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shock wave peak pressure was estlaated to be an order of Magnitude 
greater than at 19 ft, indicating a greatly increased strength of 
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THE RESISTANCE OF HOLLOW GLASS MODELS 

TO UNDERWATER EXPLOSIONS AT GREAT DEPTHS 

I. SPHERES 

1 HTTRODUCTION 

In 1952 it vas found (af that hollov glass spheres vere more re¬ 
sistant to damage from impact by a solid object vhen deeply lonersed. A 
theory developed by H. A. Perry of the Naval Ordnance Laboratory (b) 
explained this "depth-hardening effect" in terms of the properties of 
glass. It was not clear at that time whether the resistance of glass to 
the dynamic impact of a shock wave would be similarly Increased. In 
March, 1964, therefore, sea tests vere conducted to determine the be¬ 
havior of deeply submerged glass structures under the dynamic load 
generated by an explosion. This report presents the results of those 
tests. 

2 EXPERIMENTAL PROCEDURE 

2.1 General Procedure: The procedure used vas to find the critical 
damaging distance from a standard charge for a specified type of sphere 
at a series of depths. Tvo different standard models vere used. Ninety- 
three shots vere fired, using a new sphere for each shot in nearly every 
case. The firing location vas in or Just north of the Puerto Rico Trench, 
which offered water deep enough for a vide range of hydro-static pressures. 

Table 1 gives the nominal conditions for each group of tests, and the 
number of shots fired at each depth. The shot depths shown vere diosen 
arbitrarily to cover the range. 

All such letters refer to the list of references on page 8. 
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Shot Approx 
Depth Water 

( ft ) Depth 

BOO 20,000 

7,200 18,000 

14,500 20,000 

22,000 26,500 

TABI£ 1 

TEST CONDITIONS 

No. of Shots 

* *# 
CGW PPG 

14 8 

20 14 

20 

17 

Location 

20° — N 66a 30' W 

20° 30' N 66° - w 

20° 20' N 66° — y 

19° 20' N 66° - y 

* Corning Glass Works Models 

** Pittsburgh Plate Glass Models 

2,2 Test Rig: Figure 1 illustrates the test rig; this was used to fix 
the distance between the charge and sphere. It was arranged so that it 
could be loosely fastened to a vertical wire and would slide down freely 
to the desired depth. Each model was contained in a nylon net and 
secured to a franc of iron rods. Each charge was secured to a similar 
frame. The charge and model frames were fastened to a steel pipe at 
predetermined distances apart, using hose clamps. This setup afforded a 
simple method of changing the charge-to-model stand-off. 

All the test rigs on the 300 ft shots were lowered one at a time with 
the charge being electrically initiated. The test rig was recovered after 
each shot and the model was Inspected for damage. 

For each test at 7,000 ft or greater, a 1,000-lb weight was lowered 
on half-inch diameter wire cable by means of an oceanographic winch to a 
depth 1,500 to 2,000 ft beyond the nominal charge firing depth. Then the 
test rig, with the model and charge appropriately placed, was clamped to 
the wire and allowed to slide down freely. When the test rig reached the 
predetermined depth, the pressure actuator fired the charge; the rig con¬ 
tinued to elide down the cable to the bottom end. Usually several test 
rigs were sent down the wire for each lowering of the weight. 

2 
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Figure ¿ illustrates the experimental arrangement. Recordings of the 
shock t*ve were made fr<* pressure gages near the surface. These records 
were used to determine Aether or not a model had broken (see Appendix a). 
At any given depth, if a model broke, the next model was placed farther 
from the charge; if the model was undamaged, the next model was placed 
closer. Increments of two feet for the charge-to-model stand-off were 
used at the 300-ft depth and one-foot increments were used at the greater 
depths. The charge-to-model stand-off was taken as the distance from the 
center of the charge to the center of the model. 

2*3 Glass Models: Models xxsed in these testa were limited to one size 
and shape, i.e., hollow spheres with a diameter of 10 inches and wall 
thickness sulficient to withstand a hydrostatic load of at least 10,000 psi. 
They were supplied by two manufacturers. The Corning Glass Works (COW) 
fabricated hemispheres with a -Jail thickness of O.36 ± 0.02 inches of 
Pyrex glass (Corning code 77^0). These were annealed and fusion-sealed to 
form spheres. The spheres had an internal bead which formed around the 
Joint during the sealing process. All the Corning models Wv're abraded 
lishtly within a five-inch diameter area about the pole inside each hemis¬ 
phere prior to assembly. The Pittsburgh Plate Glass Company (PPG) pressed 
and ground Hercullte n hemispheres of 0.5 ± O.OO5 inch wall thickness. 
These hemispheres were surface compressed and assembled with an epoxy 
adhesive to form spheres. 

The models were mounted in the test rig with the poles pointing to¬ 
ward and away from the charge; thus the equator (the Joint) was oriented 
perpendicular to a line between the charge the model. 

A ¿'ter the first few shots it was decided to test each COW model only 
once In order to reduce possible scatter in the results due to glass 
fatigue. Three OGW models had been used on two shots apiece. However, 
there were only 20 PPG models available, so some of these models were 
used on as many as three tests. 

2*^ Charges: The charge usel on all shots was a one pound (13 grams) 
cast pentollte cylinder with a 1:1 length to diameter ratio. Pentolite 
was selected for this investigation because it can be easily cast, does 
not have to be boostered, and is reliable even under extreme pressures. 
Only one of the ninety-three charges used in the series failed to detonate 
high order. 

The 300-foot deep shots were fired electrically from the ship using 
standard U.S. Army Engineers' Special electric detonators. For the three 
greater depths a pressure-actuated firing device purchased from Weston 
Instruments, Inc., was used to initiate a special detonator* which was 
inserted in a hole in the charge. The firing device worked on a rapture 
disc principle. 

* The detonators were designed and developed by the Explosion Dynamics Dlv. 

of MOL. The explosive load was equivalent to that in a U.S.Army Engineers' 
Special detonator. 

3 
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3 MODEL DAMAGE 

Several types of daiae^e occurred to the models, as follows: 

(a) The model vas completely demolished. Only pieces of the 

model or none of the model were recovered. 

(b) There vas at least one hole in the model. 

(c) The model wss cracked as shown In Figure 3. In most cases the 

model had vater inslie. This damage occurred at the pole avay from the 
charge in all cases. 

(d) The model was chipped on the outside in an area five inches 

in diameter at the pole away from the charge. 

(e) The internal bead around the Joint flaked off. There vas no 

leakage or evidence that cracks had propagated through the wall of the 
model. 

(f) No damage. The model vas recovered Intact. 

A siaraary of the model damage is shown in Figure 4 for each 

condition as a function of the charge-to-model stand-off (i.e., the 

distance from tht center of the charge to the center of the model). It 
is apparent from this figure that the distance for critical damage 

decreased significantly as the depth of the test increased. 

i*1 CORNING GIASH WORKS MODELS : 

3-1.1 Results at 3CO ft Depth. All of the fourteen CGW models 

tested at the 300 ft depth were recovered. Seven of the models were 

cracked at the pole awsy from the charge; seven were recovered intact. 

One model at 1Ö ft stand-off which vas recovered intact had an outer 

plastic shipping Jacket on for the test; this may have affected the re¬ 

sult for that model. It appears that a reasonable critical range, where 

the model was Just not cracked, was 19 feet. 

3.I.2 Results at 7,200 ft Depth. Eight of the twenty COW models 
testad at tkls depth were not recovered. These were all at stand-offs 
of 5 feet or less and were believed to have been demolished. Spheres 
showed no damage on shots with a charge-to-model stand-off of 6 feet or 
more. The critical stand-off vas taken as 5*5 feet. 

k 
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3*1*3 Results at 14,500 ft Depth. All six of the spheres at a 

stand-off of 3 ft or less were demolished while the balance of the twenty 

OGW models tested at this depth were not flooded at a stand-off of 4 ft 

or more. The inside weld on many of the models at a stand-off of 4 ft 

flaked off but no water was evident inside the glass. On two of these 

models l/l6-inch thick circular chips flaked off the outside of the 

model at the pole away from the charge. The critical stand-off is 3.5 ft 

at this depth. 

3-1.4 Results at ¿2,000 ft Depth. Pour of the 17 OGW spheres 

tested at this depth were demolished at a 2 ft stand-off; the balance of 

the models were not flooded when placed 3 ft or more from an explosion. 

The internal bead flaked off eleven of the models which were not flooded. 

The critical stand-off was taken as 2.5 feet. 

3*2 PITTSBURGH PIATT GIAr" MODELS : 

3.2.1 Results at 300 ft Depth. All eight of the PPG models tested 

at 300 ft depth were recovered. Four were intact and four were damaged. 

The damaged spheres were cracked at the far pole in a manner similar to 

the OGW models, tut there were many more cracks in the same area. The 

critical stand-off was taken as 15 feet. 

3*2.2 Results at 6,500 ft Depth. Damage to the PPG models at 

6,500 ft depth was somewhat different from the results with the OGW 

spheres at the corresponding depth. Of the fourteen PPG models tested no 

damage to eight models was observed at stand-offs of 5 ft or greater. The 

balance of the spheres tested at this depth were all damaged at 4 feet. 

Three models were not recovered and were presumed to be demolished. One 

model had a one-inch diameter hole at the far pole with severe cracking 

1.5 Inches around the opening; another sphere had a six inch diameter hole 

at the far pole while a third model had large holes at both poles. On the 

three models not recovered the bottom half of the net holding each sphere 

was cut. 

4 ESTIMATED EXPLOSION PARAMETERS AT DEPTH 

The effects of underwater explosions have been studied mainly for 

charges fired at nhallow depths in the ocean. No broadband pressure-time 

measurements have been made near charges fired at depths as great as those 

of Interest here. Pressure-time records obtained on these tests, as on 

several other tests (c-e), were from gages placed at a shallow depth; the 

depth of the explosion was varied. Reference (g) presents a sxnmary of 

results obtained for these conditions. The information of reference (g) 

has been used to make some estimates of the parameters of the shock wave 

and bubble pulses that occurred for the conditions of interest herein; 

i.e., at the depths of the nod«l tests. The estimated values are discussed 

in this section. 
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The relationehlps of reference (g) indicate that the shock *ave peak 
pressure is independent of the depth of firing and is dependent only on 
the charge weight and propagation range for a given explosion. On this 
basis, the near-field similitude equations for pentolite (f) have been 
Uaed to calculate the shock wave peak pressure (excess above the hydro¬ 
static pressure) for the critical damage range for each condition 
(Table 2). The peak pressure of the first bubble pulse (above hydrostatic) 
is expected to be about 20 percent of the shock wave peak pressure; 
successive pulses are believed to have peak pressures that are about 20 
percent of each preceding pulse. The bubble period is a function of the 
charge weight and the depth of explosion; this relationship has been well 
known for many years. The average first bubble period for each group of 
tests is listed in Table 2. Successive periods are about 70 percent of 
each preceding period. 

TABLE 2 

ESTIMATED SHOCK WAVE PEAK PRESSURES AND MEASURED FIRST BUBBLE PERIODE 

Test 
Depth 

(ft) 

3OO 

6,500 

300 

7,200 

14,500 

22,000 

Type of 
Model 

PPG 

PPG 

0GW 

0GW 

OGW 

OGW 

Critical 
Stand-off 
Distances 

(ft) 

15 

4.5 

19 

5.5 

3Õ 

2.5 

m 

(psi) (psi) (msec) 

14Ö 

29OO 

14Ö 

3200 

6450 

9Ö00 

1070 

4200 

82O 

3400 

56OO 

8300 

34.7 

2-89 

34.3 

2.71 

I.61 

1.11 

Distance from the center of the charge to the center of the model. 

Pjj is the total hydrostatic pressure * 0.445 (test depth + 33). 

Pm is the excess shock wave peak pressure. 

T is the time interval between the shock wave and first bubble 
peak pressures. 

6 
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There is Insufficient information to obtain good estinates for such 
parameters as the durations of the shock wave, bubble pulse, end negative 
phases because these appear to be dependent on both the explosion depth 
and transmission range. However, the bubble periods and the time at t&lch 
the shock wave pressure returns to hydrostatic pressure decrease 
significantly as the burst depth increases. This will give a shock wave 

imjxilsejjpdt that undoubtedly decreases, for the same range, as the 

burst depth increases. However, the shock wave energy flux density 

(which is proportional to affected as much as the shock 

wave Impulse. Measurements at depth are necessary before quantitative 
values of these parameters can be given. In conclusion, it is apparent 
from the values of Table ¿ that the shock wave peak pressures were 
significantly higher at the critical damage ranges for the greater depths. 
The spheres have not been weakened by these much greater hydrostatic 
pressures J on the contrary, increased ambient pressure has made the spheres 
stronger. 

5 SUMMARY 

IXxrlng the March 1964 sea tests, ninety-three pentolite charges were 
fi.ed singly at ninety-three hollow glass spheres to test the resistance 
of glass to an explosive load at depths ranging from 3OO ft to 22,000 feet. 
Two types of model were used: one made by Corning Glass Works (CGW) and 
one by Pittsburgh Plate Glass Company (PPG). It was shown that: 

(a) The distance for critical damage to the CGW models changed from 
19 ft at the 3OO ft test depth to 2.5 ft at the 22,000 ft depth. 

(b) The distance for critical damage to the PPG models was 15 ft at 
the 3ÕO ft test depth and 4.5 ft at 6,500 feet. 

(c) The surface compressed PPG spheres appear to be stronger than 
the annealed Pyrex OGW models. However, the wall of the PPG spheres was 
thicker, and the effect of the thickness of the glass is unknown. 

(d) All damaged spheres that were recovered partially intact were 
broken on the side away from the charge. 

(e) Because of the shorter ranges the shock wave peak pressure at 
the model was considerably higher for the deeper depths than for the 
shallow depth. 

(f) Since both hydrostatic pressure and shock wave pressure were 
greater at the critical damage range, it is concluded that the spheres 
were significantly stronger for the deeper condition. 

7 
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/1 

^ BURST DEPTH,~ 22,000 FT DEPTH 

(J V/EIGHT,^ 23,500 FT DEPTH 

FIG. 2 UNDERSEA TEST CONFIGURATION, EXPLOSION AT 22,000 FT. 
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APPENDIX A 

SHOCK WAVE MEASURfXENTS 

Pressure-tine measurements were recorded on each shot for a number of 
reasons: (l) to determine if possible from pressure-time recordings at the 
surface if the models were damaged without recovering the model after each 
shot, (2) to determine the depth of the charge burst, and (3) to supple¬ 
ment the limited deep explosion data available. Samples of these records 
are also given in Reference (g). 

Instrumentation: Lead zirconate piezoelectric hydrophones , suspended 
200 ft below the water surface were used to record the explosion pressure 
signals. The signals were fed through 350 ft of low noise coaxial cable, 
cable terminations, and cathode follower circuits into cathode ray 
oscilloscopes where the spot deflections and sweeps were recorded by 
Polaroid Land cameras. Timing marks at some known Interval and calibration 
steps resulting from the application of a known voltage were recorded 
frequently on separate pieces of photographic paper. 

Three channels of cathode ray oscilloscope recording were used to 
record the shock wave and several bubble pulses. The sweep speeds were set 
for different recording times on the three channels on each shot; these 
recording times were changed for charges fired at different depths. The 
vertical settings were also changed. 

An LG-50 hydrophone was used as a trigger gage. It was placed 5 ft 
below the recording hydrophones; a delay circuit was used between the 
trigger gage and the external scope sweep tc Insure proper recordings. 

Pressure-time Records: Figures Ala, A2a, A3a, and A4a show typicsd 
pressure-time records obtained on two gages from tests at depths of 300 ft, 
7200 ft, 14,500 ft and 22,000 ft respectively. The upper trace shows the 
pulses recorded on an LC-50 hydrophone while the lower trace shows the 
pulses recorded on an LC-32 hydrophone. Pressure and time scales are shown 
for each trace. The upper trace is Inverted. 

The records for the 300 ft shot show a shock wave followed by a single 
bubble pulse. The pressure between the two pulses remains positive, a 
condition which was probably caused by the response of the hydrophones; 
there should have been a negative phase between the pulses (c). 

* Atlantic Research Corp. LC-32 and LC-50 types. 

A-l 
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The records for the three deeper conditions show a shock wave followed 

by three bubble pulses. In these records, there are negative pressures be¬ 

tween the pulses. However, these negative pressures may not be quanti¬ 

tatively correct because of hydrophone response. 

Identification of Damaged Models: Figures A¿b, Ajb, and A4b show 

pressure-tine traces on shots where the glass spheres were demolished. 

These records are for the three deepest depths. On each record there is an 

extra pulse which does not appear on the records for the OGW models Where 

the node! was not da«ged. On A2b the extra pulse is Ö.1 nlllisecs after 

the shock wave, on A3b at 3.6 nlllisecs and on A4b at 3.2 nlllisecs. These 

pulses were apparently caused by an implosion of the nodel. 

On the PIG tests at 65OO ft there was no implosion pulse within the 
time recorded on the pressure-time records (Figure Alb). However, it was 

possible to determine from the pressure-time records Aether or not a 

model was demolished. Each record had a small oscillation thich is be¬ 

lieved to be the reflection of the shock wave off the glass model. For 

models which broke there were additional oscillations on the trace following 

the reflected pulse. 

Figures A2c, A3c, and A4c show the differences between the traces where 

no model implosion occurred and those >Aiere the model implosion did occur, 

i.e., the pressure changes caused by the model implosion. 

Data Reduction: Five pressure values and three time values were read 

for each shot on as many channels as possible. The data reported herein 

were, in general, obtained from the LC-32 hydrophone; the I/>50 hydrophone 

gave overshoots at the peaks and more oscillations on the traces. Values 

of shock wave peak pressure (ap>p>erent ), the first and second maximum 

negative pressures and the apparent peak pressures of the first and second 

bubble pulse were retó. The shock wive duration; i.e., the time from the 

start of the rise of the shock wave pressure to the return to aero over¬ 

pressure, and the first and second bubble periods were read. The first 

bubble period was taken as the time from the start of the rise of the 

shock wave to the peak of the first bubble pulse; the second bubble period 

as the time from the peak of the first pulse to the peak of the second 

pulse. 

The data are shown in Table A-l along with standard deviations of the 

individual values from the mean tfiere: 

is the shock wave peak pressure. 

is the maximum pressure of the first negative phase, 

is the first bubble pulse peak pressure, 

is the rnmyimiim pressure of the second negative phase. 

’-i 
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la the second bubble pulse peak pressure. 

Is the duration of the shock vare, 

is the first bubble period, 

is the second bubble period. 

The denths listed in Tkble A-l were calculated for a limited number 
of shots (g) using the arrival times of bottom and surface reflections. 
The valuet tabulated are in fair agreement with the nominal depth of 
explosion and the expected scatter caused by the hydrostatic firing 
devices. 

As mentioned in the description of the pressure-time records, there 
was no negative phase on most of the records obtained for the 300 ft 
depth. Por shots at this depth only the shock wave peak pressure and the 
two periods, and Tg were read. The shock wave peak pressures are 

different for the shots fired early in the test and those fired later. In 
addition,a peak pressure of about 120 psl was expected for the underwater 
geometry used. No reason for these discrepancies is known. 

The values for the shots fired at the greater depths appear to be in 
reasonably good agreement with data obtained on other experiments (g) for 
similar conditions. However, some of the parameters have not been compared 
in detail. The results on these tests any have been affected somewhat by 
the presence of the model on each test. 
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PRESSURE
SCALE STAND-OFF

18 FEET

I. RECORD OF CG.. U I AT 300 FT MCDL. DAMAGED)

1.21
psi

0.87

4 FEET

I msec !-•

b. RECORD OF PPG TE'T AT *,d00 f T MODE l DAMAGED)

FIG. A1 OSCILLOGRAMS OF CGW MODEL TEST AT 300 FT AND 
PPG MODEL TEST A’ 6500 FT.

A-5



PRESSURE
SCA.E

1.1

G 8P

J

TAND-OFF

6 FEET

FEET

0 —

c DIFFEPE NCf Bi ’ .V ‘L,i n ^ T-ACE”^ OP a ANDb.
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PRESSURE
SCALE

0-55 p»l

.TAf.D-OFF

4 FEET

0.43 Pi

t
0.55 pii

0.43 psi

3 FEET

h. MODS. D-*vMAGED

0- —

1.2 i I

c. DIFFERENCE BET WEEN UPPER TRACES OF a. AND b.

«=fG. A3 oscillograms OF CGW MODEL TESTS AT 14,500 FT.
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