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WASHINGTON D.c. 20007 IN REPLY REFER TO
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Ser T-456

30 October 1963

Froms Commanding Officer and Director, David Taylor Model Basin
Tos Chief, Bureau of Ships (634C) (in duplicate)

Subjs S-FO0l13 0503: Hydrostatic tests of unstiffened and ring-
stiffened cylinders fabricated of glass-reinforced
plastics; forwarding of report on

Refs: (a) BuSHIPS ltr RO07-03-4 Ser 634C-1108 of 20 Jul 1960
to DTMB

Encl: (1) DTMB Report 1745 entitled "Hydrostatic Pressure Tests
of Unstiffened and Ring-Stiffened Cylindrical Shells

Fabricated of Glass-Filament Reinforced Plasticsg™
(9 coples)

1. In conjunction with structural research authorized under
reference (a), the David Taylor Model Basin is investigating
the use of glass-filament reinforced plastics as a material
for pressure hulls of deep-submergence vehicles.

2. Enclosure (1) presents the test results of unstiffened and
ring-stiffened cylinders fabricated of glass-reinforced plastics.
Results indicated that considerable weight saving in hull
structure can be realized with glass-reinforced plastics; this
l1s based on studleg with cylinders subjected to short-term
hydrostatic loading. Potential shortcomings, such as the
deleterious effects of cyclic fatigue and long-term exposure to
a deep-submergence environment on the load-carrying capacity of
filament-wound structures, have not been answered and can be
established only after extensive investigations.
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ABSTRACT

The results of a structural research program to inves-
tigate lightweight, glass-reinforced plastic laminates or
composite materials for pressure hulls of deep-submergence
vehicles are summarized. Unstiffened and ring-stiffened
cylinders fabricated of commercially available reinforced
plastics are described. Extensive studies of hydrostatic
strength and limited studies of creep were conducted. The
results of the hydrostatic tests agree well with pressures
computed from formulas developed for isotropic materials.
An effective modulus of elasticity of 5.5 x 106 psi and com-
pressive stresses over 120,000 psi were measured from
tests of the unstiffened cylinders. Results indicated that
considerable weight saving in hull structure can be realized

with glass-reinforced plastics.

INTRODUCTION

Under the initial sponsorship of the Office of Naval Research! and
the continuing sponsorship of the Bureau of Ships,? the David Taylor
Model Basin has a program of structural research to investigate light-
weight, glass-reinforced plastic laminates or composite materials for
pressure hulls of deep-submergence vehicles.

Theoretical strength-weight curves for unstiffened and ring-stiffened
cylinders of glass-reinforced plastics with various combinations of den-
sity, strength, and modulus of elasticity were compared with those for

cylinders of the better known metals.?

This comparison indicated that by
virtue of their high strength-weight characteristics, glass-reinforced
plastics appeared to have great promise as a structural material for deep-

diving submersibles.

'References are listed on page 24.



A survey of the literature, conducted in the early phase of this pro-
gram, showed that design data were extremely limited for shell structures
of composite materials, such as glass-fiber reinforced plastics, to with-
stand external pressures on the order of 3000 to 15, 000 psi. Such infor-
mation was virtually nonexistent in the areas of interest to the designer
of submarine pressure hulls. Accordingly, a series of tests with small-
scale models manufactured by various commercial firms was conducted
to obtain much of this necessary information.

This report presents test results obtained by the Model Basin on
the structural response of glass-reinforced plastic cylindrical pressure
hulls subjected to hydrostatic pressure. In addition, the results of two
unstiffened cylinders subjected to long-duration loading are given. Pre-
viously published results®’* have been included for completeness. The
test results are assessed in terms of suitability of these materials for

pressure-hull application.

UNSTIFFENED CYLINDERS
DESCRIPTION OF THE CYLINDERS

Tests were conducted with unstiffened cylinders of approximately 6-
in. inside diameter and 11.4-in. length. The shell thickness of these cyl-
inders ranged from 0.172 to 0.751 in. The actual dimensions are shown
in Table 1 and represent the average of measured values. These cylinders
were fabricated by various manufacturers using different winding sequences
and patterns, resin systems, and fabricating techniques. The A-cylinders
were filament-wound in five discrete layers, producing a 2C:1L fiber dis-
tribution through the shell thickness. The B-cylinders were also filament-
wound in five discrete layers but produced a 3C:2L fiber distribution. The
G-cylinders were wound using about 12 layers of fibers in a 2C:1L buildup.
The H-cylinders had a buildup of one circumferential layer to two layers
helically wound at 45 deg. The HT-cylinders and Z-cylinders were wound
with glass-fiber-reinforced epoxy-resin tapes in a sequence of two circum-
ferential plies and one longitudinal ply, repeated to produce a 2C:1L distri-

bution of fibers completely dispersed through the thickness. Information



TABLE 1

Dimensions and Test Results for Unstiffened Cylinders

Weight Strain-Sensitivity Factor, u in./in /psi Modulus of Elasticity, 10® psi
Cyl}t{:c‘ler Thi::lll:ss zi;::l Di::\:‘::r Ngz‘e‘::; Displacement g::i:z: Sr:zzfu:(cg?l’:;;:e Circumferential Longitudinal Circumferential Longitudinal Effective
tn in. in Ib/cu 1n. x 100 pst psi Outside | Inside |Outside | Inside
A-1 0.373 11.40 6 002 0 0809 46 5000 47,900 -1 08 -1 50 -0 S1 -0 6% 6.13 .46 591
2 0.373 11 41 6 001 0.0791 45 6850 65,600 -1 04 -1.29 -0 42 -0.68 6.72 5.89 6.44
B-1 0.319 11.47 5.987 0.0780 39 5000 54,500 -1.53 -1.75 -0.64 -0.67 5 56 5 36 5.48
2 0.320 11.40 5.986 0.0780 39 5350 58,200 -1 38 -1.66 -0.63 -0.70 5.96 5.39 5.73
3 0.178 11.43 5.984 0.0752 22 1225 22,400 -2.81 -3.16 -0 95 -0.92 5.42 6.12 570
4 0.309 11.46 5.983 0.0779 38 5150 57,700 -1.43 -1.67 -0.58 -0.66 6.06 5 84 5.97
5 0.384 11.46 5.977 0.0787 46 8850 82,400 -1.19 -1.43 -0.61 -0.57 5.79 5.17 5.54
6 0.457 11.28 5.982 0.0780 52 8500 68,700 -1 01 -127 -0.49 -0.5\1 5.67 5.13 5.45
7 0.457 11.47 5.975 0.0789 53 8950%* 72,300 -1.03 -1.28 -0.50 -0.49 5 60 5.16 5.42
8 0.551 11.42 5.990 0.0780 60 12,950 90,400 -0.89 -1.16 -0.41 -0.46 5.33 4.93 5.17
9 0.552 11.43 5.980 0.0761 59 8200 57,100 -0 91 -1.18 -0.48 -0.48 5.18 4.55 4.93
10 0.650 11.43 5.992 0.0771 68 14,150 87,100 ~0.75 -1.00 -0.44 -0.45 5.31 4.35 4 93
11 0.650 11.39 5.993 0.0759 67 17,500%* 107,800 -0.73 -0.99 -0.38 -0.43 5.44 4.68 5.13
12 0.751 11.43 5.991 0.0773 75 18,590 103,100 -0 60 -0.86 -0.35 -0.37 5 62 4.68 5.25
13 0.750 11 43 5 981 0.0766 75 22,900 126,900 -0 66 -0.91 -0.33 -0.33 5.26 4 92 512
G-1 0.198 11.37 5 998 0.0745 24 1470 24,500 -2 26 -2 53 -1.37 -1 45 5.87 4.32 5.35
2 0.315 11.47 5.998 0.0745 36 4750 52,500 -1.50 -1 75 -0.93 -1.00 5.54 4.05 5.04
3 0.382 11 33 5.998 0.0747 43 7300 68,500 -1.03 -1 35 -0 70 -0.70 6.33 4.65 5.77
& 0.455 11.42 5.998 0.0738 49 10,000 81,300 -1 03 .1.31 -0.62 -0.67 5.48 4.22 5.06
H-1 0,197 11.40 5.942 0.0751 24 910 15,100 -3 12 -3.31 -1 24 -1.29 4 47 4.36 4,43
2 0.172 11.41 5.943 0.0755 22 1050 19,700 -2.99 -3 27 -1.07 -0.90 5.30 6.00 5.53
3 0.308 11.41 5.938 0.0753 36 4100 45,800 -1.80 -2.08 -0.45 -0.47 4.94 6.60 5.49
4 0.305 11.40 5.936 0.0763 37 4050 45,600 -1.99 -2.12 -0.64 -0.55 4.67 5.58 4.97
5 0.378 11.40 5.938 0.0763 44 6600 61,900 -1.40 ~1.62 -0.56 -0.54 5.13 5.27 5.18
7 0.452 11.40 5.937 0.0751 50 8200 66,400 -0.99 -1.37 -0.42 -0.51 5.57 5.39 5.51
8 0.451 11.40 5.938 0.0750 50 9000 73,100 -1 05 -1.49 -0.35 -0.46 5.26 5.85 5.46
9 0.465 11.38 5.934 0.0761 52 8000 63,300 -1.17 -1.42 -0.36 -0.39 4 98 5.91 5.29
HT-1 0.457 11.40 5.997 0.0767 51 12,200 98,800 -0.97 -1.21 -0.64 -0.63 5.83 4.33 5.33
2 0.554 11.40 5.992 0.0764 59 16,500 114,700 -0.81 -1.05 -0.56 -0.56 5.70 4 14 5.18
3 0.555 11.40 5.992 0.0762 59 16,400 113,800 -0.82 -1.05 -0.55 -0.57 5.66 4.13 5.15
4 0.651 11.40 6.001 0.0757 66 19,500 120,100 -0.72 -0.96 -0.45 -0.49 5.49 4.19 5.05
5 0.651 11.39 6.000 0.0764 67 20,000 123,100 -0.72 -0.97 -0.47 -0.48 5.46 4 16 5.02
6 0.750 11.40 6.000 0.0758 74 19,000 105,600 -0.61 -0.85 -0.43 -0.45 5.54 4.02 5.03
7 0.750 11.40 6.000 0.0761 74 20,375 113,200 -0.61 -0.85 -0.42 -0.44 5.55 4.09 5.06
Z-1 0 313 11 39 6.012 0.0680 33 3550 39,500 -2.07 -2.40 -1.12 -1 18 4.10 3.33 3.84
2% 0.313 11.39 6.012 0.0680 33 3400 37,800 -1.78 -1.96 -J 87 -0.84 4,94 4.36 4.75
3 0.373 11.40 5.994 0.0781 44 7900 75,600 -1.15 -1.35 -0 66 -0.67 6.18 4.90 5.75
4 0.380 11.40 5.997 0.0773 44 7400 69,700 -1.15 -1.36 -0 60 -0 60 6.10 5.21 5.80
5% 0.450 11.40 6.001 0.0754 50 9025 74,000 -1.03 -1 27 -0 59 -0.61 5.65 4 54 5.28
6 0.449 11.40 5.997 | 0.0749 49 8975 73,700 -1 04 .128 | -0.58 -0.60 5. 62 4.60 5.28
7 0.180 11.40 5.995 | 0 0752 22 1325 24,100 22,61 .2.79 | -1.01 .1 03 5 88 5.88 s 88

* Creep tests

** Maximum sustained pressure




furnished by the manufacturers indicated that the average resin content of
the finished laminates was 14 percent for the A-cylinders, 22 percent for
both the B- and G-cylinders, 34 percent for Z-1 and Z-2, and 16 percent
for the other Z-cylinders. HTS E-787 prepreg material with a 19-percent
resin content was used to construct the HT -cylinders.

Visual inspection of the cylinders, upon arrival from the manufac-
turers, showed crazed cracks running in the circumferential direction on
the inside surface of Cylinders B-9, B-10, B-11, B-12, and B-13. It was
decided to test these cylinders to determine the influence of this type of
imperfection on the overall short-term strength of the structure.

The density of the material for each cylinder was measured and
their respective values along with their weight-displacement ratios* are
listed in Table 1. It can be seen that a material density of 0.077 1b/cu in.
is a representative value for the cylinders tested.

All of the cylinders except Z-2 and Z-5 were subjected to short-
term hydrostatic pressure loading. Z-2 and Z-5 were subjected to long-
duration loading in order to study the creep behavior of cylindrical-shell

laminates under external pressure.

TEST PROCEDURE

The unstiffened cylinders were instrumented with strain gages on
both the inside and outside surfaces of the cylinder at midlength. Strain
gages were placed in four locations evenly spaced in the circumferential
direction on Cylinders B-1, B-2, Z-1, and Z-2 and in eight locations on
the other cylinders. The ends of each cylinder were closed with steel
plates having a shoulder extending into the cylinder and made pressure
tight by using a sealing compound.

The thin-walled cylinders were tested to collapse in a 9000-psi
capacity tank under oil pressure; these cylinders were filled with oil and

vented to the atmosphere to restrict the extent of damage. The thick-walled

*This ratio is the weight of the pressure hull or cylinder divided by the
weight of water (64 1b/cu ft) displaced by the structure.
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Figure 1 — Unstiffened Cylinder with End Closure Plates

cylinders were initially tested in this tank to obtain elastic strain data
after which they were transferred to other tanks having greater pressure
capacities and tested to failure in a water or oil pressure medium. No
attempt was made to contain the degree of damage of these cylinders.
The test setup is shown schematically in Figure 1.

Each cylinder was loaded in a series of pressure runs. Table 2
lists the maximum pressures during each run for the cylinders tested
under short-term loading. The loading schedule for the creep test of
Cylinders Z-2 and Z-5 is given in Table 3.

During the third pressure runs of Cylinders B-7 and B-11, in what
was expected to have been the pressure runs to failure, leaks developed
in the tank seal at pressures of 8950 and 17,500 psi, respectively. The
cylinders were removed from the tank and inspected. No visible damage
was noticed on the outside surfaces of these two cylinders; however, the
cylinders failed at lower pressures (7600 and 12,800 psi, respectively)

during the next pressure run.



TABLE 2

Maximum Pressures Obtained during Each Pressure Run

Maximum Pressure, psi
Cylinder
No. Run 1 Run 2 Run 3 Run 4 Run 5
A- 1 2500 4000 5000
2 2500 4000 6850
B- 1 1500 3000 4150 5000 5000
2 1000 2000 5350
3 600 775 1225
4 1500 3000 5150
5 3000 5000 4000 8850
6 4000 8000 8500
7 4000 8000 8950 7600
8 4000 8000 12,950
9 4000 8000 8200
10 4000 8000 12,800 14,150
11 2000 2000 17,500 12,800
12 2000 2000 18,590
13 2000 2000 22,900
G- 1 500 750 1470
2 1000 2300 4750
3 2500 4000 6000 7300
4 4000 8000 10,000
H- 1 600 775 910
2 600 775 1050
3 1500 3000 4100
4 1500 3000 4050
5 3200 6000 6600
7 2000 4000 8200
8 5500 5000 8000 9000
9 4000 8000
HT - 1 4000 4000 12,200
2 4000 4000 16,500
3 4000 4000 16,400
4 6400 8000 11,300 14,600 19,500
5 8000 8000 20,000
6 8000 8000 19,000
7 8000 8000 20,000 20,375
z-1 1500 3000 3550
3 2500 4000 6500 7900
4 4000 7400
6 4000 8000 8975
7 600 775 1325




TABLE 3

Long-Term Loading Schedules for Cylinders 2-2 and 2-5

Run 1 Run 2 Run 3 Run &4 Run 5
Cylti{.nder Duration | Pressure Duration Pressure | Duration | Pressure Duration | Pressure Duration Pressure
- psi psi psi psi psi
~ 0 1000 1 week 2000 19 days 3200 26 days 3300 27 hours 3400%*
Z-2 1 week 2500 8 days 3350
19 days 3000 26 days 3400
-5 =~ 0 4000 50 days 7315 ~ 0 9025%*

* Cylinder Z-2 failed after sustaining 3400 psi for 27 hours during Run 5.

** Cylinder Z-5 failed under short-term loading at a pressure of 9025 psi after sustaining a pressure of
7315 psi for 50 days.

A similar problem with the seal in the test tank also occurred ata
pressure of 18,590 psi during the test of Cylinder B-12. An inspection of
this cylinder after removal from the tank revealed gross cracking and
separation of the fibers on both the inside and outside surfaces. The test
was discontinued since it was felt that failure of this cylinder was immi-
nent and that the cylinder would probably not sustain a higher pressure

during a succeeding pressure run.

TEST RESULTS

The results of tests conducted with the unstiffened cylinders are
summarized in Table 1 which shows the collapse pressure of each cylin-
der and the stress at collapse computed from Lamé's solution for a thick-
walled cylinder for which the maximum stress occurs on the inside surface
and in the circumferential direction of the cylinder. Also listed in Table 1
are the strain sensitivity factors obtained as the slopes of the linear por-
tions of the pressure-strain plots and measured in microinches per inch
per psi of pressure. Each factor given in the table is the average of the
measured values.

From the measured strains, an effective modulus of elasticity was
computed to assist in determining the theoretical buckling pressures of

the cylinders. The measured strains were used in conjunction with the



computed stresses for a thick-walled cylinder and an assumed® Poisson's
ratio of 0.15 to compute the modulus of elasticity in the circumferential
and longitudinal directions. An effective modulus was computed by weight-
ing the circumferential and longitudinal moduli in the same proportions as
the fiber distribution. It can be seen from Table 1 that an effective modu-
lus on the order of 5.5 x 100 psi is representative of the cylinders tested.

In general, the A- and H-cylinders failed at lower collapse pres-
sures than those observed for corresponding cylinders made by the other
manufacturers. Since the resin content of the A-cylinders was only 14
percent, it is suspected that the low collapse pressures of these cylinders
can probably be attributed to fiber damage and resin-starved regions in
the laminates. It should also be noted that although Cylinder A-2 was of
the same wall thickness as A-1, it failed at a 37-percent higher pressure.
The H-cylinders appear to have collapsed prematurely either by virtue of
their helical construction or from a lack of longitudinally oriented fibers
which would directly resist the longitudinal bending stress induced by the
rigid end plates inserted into the end of the cylinders.

It was mentioned previously in this report that the inside surfaces of
Cylinders B-9, B-10, B-11, B-12, and B-13 were crazed during fabrica-
tion. A comparison of the collapse strengths of B-8 and B-9, two cylinders
of nearly equal thickness, affords an opportunity to assess the effects of
this type of imperfection. Cylinder B-8, one without any visible defects,
failed at a pressure of 12,950 psi; B-9, the crazed cylinder, had a collapse
pressure of 8200 psi. Thus, the overall strength of Cylinder B-9 appeared
to be seriously reduced by crazing of the laminate. It is interesting also
to note that prior to failure, stresses over 100, 000 psi were developed in
a few of the crazed cylinders. In fact, the highest stress level obtained
for any of the cylinders tested was that achieved by a crazed cylinder
(B-13).

*The assumption that Poisson's ratios vy and v, are equal violates
Maxwell's reciprocal theorem, but it may be of no great importance as
far as determining the buckling pressure is concerned because v always
appears in the form (l—vz) in the more important terms of the stability
determinant.















3400 psi. The cylinder sustained 3400 psi for 27 hours before collapse oc-
curred. An effective modulus of 4.75 x 106 psi was calculated from strain
readings taken during the first and second pressure runs. For Run 3, an
effective modulus of 4.24 x 106 psi was computed. Elastic-buckling pres-
sures of 4046 and 3621 psi were computed from Equation (9) of Reference
5 for the respective moduli. Both of these pressures are higher than the
collapse pressure of 3400 psi. In contrast, an elastic-buckling pressure
of 3271 psi was computed for Cylinder Z-1, tested under short-term load-
ing; this is lower than the collapse pressure of 3550 psi.

Unlike Z-2, changes in material properties were not detected from
the creep test of Cylinder Z-5. This cylinder was loaded to a stress level
of 60,000 psi and held there for 50 days in an oil pressure medium. Upon
completion of the long-duration loading, Cylinder Z-5 was unloaded and
then tested to collapse. The collapse pressure was slightly above that ob-
served for the duplicate cylinder (Z-6); see Table 1. The initial modulus
of Cylinder Z-5 was identical with Cylinder Z-6 and did not change after
the long-duration loading.

The strain-time histories shown in Figure 9 represent the average
measurements of gages located at midlength of Cylinder Z-5. An exami-
nation of these curves reveals that creep strain on the order of 200 to 400
pin. /in. occurred mostly in the first 10 days of constant load and that in-

significant changes in strains occurred thereafter.

DISCUSSION OF RESULTS

Figure 10 is a plot of collapse stress versus thickness-diameter
ratio for the B-, G-, HT-, and Z-cylinders. The stresses were computed
from Lameé's solution for a thick-walled cylinder for which the maximum
stress occurs on the inside surface in the circumferential direction. It
should be noted that Lamé's solution is for an isotropic material and when
used in the present study, it applies only to regions away from the rigid
closure plate of the cylinder. The curve drawn through the experimental
points shows in Figure 10 that the variation of collapse stress with chang-
ing t/D ratios first increases to a maximum, remains constant, and then

begins to decrease. A logical extension of this curve would show that
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MAXIMUM COMPUTED STRESS IN CENTER REGION OF CYLINDER AT COLLAPSE, PSI
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collapse stress becomes independent of t/D at a stress value which is
characteristic of pure fracture failures. This value appears to be on the
order of 130, 000 psi. However, this need not be indicative of the ultimate
strength of the material since higher stresses may be developed in the
region of the rigid closure plate.

Figure 11 compares theoretical and experimental collapse pressures
of all of the unstiffened cylinders tested under short-term loading. Also
included in this figure are five cylinders fabricated by Aerojet-General
Corporation from E787 material which were evaluated® by the Model Basin
at the request of the Bureau of Ships.” These cylinders, designated by the
symbol '"¥'' in Figure 11, represent partial fulfillment of Aerojet's re-
search contract (NObs 86406) with the Bureau of Ships to determine the
effects and relationship of thickness on the physical and mechanical prop-
erties of filament-wound hull structures for deep submergence application.

A material density of 0.077 1b/in.3, modulus of elasticity of 5.5 x 106
psi, material strength of 120, 000 psi, and an assumed value of 0.15 for
Poisson's ratio were used to obtain the theoretical curves in Figure 11.
The nonlinear curve represents the elastic buckling mode of failure for
unstiffened cylinders with a length of 1.7 diameters. The theoretical col-
lapse pressures were computed from Equation (9) of Reference 5. This
equation represents a simplification of Von Mises' solution for the elastic
buckling of a thin-walled, isotropic cylinder with simple support boundary
conditions. The straight lines represent the pressure at which the criti-
cal stress in a thick-walled cylinder reaches 120, 000 psi. The experi-
mental results show excellent agreement with the theoretical predictions
when the low collapse pressures of cylinders designated by the symbols
() , 0 , and B are not taken into consideration. Probable explanations
as to the poor test results of these cylinders were previously discussed
in the report.

The theoretical curve in Figure 11 which has now been substantiated
by experiment is redrawn in Figure 12 to show the apparent advantage of
using glass-reinforced plastics as the material for cylindrical pressure
hulls. The curves in Figure 12 show the predicted strength-weight char-
acteristics of unstiffened cylinders made of various materials loaded by

external hydrostatic pressure. The physical properties used in the
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calculations represent materials which are available today. The nonlinear
portion of each curve represents the elastic buckling5 mode of failure, and
the straight line represents the pressure at which the stresses reach the
strength of the material. For the metal cylinders, failure was assumed
to occur when the biaxial "effective stress'' determined from the Hencky-

Huber-Von Mises theory of failure reached the yield strength of the mate-

T
rial. The circumferential and longitudinal membrane stresses, U¢ = -F—t)—

r . . .
and 0_ = 12)? , respectively, were used in these calculations.

RING-STIFFENED CYLINDERS

In addition to the unstiffened cylinders, tests were carried out with
seven ring-stiffened cylinders, all having approximately the same dimen-
sions. Table 4 lists the actual dimensions in the typical region, the fiber
distribution, the weight-displacement ratio (based on a material density
of 0.077 1b/in.3), and the collapse pressure of each model. Figure 13
shows the various end conditions of the models. Photographs of the mod-

els after failure are shown in Figures 14 to 16.

TABLE 4

Dimensions and Test Results for Ring-Stiffened Cylinders

Shell Weight- Collapse

Model t Lf D b d Layup Displacement Pressure
Percent psi
AR-1 0.209 | 0.921 | 6.209 | 0.216 | 0.425 707% Long 37 3500
AR-2 0.253 | 0.912 | 6.257 | 0.218 | 0.425 70% Long 42 4150
ZR-1 0.223 | 0.918 6.223 0.221 0.424 2C:1L 39 5400
ZR-2 0.223 | 0.918 | 6.223 | 0.221 | 0.424 1C:1L 39 6000
ZR-3 0.223 | 0.918 | 6.223 | 0.221 | 0.424 2C:1L 39 3750
ZR-4 0.223 0.918 6.223 0.221 0.424 2C:1L 39 3100
HTR-1 [0.244 | 0.918 | 6.244 | 0.221 | 0.424 2C:1L 41 8100

Ly t
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——I“-L—b T D
d
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of Ships contractors and at the Model Basin to determine response to both
static and dynamic loading of filament-wound cylindrical and hemispheri-
cal shell structures made of commercially available materials and to ob-
tain design information on methods of stiffening, closures, joints, and
openings. Small-scale model studies are presently being conducted to
determine the feasibility of using GRP as the material for a research

vehicle operating at deep depths.
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