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ABSTRACT

Laboratory tests were conducted to determine the effect of a water over-
burden on cratering performance in sand. The objectives were to determine
the parameters which describe the effect of the water overburden on the
final crater configuration and to develop a relationship for the maximum
water wave gencrated by the explosion. Spherical one-pound charges of
composition C-4 were detonated at depths of burial in the medium ranging
from 0 to 24 inches with a varying water overburden of 0 to 12 inches. Crater
dimensions and maximum wave height data were analyzed empirically with
the Buckingham Pi dimensional analysis technique. The data indicate that
crater dimensions appear to be sensitive to small changes in water over-
burden (d) for a constant depth of burial in the medium (d ) for 0<%—- <0.6. The
most ser\sxtwe region is 0<a— <02, where the crater radius mcreasn:s abruptly,
the crate;' depth decreases aharply, and the lip height decreases as the water

depth is mcreased. The parameters which scale the maximum wave height, H,

3
are -Hi-. and —‘%— , where r is the radial distance from the explosive, Z is the

lnthostanc head on the explosive charge, and W is the weight of the charge.
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SUMMARY OF UNDERWATER CRATERING TESTS CONDUCTED

AT SITE 300 DURING 1970

1. Introduction

Purgose

This laboratory-scale experiment was conducted at the Lawrence
Livermore Laboratory High Explosive Test Facility (Site 300) near Tracy,
California from December 1969 to May 1970 by the Explosive Excavatior;
Rescarch Office in order to détermine the effect of a water layer on crafer-
ing in a cohesionless, homogeneous medium. The primary objective was to
determine the laws of similitude which describe the effect of the water over-
burden on the final configuration of the apparent crater. A secondary objec-
tive was to develop a scaled relationship for the maximum surface water
wave generated by the explosion.

Scope

This study used single, one-pound charges of composition C-4 detonated
at various depths of burial in sand with varying dopths of water overburden
to define the scaling parameters for underwater cratering. The depths of
burial varied from 0 to 24 inches while the water overburden varied from
0 to 12 inches. A total of 8] cratering tests were performed. -
Background

Previous studies of underwater explosions were related to the destruc-
tive capabilities of a nuclear device detonated underwater near strategic
military targets. These studies were concerned with the destructive poten-
tial of the airblast, ground shock, water shock, and surface water waves.

In most cases, the charge was positioned at or above the seafloor. These

studies consisted of both large- and small-scale testing with chemical




(1)

explosives as well as with several nuclear devices. Davis and Rooke' ~ pre-
sents data of underwater craters formed by chemical explosives detonated
at the scafloor. Van Dorn, et 11_.(?) presents a compilation of water waves
gencrated by charges detonated in the water layer.

Probably the first comprehensive experiment where the charges were
buried beneath the scafloor was conducted by the Waterways Experiment
Station in the early 1950'3(3). The objective of this program was to develop
a technique to predict the destructive capability of a 20-kiloton nuclear device
in water depths typical of most harbors. Scaling relationships for crater
dimensions, maximum wave heights, airblast, water shock, and ground
shock were developed with TNT charges ranging from 0.5 to 2048 pounds.
Predictions of the destructive effects for a 20-kiloton device were made by
scaling with these relationships up to the high yield range.

The only recent data comes from Project TUGBOAT, a large-scale
underwater cratering experiment conducted by the U. S. Army Nuclear
Cratering Group (now the Explosive Excavation Research Office ) in 1970(4' 5).
A small boat harbor was created by a series of twelve 10-ton charges of
aluminized ammonium nitrate slurry detonated at a depth of about 36 feet in
the coral. The water depths above the charges varied from 5 to 8 feet.

The Site 300 underwater cratering tests originated with the concept of
using explosive excavation techniques to construct a deep draft harbor. The

model testing would determine if the final crater configuration is practical

for a deep draft harbor and also reveal design problems that may arise.

2. Experimental Procedure

Description of the Test Facility

The underwater cratering tests were conducted at the indoor test pit,

Bunker 804, Site 300. This test pit measures 60 feet by 30 feet and has an

s i 4 ol




average depth of 5 fcet. It is equipped with a rolling bridge which is used

to grade the surface of the cratering medium and to serve as a working plat-
form for post shot surveys. The pit is sheltered by a steel frame structure
with movable canvas roof panels to control the lighting for photography.

The existing test pit was waterproofed with a vinyl membrane and back-
filled with sand to a depth of 4 feet. A wooden freeboard 1 foot high was con-
structed around the pit to support the membrane and to maintain a water level
above the ground level of the pit. The final dimensions of the pit after modi-
fications were 60 feet by 20 feet. A cross-sectional view of the modificd
test pit is shown in Figure 1.

The test pit was filled to the desired water level with a fire hose and
drained with a water pump. The sides of the pit were lined with 2-inch-thick
rubberized horsehair which effectively damped the water waves generated by
the explosion and minimized wave reflection.

Description of Explosive Charges

The chemical explosive used in this test series was composition C-4,
a plastic explosive with a TNT equivalence of 1.3. One pound of the explo-
sive was molded into a spherical plastic shell and center initiated with a
SE-1 detonator.

The emplacement hole was dug by hand auger to the required depth of
burial, the charge was emplaced, and the hole was backfilled with sand.
The pit was then filled with water to the desired depth.

Description of Wave Gages

The surface water waves generated by the explosion were recorded
with two variable resistance gages and a Tektronix 502A oscilloscope. The
wave gages were constructed of two parallel stainless steel rods 1/4 inch

in diameter, 30 inches long, and spaced 1-1/4-inches apart. The two rods
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were mounted vertically on a 1/2-inch-thick rectangular lucite pad. The
top of the pad was buried flush with the sand and four galvanized spikes
driven through the pad were used as anchors. Construction details and the
electronic circuit diagram for the wave gages are shown in Figure 2.

The Tektronix 502A dual beam oscilloscope allows the inputs from two
sources to be displayed on its screen. The fluctuation of the wa :r surface
as the wave passes the wave gage is electronically converted into a corres-
ponding fluctuating voltage across the input terminals of the oscilloscope.
The wave is then traced on the screen at a pre-selected amplitude and time
scale. The screen display is photographed with a special Tektronix camera

using Polaroid film.

Technical Programs

The technical programs conducted during these tests included crater
measurements, surface water wave measurements, and high-speed docu-
mentation of the mound growth, wave propagation, and washback.

Profiles of the resultant craters were taken along two orthogonal axes.
Crater elevations were taken at half-foot intervals. Crater dimensions
were determined directly from these surveys.

The surface waves were recorded with two surface profile gages. The
water displacements were traced on the screen of a Tektronics 502A oscil-
loscope and the traces were photographed with Polaroid film. The wave |
amplitudes and wave travel times were obtained directly from the photo- !
graphic record. E

High-speed photography was used to document the mound and plume '
growth, venting of the mound, propagation of the explosion-generated wave,

and the washback and disintegration of the crater. This documentation

L e T e R Bt . i S g o
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provided an excellent visual accournti of the underwater cratering phencmenon.
However, in most cases, the post-detonation history was screened by the

dust cloud and qualitative data could not be obtained.

3. Experimental Results

Underwater Cratering

The cratering curves for this experiment were developed by use of the
CRATER DATA Code, a Fortran program for the Control Data Corporation
6600 Computer(b). This code takes certain crater dimensions from the
postshot profiles of each shot and computes apparent crater volume, aver-
age lip radius and height, average apparent radius, and apparent depth.

Each of these variables is plotted as a function of depth of burial for a given
water depth on a cartesian plane and a quadratic least squares fit is gener-
ated through the data points.

Cratering curves for apparent crater volume, apparent crater radius,
apparent crater depth, and apparent lip height as a function of depth of
burial in the medium for constant water depths of 0, 1, 2, 4, 8, and 12 inches
are shown in Figures 3 through 10, For each constant water depth, fhe depths
of burst tested were 0, 6, 12, 13, 17, 20 and 24 inches. A majority of the

shots were repeated to check the reproducibility of the underwater craters.

Explosion-Generated Water Waves

The two wave gages were installed 7 and - feet on a radial line from

i

Ground Zero. A typical wave record is shown in Figure 11. The upper |
wave profile is the record for the gage located at r = 8 ft. For some shots

|
|
|
just one gage was utilized at either r = 6, (0, or 11 ft. Raw data from the
wave measurements program are tabulated in Table I.

d
Dimensionless plots of % Vs %_n atr = 7ftand r = 8 ft are shown
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EXPLOSION - GENERATED WAVE DATA SHEET

TYPE EXPL. C-4 ‘iplxn’cd DATE /7 Mar 7o
WEIGHT EXPL. 1.0 LB SHOT NO. 4AB /39
DEPTH OF BURIAL 24 IN

WATER DEPTH AT GZ 8 IN

WATER DEPTH AT WAVE GAGES:
UPPER BEAM (GAGE #1) 8 IN
LOWER BEAM (GAGE #2) 3 IN

WAVE GAGE RANGES:
UPPER BEAM (GAGE #1) 74 FT

LOWER BEAM (GAGE #2) 5 FT

HORIZ. AND VERT. SCALES:
TIME (HORIZ) / SEC/CM

WAVE HEIGHT (VERT) 5 IN/CM

g : Sk ' 1.
s -»§++—é~+—‘»-.—o-.&—v74—+—++ﬂ++—1-!--s-w»-uﬂ:-a R

! 4

Figure 11. Typical Wave Record
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Table I, Maximum Water Wave Data

. Depth of Burial S ximum
in Medium Distance from Wave Height,
Water Depth in d Ground Zero Crest to Trough
d m r H
(inches) (inches) (inches) (inches)

12 24 120 4.1
131 3.1

12 20 96 3.5
12 17 96 3.9
12 13 72 4.2
12 6 72 4.6
12 0 120 6.3
131 6.5

8 24 84 5.4
96 5.3

8 20 84 3.1
96 2.4

8 17 84 2.6
96 2.1

8 17 84 2.5
96 2.1

8 13 84 3.7
96 3.3

8 13 84 2.7
96 2.7

8 6 84 6.2
96 6.1

8 0 84 8.3
96 7.3

4 24 84 3.0
96 3.1

4 20 84 3.7
96 3.6

4 17 84 3.3
96 4,2

4 13 84 3.7+

96 3.0+

4 6 84 3.2
96 2.6

4 0 84 2.7 E
96 2.6 |

2 0 84 3.2
96 2.0




in Figures 12 and 13, respectively. The maximum wave height, H, is
measured from the maximum crest to the succeeding trough. These plots
indicate that for a constant water depth, d, the maximum wave height varies
cyclically with depth of burial in the medium, d . Maximum wave heights
are generated when the charge is positioned St the water-sand interface.
The wave height decreases to a minimum at —dﬂ, = 2, then increases to a
second maximum at%{.‘ = 4, and then decreases again, probably to a second
minimum. The phenomena of these two maxima were also observed for
waves generated by charges detonated in the water layer(z). The charge
position for the first maximum was called the "upper critical depth' and
the position for the second was called the "lower critical depth'.

Although the wave gages were installed for all the water depths tested,
intelligible data were obtained only for d = 4, 8, and 12 inches. Ford= 1
and 2 inches, the wave records were erratic and unintelligible because of

disturbances created by falling ejecta.

4. Analysis of Results

Underwater Cratering

The equation of similitude for the current series of underwater events
was derived from the Pi Theorem of dimensional analysis. This theorem
which was first stated formally by Buckingham, asserts that any physical,
relationship can be represented by a set of independent, dimensionless ,
pParameters consisting of product combinations of the physical quantities

(7)

concerned’' .,

The physical quantities that can influence underwater cratering are:

(1) a set of linear dimensions defining the boundaries, (2) certain kinematic
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and dynamic quantities such as pressure gradients, and (3) the physical
properties defining the cratering medium. Accordingly, a general equation

for underwater cratering may be written as

f(d, dpy» P+ Py 8 E, L)=0 (1)
where
d = water depth,
dm = depth of burial in the medium,
p = density of water,
Py = density of the medium,

g = gravitational acceleration,
E = explosive energy,
L = a characteristic linear dimension.

From the analysis this equation becomes

F(m, m,, my, m)=0 (2)
where
4
4 _pgld)
m = a; 2 - T E
4
4 :—p-n—.l-g-—(itﬁ)— n = L
3 E 4 3;

These four dimensionless terms can be combined into the following two

independent dimensionless terms:

3
Pm gdm L d L3

21




where the expressions in parentheses are the static overburden pressure of
the medium and water, respectively.

The final step in the analysis is the determination of the functional re-
lationship between these independent terms based upon physical realities.
It is clear that these terms are related by simple addition which yields the

term
3

_ L
M, = (p8d  +pgd (4)
where the expression in parentheses is the confining overburden pressure, z,

on the explosive charge. This term can also be written as
3

3
_ 2L _pgZL
[13_ E '—LQ'W_ (5)

where
Pm (pm d

Z=d —p—)dm = dm T‘fa;;)
is the lithostatic head on the charge expressed as feet of water, Q is the
explosive energy released per unit weight of the charge, ard W is the total
weight of the charge. Since pg/Q is constant for this experiment, the law
of similitude for the current series of underwater events is

3
- L

M,=z2x% é)
where L, the characteristic length, is any linear dimension of the crater.
Equation (6) can be written as

o 1/3 d \1/3
n-2 % L [P | [u(5) ] @ z

w

or

. 1/3
dm1/3~ . __I{TS_ . f< _:_:\_ + ai_ > (8)




aﬂ- , 8ince w3 is a constant for this current underwater cratering experiment.
Tr!rx‘e law of similitude in the form of equation (8) is more convenient to use
than the form given by equation (6) since the crater dimension functions are
more easily interpreted in terms of the ratio ]g— than in terms of litho-
static head Z. i

Maximum values for crater volume, apparent radius, apparent depth,
and lip heightwith the depth of burial at which they occur for each water depth
are tabulated in Tables II and III. These values were obtained from the cra-
tering curves in Figures 3 through 10. The saturated density of the crater-

ing medium, Py Was 2.10 grams per cubic centimeter.

Scaled crater volume as a function oft%—n+ a‘-l—) is plotted in Figure 14.

m
Scaled crater dimeiisions as functions of(T + é‘—)lﬂ are plotted in Figure 15.
m

A a-i scale is included in both figures to facilitate interpretation of these
m
scaling curves. All of these data are also contained in Tables II and III.

Table II. Maximum Crater Volume Data

Scaled Volume

Depth of v(dm)
Water Depth Max. Volume  Burial W
d \' d Am d 3 (4t
3 m -—p— + a—- Ft'x %
(ft) (ft7) (ft) m
0.00 14,6 1.27 2.10 18.5
0.08 12. 6 1.45 2.16 18.3
0.17 12.1 1.50 2.21 18.2
0.33 12.1 1.01 2.43 12.2 |
0.67 7.0 0.88 2.86 6.3 2

1.00 6.0 0.88 3.24 5.3




Table III. Maximum Crater Dimension Data

écaled Crater
Dimension

: bepth of [ 1/3
Max. Crater Burial [_;_n + ad—l L x (ﬂm)l /3
Dimension Ft m W
Water depth d = 0.00 ft
Apparent radius 2,35 1.20 1.280 2.36
Apparent depth 1.70 1.70 1.280 2,03
Lip Height 0.38+ 1. 70+ 1.280 0. 45+
Water depth d = 0,08 ft
Apparent radius 2.29 1.90 1.288 2,84
Apparent depth 1,62 1.25 1.292 1.74
Lip Height 0.37 1.45 1,290 0. 42
Water depth d = 0. 17 ft
Apparent radius 3.05 2.00 1.298 3.84
Apparent depth 1.10 1.20 1.308 1,17
Lip Height 0.18 2.0 + 1.298- 0.23+
Water depth d = 0.33 ft
Apparent radius 2.92 1.05 1,342 2.96
Apparent depth 0.75 1.20 1.353 0.80
Lip height 0.18+ 2.0 + 1.314- 0.23+
Water depth = 0.67 ft
Apparent radius 2.32 0.90 1.416 2.24
Apparent depth 0.85 0.75 1.440 0.76
Lip height 0.30+ 2,0 + 1.344. 0. 38+
Water depth d = 1.00 ft
Apparent radius 2.25 1.00 1.458 2,25
Apparent depth 0.70 1. 60 1,555 0.59
Lip Height 0.34+ 2.0 + 1.375- 0. 43+
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The scaling curves for the crater radius rises sharply to a maximum
d

at o4 = 0.1 then decreases to its minimum ata— = 0.7. The crater depth
m

is maximum at 3— = 0, rapidly decreasing to a value near its minimum

a.tdi = 0.4, and elowly decreasing thereafter. Unlike the curve for the
m

radius, the curve for the lip height is maximum at 3_ = 0, drops off to its
minimum at 3— = 0.1, then gradually increases to a eecond maximum.

These curves indicate that for 0<3_ <0.6, the crater dimensions are
sensitive to small changes in water overburden for a constant depth of
burial. The most sensitive region is for 0<ad- < 0.2 where the crater radius
increases sharply, the crater depth decreale:nlharply, and the lip height
decreases as water depth increases. The probable reasons for these phe-
nomena can best be explained by referring to Figure 16 which depicts the
change in the crater profiles with water depth for a constant depth of burial
dm = 20 inches. For water depths d = 0 inches (d/dm =0.0)and d = 1 inch
(d/dm = 0.05), the crater slopes are relatively steep and the lip height is
greater than the water depth. However, for d = 2 inches (d/dm = 0.1), the
crater is pan-shaped. This sudden change in crater configuration is caused
by the runup of the washback overtopping the crater lip and triggering the fail-
ure of the crater slope. This slumping action increases the crater radius and
decreases the crater depth. Thus, for d/dm< 0.1, the crater lip is high enough
to act as an effective dam against washback runup. But for d/dm>0. 1, over-
topping occurs and the crater lip is no longer an effective barrier against the
washback. Further increases in water overburden result in decreasing radii

and depths although the craters still retain a pan-shaped configuration.

Another effect of the water overburden on underwater cratering can be
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analyzed with the data presented in Table IIl. For any water depth, the

depths of burial at which the crater radius and crater depth are maximum

do not coincide. For water depths of 0.00, 0.08, 0.17, and 1.00 feet, the

depths of burial for the maximum radius and depth differ while for water

depths of 0.33 and 0. 67 feet the depths of burial are nearly the same. Because

of the erratic manner by which the depths of burial for maximum crater radius

and depth differ with water depth, no relationship is proposed to explain this

phenomenon. It is speculated that this difference in the depths of burial is

a complicated function of the velocity of the washback, water depth, particle

size of the medium, and some strangth factor describing the cratering medium.
In comparison, the depths of burial at which the crater radius and crater

depth are maximum are usually identical for cratering in a medium without

a water overburden. Project ZULU II, Phase I was an experimental crater-

ing series conducted at Bunker 804 (Site 300) in sand with a moisture content

of 6 percent with spherical 1-pound C-4 chargel(s). This is the same test

facility where the underwater tests were held. Experimental results were

that the depth of burial at which the crater radius and depth were maximum

was approximately 1.5 feet.

Analysis of Wave Data

A theory for impulsively generated water waves in water of finite depth
was developed by Kranzer and Keller(g’. This theory is based on the linear
theory of oscillatory surface waves where the wave height is small compared
to the water depth and wave length. The solutions developed by this theory
are applicable only at distances far removed from the source. The experi-
mental results of the current series cannot be compared with this theory
because the conditions for linearity on which the theory is based were not

satisfied. First, the wave heights were not small compared to the water
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depth and second, the wave Measurements were taken as close as possible
to the source of disturbance.

Since no adequate theory exists to analyze the wave data, the dimen.
sional analysis, or empirical, approach was taken, Using the Buckingham
Pi Theorem and terms Previously defined, the following function of dimen-

sionless terms emerges:

d 4 4
H r "m ¢ d%(Am _
F(T'H'T’—EH'—(T'LE)'O (9)
The last three terms of the function can be combined into the following
two independent dimensionless terms:
3
3 (p,, 84 _)d
- d) d _ 'Pm 8%,
r, - Lo 1, - Lo gl

where the eXpressions in parentheses are the static overburden pressure

analysis, the following term is derived:

n, - BgZd (11)

where Z, Q, and W are defined as before, Again, pg/Q is constant for thig
experiment, and the fina] form of the term is

3
_ Zd
Mg = 57 - (12)

The first two terms of the function in equation (9) can be combined into

a single dimensionless term

n, - i’z’i . (13)
3

The relationship between %! and _th’i_ is plotted in Figure 17. The equation
d
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of the line of least squares fit through the Site 300 wave data is
3 “o. 54

Hr _ Zd

Wave data from Project TUGBOAT, a large-scale experiment in coral, are
(4)

also included for comparison The empirically derived equation for

Site 300 does not fit the TUGBOAT data, due in part to differences in explo-
sive properties and differences in the material properties of sand and coral.
There is probably a dependence on scale as well, which is a common factor
in modeling work. It should be noted that the TUGBOAT data does plot as a

straight line on the axes chosen; only the constant and the exponent need to

be adjusted.

5. Conclusions

Underwater Cratering

1. The fundamental parameters for similitude in underwater crater-

ing in a homogeneous, cohesionless medium are the scaled crater dimension

L x(%n—) 1/3

and the scaled lithostatic pressure on the charge

Pm d 1
(p+a';)

/3

2. An abrupt change in crater dimensions occurs at the critical value
of d/dm = 0.2. At this value, the runup of the washback overtops the crater
lip and causes a sudden increase in crater radius and a sharp decrease in
crater depth.

3. For values of d/dmZ 0.2, the underwater crater has a flat bottom

with gentle side slopes. The crater lip does not protrude above the water

surface.




4. For any water depth, the depths of burial at which the crater radius
and depth are maximum differ. In comparison, these two depths of burial
usually coincide for cratering in a medium without water overburden.

Exploaion-Genera.ted Water Waves

1. The relationship which scales the maximum wave generated by the
explosion beneath the seabed is

Hr _ zd
% - (&)

For the Site 300 laboratory model, this relationship is

3
Hr _ Zd
;z‘ - 40 98 [——w ]

-0.54

2. For any given water depth, the maximum waves will be generated
by an explosive placed at the sea bottom (charges above sea bottom not
considered). The maximum waves generated by an explosive buried in the

geabed occur when the charge is buried in the medium at a depth equal to

four times the water depth.
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