the dimensionless range in Montan's
airblast prediction method.

Ratio of specific heats = 1.4 for an ideal gas.

Measured elevation angle to an eievated location; angle between the
vertical direction and a vector from SGZ to the elevated location.
Angle between the direction of shock propagation and th2 rock-water
interface on the rock side of the interface (degrees),

Anrgle hetween the direction of shock propagatior and the rock-water
interface on the water side of the interface {degrees).

Acouastic impedance of air under sea level conditions =0.01841 {psi-
sec/ft).

Acoustic impedance of the cratering medium in the elustic propaga-
tion regime (psi-sec/l}.

Immpedance of the cratering medium ir the ineiastic regime, for
peak raclial stress wave propagation velocity Ur {psi-sec/ft).
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prw = Acoustic impedance of water (psi-sec/ft).
Subscripts
a = Air; parameter or quantity for the air iayer,
ap = apparent charge (depth), a'lowing for refraction,
T = rock or cratering medium; parameicr or quantity for the rock layer. ) '
R, = scaled range from shot point in the rock layer (ft/1<t1f3); equivalent -
to true range 3, for an assumed yield of 1 kt.
w = water; parameter or quantity for the water layer,

Conversion Factors

British units of measurement used in this report can be converted to metric units 2
as foilows: - ;
i
Multiply By To obtain :
i
inches 2.54 centimeters )
feet 0.3948 meters t :
cubic feet 9.02832 cubic meters ‘ 1
cubic yards 0.7645855 cubic meters
pounds 0.4535924 kilograms
pounds per square inch 0.00689476 meganewtons per square meter
pounds per cubic foot 16.02 kilograms per cubic meter . J
Fahrenheit degrees 5/9 Celsius or Kelvin degreesa :
foot-pounds 0.138255 meter-kilograms .

4To obtain Celsius (C) temperawre 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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ESTIMATING WATER-SHOCK-INDUCED AIRBLAST
FROM DETONATIONS IN A MEDIUM OVERLAIN
WITH WATER

Section 1. Principles

The method developed in this report predicts water-shock-induced airblast from
detonations in cratering media overlain by shallow layers of water, The method utilizes
a simplified model of shock transmission through the cratering and water layers in
which all pressure pulses are assumed to propagate according to the laws of regular
transmission and refiection, The pressure pulses propagating through the water reach
the water-air interfzze and launch a surface spall layer according .- t-¢ free-surface
law (all incident pulses are perfectly reflected astension waves, uc=.ling the spall
taunch velocity). The spalled surface induces an airblast pulse in the osverlying air,
Far-field overpressures near the water surface level are predicted by using the cal-
culated vertical spall velccities. Basic assumptions implicit in the method are dis-
cussed below,

Section 2. Assumptions

A spherically divergent detonation shock wave propagates through a two-layered
homogeneous quiescent medium (the bottom layer is referred to as ''rock" for purposes
of convenience; the second layer is water). Transmission and reflection of shock
waves at the rock-water and water-air interfaces are described by the acoustic laws

1,2 The acoustic laws of

for ideal discontinuous waves of infinitesimal amp'itude.
regular transmission and reflection generally hold for most cases of interest. In water,
for example, snock waves closely follow acoustic behavior at peak pressures up to
10,000 psi when the wave's direction of prcpagation intersects an interface at angles
greater than 60° (Ref, 1). The peak radial stress functions within the cratering medium
are assumed to be known. These peak stresses are in turn used to calculate the peak
pressures transmitted across the rock-water interface into the water layer, Elastic
precursors in the rock layer are ignored, The peak stress wave is indeed a very
strongly dominant etfect at ranges close to explosions in almost all cratering media of
interest.zk Next, peak pressures t:ansmitted through the water layer to the water-air

‘If precursor pulses should prove dominant in launching the water surface spall for
any case, the treatment given below could still be used. However, it would be necessary
(1) to determine the peak excess pressure function of the precursor, (2) to substitute
that function for the usual peak radial stress function in the rock layer, APpqoek (at S_J,
and (3) to substitute the elastic precursor velocity in rock, C,, for the inelastic velocity
in the rock, Ur (see Section 4),

-1-

T ‘_‘*—v > T ———— —— T~

< gl J

g

E e 0 N oo o b S s g b R e

ax

ot e e -

mmmmm‘m 4 b

st

[
2
9



—y

interface are calculated using semiacoustic transmission equations, which include
allowance for spherical aberration and astigmatism of the refracted rays (see Section5
and Appendix A). It is assumed that the water-air interface acts as a free surface;
the water pressure pulses are perfectly reflected as tension waves, and the top portion
of the water layer immediately spalls npward as a free surface.3 The water surface
spall mound, in turn, acts as a simpie acoustic source of far-field airblast overpres-

sures transmitted into the air layer.’i’5

The entire ''direct ray' approach to calculating
water pressures and surface spall velocities is hased on the assumption that the water
layer is sufficiently thin and the cavitational spall launch after peak pressure pulse
arrival is sufficiently rapid that direct geometric pulse transmission is a satisfactory
approximation. This assumption is equivalent to adopting a iocal pr:~sure approxima-
tion throughout the second layer. The local pressure approximation will be valid only
as long as the water layer pressure pulses originating from a broad area of the rock-
water interface are not combined into a single or far-field pressure pulse, Combina-
tion will not occur if ccnsideration is rectricted to water layers not appreciably thicker
than the charge burial depth in the underlying rock layer and to the central part of the

induced spall velocity field (surface ranges < a few times the charge burial depth).

Section 3. Accuracy and Range of Applicability

The assumption that transmitted peak stress acts as a discontinuous pressure
pulse in launching the spall is not strictly corrcet. However, it is a useful approxima-
tion for obtaining a straightforward mathematical development capable of predicting
airblast, The deviations of shock behavior and waveforms in rock from this simple
model are such that the method will overestimate pealk p:. “sures transmitted into the
water that are effective in launching the spall. Thus, the induced surface velocities
and airblast will be overpredicted. Likewise, the simple source assumption discussed
above may not hold perfectly for the very broad velocity fields induced by charges in
water and saturated media, llowever, breadth of the shockfront tends to cause in~
complete reinforcement of local airblast pulses from various parts of the spalled sur-
face. Again, the resulting airblast will be less than the predicted level. This
discussion indicates that, given proper input parameters, the method will safely pre-
dict the water-shock-induced airblast.

The approach used in this report considers only the transmitted peak stress pulse
and the induced peak water surface spall velocities, Therefore, it predicts the water-
shock-induced peak airblast. Events at much tater times, including the mound dis-
integration and "blowout" (cavity gas vent), are not considered. Current evidence
indicates that the gas vent is very rapidly suppressed with increasing depth of burial
for all chemical explosive events in water and in media of 90% or greater saturation,
The water-shock-induced (or '"ground-shock-induced") airblast component is strengly

-2-
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dominant for events buried more deeply than 170 ft/ktlls in water or a saturated
medium.s It is expected that this component will remain dominant for detonations in
most cratering media overlain by water at total depths near or helow 170 ft/xt1/3 .
Note that the theory applied here is not appropriate for very shallow detonations,
particularly for those shallower than about 80 ft /kt1 . These events give rise to an
intense supersoriic water plume that penetrates the spall dome at early time and to
other venting effects that invalidate a simple spall analysis. Shallow events are dis-
cussed more extensively elsewhere,* but consideration here will be restricted to

subsonic water interface velocities.

Section 4. Input Data

Application of a two-layer shock wave transmission model requires knowledge of
the peak pressures in both layers.s’8 The acoustic characteristics of each mediums’7
are also needed in crder to determine shock wave transmission behavior at the inter-
face. Necessary perameters include t!:2 acoustic impedances (pC),f which are known
for virtually all media. The fundamental parameters are listed in Tables 1 through 4.
Tables 1 and 2 give the acoustic impedance, prw, and the undisturbed sonic velocity,
Cor
scheme for classif{ying excavation media, Table 4 lists the accustic impedances and

in water (as functions of temnerature and galinity). Table 3 summarizes a useful

shock 'rave transmission properties (sce below) of several excavation media that may
be encountered in underwater ap:lications. For purpcses of this report, the term
"rock" and the subscripts "'rock" and "'r" will be used for all cratering media with
acoustic impedances greater than that of water,

Table 1, Acoustic impedance of water at atmesgheric pressure for several
temperatures and salinities,

Salinity, Temperature (°C)

parts per thousand (ppt)2 — O 10 20 30

Acoustic impedance, p wa (psi~sec/ft)

0 61.88 63.97 65.43 66.49
10 63.08 64.98 66.40 67.42
20 64.19 66.04 67.42 63.39
30 65.29 67,11 63.43 690.36
35 65.87 67.68 68.96 69.85

35eawater salinity = 35 ppt.

*References 12 through 16.

Tan impedances in this repnrt are expressed in units of psi-sec/ft, following standard

acoustic usage.
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Table 2. Sound velocity of water at at%r)QSphE ric pressure for several

temperatures and salinities.

s

Salinity, T-emperature (°C)

parts per thcusand (ppt)? ) 20 ~ 30

e
Soran ve=locity, Cw (ft fsec)

e

0 4601.1 1 MB 8 4865.8 4956.5
10 4643.7 181 4901.0 4987.9
20 4687.3 B2 4937.3 5020.6
30 4732.1 456487 4974.7 50564.3
35 4754.9 4883397 4993.8 5071.5

e

3Seawater salinity = 35 ppt.

Table 3. Media classificationg f=orex=ploeive excavad:ion.10

IL.

[,

Media
A, Common Excavation
1. Soil
2. Clay shale
B. Rock Excavation (requires drilling @njbdasting to excavate)
1. Weak rock (less than 4000-psi ymenf ined compressive strength)

2. Intermediate-strength rock (400®t 1_6,000-psi unconfined compressive
strength)

3. High-strength rock (greater thar15,C300-psi unconfined compressive
strength)

Lithology (rock excavation) or Soil Clyz-sificzation {common excavation) and
and Geologic Structure

Degree of Saturation or Water Content

A. Dry (less than 50% saturated or le5~Stha.n 10% water content —common—or
less than 3% water content— rokx)

B. Wet (between 50 and 90% saturatej crgr—eater than 10% water content—
common—or greaier than 3% wat¢; ceontent —rock)

C. Saturated (greater than 90% saturaf=e)

Given the fundamental shock wave parsThigex—s, one may easily determine peak

pressures in water.7’9 Unfortunately, peak r—ajisk- stresses in cratering media are
more difficult to obtain. The peak stress, AI’N chac’ at the rock-water interface is
needed in order to calculate the pressure traZunit=ted into the water. Let Sr be the
true slant range from shot point to any given loation on the rock-water interface.

Then AP
roc!
of estimating AP

will be expressed as a function of§. . The following are five methods
{at S ).

k

rock
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a. THEORETICAL CODE CALCULATIONS OF CRATERING DYNAMICS

'
Theoretical code calculations of cratering dynamics,8 basq‘d cn the known
characteristics of the cratering medium, can provide values of ifhe peak radial stress.

|
b. DIRECT MEASUREMENTS OF PEAK RADIAL STRESS

Direct measurements of the peak radial stress for experiments in the given
cratering medium would be most useful. Unfortunately, due to the enormous difficulty
of periorming such measurements very close to an explosion, the available data are
incomplete for saturated media.

c. MEASURED FREE-FIELD PEAK RADIAL PARTICLE VELOCITIES

Measured free-field peak radial particle velocities in the given medium can be
used to calculate peak radial stresses. Free-field particle velocities have been
measured for a wide variety of different media.’’!! Peak radial particle velocities,

Uradial' are well-fitted by a relation of the form:

-n
U =K, (true range/wlls) r, (1)

radial

where K1 and n, are constants for a given medium, type of explosive, and propagation
region. K; and n  have two different values for a given medium-explosive combination;
n, is relatively large in the inelastic or cratering region close to the detonation. This
is the region in which permanent displacement, crushing, or cracking of the material
takes place. At longer ranges, the stress decreases to a level at which the material
responds elastically. Energy is not irreversibly deposited in the medium (although
some energy degradation continues to occur due to natural dissipative processes).
These longer ranges are referred to as the elastic region of shock propagation; n is
usually much smaller in the elastic region. The transition between inelastic and
elastic propagation occurs at (true range/Wl/3 ) = 140 to 700 ft/kt1/3 for typical cratering
media.s'11 Experimental data show that 4.0 > n, > 1.0 in the inelastic region, and

1.3> n, > 1.0 in the elastic region (Table 4). Given the peak radial particle velocity
at a specified range, the peak radial stress, APr ock’ at that range is:

AP U ) in the inelastic region, (2)

rock _ ~radial (p rUr

A 1 (p.C ) in the elastic region, N

proc:k : Uradia
where prur = impedance of the cratering medium in the inelastic regime, for peak
radial stress wave velocity Ur‘ prCr = acoustic impedance of the cratering medium in
the elastic propagation regime (sonic velocity, C,). These quantities are approximately
constant for 3 given medium, The Apro ck calculated above is the increase in stress
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above the local ambient pressure (ambient pressure is usuezlly negligible compared to
AP

Yaone

rock)’
Graphs of Uradial and Aprock

Rei. 6 for nuclear explosions in several media. These experimentally derived graphs
encompass both the inelastic and elastic regions. A complete discussion of the results
is beyond the ecope of this repert, but vsiues of Ux-a dial °F AP
may be obtained from the literature,

as functions of (true range/\Vl”s) are given in E

rock for many medis

Vil
e

4. MEASURED PEAK VERTICAL SPALL VELGTITIES
On2 means of approximating APr ock USes measured peak vertical spail velocities
at surface ground zero (SGZ) for cratering events with no overlying water layer,
(Peak vertical spall velocities shouid not be confused with tate-time gas-acceleration-
induced velocities.) Observed peak vertical spall velocities for experiments in a given
madium with a given type of explosive are a function of scaled depth of burial
(dob = scalad depth of burial; for the one-layer case, with ne sverlying water layer,
dob = rock depthﬁ)\ll/3 = !J‘,/‘WI/:‘1 ). The measured peak vertical spall velocities of the
rock at SGZ fit a relation of the form: 4

Pr gy

-m !
Vg (rock) = K, (dob)  ©, (4) |

Vapell at SGZ ©
where K, and m  are constants for a given medium and type of explosive.z Vspall at SGZ
relations for various media and explosives are discussed in Ref. 5.

Once the peak vertical spall velocity at a specified scaled depth of burial is known,
it may be used to calculate the peak radial particle veiocity U in the given medium
at a scaled range equal to the scaled depth of burial:

radial

1/2 [vspall at SGZ (at the given dob)]

}/‘2 [\-’o (rock)(at the given dob)] .

1
U, adiag (8t true range /W B )

where (true rangt:in/3 ) =dob = D!./Wl/3 . TheU thus obtained is substituted into |

Eq. (2), giving AP

radial

rock’
Aprock (at sceled range = dob) = 12 [(prUr) Vo (rock)] . (5a)
This method currently applies to experiments at cratering depths (but not to deep con-

tained detonations). It gives U ;. and AP . in the inelastic region (close ranges,
scaled range < 300 ft/ktl ), and cannot be used for longer ranges. The SGZ peak

#These values are constunts for the inelastic region: i.e., for experiments at crater-
ing depths. The values of K, and m_ are expected to change for the elastic region
(deep contained events).
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vertical spall velocities for contained experiments are not always reliable for deter-
mining peak radial particle velocities in or near the elastic region. Photographically
measured velocities for deep experiments tend to be lower and attenuate faster than
true peak particle velocities should, because the surface material does not break apart
and spall freely, but responds in a partially elastic fashion. If reliable peak surface
velocities for deep contained experiments become available, they may be used in

Egs. (5a) and (3) to obtain AP!_0 ok 3t various ranges (substitute p!_Cr for prUr).

e. MEASURED PEAK VERTICAL SPALL VELOCITY PROFILES

One additional method for finding peak pressures in the rock layer is available.
This method is related to the procedure described in the previous paragraph, becatse
it utilizes peak vertical spall velocity data for free rock surfaces with no overlying
water layer; it differs because it makes use of measured velocities at locations other
than SGZ.

Again, let VO (rock) be the SGZ peak vertical spall velocity of a free rock surfaze
above a detonation at dob = I)x_/wl/3 . Then, as was showm ir Method (d) above, APP ock
at a scaled range Sr/wlﬁ equal to the dob is given by:

l = -
AP ok (2 Sc/W R dcb} =12 [(prUr) \£ (rock)] . (3a)

Measured Vo {rock) values may be substituted into this equation to obtain APm‘:k at
various ranges. However, the SGZ velocities may not be accurately known over a wide
range of dob's. In some cases, the SGZ velocity at one scaled depth of purial and the
marner in which the velocity profile decreases moving away from SGZ are known. This
information can also be used to derive AP rock values, although with somewhat lower
accuracy. First, let V{rock) be the peak vertical spall velocity of a free rock surface
(no overlying water) at any location cther than SGZ. Reference 5 demonstrates that
Virockj is usually well-fitted by an empirical relation of the form:

P
~ r
V(rock) = VO {rock) [::} .

where ''p" is a medium-dependent exponent that does not vary greatly for detonations
at different scaled deptns of burial in the same medium. This equation describes the
velocity profile of the spall mound launched by the detonation.

Wext, iet Aprock be the peak excess pressure of a shock wave whoge direction of
propagation intersects a free rock surface at angle er. The spall velocity of the free
surface at that location will then be:

mprock

Virock) = W sin Gr .

or, substituting from the empirical V(rock) equation,
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PR |
AP ek = 12 [(prUr) V(rock) ELW;]

n P
. 'Dr 1
lﬂ (prUr) VO (rOCk)‘. " g{n—er- rd

D
. _[r
and, since sin 8, = <sr— R

] P‘
ri.

Given the SGZ peak vertical spall velocity V (rock) 2t one scaled depth of burial
(dob = D /'WIIEl ) and the expcnent p, Eq. (5b) :s used to calculate AP rock at any scaled
range (S /Wiﬁ ) greater than the dob. This equation is valid within the range of in-
elastic propagation for a given medium. If one knows the scaled range at which elastic

propagation takes over, the peak pressures obtained from Eq. (5b) may be very
approximately extrapolated into the etastic region* 28 ‘.S_IWI"3 )y or (Sr/Wlla )'1‘2.

Zquation (5b) must be considered a rougher apprOx‘imation than the othr r available
methods, but it does provide a nseful independent check. Unfortunately, tlie surface
velocity exponent p is not known at this time for most saturated media. Both SGZ
velacities and the exponent p have been accurately measured for saturated clay shale
(Vg = 2.8 X 10° dob™1+5 for dob from 140 to 200 ftAtY>, and p=2.5). These values may
apply to other saturated weak rock media as well. It is expected that p will fall between
2.1 and 3.0 for most saturated media.

All of the above methods normally give peak radial particle velocities and/or peak
rock pressures as a function of scaled range. The results may also be expressed in
terms of true rarge [true range = (Wl/3 ) {scaled range)] when they are applied tc a
specific experiment. It is often convenient to plot Apro ck 35 3 function of true range
or scaled rangé¢ for a givei: experiment. This plot will take the form of two straight
lines (inelastic anu eiastic regions) in a log-log graph.* The peak radisl stress,

4

AP . ks inthe cratering medium may be read directly from the graph.
Finally, it should te noted that all of the above methods apply only for a cratering

medium identical to the medium for the two-layer experiment in question. If the crater-
ing material under the water layer is saturated, then the data used to derive U radi al
APm ck must be for a similar saturated medium. This presents a particular problem for
Methods (c) and (d), because the available data apply to experiments with no overlying
water layer. Care must be exercised to select the data for a medium as close to the
actual experimental conditions as possible (usually, a completely saturated medium).

“Refer to Appendix B for further discussion of shock pressures and particle velocities
in the cratering medium.

Tusaturated"” is defined as 90% or greater saturation (30% or more of the void volume
in the material is [illed with water).
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Section 5. Predicting Range-Dependent
Peak Water Surface Spall Velocities

Pegk radial streeses in the cratering material will now be used to determine the
transmitted peak pressures in the water layer and the resultant spall launch velocities,
Necessary quantities are listed in Table 1 (pwcw), Table 2 (Cw), and Table 4 (C;_, U "
prcr’ and p U, for various cratering media). Other sources may supplement Table 4
if better data are available. Record the appropriate constants for the tast site in
question at the top of Table 5, List the charge depth of burial in the cratering medium,
Dr, and the depth of the overlying water layer, Dw‘ as well, Figure . shows the
experiment configuration and the nomenclature used,

The transmitted peak pressures in the waier layer and the corresponding water
| surface spall launch velocities, V{water), must be calculated for several surface
locations, Table 5 provides a convenient format for tabulating all calculations, First,
i the angle at which the direction of shock propagation in the rock or cratering layer
intersects the rock-water interface must be specified. This angle is called 6. When
the shock wave crosses the rock-water interface, it is refracted and propagates away
from the interface at a new angle 6_. The angle 8, may be determined from the law
of refraction—Eq. (7), below. After determining 6, and ¢_, it is possible to calculate
the propagaticn slant ranges in the rock layer, S - and in the water layer, Sw‘ With Sr
b and the results of Section 4, it is then possible to compute the peak radial stress,
Aprock (at Sr), on the rock side of the rock-water interface. Finally, the pressure
transmission factor T(6,.} at the interface is calcuiated, and the pressuce transmission
through the water layer is determined. The water pressure, in turn, controls the
spall launch velocity of the water surface. The equations for calculating all of these
quantities are discussed below.

.

It is first necessary to calculate the shock pressures and the spall launch velocity
F in the vertical direction, at SGZ. For the vertical direction, or = 90° (see the vertical
! ray shown in Fig, 1). Because the vertical ray suffers no refraction at the interface,
0y =6p= 90°, The first line of Table 5 contains spaces for the er = 90° calculations,
The last column has a space for Vo {water), the peak vertical spall velocity at SGZ.
The subsequent lines of Table 5 are used for recording calculations at other 6, values
(Gr = 80°, 70°, 60°, etc.). A peak vertical spall velocity, V(water), must be calculated
for each of these 6. values, The final result of these calculations will be a complete
spall velocity profile, encompassing a broad range of distances moving away from SGZ,

The detailed procedures and equations for calculating the quantities in Table 5
' are as follows:

First, specify the angle at which the direction of shock propagation in the rock
layer intersects the rock-water interface, Br. Use 6!, to determine the propagation
slant range, Sr' in the rock layer:

D
Sr = m;. (6)
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%o Co 30'018“%?55“ Vo (water) = SGZ vertical spall velocity

of water surface V{water) = vertical spall

{at sea level) A
velocity at

e % =0 /hme, D /rne, 7T
‘ = tan tan @
SGZ v r rv v /ﬂour
D FAP ter (ot or near SGZ) 8, Yar ter (ot range R )

w 4
0, C, = 68.9 alf,&: Sw=Dw/sin e,

for seawater =
m ( at 20°C) <——————Dr/’m er——————- A <0s ew = (Cw/cr) cos Br

-} w
p.C AProck. . 6, Aprock(a' range 5‘,)
(ot vertical location,
renge D,)
D, ] S=D/sin@
r r r r
Shot point

Fig. 1. Shock wave transmission {or.cratering medium overlain by water layer of
small-to-moderate thickness (D_ = Dr)’

Unless it is traveling in the vertical direction (er = 9w = §0°), the shock wave will be
refracted upon crossing the interface; the angle ew at which the direction of propagation
enters the water layer is given by the law cf refraction:

C *x
cos Gw = cos Br U!;' (7)
r

If ike prepageation raange, Sr' iz in the elastic region for the given calculation, subst:-
tute C_ for U_ in Eq. (7j (see Section 4). Calculate and record €_. Input data for this
step may be obtained from Tables 2 and 4, or other sources.

Determine the propagation slant range, S W through the water layer:

S =2, (8)
w smGw

Uging the resuits of Se2otion 4, fiud tne peak radial stress, APr ock {at Sr)' on the

rock side of the rock-water interface., Record APr ock {at Sr) in the tabie,

’Subjeci to the condition that Cr./Cy; or Up/Cy; > 1.3, From Huygen's principle, the
law of refraction {Eq. (7)] applies if c9s 8, £ T./C, or U, /C,, which is always true if
the velocity ruatio is greater than 1.

-12-

— e e~ - — g - -
- e o il et — e mn o e RS ¥ IR M e

B L ey I . g, oyt - (- I
A IR T L SR TSN S TP AP m;ﬁ;nd;g
EXTIN -

Ot A B e s o L el el ez b e,

: i . +
vﬁ‘rm A AR 100 VR N ORTTONLE (M Eea o P WP RR R TN LEUR IS S 0 Kl o b e s i
y .

emad




v

Next, calculate the pressure transinission factor at the rock-water *nterface,

T, which may be expressed as T(g,) for a specified set of input paramete:s. The

value of T(er) (ignoring shear in the cratering medium and considering orly the stress

N
wave ) is given by:

p..C. cos(90° - 9)
T(6,) = PuCor OO0 \;r) ¥5.0 SoTET 2 @'
Table 6. Acc_:ugtic impedance, p{‘C,{, for where the angle 9w is obtained from
ggg;:.l._’underwater cratering Eq. (7), above, if toe sropzgation range
Sr is in the elastic regicn, substitute
] prcr prcr for prUr in Eq. {8), as usual, Typ-
Medium {psi-sec/ft) ical values of prUr and p rC ¢ are given in
Silicon sand 144 Table 4, while values of ¢ rCr for addi-
Coral sand 118 tional underwater cratering msadia are
Sea sand® 214 listed in Table 6. Table 1 summarizes
Cecral 136-206 rC. values.
Granite 734 Next, calculate the water surface
Rock (cement) 374 range from SGZ, R_, at which the shock

8Vineyard sound.

D D
R r w

= + H
w tan Or tan Gw

wave reaches the water surface (see
Fig, 1):

(10)

Rw obviously approaches zero for 8, = 80° (vertical ray).

Determine the peak pressure in the water layer at R ' where the shock wave

reaches the water-air interfaceg‘u’lsz
AP .ter {at surface range R ) =
D_ tan(90° - g_) 124113 "
T(at 9,.) AP (at S.) . tila)
r’ ~"rock | g1 tan(90 - 6_)[1 +tan2(90 - 6 )
w w w
Dr + D

¥ tan(90 - 6 )[1 + tan®(90 - 0.4 J

Shear pulses are almost always negligible for completely saturated media, which
have Pouisson ratios close to 1/2, similar to a perfect fluid.

t
velocity, C

This and subsequent equations use an acoustic approximation and the lovcal sonic
.., for water. However, it can be shown! that the shock (ront velocity is

nearly equaf'to Cy and that the acoustic equations apply in most cases of interest for

water shock pressures AP t
P wate
Refer to discussion in Appendix A,
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For iae special case of 8, = 90¢ (vertical direction), this equation reduces to:

AP {at surface range R = 0) =

water

1.13
D
T(at 8 = 89°} Apl‘QCk (at D ) [mm] - (llb)

If the propagation range (D, ip this case) is in the elastic region, substitute <, for U,
in Eq. (11b).
Finally, the peak vertical spall velocity, V(water), at surface range R . is given

by:

2 prat er (at surface range Rw)
PoCw

Viwater) =

sin 8 - (12a)

For the special case of 6, = 30°, this equation reduces to:

2AP

V,(water) = water (3t surface range R = 0)
6

(12b)
Puw

where Vo(water) is the peak vertical spall velocity at SGZ.
Perform the above calculations for each e!_ listed in Table 5; record the cal-
culated Rw and V(water) values in each case.

Section 6. Predicting Water-Shock-Induced

Airblasi Cverpressures

The peak vertical spall velocity profile is a vertical cross section of the detona-
tion velccity mound taken through SGZ. Given the velocities calculated in the previous
section, it is possible to piot the spall velocity profile and to predict far-field water-
shock-induced airblast overpressures. The far-field overpressures at surface level
are assumed to attenuate acoustically, as R, -1 O. The spproximate value of the source
strength constant in the acoustic equation is obtained by Montan's method which
estimates the relative source strength by using the SGZ spail velocity V0 ani the
integral cf the spall velocity profile. It is first necessary to integrate the peak spall
velocity profile graphically. On linear graph paper, plot the peak surface spall
velocities, V(water), determined in Section 5, as a function of suriace range, R_, from

SGZ; V{water) is usually expressed in ft/sec, and R in feet, while SGZ is located at

R_ = 0.0. The highest velocity is, of course, Vo(water) at SGZ. [Ilot all other V(water)

w
points symmetrically on both sides of SGZ (in other words, the range of integration for

R extends from -« to +»; the gradually decreasing velocity profile extends sym-
metrically away frcm SGZ on both sides). Draw a smooth curve through the plotted
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V(water) points. This curve is the surface velocity profile. Integrate graphically* to
obtain the integral:

+0

I V(water) de (ex{ressed in
o0 ft“ /sec)

In reality, the extreme outer wings of the velocity profile have very little effect on the
integration and may be ignored. Therefore, the integral is taken over some reason-

able interval, -R:V to +R:”, such that the important central part of the velocity field is
included:

+R:.v ®
f V(water) de %’[ V(water) de .
'R:v et

Substitute the value of the velocity profile integral into Eq. (13) and calculate "a,' which
is a dimensionless constant for a given detonation:

+00
_ 1
a = 5o (D; s Dw) VO Twater] [ V(water) de. (13)

-0

Next, calculate the local or near-field airblast overpressure at SGZ, APO:

P
_ ~ambient .
APO = —15-——STP (paCa) MV0 (water) 14)

where

Pambient = ambient air pressure at SGZ for the given experiment (may be
determined from meteorolegicai data or from the altitude of the experiment location).

PSTP = ambient air pressure at standard sea-level conditions; PSTP = 1033 mbar
= 14,68 psi.

paC a’ acoustic impedance of air under standard sea-level conditions; p aC a
= 0,01841 psi-sec/ft.

Vg (water) = peak vertical spall velocity at SGZ (in ft/sec);

M = Mach number of the air shock at SGZ—Eq, (15); M = 1.0 for small surface
spall velocities,

If the above units are used for p aca and V, (water), then APO will be in psi.

The Mach number of the air shock at SGZ is determined from the equation:

21l Vi, (water)

M-1=0, (15)
2 Ca

*The integral is considered to be positive on both sides of Ry = 0; in other words, the
total integral is twice the value of the profile integral from R, = 0 to R, = o,
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where ¥ = 1.4 (for air or any ideal gas) and Ca is the undisturbed sonic velocity in air
at sea level; Ca = 1087 */sec. Technically, the true local sonic velocity, Ca (local),
should be used instead, but Ca (local) = 1087 ft/sec for most cases of interest.
Equation (15) is rather tedious to solve by hand; the solution is plotted as a func-
tion of (Vo/Ca) in Ref. 5.
The constants APO and a calculated above are used to predict the far-field air-
blast overpressure, AP, as a function of surface range, R

w
Dr + Dw . . *
AP (at range Rw) = APO a|l—g— - AP and AP, in psi. (16)
w

Equation (16) applies only to overpressures at or just above the water surface level,
and only to far-field overpressures at ranges beyond the region of appreciable water
surface spall motion, The far-field for broad velocity profiles of the type in question
hered is normally defined by:

522" a7

Predict the overpressures, AP, at several far-field ranges, Rw’ Plot the resultant
points on log-log graph paper and connect them with a straight line. The line has a
slope of R;'l 0 and may be used to predict airblast at any far-field range closer than
the region of appreciable meteorological effects (several miles from SGZ for large-
yield events; slightly closer for small yields).

At near-field ranges (inside the region of appreciable water surface spall motion),
the overpressure pulses from various parts of the rising water surface do not have an
opportunity to combine., Therefore, the uncombined or local spall~-induced overpres-
sure is a quantity of interest. The local overpressure at any near-field location is
given by:

P::\mbient

AP .. (et range R ) = p—

(paCa) MV(water, at range Rw), (18)

where M is a function of the local velocity ratio, V(water)/Ca—refer to Eq. (15).
Equation (18) applies only for locations at or just above the water surface level, and
only for near-field ranges (Rw/Dr + Dw) <1 to 2. The local overpressure at SGZ, "‘PO'
has already been calculatea—Eq. (14). Local overpressures at all other ranges should
be correctly predicted by Eq, (18). However, some combination and reinforcement of
overpressure pulses can occur even at near-field ranges. For this reason, APO may
be used as a safe-sided estimate of the true peak overpressure anywhere in the near-
field.

"More correctly, one should use apparent charge depth, Dap, (allowing for refraction
of the wavefront) rather than the true depth (D_ + D) in this equation. However, terms
involving D, ., cancel between Eqs. (13) and (1) , alfawing the use of any desired depth
normalizatioh (see Appendix C).
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The above airblast predictions Elevated Iocation\
apply to locations at or a few feet above

the water surface. An approximate tech-

nique developec by Montan is sometimes

used to predict far-field overpressures at

greater elevations.? Consider a location

at height, h, above the water surface h
(Fig. 2). Drop a perpendicular from this

location to the water surface. The

perpendicular intersects the water at a

Rw — Water

surface range RW from SGZ. Draw a g surfacz
line from SGZ to the elevated location. SGZ

. . . cose =h/(h2+R 2)'/2
The length of this line is the true range: elevation W

s AR = h/ (range to elevated location)
True range = (Rw +h . (19)

Fig. 2. Elevated airblast (above water

The line intersects the perpendicular at surface levei).
an angle "6, .; " given by

cos @ - hflR? +n? 12 (20)
elevation w ¢ :

The peal: overpressure at the elevated location, Apelevate ar is then™:

AP

at range (R?‘ + h2)1/2] = AP, r * Dy 1 (21)
elevated w 0 isz + hz)ﬁ2 cos (90° = Berevation’

Equation (21) is valid only for far-field ranges [(Rfv + hz)l/ 2/(1)!_ + Dw)] 2 2, and only for
angles berev ation >15°, Even within this region, the equation is not rigorously correct.

Its use is justified primarily by the fact that it produces accurate overpressure pre-

dictions for intermediate far-field ranges and angles 6 not extremely close to

5 elevation
the vertical,” Rigorous derivation of the far-field elevated overpressures would require
a complete knowledge of the velocity-time history of the entire water surface spall.

Such information is not available for the complex multiple-layer cases under discussion

here,

Section 7. Sample Problem

Perhaps the most interesting case for applied airbiast predictions is saturated
high-strength rock overlain by water. The acoustic impedance and shock transmission

-17-

— T v

~day

S AR AL LA R SR

e e




properties of the cratering medium differ greatly from those of water in this case.
Appropriate input data for most saturated high-strength media are somewhat lacking,
However, the shock transmission properties of saturated andesite have been extensively
studied. The available data derive from nuclear experiments, but may be provisionally
applied to all types of events until better information is obtained.

Observations of nuclear tests in saturated andesite have shown that the free-field
peak radial particle velocities fit empirical relations of the formsi

nelastic region, R_ < 580 ftkt': U = 7.81 X 105 718,

s
Elastic region, Rg > 580 ftkt 18,y

radial
- 4,70 X 108 R;l'o

radial

where R is the scaled range from shot point in t‘t/ktli3 .
The acoustic impedances and the peak radial stress wave and sonic wave velucities
for saturated andesite are listed in Table 4:
p, U, = 300 psi-secfft, U, = 9500 f/sec.
Elastic re~ion: prcr = 395 psi-secfft, Cr = 12,500 ft/sec,

Inelastic region:

amonn

The above information is substituted into Eqs. (2) and (3), giving the peak
stresses in the rock layer:

Inelastic region: R < 580 ftkt': ap__ . -2.342x 10 R1E,

Elastic regwon: R > 580 fixt!B: AP = 1.856 x 106 R_'- o

L el SRR I L S

where Apro ok is the peak radial stress (psi). The acoustic impedance and sonic 4
velocity in the overlying water layer are assumed to be: ]

Water: pr = 68.96 psi-sec/it, C, =499 ft/sec (see Tables 1 and 2, seawater
at 20°C).

These data may be used to calculate peak water surface spall velocities by the
method discussed in Section 5. The Aprock equations are expressed in units of scaled
range (1’t/1ct1/3 7; therefore, il is convenient to use scaled distance units throughout the
prediction calculations. This procedure does not limit the applicability of the results,
since the predicted APO and @ values wil! apply to all detonations at the same scaled
rock and water depth. Only the distance units in the final airblast prediction—see
Egs. (16) or (21)—will change for events that differ from 1 kt in yield.

As a sample prot lem, a typical prediction calculation l.as been rerformed for
rock depth D = 200 frkt 13 » and overlying water depth D = 60 ft,:ktl/3 . The results of
this calculatton, ext :nding to a ‘vater surface range of 771 fthet 15 from SGZ, are shown
in Table 7. Note that all dimensions listed in the body of the table are scaled (Mtlﬁ ).
The predicted peal. vertical spall velocities of the water surface are given in the last
column of the tabl:. Th~ (maximum) velocity at SGZ ‘s V; (water) = 155.3 ftisec. The
velocity profile muy be integrated, as discussed in Section 6, to give a. Velocities
from Table 7 may be plotted on linear graph paper as a function of surface range R w
from SGZ (profile piotted symmetrically, on both sides of SGZ). The area under the

resultant curve may thon be integrated graphically to some reasonable range from

ke

D
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SGZ (toR_ = 771 ft,;ktll3 on each side of SGZ in this case). The profile integral is used
to determine a,

171 ftel
]-R V(water) dR_ = 75,230 scaled ftzlsec (by graphical integratiun)
R_=:771 fthtlP

w-..

= 1 - 1 _ -
a = E(Dr T D;)Vo (water)] V(water) de = m (75,230) = 0,297,

The local airblast overpressure APo at SGZ may also be calculated—Eq. (14).
First, assume an ambient air pressure of Pambient = 1013 mbar (sea level), The
acoustic impedance of air is paC a = 0,01841 psi-sec/it. The Mach number M, as
determined from Eq. (15), is M = 1.089. The local overpressure APO is then
APo = (Pambient/pSTP) (paCa)MVo (water) = 3.11 psi. This result may be corrected to
any other ambient air pressure by substituting the appropriate value for Pambient‘

It is now possible to apply Eq. (16) and to predict the far-field airblast over-
pressures AP:

D.+D
= r w) _ 200 + 60\ _ 240
AP -Apoa (_R;__) = 3.11 (0.297) (T) -'R; ,

where AP is expressed in psi, and Rw is in scaled units, ft/ktll 3. Note that the above
equation applies to locations at or near water surface level, and for far-field ranges

(R'/Dr + Dw) 22, or R, 2 520 ft,ﬁ(tll3 . Overpressures at elevated locations .way be

predicted using Eq. (21), subject to the limitations stated in Section 6.

The scaled predictions above m;y be easily adapted for any desired explosive
yield. As an example, perform an airblast prediction for a 5-ton (0.005-kt) equivalent
l yield chemical explosive charge under the conditions of the sample problem (change
scaled dunensions to true dimensions):

| D, = 200 fikt!P =34 1,
' D, = 60 nkt'P =101,
and, from Eq. (16),

+D
AP =AP;a <D—"R_$ = 3.11 (0.297) (34 +1
w w

P AP = %%—6 where Rw is in true (instead of scaled) feet,
w

The prediction is valid near water surface level and for ranges R w2 88 ft.
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Note that all airblast predictions in this report are based on "acoustic" or r~1.0
) overpressure attenuation, Effects such as deviation from acoustic behavior (strong
) shocks), nonsymmetric shock propagation, and atmospheric temperature gradient may
cause the attenuation rate to vary. The wide changes in observed attenuation rates for
similar experiments indicate that local effects (rather than nonacoustic shock effects)
are responsible for deviations from R'l'o attenuation, Temperature gradient is the
most important local factor influencing far-field airblast., At locations near the ocean,
the lower layers of air typically show a strong temperature gradient; such conditions
cause sound to be refracted upwards, away from the surface level, Thus, the over-
pressure pulse is expected to attenuate somewhat more rapidly than R -1 0 at surface
level, If a strong gradient prevails, the overpressure predictlons may be slightly
improved by attaching a line of slope R 1.2 ¢ the normal R ~1.0 Jine at "long" ranges,
beyond the region of close-in acoustic attenuatwn very roughtly, attach an R line
{ at ranges greater than R_ = 10 to 20 times (Dr + Dw)]' This procedure gives an
P approximation of the faster attenuation and lower overpressures at ranges beyond the
close-in region, ‘

It should also be noted that the opposite atmospheric effect of a temperature
inversion” can cause refraction of sound waves toward ground level, with resultant
focusing. Under these conditions, overpressures may attenuate more slowly than
R;l '0, producing increased airblast at long ranges (~ a few miles from SGZ) where
) the focusing is most likely to occur., Other atmospheric effects may focus sound waves i
at very long ranges, but these effects become important only for large multi-kiloton

detonations capable of creating damage at such extreme ranges

Section 8. Summary

A method is presented for estimating water-shock-induced airblast from

i single-charge cratering detonations in saturated media overlain with water. The (
method requires as input data a knowledge of the acoustic impedances and sonic ,
velocities in the cratering mediam and water layers, as well as an empirical fit to
the shock propagation parameters in the cratering medium. Predictions made using
this technique have not yet been adequately compared with actual airblast data, and

. future observations may reveal the need for some improvements. To verify and to
extend the method, measurements of airblast and time-dependent water surface spall

velocity for an underwater cratering event in intermediate- or high-strength rock are
n needed,

The procedures described in this report are easily adapted for computer use.
A relatively simple code may be written to calculate peak water surface spall velocities
as a function of range R W over small intervals in Ry (or over small increments of ).

3
Temperature increases with altitude in the near-surface layers,

21~




The resultant velocity profile may be integrated numerically to some reasonable outer
limit in R, or V(water),* giving the value of @, Computer calculations provide a
particularly convenient means of calculating AP0 and o for a number of different rock
and water depth combinations in a variety of media. A computer program that cal-
culates AP, and & for depth combinations 20 < D, < 326 ftkt'® and 60 < D < 320 rtat
is presented in Appendix B. Some sample problems sclved using this program are

discussed,

“A reasonable criterion for limiting the calculation might be R_ = §(D_ + D_), or
V(water) = 0,02 Vy(water). w r w
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Appendixz A
Pulse Transmission in the Water Layer
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Appendix A
Pulse Transmission in the Water Layer

An approximation that describes the elastic propagation of refracted acoustic
compression waves in two-layered media has been developed by Hipp, Gerjouy, Horton,
and others.u'15 This approximation, derived from fundamental considerations of
geometry and energy conservation, allows for spherical aberration and astigmatism of
the wavefront in the second medium. It does not allow for curvature of the wavefront
or nonacoustic pressure attenuation, With the insertion of a small correction for
attenuation, the Hipp-Gerjouy-Horton treatment is used in this report. Complete
derivations may be found in the literature, but the equations are summarized here for
the reader's convenience,

Assume that the second layer consists of water, and let APwi be the peak water
pressure caused by a given ray at the rock-water interface, Then APwi may be cal-
culated from Eq. (9):

pri = T(0,) Aprock (at Sr) ’

where
T(er) = acoustic transmission factor at the rock-water interface
AProck (at Sr) = rock pressure at the rock-water interface,
The refracted compression wave, pri’ will continue to propagate through the
water layer, reaching the surtace at surface range, R, from SGZ. The water pres-

sure at the surface, AP (at surface range Rw)' is then given by:

water
~ ! Dr
AP ter (at surface range R_) = AP, ?77
w

tan(90° - 0.) 121A
x L4
tan(90 - 6_){1 + tan®(30 - )]

D_+D
T ¥ tan(90 - 6)[1 +tan“(90 - 9]

The A-term is a correction factor that allows for nonacoustic pressure attenuation in
the second layer; A ™~ 1,13 for water. The above equation is in turn used to derive
Eq. (11) of the text.
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Appendix B

MULTIMEDIA-Computer Calculation
of Two-Layer Airblast Parameters
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Appendix B
MULTIMEDIA—-Computer Calculation f
of Two-Layer Airblast Parameters

MYULTIMEDIA is a computer program {code) that utilizes the method discussed
in the foregoing report to calculate the peak vertical spall velocity profile of the water

-

P e Y

surface above detonations in two-layered media (cratering medium overlain by water),
to integrate the velacity profile, and to determine a and APO. The quantities a and

e e

APO may then be used to predict peak airblast overpressures, AP, as described in
Section 6.

The code calculates necessary shock wave propagation parameters for waves !
intersecting the rock-water interface at 1° intervals, starting with er = 89° (er = 89°,
88°, 87°, 86° ...). The calculated shock wave parameters at Gr = 89° are used to
approximate the water pressure and the peak vertical water surface spall velocity
Vo {water} at SGZ. This appruximation is adopted as a matter of simplicity and

o e sad Ut 30

convenience in the computer code; it has no significant effect on the numerical accuracy
of the results. The velocity, VO' is in turn used to obtain the peak local airblast over-
pressure, AP, (in psi), at SGZ. The calculated shock wave parameters for other @ r
angles give the water surface spall velocities, V(water), as a function of surface range,
Rw‘ from SGZ, The calculatxons are terminated when the peak vertical water surface
spall velocity decreases below -5-°th of Vo (or when 6, = 4% whichever occurs first),

The velocity profile of the water surface is mtegrated to the termination point sym-
metrically on both sides of SGZ [the velocity V(water)at 6 = 89° is again used as an

estimate of V, (water) in the integration). The integral of the velocity profile is then
used to calculate the value of a-—see Eq. (13) of the text.
A complete list of the code is included at the erd of this appendix.*

INSTRUCTIONS

In order to use the code, it is necessary to know the acoustic impedance (in
psi-sec/ft) and sonic velocity (in ft/sec) in the water layer, acoustic impedance and
sonic velocity for both the inelastic and elastic regions of the cratering medium, the
scaled range of transition between the inelastic and elastic regions, the peak radial

particle velocities caused by the shock wave in the inelastic and elastic regions, and
the ambient air pressure at the experiment location (in millibars). Determination of
these input quantities is discussed in the text of this repor.. Read the data into the
computer in the following format:

First data card: All eighty columns: in alphabetical and numerical characters,
enter the name of the mecdium, ambient air pressure, and any other desired information.

*The MULTIMEDIA code is written in FORTRAN II and runs approximately 3 min
on a CDC 6600 computer.
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Second card: Enter the acoustic impedance (psi-sec/ft) of water in the first five
columns (format F5.0), and the sonic velocity (ft/sec) in the water in the second five
columne (F5.0).

Third card: Enter the acoustic impedance (psi-cec/it) in the inelastic regicn of
the cratering medium in the first five columns (F5.0), the stress wave velocity (ft/sec)
in the inelastic region of the cratering medium in the next five columns (F5.0), the
scaled range of transition between the inelastic and elastic regions (in ftﬁ(tlls ) in the
next five columns (F5.0), the acoustic impedance in the elastic regica in the next five
columns (F5.0), and the sonic velocity in the elastic region in the next five columns
(F5.0),

Fourth card: The peak radial particle velocities in the cratering medium due to
the shock wave are fitted by two connected (log-log straight iine) equations of the form:
. B,

(in ft/sec) = A1 (scaled range) °,

B
(in ft/sec) = A, (scaled range) 2

Inetlastic region: Vparti cle

Elastic region: vparticle

where "scaled range" is the distance from the charge center, expressed in x'l:/ktll3 .
In the first nine columns of the data card enter A (format E9.0), in the next five
columns enter B, (format ¥5.0), in the next five columns enter the scaled range cf
transition between the inelastic and elastic regions (ftkt 18 } (format F5.0), in the next
nine columns enter A2 (format E9.0), and in the next five columns enter B, (format
F5.0).

Fifth card: Enter the ambient air pressure at the experiment location (millibars)
in the first eight columns (format ¥8.2). The ambient pressure at sea level is usually
assumed to be 1013.0 mbar, The ambient pressure at 5000 ft MSL is approximately

844.0 mbar,

CODE OUTPUT

The code output occurs in the following format: At the top of the first output page,
all of the identifyirg information punched on the first input card is printed cut. This
information includes the medium name, ambient air pressure, and anything else
appearing on the first data card. Beneath the identifying information, calculated shock
wave parameters for the first combination of watar and rock depth are printed ocut. The
first depth combination consists of a water depth D = 20 t‘t/l»ztlﬁ3 and a rock depth
D, = 60 itkt 18 . The parameters are given for 1° mtemls ir angle of intersection with
the rock interface, beginning at Gr = 89° (R3°, 87°, ...). Inthe first column, the angle
at which the direction of shock wave propagation intersects the rock side of the rock-
water interface, er, is given; in the next column, the angle at which the (refracted)
shock wave enters the water layer, ew. is listed; in th~ third column, the surface
range R/ (t't/kt:ll3 from SGZ) at which the shock wave reaches the water surface is

-27-
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listed; in the fourth column, the peak rock pressure at the rock-water interface is
given. The next two columns list the transmission factor into the water layer T(6 )
and the peak water pressure at the water surface, prater (at Rw) (in psi), In the
seventh column, the peak vertical spall velocity of the water surface (in ft/sec) is
listed; the firal column gives the cumulative velocity profile integral (in scaled ft2 [sec)
to this surface range on both sides of SGZ. These shock wave parameters are cal-
culated and printed until the peak vertical spall velocity decreases below 1/50th of the
V at SGZ. The calculation is then concluded, and the final results are printed two
lmes below: first, the scaled water depth and rock depth (ftkt 113 ) are printed out,
followed by the Mach number, M, of the air shock at SGZ, thea the approximate peak
vertical spall velocity, Vor of the water surface at SGZ (ft/sec), the peak local airblast
overpressure APO at SGZ (psi), and finally the airblast alpha value a (dimensionless).
The local overpressure at SGZ, APO, and the dimensionless constant, @, may be used
to predict water-shock~induced airblast for the given combination of water depth and
rock depth, as discussed in Section 6 of the paper.

Next, the calculated shock wave parameters for the second combination of water
depth and rock depth are printed out. The rock depth is increased by 20 ft/ktl‘e over
the previous value in this case. The output format is exactly the same as above:
first, the calculated shock wave parameters are given for 1-deg intervals in angle of
intersection with the rock interface, starting at Br = 89°, The calculation is again
concluded when the vertical spall velocity decreases below 1/50th of the Vo at SGZ.
Final results are printed two lines below (the given scaled water depth and rock depth,
Mach number M, peak vertical spall velocity V0 at SGZ, peak local overpressure
APO at SGZ, and the dimensionless constant a).

The rock depth is next increased by another 20 x’t/ktl/3 , and results for this depth
are prmted out. In this fashion, the program continues to increase the rock depth at
20 ft/kt mtervals until a depth of 320 ft &t 153 ; is reached, Compleie output results are
printed for each depth. After a depth of 320 ftﬁct1/3 is reached, the program returns
the rock depth to its originai (smallest) value of 60 ftkt 153 and increases the water
depth by 20 ftﬁctl/3. Complete calculations are performed for this new depth combina-
tion and output results are printed in the usual format. The rock depth is again varied
at 20 ft )kt 153 intervals up to 320 ft/kt1/3, and complete results are printed for each depth,
Afterwards, the water depth is increased by yet another 20 ft/ktlﬁ , and complete data
are calculated and printed out for each rock depth. This process continues until the
final water depth of 320 ft/ktll3 is reached. The last set of calculations and the last
set of printed data output are for the deepest combination of rock and water depth (rock
depth = 320 ftkt'/ and water depth = 320 ftxt!®),

For certain input parameters and certain combinations or rock and water depth,
the physical discontinuity between inelastic and elastic propagation regions in the rock
may cause the change in surface range, dR W’ to become negative over one angle

intervai. This angle interval always occurs for the ray at the slant range, Sr’ where
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the elastic region first begins. When a negative change of Rw is encountered, the

program prints a warning immediately below the data for the angle 6. where this change

takes place. Such a warning will occur no more than once in the tabulated data for a

given depth combination. The program uses an absolute value of dR, to calculate the

velocity profile integral contribution over this interval, Actually, the physical dis-

continuity has no significant numerical effect on the final results; thus, it may be
ignored for the purposes of interest here,

Finally, after all the depth combinations have been fully calculaied, the
important prediction parameters APO and ¢ are summarized i1 a convenient table at

the end of the program output. Horizontally at the top of this table, all the water depths

(Dw = 20 to 320 ftﬁctl/s) are listed. Vertically at the left side, the rock depths

(D, = 60 to 320 ftﬂct1/3 } are given, Within the table, AP0 and a values for each depth
combination are compiled, The APO (in psi) for each depth combination iz printed
directly above the o value. 7To read a value from this table, enter at Dw on the top

list, proceed down to D r (listed at the left), and read the desired APO (top number) and
a (bottom number),

To perform overpressure predictions for any given case, select values of APO
and a for the set of data closest to the desired combination of rock depth and water
depth. Use these values to predict water-shock-induced airblast. In some cases, it

may be necessary to interpclate linearly for AP? and a between tabulated values at
rock depths or water depths differing by 20 ftkt /3

SPECIAL CASES: MODIFICATIONS TO THE CODE AND PREDICTION PROCEDURES

The output of the MULTIMEDIA code or the ccde itself may be modified to allow

for certain variations in the specified conditions. For example, the predicted SGZ

local airblast overpressures .’.\Po are based on the assumed input value of ambient air

pressure, P ambient (input). (See the discussion of input data cards, above,) After

running the program, it may become necessary to convert the calculated APO values

to new APO values for a differnnt ambient pressure, Pambi ent (new). Any APO value

calculated by the program may be zpproximately converted to a new APO valae accord-
ing to the following formula:

Pambient (M€W)

New APG P t (input)

APO (calculated).
ambien

The a values are not changed by a new value of Pambi ent

iso, the water and rock depths and depth intervals for which guantities are
calculated may be changed from the values specified in the program. Statements 28
and 32 control the water and rock depths, respectively, These are "DQ" statements
that tell the program to perform calculations from a specified minimum value to a
specified maximum value (for example: "D 27 JJ = 3, 16"; in this case, 3 is the
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minimum value and 16 is the maximum value). The first or smallest depth for which
calculations are performed is twenty times the minimum value; the last or greatest
depth for which calculations are performed is twenty times the maximum value. To
change the minimum depth, modify the first (minimumn:) value in the appropriate state-

U W o oo e

ment; to change the maximum depth, modify the second (maximum) value in the

ki g
e—

appropriate statement. Calculations will stili be performed at 20 ft/ktI/‘3 intervals
between thie minimum and maximun: depths, as usual.* If the minimum rock depth is
changed during this step (Statement 32), Statement 122 must also be changed to agree
with the new miniinum depth. Statement 122 says "D@ 704 JK = 3, JKMAX." The
number "'3" must be changed to 1/20th of the new minimum depth.T

Note that calculations performed by the code for very skallow depths may be
inaccurate due te the high water surface velocities (Vo approaches or exceeds the
local sonic velocity in air). In addition, shallow explosiol:s may produce very strong
supersonic plurie and gas-vent effects, and these effects may become dominant in
causing far-field airblast.lz'16 Thus, the code output cannotibe used to perform air-
blast predictions for very shallow scaled depths. It should ai%o be noted that code
calculations at extremely deep scaled depths cf burst (total depth >> several hundred
ft/ktll3 ) are meaningless for accustic airblast predictions, because perfect acoustic !
reinforcement between pulses from various parts of the rising surface ne longer occurs. ‘

A AL Sy e
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The true far-field overpressures fall below predicted acoustic values, and local over-
pressures may become important for some safety considerdtions. This sitzation
occurs, however, only for very deep events.

The sonic velocity in air assumed for MULTIMED!A is Ca = 1087.0 ft/sec. This
velocity is usually correct within about 5% for near sea level condition§, The sonic A
velocity does vary with temperature, and a more 2ccurate value may he inserted if
desired. Statement 80 controls the sonic velocity: "RATI® =V@/1087.0." To change
the assumed velocity, substitute the correct value in the deruminator of this equation, 1
The velocity should be expressed in ft/sec,

In certain cases, there may be no clearly defined transition range between the

inelastic and elastic shock propagation regimes, or the medium properties may not be o
sufficiently well known to permit the establishment of two separate regimes. Under
these conditions, the assumed shock velocities, acoustic impedances, and/or shock d
transmission properties may be identical for both regions. However, it is still naces-

sary to repeat the required input data twice on the appropriate input cards., Choose
any arbitrary value for the transition range, and insert this value on input cards three

arbitrary "inelastic" and "elastic'' regions (even ihough these data are the same for

P and four, List the required input parameters twice on these two cards, for the
‘ toth regions)., Note that this procedure is intended primarily for s»ecial cases, and

Statements 29 and 33 control the water and rock depth intervals between successive
calculations (factor of 20). These intervals may also be modified if desired.

TNumbers specified in "DQ" statements must always be integers (no decimal).

-30-




may nct produce accurate results if the input data are used for regions outside their
range of applicability (i.e,, low~amplitude long-range shock transmission parameters
and long-range "acoustic'' medium properties applied to the close-range inelastic
region). Normally, the transition range used by the program should correspond rather

closely to a physically real transition in the shock propagation properties of the medium.

Sometimes the known characteristics of shock propagation in the cratering
medium may include the peak shock stress, APr ock? instead of the peak particle
velocity, Vparti cle® The stress is usually fitted by two empirical equations of the

form ".’.\.Pr ock = K (scaled range)B," one each for the inelastic and elastic propagation
regions. The code requires peak particle velocities rather than stresses, However,
the empirical stress equations may be easily converted to particle velocity equations:
divide the constant K by the appropriate acoustic impedance prU r©°F prcr in each
region (inelastic ana elastic), The new equations thus obtained will be the correct
particle velocity equations to use in each region.* Two separate equations must, of
course, be calculated (for the inelastic and elastic regions). The attenuation rates
"B" in each region, and the scaled range of transition between inelastic and elastic
regions, are identical for both stress and particle velocity,

One additional modification may be applied to the MULTIMEDIA code, either
before or after it is run. The integral solutions for o sometimes converge rather
slowly, giving rise to large values of a. These values may become a little unrealistic,
particularly for events at great scaled depths, because of the very broad linear extent
over which the surface velocity field is integrated. The code itself may be modified to
terminate the integration sooner, Statement 102 specifies the termination criterion,
The calculation may be terminated closer to SGZ (at a higher peak velocity) by de-
creasing the constant in this statement, For example: the original statement reads
"VTEST =VQ- 50.0 X VEL.," If it is desired to terminate the integral at a velocity
value of 1/30th V, (instead of 1/50th Vp), the statement should be modified to read

"VTEST = V@ - 30.0 X VEL." Alternativeiy. a completely different termination criterion

may be established, using "VTEST" as the aecision parameter (see Statement 103},
Positive "VTEST" terminates the integral,

Termination of the velocity integ.al may also be accomplished after the program
has been run, The data output for each calculation includes a complete list of the
calculated parameters at 1° intervals, from er = 89° to the terminatior velocity. The
last two columns of this list give the Vertical Velocity (of the water surface) and the
Cumulative Velocity Profile Integral (up to the listed veiocity value). The final value
of a, printed below the list, is determined for the entire integrat- 1 veloczity profile.
To terminate the integral at a higher velocity, select 2ny desired termination

“The particle velocities given by the two equations at the transition range should be
the same; if they are not, sdjust the constants slightly as necessary.
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velocity from the list. Read the Cumulative Velocity Profile Integral at this velocity
(last column). Calculate a new value of o for this termination point:

N 1
New @ = 37V, (scaled rock depth + scaled water depth) :

X (CUM. VEL. PROFILE INTEGRAL),
where

-

V, = vertical velocity of the water surface at SGZ (ft/sec);
Scaled depths in ft At}

—— o

SAMPLE PROBLEMS

MULTIMEDIA was first tested by application to certain simplified problems with
known answers, and by comparative manual calculations for selected problems that
were more complex. The numerical results are sufficientiy accurate for current
predictive purposes. The code was next applied to several sample media, using
estimated shock wave transmission parameters for these media, The preliminary
trial cases included saturated andesite (a high-strength rock with known shock wave
transmission characteristics for nuclear Jdetonations), saturated clay shale (a weak
rock with known shock wave transmission characteristics for nitromethane detonations),
saturated coral (a very weak medium that fails in crushing, with estimated shock wave
transmission characteristics for aluminized ammonium nitrate siurry-—AANS —detona-
tions), and saturated basalt {a high-strength rock with estimated shock wave transmis-
sion characteristics for TNT). The shock wave transmission characteristics are most
accurately applicable to the given explosive-medium combination in each case, but the
results will serve temporarily for estimaiing airblast from all sorts of explosives in
the listed media. Better approximations to the shock wave and medium characteristics
may be used in the future, when more data from explosive tests and output from
SOC-TENSOR* analyses become available. Input data for the various sample media
are shown on a standard computer coding form (Fig. B1). The first set of data is for
saturated andesite (nuclear events), the second set is for saturated clay shale
(nitromethane), the third set is for saturated coral (AANS), and the fourth set is for
saturated baselt (TNT). Input data for the saturated basalt case must be considered
rough estimates at this time; thus, predictions made using these data may be somewhat
less accurate than the other cases.

As an example of the input format, examine the list for saturatea clay shale
(second set of data). The first card gives the medium name and identification. The

. > A -

*One- and two-dimensional hydrodynamic codes in use at the Lawrence Livermore
Laboratox-;,r.8
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second card lists the properties of seawater (at 20°C, 35-ppt salinity for the sample
problem):

Acoustic impedance = 68.96 psi-sec/ft

Sonic velocity = 4994 ft/sec.
The third card lists acoustic impedances and shock wave velocities in the cratering
medium, 28 well as the transition range between inelastic and elastic propagation
regimes:

Inelastic: Acoustic impedance = 191.0 psi-sec/ft
Velocity = 6400 ft/sec
Transition range = 140.0 ft/ktlla
Elastic: Acoustic impedance = 191,0 psi-sec/t
Velocity = 6400 ft/sec

(These quantities do not differ significantly between the propagation regions for highly
saturated clay shale at ranges greater than 80 to 90 ft/kt1/3.)

The fourth card gives the constants in the empirical particle velocity equations
(nitromethane in saturated clay shale, inelastic and elastic regions), as well as the
transition range:

Inelastic: V 4

= 6 -1.8
particle ~ 1.454 X1/130 (scaled range)
Transition range = 140.0 ftkt

Elastic: -1.42

_ 5
vparticle = 1,795 X 10% (scaled range)
The final card specifies the ambient air pressure in mbar:

l:'ambient

= 1013.00 mbar

The above shock wave and medium parameters are based on SOC-TENSOR code
calculations for chemical explosive cratering detonations near optimum depth of burial
in saturated clay shale.n Code predictions provided accurate estimates of the true
peak pressures at the shock front., These peak pressures were converted to peak
particle velocities via division by the acoustic impedance pC = 191.0, Two
straight line segments were fitted through the peak particle velocities for use by
MULTIMEDIA. These straight line segments accurately approximate al’ of the
SOC-TENSOR data in the region 80 ftﬁctlls < sczled range < several hundred ftﬁctlfs .
The accepted value of acoustic impedance, pC = 191 psi-sec/ft, is also known to be
valid for scaled ranges > 90 t‘tﬁctll3 . MULTIMEDIA simply converts the fitted particle
velocities back to peak pressures for use during the caicuiations, This is currently
the most accurate method for estimating shock pressures in the clay shale, It should
be note< that the two fitted particle velocity line segments do not correspond exactly
to inelastic and elastic propagation regimes in this casc¢; they are the best empirical
approximations to shock properties in "high" and “'low" pressure regimes for a weak
highly saturated medium. Correlation between the empirical propagation regimes and
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the inelastic-elastic transition is generally much closer for high-strength media or
for media that fail in crushing,

Data abstracted from the code output for the four sample problems are given in
Tables Bl through B4 (sample of code output with labels added). The listed informa-
tion includes AP (psi) and @ for each csombination water and rock depth. The water
depths (ft jkt 13 ) are listed horizontally at the top of the table, and rock depths (ftﬁct1/3 )
are listed vertically on the left side, For each depth combination, the program
tabulates a value of APO (psi; top number) and a value of a (dimensionless; bottom
number). It is important to remember that the calculations may be somewhat in error
(due to the high velocities involved) and that gas-vent airblast may become dominant
for very shallow total depths (upper left corner of the tables). Final results for each
medium may be read from the appropriate table, As an example, examine Table Bl
(saturated high-strength andesite): at water depth = 60 t‘t/ktll3 , rock depth = 200 ft,ktl/3 R
AP, = 3.11 psi, a = 0.309. (This value of o differs slightly from the hand-calculated
value in the Section 7 sample problem because the integral was carried only to
R, =771 ft/kt1/3 in the hand-calculated problem.) The values of AP, and @ read from
Tables Bl to B4 may be used to predict far-field water-shock-induced airblast over-
pressures,

Results in the third sample table are applicable to saturated coral, and may be
compared with the Tugboat single-charge airblast n'xeasurements.s"18 (The tabulated
solutions are based on estimated shock transmission parameters for slurry explosive
in coral.*) Tables B5 through B7 list the ranges and far-field overpressures, AP, for
five Tugboat single-charge events. Theoretical a's and APo's interpolated from
Table B3 are also given for each «xperimert. The observed values and theoretical
predictions are compared in Figs. B2 through B4, Theoretical lines are shown as
Rw-1°°, and as Ry, -1. 2(extra\palated from R /(D +D ) = 20,0). Thefaster Rw over-
pressure attenuation is typical of temperature gradxent conditions in sea air, which
often cause sound to be refracted away from ground level, decreasing the ocbserved
overpressures., Agreement between measurements and the theoretical predictions is
excellent at ''close' far-field ranges (R, /(D + D) = 5 to 30). At longer ranges, the
far-field overpressures tend to attenuate as R;l ‘z. The observed overpressures for
Event Id fall somewhat below the predictions. This fact could indicate a slightly
defective shock transmission model in the coral, or an unusually strong atmospheric

temperature gradient causing rapid attenuation of overpressure at the time of the shot,
Saturated coral as a shock transmitting medium does not vary too dramatically
from pure seawater; therefore, the above results do not provide definitive support for

the method. Airblast measurements for a single-charge event in a saturated high-
strength medium overlain by water are urgently needed in order to make further im-

¥
provements in predictive capability, The necessary data should include observations %
“The estimated shock wave parameters were derived from theoretical considera- 33
tions. Explosive properties for aluminized ammonium nitrate slurry were used in the é
derivation, 4
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Table Bl. APg and a for nuclear explosives in saturated andesite (high-strength rock)
overlain by seawater (Pampient = 1013 mbar),

SUMMARY' OF DELTA PLO) AND ALPHA YALUES

ROCK DEFTRS FY/KTL/SHL ISTED VERTIZ.ALY

WATER DEPTHS-FT/KT1/¥Y> LISTED BYRIZONTALLY

ACROSS TOP

20.0 §0.0 0.0 $0.0 100.C 120.0 140.0 0.0 ©¥0.0 20,0 220.0 MO0 0.0 28:.0
b0.0
©3.%2 27.% 30.84 I5.7% 22.08 19,37 b2 15.%1 13.b2 12, % 11.24 10,45 L2 9. 0L
0.298 0,272 0.255 0.243 0.24 0.22%b 0.229 0.21b 0.212 0.208 0.2084 0O..01] 0.200 .197
£0.0
23,77 19,93 17.47 15.01 13.23 1t.94 10.77 .82 .02 8.3% i .21 b,?S [P
0.307 0.231 0.2%7 Rote 0.245 0,237 0.232] 0.22% 0.223 0.217 0.214 N.211 0.202 0.720%
100.0 .
14,29 12.52 11.12 9.1 .05 8.2 7.0 7.02 .53 L. S04 5.32 5.07 4.™
0.311 9.292 0,276 Q.25 | 0.205 Q.27 0.0 0.2% 0,231 0.2 0.222 09.21%7 0.2l 0.21%
12¢.0
.67 3.b9 T o k.b3 b. L4 5,74 5.33 S.09 4,70 4.y W20 3.4 .94
0.315 0.753 0.284 8.272 . 0.255 N3 D.2M3 0.222 0.2%3 0,229 0.227 9.223 L2
140.0 .
7.0 [} S$.Q3 S.49 3.18 4.7 4. 42 4,22 .93 3.77 .52 3.40 .U Z. 10
0.320 0.303 0.287 0.280 0.270 0.222 0.25¢7 Q.290 .83 0.240 0.237 0.238 0,280 0.7
1b0.0
? S.39 5.0 .65 4.3 4,03 .94 .67 3.42 3% 3.20 2.%%, 2.83 2.70 2.%59
‘ 0.323 0.393 0.29 0.28 0,273 0.270 0.2b3 0.257 a3 0,298 0.7 D240 G.237 0.234
i 17.0
! .29 4,01 3% IS 3,3 317 3,00 2.85 273 261 2.5 239 2.30 2.
0.326 0.3:4 0.207 0.293 0.284 .27 0.2°0 0.26% 0.0 uU.25% 0.251 L7 O 0243
‘ 200.0
2,%0 3.30 3.11 2.95 2.80 Z.bk 2. 2.82 2.32 2.23 2.148 2.0b .42 1.91
‘ 0.332 0,318 307 0.293 0.2 0,28s 0.278 0.272 D.2BL 0.2%2 0.252 0.25 0.252 0.-°49
220.0
.2 2.77 Q.03 2.50 2o 2.28 2.18 2.04 2.01 1.93 1L.8% 1.73 1.73 3. 67
0.338 0.325 0.318 Q.24 0.2 0.2V N L2793 0,273 0.8 0.2b 0.263 0.259 0.2%
240.0
Y 2.3 2.28 2.15 2.3% 1.97 .33 1,82 1.23 1,69 1.3 1.58 1.5 1.48
0.242 0.330 0.219 0.313 C.304 O.297 .29 0.2684 0.279 0.2?77 0.272 0.76% 0.3%p O.Zh3
60,0
2,18 2.4 1.9% 1.87 1.8C 1.73 1.6 1,80 3.55 1.59 1.4% 50 e 1.2
0.3 J.23 9,327 0.312 0.310 0.313 9,3% C.293 . 0.2684 .28 0.27b N.273 (.2h9
260.0 ) .
1.8 1. 1,71 1.5 1.59 1.93 3.U8 1.u2 1.38 1.33 1.23 1.25 3.0z 1.18
0.3" 0.343 0.333 0.3 0.31b 209 0.3k . L, 299 . 0,267 0.223 0,273 0.27%
0.0 o
1,64 1.53 52 1.4k j.41 3.3 1.32 2,8 ] 1.20 L.1b i K4 1.10 1.00
0.3532 0.3%8 0,338 03.230 (¢.322 0.312 0.315 0.397 6,302 W O 0.2%) 0.8y 0,38
MN.0
L.4b 1.4 1.3% 1.3 1.2b 1.22 .13 1.15 1.12 1.08 1.69 1.02 1.00 O.“az
0.38 0,24 0.34 0.380 0.232 0.32% 0.219 0.313 0,209 0.205 0.304 0.300 0.297 0.233
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Entries in pairs: APo—in psi, listed above; a—dimensionless, listed below.
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Table B2, AP, and a for chemical explosive events? in saturated clay shale overlain by

seawater (Pambient = 1013 mbar),

Entries in pairs: APo—in psi, listed above; o —dimensionless, listed below,

SUSIacY oF [TLTA Ml END R PHE v UFS

HATER DEVTHS,FT KTL -3, LISTED WINIZONTALLY ECRUSS TOP
1000 TR ST »TL 315180 VM (CRLY

20,5 N2.0 WO.C 0.0 100.0 \29.u IN0.0 1%G.0 130.0 200.0 2.0.0 2.0 0.0 280.0 300.0 320.0

oL
LBl LW 4.4 22.1% 20030 20,19 19.08 1b.68 VLT, 13,35 21,93 10,2 10.02) 4.0n 2,99 €.0L
0.322 M4 0.%: C.2W H.0%0 Q.03 262 0.29% 0.272 0.27% 0.224 0.2 0 272f0.27% 0.220 0.2¢3

IS.%% 27,40 2.5 15.54 1b.UG 1490
0.308

2.3 .04F LW e &30 7.kb T.iu Ll B4 WG
0.334  0.30° (.3ie w07 . o F:

¢ 0,233 0.2% 0.283 0.28r 0.084 .23 L.WB2 0,231 0.279

2% L. SN.8T 12,58 1l.OME 9,81 2.2 8,00 7.1 6,73 £.22 S S.N1 507 427 MWD
oL W R G030 0,321 0.317 [ vwed12 0,208 J.303 0.3 0.501 0.2%3 0.2% 0.2 0.2%W 0.093 0.2

13,80 1152 00,35 ] 10 B P33 BB baab S.bb T2 4.9 M3 N.31 d.e 3.0 3.tM
0.359 0,351 6,347 ]C.3% 0C.232 0.328 0.323 0.728 0.319 0.2tp 0.213 0.211 0.308 0.30b 0.307 0.3(5

972 AN i.9E 6.3l ®.18 5% %19 4.8 W.H7 O N8 3.37 3.8 3.8 3.9 2,12 LW
O.s4l U4 O.3eh G2 0.2% 0.250 0.3 0.342 0.2M1 0.333 0.33% 0,332 u.330 0.338 U.328 0.3%
i%).0

e, . .3

o - fOoATy %27 M.Be M. 4,00 3,33 3.9 347 22 3.1l 2. .81 2.6
0.387 0,37 0.Fes 332 w35 0.3 0.3 0.2 .32 0.3N2 0.239 0.3 0.7 0,322 0.330 0.328

E.OH T4 T.NO O L WLdn 4,0y 2,60 2,24 3490 3,29 2.t 2. 31 2.7 2.5%  l.us
G.UN A Ser 0.301 0.7T 037 0,377 0,383 0.8 ColNe 0,343 U.3Z 0.0 0.337 0.335 0.323 0.3

B 532 3 2.7 2,87 263 2.35  z.4 2,33 2.8

5. 5.0 Gk, N.34 4,03 3.7y 2L
I U 0.3V 0L 038 0.3 0.1 0.338 0.3 03T

030 LI 32T 03D w2 2.7 O

Y81 w.4b o u.ir 3,03 3ed 3.5, 3T o,
G 0T ATy GG C.uw 030 00299 0,355 0.

”»

LS8 L3 2.3 248 2T LM 219 4.
92 0.349 0.24b 0.3W3 .24 Q.41 0.3¥9 u.IT?

SN0LG
Mol 3. S 3420 3% T &8 LL720 Ahh o 2.Mh Z2.3% 2.5 2.1% .07 L@ 1.d
Se3L .43 S 0.3 O b 0.3D (Ll 0.737 0.3%1 0.3%1 0.343 0.34n 0.3 0.341 O.3u2 0.330
RN
2.4 3.4 2.64 249 2,37 2.2% 2,27 2,08 1.9% .2 Le4 1,78
0.38° 135 0.30 2.0 0.3% 0,333 0.3%1 0.343 0.6 0.3 0.382 0.2
240.0
5.3% -t Pt A TR TS, N 2.2 Z.1% 2.0/ 2,01 .43 .88 L7872 LW
9B et 4t QA% (e 3 G20 0.3s Goand V.32 0,35 0.4% 0,382 0,350 0.3453  O.34b Q.48 0,342
RO

.07 LR LA D4 LR 20 Mt 2018 2,02

. 1.37 1.3 1.73 1,57 1.1 LS
0468 wayy L) RITS Ui 0w e D 2

1o
0. 0.237 0.35% 0.3 0.330 J.8 UD T

™e
STy ‘vl LMD 236 2 e LG 1w 1,83 1,81 LT 1.b8 1.hD L3 1%l L
0,368 oo’ w381 B3 LIF2 3.3 O L%2 0.359 0.339 0.357 0.3 0.5% 0.350 O WA O.Iws

aExplosive parameters for nitromethane were used in these calculations.
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Table B3. APO and a for chemical explosive events® in saturated very weak coral over-
lain by seawater (P mbient = 1013 mbar).

Entries inpairs: APo—in psi, listed above; a —dimensionless, listed below.

SuEasY 1T DELTA il R ALVHA VALUES
HATER DEVINS FT/RT1/3s LILTED WIMTSONTRLY VLS TOF
PO DEPTHC. FTATL 2AXSTED VERTIo@LY
0.0 MO DO 20.C 106.0 10,0 40,0 0.0 1800 01,0 200D MDD s0.n £ W0 320.0

t0.0
4I.60 31,82 I8.Ju 2388 1h,21 13,80 12.C1 10.%3] ALk 8.3 AT Tl S bhaOE AL 5,29
0.30, 0.3:8 0.21e O.HA (0,203 0.300 0.7 0293 w2 W20 SIms 0.08, 0.7 olosi 00033 0,

23,07 18,107 4w 12,09 10,811 QU7 341 SLYT bAS B.2D 0 5.TH 0 4,32 uuw WLbD WS 4,07
0,30 0.330 W.320 .31k C.340] 0.3 0.2 0, ¥H 0,237 0.0 0.3 022 0.0 0,033 0.3 0,28

14,52 12,00 10,27] 8,90 7.87 7.0 KW K57 S0 W87 4.5 421 3w 3. LW 3,29
0.244 0.333 0.3In] G.319 0315 0,311 200 L T04 0.303 0.U0 0.7 0.2% 0.24 0.0 0.2 0.291

10,8}) 8,71 2.L1 L.7S b0 UG S0 WL W27 3,45 S T 2,25 E.u0 2% 2,75
0.2 ] 0.32 0.330 0.32% 0.313 0.316 0.312 0,209 0.3 C.¥A G202 0.3 0,72 6.2 0.7 0.245

% b,bS S0 S.3T 4. 443 4,06 T3 3.5 3.9 T DA o0 2.u00 247 2,35
0.347 0.378¢ 0,331 0.317 0.322 0.318 0.31b 0,313 0.310 0.207 O.I07 .3 4,302 0,301 0.0 0.297

3.90 5,08 N7 4TH O FA L3 Xdl o Z.UE 93 SE) DS  2.37 2.8 M .
0.243 0,341 6.3 Q3T 0.7B 0.3 0.IN OFML W i1T 00511 D310 G.UB 0 4% 0.3 0,303 0,201

4.7 4,31 3w 362 233 34l 241 273 LT U2 24 o0 o7 1.4 LE 1,80
0,350 0.383 0,35 33T 0,323 0.TT L.A3 0.3 076 OGN AT 0,32 0030 L i3 0.3 )L

3. 3bl %I 308 .87 208 2,90 LA LM 2012 00t L2 1Al 1.TS 0 LbLY 1.6
0.351 0.347 M2 0,376 (.332 D30 0.3% 33 320 0318 0,310 0,415 S5.313 6.3l 0.70R 0.208

.32 O 2,70 2.ek 2,89 . .‘.20 Y- I P P Ve I PRI P I W% ) l.') 3.7 1.88
0.353 0.3 w33 R4 oI 0.332 AN I 0.513 0.7 6,331 0.3:18 0.3 031 0.313 0.3
29,0 i

288 LN ZJMS 2,22 2413 e 1.3 17 1.8 1) 193 .47 3.u) .33 1.0
05557 0TI Gibw 0.1 0.333 0.3 03F 03n O 0.AN 00Fn 003 uiw mi1s ouih o
0.0
2449 2.2 247 2 5.4 L.23 L34 LW LSS 1,31 1.4 L& 1,23 1.2 .23 1.4
0354 OISR OB O 0.M2 0.3k 0135 0,33 3N 037 03¢ 0,13 wid wif 0313 o7
280.0

2,18 L, .E 1,820 1.7 L4 LR 149 1083 L2 L3 1w et
0.3) C.3W 3w 2We O.WS Y.ML 0.7 0,135 0.332 0,30 0.3 0.3.8 0.I% O

»o
¥

;2.

1.12 1,09
M2 N30

1,93 L& 1.5 L4 1.55 L8 U 1,33 L3 LN LDy 1.15 0 tl 1,97 13 LoD
0.2 2357 3% 0,351 0.TWT 0. 0.1 NI 0,343 0,238 0,333 00371 0.3} 30T AR 0,323

1,73 LA 1. 1.8t L3S LN LU A8 Qa8 .10 1.0 100 it 00 G.A2
DTM L3N NN 3,332 0.0 GBS 0,743 0 MUl 0,433 0,438 0.3D: 0.1W A, 380 w1 033 0.

aExplosi'\re parameters for a 6% aluminized ammonium nitrate slurry were used in
these calculations,
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Table B4. APg and a for chemical explosive events? in saturated basalt overlain by
seawater (Pybient = 1013 mbar); estimated medium and shock wave
parameters were used in these calculations,

Entries inpairs: APo—in psi, listed above; a —dimensionless, listed below.
SuARy SF'DELTA P(0) AND ALPhR VALUES
HATEW DEPTHS,FT-KT1/3> LISTED HORIZUNTALLY ACROSS TOV
Wi PEFVNSs FT/KTL-3LISTED VERTICALLY
20,0 40.0 $0.0 €0.0 100.0 120.0 400 168.0 160.0 200,G 220,0 240.0 Zud.0 220.0 350.0

BO.O
pl.60 99.31 Y1.41 45,13 30,43 W.7l 2473 20,23 14.27 17.98 1b.AN M. 17.83 12.89 12.%
0.2b1 0.2 0,215 0.202 0.151 0.183 0.477 0.172 0.168 O.104 0.1b1 6,138 0.1%5 0.153 0.151

3.0.0

13.32
0.183

11.83 10.¢ 10.1b] 48 9.88 8,35 T.¥  2.NS

Z.e4 £2.17 1947 17,31 15.5% 14.10 12,87 . .
0.123 0.182 0.178 0.178| 0.1°L 0.183 0,165 0.1k 0.1k0

0.270 0.8 0.228 0.213 0.205 0.1%

13,95 12.52 12,24 10.35) 91,5 8.71 3,16 7.62 4 6,71 b33 8.9 S.u7 5.3 S
0.27b 0.2% 0.25% 0.22%5] 0,215 0.206 0,17 0.1W 0.188 0.124 0.179 4. 177 0.1°2 0.171 G.168

2.8 8.7 7Mbb L. bUS bW S.k@ S5.35 505 U799 US55 .M B8 3B .79
0.282 0.252 0.247 0.23%5 0.224 0,217 .23 0,203 0.197 0.1893 0.189 0.183 9.182 0.17 0.177

509 S.b7 S.20 W97 4.8 H.UZX 4,19 3.98 E78 3.b1 345 3,30 3 3.H 2.9
0.288 0.270 0.2835 0.244 0.2 0.225 0,217 9.212 0,206 0.202 0.197 0.193 90.191 0.1 0,185

420 3% 3,25 3% 3.3&% 322z 3,08 29 2, 2,74 2,60 2,51 2.41 2.3%
0.293 0.273 0.264 0.252 0.242 ©.244 0,227 0.220 0.215 D210 0.207 0.2¢3 0.199 0.1% 0.1

.42 3. 3065 2.93 2,30 Z.53 2% 2.8b 2.3 2,22 2,139 .1 204 1.9 1.
0.500 0.78 0.271 0.1 0.251 242 035 0,209 0,224 9.219 0.215 .21 0.207 u. 208 0.202

271 2.3 2w 2.3% 2.2 2,17 2,03 2.00 1™ 1,87 1.0 1.4 L9 1.4 1.59
0,306 0.293 0.280 0.26% 2,253 0.7 045 0.239 9.:33 0.228 0.2 0.720 0,17 0,214 6.7l

2,20 2,19 2,00 1.4 1,8 5,20 1,73 f.b7 1.2 1.%  L.S1 1.47 e 1.3 L34
a.318 0,200 0.287 0.20F .79 9,Zhi 0.255 0,247 2.242 0,232 0.234 0.230 6.27v G028 0219

1.82 1.7% Lb5  1.h2 L% L.51 L4 t.%1 L37 1.3 1.29 1.5 122 1.48 115
0.321 0,307 0,263 0,057 0.278 0D..67 .02 0.2% 0,253 .28 0.3 6.03% 0.235 0,230 0.058

1.53 L. 142 .38 1,33 .29 1.3 L.21  1.48 3.8 4011 .08 g5 1,05 1,00
0.332 0.313 0.307 Q.0% 0.237 0.27% Q.71 0.263 0,262 0.257 0.2 0.8 0.5 0,241 0.033

1,50 §.d  1.22 4,18 1,15 g0l 18 1,05 1,02 0.9 0.9 0. 9,92 0.9 0.88
.290 9.333 0.31s 0,306 0.2 0.29L 0.2 .2 QIT2 0.2 0.3 0.258 0,354 0.°51 0.230

1,12 1.9 .06 1,03 4,00 0.97 O, 0.92 N&Y 0.87 0.8 0.83 0.1 0.M 0.7
0.3%0 0.33% 2,329 9.319 0.310 3,302 O.UW 0,288 0.283 0.27¢ 0.273 0.9 0.7 0,263 O.20D

326.0
nee 0% 06,92 0.,% 0,838 0,88 0.& 0.81 0.79 0.77 0.73% 0.7 @2 0.0 9.69
0.3 0,332 0.341 0,330 0.322 0.3%14 0.20- 1.330 0.29 9.239 9.237 0,283 0.27% 0.275 0.07L

aExplosive parameters for TNT were used in these calculations,
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Table B5. Observed airblast overpressures for Tugboat Events [a and Ib.

Tugboat la, 1.0 ton, D +D =173 ft

Scaled depths: water = 30 ftkt'3; coral = 143 ft&t'3; o = 0.3425; AP, = 6.87 psi

R_/(D_+D_) AP (psi) AP/AP,
23.2 0.098 0.0143
40 0.042 0.0061
102 0.0155 0.00226
132 0.0096 0.00140
198 0.0078 0.00114
234 0.0040 0.00058
371 0.0032 0.000466
423 0.0027 0.000393
479 0.0018 0.000262

Tugboat b, 1.0 ton, D, +D =179 ft

Scaled depths: water = 31 ft,ktlp coral = 148 ftﬁ:tlﬁ a = 0.3432, AP, = 6.46 psi

R /(D + D) AP (psi) APP,
17,3 0.127 0.0197
33.8 0.041 0.0063
93.4 0.014 0.00217
130.0 0.0137 0.00212
187 0.0082 0.00127
230 0.0064 0.00099
364 0.0038 0.00059
467 0.004 (?) 0.00062 (?)
~-40~
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Table B6. Observed airblast overpressures for Tugboat Events Ic and Id.
Tugboat Ic, 1.0 ton, D_+ D__ =217 ft
PR Y 13
Scaled depths: water = 38 ftht'/"; coral = 179 ftht'/"; a = 0.3437; AP, = 4.35 psi
R, /D, +D,) AP (psi) APAP,
16.4 0.083 ¢.0191
294 0.040 0.0092
78.5 0.0143 0.00329
110.0 0.0078 0.00179
155 0.0056 0.00123
190 0.0040 (?) 0.00092 (?)
298 0.0030 0.0006990
340 0.0028 0.000644
384 0.0036 0.000828

Tugboat 1d, 1.0 ton, Dr + Dw = 25.8 ft
Scaled depths: water =45 ft,/ktl/3 ; cural = 213 ftﬁ-:tI/3 ; @ = 0.3468; APO = 3.20 psi

R, /AD, + D) AP (psi) APAP,
10.0 0.104 0.0325
21.0 0.038 0.0119
62.5 0.0112 0.00350
94.0 0.0067 9.00209
127.0 0.0042 0.00131
163 0,0029 0.02091
255 0.0026 0.00081
-41-
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Table B7. Observed airblast overpressures for Tugboat Event Ie.

s g T S

Tugooat Ie, 10,0 tons, Dr +D =429 ft
Scaled depths: water = 37 ftkt /3; coral = 163 ft,ktlls; a = 0,3425; APo = 5.22 psi

Rw/(Dr + Dw) AP (psi) AP/APO
6.5 0.259 0.0496
65.5 0,0225 0.00431
73.9 0.0185 0.00354
103.0 0.0128 0.00245
157 0.0088 0.00169
178 0.0985 0.00i63
201 0.9041 0.000786
[
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Fig. B2, Tugboat ja and Ib (chemical explosive in coral overlain hy seawater)—air-

blast overpressures compared to theoretical predictions.

-43-

Lo T . AP, Al TN, 1z o T vt
! “cw ?&#’33"":"4 mt.,,,mwawam

-,




S ———

T T Y T - —

R PR T e it PO ey
H
7
H

]0-] LN B B I B B T T T T T

]

10 -

N

-
(=]
Q.
<
~

Q. ..
4

i

10 ]

)

4

10’4 1 1 llll_lll i .4 1_14_1|| : 1 b I T S T O &

] 2 3 4

10 10 10 10

Rw/ ( Dr * Dw)

Fig. B3. Tugboat Ic and Id (chemical explosive in coral overlain by seawater) — air-
blast overpressures compared to theors=tical predictions,
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of the peak water~shock-induced overpressures at intermediate ranges (5 to 10 <
Rw/(Dr + Dw) < 100), and, if possible, photographic measurements of the peak water

surface spall velocities.
LIMITATIONS

MULTIMEDIA applies to single-charge detonations in a 3aturated cratering
medium overlain by a water layer of moderate thickness, The shock transmission
model, APr ock in the cratering medium, must be known. At the present time,
MULTIMEDIA must be considered a preliminary code, subject to revision and improve-~
ment of the refracted shock propagation model, Predictions thus far apply to a limited
range of explosive-medium combinations, but this situation is expected to improve as
more high-accuracy shock transmission dats for saturated media become available
from SOC-TENSOR chemical explosive modeling calculations and other gources,
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100

151

103

207

500
1

501
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502
1

217

218

219
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LIST OF MULTiMEDIA COLL

17172 AD 610/

13 13.9

DIMENSION XMED(14),RSURZ(90),VEL2(90),DEPH2(50),D0EPR2(50),0LP02(50
1,50) yALPA2(50,50)

INPT=2

ITPT=3

DETERMINATION OF ALPHA, WHICH 1S USED 7r FERFORM MONTAN OR

THEORETICAL AIRBLAST PREDICTYIONS. THIS PROGRAM INTEGRATES

THE SURFACE VELOCITY FIELD AND CALCHLATES ALPHA {AS MWELL AS

OTHER IMPORTANT QUANTITIES) FOR ALL OETONATIONS IN TWO-LAYERED

MEDIA (SATURATED ROCKs ETC., OVERLZIN BY WATER)

AAD=1.0/57,29578

READ INPUT TAPL INPT 499, (XHEDT IN) yN=1,14)

FORMAT (1346,A2)

WRITE OU "PUT TAPE ITPT,100, (XMED(N) 4N=1,14)

FORMAT (13A6,A2/77/7)

READ INPUT TAPE INPT,101,RHOCH,CH

READ INPUT TAPE INPY,102,RCCR1,CR1,RTRAN,ROCR2,CR2

READ INPUT TA4PE INPT,103;A1,B81,RTP,A2,82

FORMAT(FE,0,F5.0)

F ORMAT (5F5,0)

FORMAT (EQ¢09F5.G+sF504E9.0,F5.0)

XNIN=RAD®*90,00

READ INPUT TAPE INPTY,207,.PANB

F URNMAT (F8,.2)

D0 27 1I=1,16

DEPH=20*11

DEPH2(II)=NEPH

IXKMAX=11

DO 27 JJ=3,16

DEPR=20*Jy

DEPR2(JJI=DEPR

JKMAX=JJ

HRITE OUTPUT TAPE ITPTY,508

WRITE OUTPUT TAPE ITPT,501

WRITE OUTPUT TAPE ITPT,502

FORMAT (10H ANGLE +10H ANGLE +10H SURFACE ,10H PRESSURE
TRANSHIS ,10H PRESSURE ,10HVERTICAL +10HCUMULATIVE)

FORMAT (10H ROCK +10H WATER 10K RANGE ,10MH ROCK
FACTOPR +10H WATER +LOHVELOCITY L1AHVEL PROFILE?Y

FORMAT(10H OFGREES ,20H DEGREES ,10H FEET ,L,10H PSI

+10H pPSI ¢+10H FY/SEC »10H INTEGRAL )

00 216 7=1,86

X1I=90-T

ANGLR=RAD®*XII

SP=0DEPR/ (SINF (ANGLR) )

IF (SR-RTRAN) 217,217,218

RHOCR=ROCRL

CR=CR1

GO T0 219

RHOCR=ROCR2

CR=CR2

IF(SR-RTR) 220,220,223

PROC=RHOCR®AL*(SR®**81)

60 Y0 222

PROC=RHOCR®A2% (SR**g2)

CSARK=COSF (ANGLR)}

ANGLW=ACOSF (CSARK® (CH/CR?)

SHZDEP N/ (SINF (ANGLN) )
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113
116
115
116
117
118
119
120
121
122
122
124
125
126
127
128
129
130

ANGR2=XNIN-ANGLR
ANGH2=XNIN-ANGLH
TANGL= (2. 0*RHOCH®*COSF {ANGR2) ) /7 (RHOCH®COSF (ANGR2) +kHOCR®COSF (ANGH2)
1)
RSURF=DEPR/ (TANF (ANGLR) ) +BEPW/ (TANF LARGLH))
AS=DEPR/ (SQRTF (RSURF))
A6=SQRTF {TANF (ANGR2) )
A7=(DEPR) ¢ COEPH) * (LTANF (ANGH2) ) ® (1. 04 (TANF(ANGH2) ) ® {TANF (ANGN2)) )/
1 { (TANE (ANGR2))*(1.0¢ (TANFCANGR2) )® (TANF(ANGR211))?
AB=SQRTF (A7)
A9=AS®*AG/AS
PHATZTANGL®PROG* ((A9)**1,13)
VEL=(SINF (ANGLN) ) #(2 .0 *PWAT/ (RHOCH)?
RSUR2( I)=RSURF
VEL2(I)=VEL
iF tI-1) 300,300,301
300 VO=VEL2(I)
LLPH=C(VO+VEL2(I))*{RSUR2(I))
RATIO=V0/4087,.0
GAM=1.2
AAA=1,0
CCC=+~1.0
BB83=GAM®RATIO
BSQ=GAM*GAMC®RATIO®RATIO
XM= (BBB+SURTF (BSO-k.0*AAASCCC) )/ (2, D%AAN)
209 AM=XY
210 DELPO=(PAMB/1013.0)*(0.,01341) *AM®VO
DLPO2(II,JN=DELPO
GO T0 379
3014 ALPH=ALPHe(VEL2(I)¢VEL2(I-1)) *(ABSF(RSUR2(I)=RSUR2 {I~1)})
DELR=RSUR2(I)=RSUR2(I~-1)
IF(DELRI?12,711,379 s
711 WRITE GUTPUT TAPE ITPT,71%
716 FORMAT{10X,82HINVERSION DUE TO BREAK POINT APPROX DELTA RANGE IS
INEGATIVE FOR THE NEXT PRINTOUT)
379 XANGR=ANGLR/RAN
710 XANGH=ANGLMW/RAD
HRITE OUTPUT TAPE ITPT,400+XANGR, XANGHsRSURF(PROCy TANGL ¢ PHAT 4 VELyA
iLPH
400 FORMAT(BF10.3)
VIEST=V0-50,0%VEL
IF(VTEST) 216,216,999
216 CONTINUE
399 ALPHA= (ALPH)I®(1.01/7(2+0%3.16153% (DSPR4NEPHI®VO)
ALPA(TII JJi=ALPHA
HRITE OUTPUT TAPE ITPT 40L,DEPH,DEPR 1AM, VO,0ELPOALPHA
401 FORMAT (/712HRATER DEPTH=,F8.241X8HFT/KT1/343X412HROCK DEPTHZ oF8.
121X 4 8HFT/KTL1/343XsSHMACH NO =4F 8.5, 3X 1 7HWATER VEL AT SGZx,F8.241
LX s 7HFT/SEC /iB8HDELTA P(O) AT SGZ=¢F9.3y4H PSIo3X46HALPHAZF10.4///
1/7)
27 CONTINUE
WRITE OUTPUT TAPE ITPT, 700
703 FORMST(1HL///7/77/5%X, 3BHSUNMARY OF DELTA P(O) AND ALPHA VALUES)
WRITE OUTPUT TAPE ITPT,701
701 FOPMAT(///15X SIHWATER DEPTHSFT/KT1/3, LISTED HORIZONTALLY ACROSS
$ TR
KRITE OUTPUT TAPE 1ITPT,702
702 FORMAT{/2Xy39HROCK DEPTHS, FT/KT1/3,LISTED VERTICALLY)
WRITE OUTPUT TAPE ITPT,703, {DEPN2(IK)+IK=1,IKNAX)
703 FORMAT(//16F7.1//)
DO 70k JK=3,JKNAX
WRITE QUTPUT TAPE 1TPT,705,0EPR2{JK)
705 FORMAT (/71X FS.t)
NRITE OUYTPUT TAPE ITPT,706, (DLPO2(IK+JK) +IK=14IKMAX)
706 FORMAY (16F7,2)
NRITE OUTPUT TAPE ITPT,707, (ALPA2(IIK JK) ¢ IK=14IKMAX)
707 FORMAT (16F7,.3)
704 GCONTINUE
28 CALL EXIT
END
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Appendix C
Apparent Charge Depth
-49-




Appendix C ;
Apparent Charge Depth

The logical depth normalization to use in writing Eqs. (13) and (16) would be the
total apparent charge depth as seen from the water layer. The total apparent charge !
depth, Dap' for a given ray in the water layer is the depth below the water surface at
which that ray, when projected back along its direction of travel in the water, inter- |
sects the vertical charge burial axis. Due to refraction at the rock-water interface,
the apparent depth, Dap’ is not equal to the true charge burial depth (Dr + Dw)’ If
C.orU_.> C W the apparent depth will always be greater than the true depth.

The zpparent depth may be determined using the law of refractior, Eq. (7). A
sample solution will be performed for rays near the vertical direction, since the shock
pressures and spall velocities are highest in this direction. Frorm the law of refraction,

C
cos 6y = cos 6 = .

w

(In the inelastic region, U, should be substituted for C. in this and subsequent equa-
tions.)

For rays near the vertical direction,

- r
tan ew-tanerc-; .

The total apparent depth Dap for a ray (near the vertical direction) that reaches the
water surface at surface range Rw is then given by:

Dap = tan OW(RW)

= tan er(Cr/Cw?(Rw) .

i Substituting frem Eq. (10) for Rw gives:

- )
- r -
Dap = Dr (C;’ + Dw = constant.

Let us consider only the portion of the far-field overpressure pulse produced
' by thece rays near the vertical direction, Using the above result (Dap = constant) in

=
5
=
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where ARW is a range close to SGZ (i.e., ARw -~ 0); and

D AR D
= a = 1 w a
AP =APga gt = AP prvp— (f Viwater, at Ry) de) (TP') :

0 ap - w
ARW

The D, terms in this equation for AP cancel, allowing the use of any desired depth

u normalization in place of Dap' including the true depth Dr + Dw (vhich happens to be
the most convenient). Note that the same depth normalization raust be used in both the

equations for @ and AP, More generally, it can be shown that this result hulds for that

part of a far-field overpressure pulse AP produced by any small segment of the surface

velocity field, whether or not the ray producing that segment is near the vertical

] direction. Thus, the result applies for the entire integrated surface velocity field and

for a, above.
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