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Foreword

Exploitation of the ocean floor for commercial or military use requires not only Remotely Oper-
ated Vehicles (ROVs), Autonomous Underwater Vehicles (AUVs), submersibles, and diving systems;
it also requires 1-atmosphere enclosures permanently-or semipermanently-affixed to the ocean floor.
These 1-atmosphere enclosures would serve as habitats for the crews, covers for mine shafts, and
pressure-existent buildings for ore or food-processing plants. Bottom-mounted pressure-resistant
enclosures must be negatively buoyant, instead of positively buoyant (as they are with pressure hulls
for submersibles). This allows them to be constructed from inexpensive materials with low specific
compressive strength.

The primary choice for such applications is Portland cement concrete, since it is inexpensive, can
be cast in situ, does not deteriorate under long-term immersion, and has a fair specific compressive
strength. In fact, its specific compressive strength is high enough to qualify the material as a viable
candidate for use in constructing large submarine oil tankers that require pressure hulls with only mar-
ginal positive buoyancy.

Since concrete has not previously been used for constructing pressure-resistant shells for ocean
engineering structures, there was a total absence of engineering data on which to base the design of
any pressure-resistant concrete housings for U.S. Nav, applications. To make up for this deficiency,
the U.S. Navy initiated a research program whose objective was to generate sufficient data to enable
formulation of design criteria to construct concrete pressure housings. The principal investigators were
Dr. Stachiw, and Messrs. Haynes, Albertsen, Kahn, Highberg, and Hoofnagle. The reports these
investigators produced effectively summarize the scope and results of the research program.

The results of the program were sufficiently encouraging and comprehensive to allow formulation
of design criteria for use by U.S. Navy engineers. The performance of model scale concrete housings
employed in the research program provided the data to use for confidently designing full-scale
pressure-resistant concrete enclosures with an infinite lifetime.

Volume IX is a compilation of reports that summarize the studies on 15-inch diameter spherical
test specimens to experimentally evaluate the effect of wall thickness, impregnation, reinforcement
techniques, and penetrations on critical pressure, creep, and permeability.

Volume X is a compilation of reports that summarize the studies on (1) 15-inch diameter cylin-
ders and (2) 66-inch diameter spheres under short-term and long-term loading. This volume also
contains the design criteria and recommendations formulated at the conclusion of the research
program on concrete external-pressure housings.

J. D. Stachiw

Marine Materials Office

Ocean Engineering
Division
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BEHAVIOR OF SPHERICAL CONCRETE HULLS UNDER HYDROSTATIC LOADING
PART I. EXPLORATORY INVESTIGATION

Technical Report R-517

Y-F015-01-07-001

by

J. D. Stachiw and K. 0. Gray

ABSTRACT

Hollow concrete spheres 16 inches in outside diameter have been tested to
destruction by exposure to external hydrostatic pressure in seawater to determine the
compressive strength and permeability of concrete under such loading. The testing
has shown that for the particular mix used, the compressive strength of dry concrete
in a spherical hull of 16-inch outside diameter and 1-inch wall thickness under
biaxial loading (short-term hydrostatic pressurization to failure at a constant rate)
is approximately 48% higher than for identical dry concrete in 3-inch-diameter by
6-inch-long solid test cylinders under uniaxial loading conditions. Concrete spheres
in which the wall was thoroughly permeated by seawater failed at stress levels approx-
imately 18% higher than 3-inch-diameter by 6-inch-long solid test cylinders. The
permeability of uncoated .pheres to seawater at simulated ocean pressure of 1,500 psi
was approximately 6x 10-4 milliliters per hour per square inch of area per 1 inch of
thickness.

Distribution of this report is unlimited.

Copies available at the Clearinghouse for Federal
Scientific & Technical Information (CFSTI), Sills Building,

5285 Port Royal Road, Springfield, Va. 22151
Price $3.00

The Laboratory invites comment on this report, particularly on the
results obtained by those who have applied the information.
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INTRODUCTION

The Naval Facilities Engineering Command is responsible for the construction
and maintenance of underwater structures attached to the ocean floor.

The conquest of hydrospace requires both mobile and fixed underwater
structures capable of housing instruments and men for extended periods of time.
There is a long history of research on the properties of materials and the design of
hulls suitable for submarines; however, the research into materials and designs for
static underwater hull structures is just beginning.

Although many materials developed for submarine or torpedo hulls are also
applicable to fixed, ocean-bottom installations, there are many materials which
have not received careful study because of their manifest inapplicability to
submarines or torpedoes. One such material is concrete.

The purpose of this report is to describe a brief exploratory investigation into
the applicability of concrete for the fabrication of structural hulls for deep sub-
mergence structures. * The scope of this series of experiments was limited to an
examination of only three of the many performance characteristics of concrete in
a deep ocean environment. These three study objectives were the short-term com-
pressive strength, the long-term compressive strength, and the permeability of concrete
(in the form of a hull model) to seawater under simulated deep ocean conditions.

BACKGROUND

Concrete has been used in harbor installations for many decades, but it has
not been used for deep submergence structures. There are several reasons for this.
Since concrete is not desirable for submarine hull construction, no research was
done on its properties under seawater hydrostatic pressure prior to the recent interest
in fixed, ocean-floor installations. Furthermore, the impetus of research has been
directed towards the discovery of new materials that would give buoyancy to a deep
submergence hull even at greatest depths in the ocean. The most potent argument
used against concrete is that concrete hulls are limited by low compressive strength
to depths less that 10,000 feet and therefore cannot satisfy depth requirements that
may arise in the future. Thus the philosophy appears to have been that since concrete
was definitely depth limited, there was no need to conduct research on its structural
characteristics as a stop-gap solution to the problem of finding suitable materials for
deep submergence structures.

* In this report "deep submergence" is used to refer to depths greater than 600 feet.



Recently, materials like glass and ceramics have been discovered to possess
such high compressive strength, modulus of elasticity, and resistance to corrosion
that deep submergence hulls for fixed or mobile installations can be built for any
depth. Unfortunately, although glass and ceramics have the potential of providing
man with hulls of ultimate depth capability, they are too expensive for applications
in shallow depths where their use is not mandatory. Since currently available
materials with the ultimate depth capability have been found impractical for general
use because of their high costs of fabrication, the path has been cleared for other
materials with limited depth capabilities, but with an attractive cost factor. Such
a material is concrete, which is theoretically satisfactory for hulls with an opera-
tional depth requirement of 3,000 to 4,000 feet. In addition preliminary estimates
indicate that it is more economical than other available metallic or nonmetallic
materials when used in large structures.

The depth capability of 3,000 to 4,000 feet of buoyant concrete structures
permits the utilization of such structures over large areas of the continental border-
lands. About 12% to 14% of the ocean floor can be explored and settled using
concrete as the primary hull construction material for the ocean floor installations.
While the portion of ocean floor that could be made accessible through the use of
concrete hulls is small in comparison to the total ocean area, in terms of importance,
it is a most critical part of the total. The reason for its importance is found in the
presence of large continental borderlands made up of shelves, and submerged banks
in the 3,500-foot depth range. Since these shelves and banks are generally flat to
gently sloping, and since they are also in the general vicinity of land, they make
ideal construction sites.

The areas of primary interest to the United States are directly accessible From
this country without traversing ocean floors that are under another country's sover-
eignty. By occupying the shelves and banks adjacent to the United States in the
0- to 3,500-foot depth range, the land area of the United States could be extended
approximately 23% (Figures 1-3).

In summary, it can be stated that although there is a need to develop materials
and structures with ultimate depth capability, development of materials and structures
for depths to 3,500 feet is more important in terms of national defense and natural
resources. Since concrete has been in many cases the most economical construction
material on land, it should be investigated early in the search for undersea construc-
tion materials. It may also turn out to be one of the most economical materials for
ocean-floor construction on continental shelves and submarine banks.

EXPERIMENT DESIGN

A literature search revealed studies of concrete for use in dams under low
hydrostatic loading with fresh water. This search, however, failed to disclose any
previous experimental work with concrete hulls under seawater hydrostatic loading
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in excess of 100 psi. Therefore, it was decided first to conduct an exploratory
investigation of the use of concrete hulls in seawater imposing a hydrostatic load of
more than 100 psi to determine the avenues along which it would be most profitable
to direct subsequent studies. Many lines of investigation are possible in such an
exploratory study. Not only may different hull shapes be selected, but also their
thickness and types of joints. In addition, once the hull shape has been selected,
it can be tested for different properties, depending on the requirements of the study.

After considering the environmental conditions imposed or concrete structures
on the ocean floor, it was decided to design the hull test models tor a maximum
operational depth of 3,500 feet and a maximum collapse depth of 7,000 feet. In
addition, the models were to possess at least a 0.75 weight-to-displacement ratio.
Thus, the exploratory study would be oriented to the continental shelf depth zone
and the structures would be in a buoyant structure class and could be towed afloat to
a construction site for emplacement on the sea floor. If desired, they could subse-
quently be retrieved by flotation.

A spherical hull shape was selected for all the test models because it was the
only configuration that would meet design criteria Figures 4 and 5). A big advan-
tage of using a spherical hull for the test model is its inherent uniform distribution
of stresses. The stresses encountered in a relatively thin sphere are primarily biaxial,
and the magnitudes of the meridional and equatorial membrane stresses are equal and
of a compressive nature. Such a stress distribution has previously been found to be
beneficial for brittle materials like glass and ceramics and appears to be desirable
for concrete - which is also a brittle material, though one with a unique physical
structure.

Because of the uniformity of stress distribution, the maximum compressive
stress calculated for the spherical hull at implosion can be safely considered to be
the actual maximum stress that existed anywhere in the hull. Knowledge of the
magnitude of the maximum compressive strength of concrete under equal compressive
biaxial membrane stresses, and the smaller compressive radial stress will be extremely
useful in the evaluation of future concrete hull models where the presence of dis-
continuities in the walls will create stress risers that will reduce the ultimate load
capacity. Also, in future NCEL studies, the strength of concrete under biaxial
membrane stresses of equal magnitudes and radial stress of smaller magnitudes will
be compared to the strength of concrete under biaxial stresses of different magnitudes,
as in a column. From the comparison of ultimate compressive strengths of concrete
under different biaxial and triaxial stress distributions, resulting from hydrostatic
loading of the model, NCEL investigators will attempt to formulate a general theory
of concrete failure under hydrostatic loading.

3
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The spherical shape is also advantageous for the determination of concrete's
permeability under different levels of hydrostatic pressure. Since permeability of
concrete is probably related to stress, uniformity of stress in the sphere eliminates
any side effects that could be associated with the nonuniform distribution of stresses.
A spherical hull also eliminates any anomalies caused by edge effects of the test
sample, as would be found, for example, in a flat specimen mounted in some sort of
a flange. Furthermore, since in a spherical hull there is also continuity of curvature,
a reasonable assumption can be made that the leakage of water through the walls of
the sphere will be uniform throughout, and thus only the level of water in the sphere
must be known in order to determine a nominal rate of leakage through the given
concrete mix.

In view of the lack of previous research in the undersea use of concrete hulls,
it was decided to use the exploratory study with concrete spheres to touch upon sev-
eral facets of the field rather than research any one of them exhaustively. Thus, in
this study hydrostatic tests on 12 concrete spheres have been employed to explore the
ultimate compressive strength of concrete under short-term and long-term loading -
the latter at hydrostatic pressures approaching the critical pressure. Experiments
were also conducted to investigate the leakage of water through unprotected concrete
at different hydrostatic pressure levels. Because of the exploratory nature of these
tests, only one to three spheres were tested in each type of experiment. Experimental
data from such a small number of test samples are considered to be indicators of the
general level of magnitude of the parameters studied, but not conclusive and final
evidence of these parameters. Once the general magnitude of the parameters inves-
tigated is known, an accurate plan can be drawn up for future experiments to more
thoroughly evaluate and define the physical and mechanical properties of concrete
under the external hydrostatic pressure of seawater.

SPECIMEN DESIGN

The concrete spheres (fabricated from two hemispheres joined equatorially)
were designed to fail as a result of material failure rather than elastic instability.
The 16-inch outside diameter of the sphere was set by the 18-inch internal diameter
of the largest pressure vessel available at NCEL's Deep Ocean Simulation Laboratory.
The minimum shell thickness required to have the sphere fail both by material fracture
and elastic instability was established by equating the pressures from the elastic
stability and the maximum compressive stress formulas and solving both equations for
the shell thickness at which the sphere fails simultaneously by material fracture and
elastic instability. Once that thickness is determined it is considered the minimum
shell thickness. If the sphere is made with a shell thinner than this minimum dimen-
sion, it will fail by buckling due to elastic instability, while if it is made with a
thicker shell it will fail by material fracture or plastic instability.

9



Using (1) the formula for membrane stresses in thick spheres1

= 3 (Ri 3 + 2R3 ) (1)
S P 2 R3 (R0 3 - R, 3)

where P = external hydrostatic pressure, psi

Ro = external radius, inches

Ri = internal radius, inches

R = radius for which membrane stresses are calculated, inches

S = meridional, or hoop membrane stress, psi

and (2) the elastic stability equation for spheres2

0.8E ( RI) 2

0 (2)

where E = modulus of elasticity, psi

PC = external hydrostatic pressure at which critical pressure buckling of
the hull occurs, psi

= Poisson's ratio

By equating P = Pc one obtains a set of equations that can be satisfied only by one
particular Ri for a given Ro, maximum S at Ri , and E of a given material. Solving
the set of equations for Ro = 8 inches (assumed maximum S = 10,000 psi at Ri ,
E = 4 x 106, and Poisson's ratio 0.2) the minimum shell thickness is calculated to be
approximately 0.05 inch. The wall thickness selected for the spheres actually fab-
ricated was 1 inch. This dimension insured not only that the failure of the sphere
will take place by material fracture in case E was substantially less than 4x 106 psi
at higher stress levels but also that the spheres will be easy to cast, since commer-
cially available aggregate can be used.

Besides wall thickness, the deviation from nominal sphericity also plays a
considerable role in determining whether the sphere will fail in the elastic instability
mode, or in the fracture-of-material mode. Although accurate and conclusive
analytical relationships between the deviation in sphericity and the decrease in the
elastic stability of the sphere are not known, some hypotheses2 , 3 have been postulated
that give at least an approximate relationship between these two parameters. The
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accepted hypothesis at the present time is that so long as the deviation from sphericity
is less than 3% of shell thickness, no allowances for out of roundness have to be made.
To avoid the complications from the presence of spherical deviations larger than 3%
of shell thickness, the dimensional tolerance on the sphere's radius was kept within
±1/32 inch. No further calculations were made to determine what decrease in elastic
stability resulted from any spherical deviation in the structure.

The discussion of sphere design would be incomplete without mention of the
equatorial joint between the two hemispheres that make up the sphere. Although
only a seamless sphere can be assumed to have no stress concentrations, it is very
difficult and uneconomical to build such a sphere. There are many methods for
assembling the sphere from structural components in such a manner that the assembly
is virtually free of stress concentrations. To mention a few, there is the hemisphere
assembly, the orange peel assembly, the dodecahedron, icosahedron, octahedron,
and tetrahedron spherical polygon family of assemblies, and other assemblies consist-
ing of irregular spherical structural modules. Since the hemisphere assembly requires
the least number of joints, and the dimensional joint tolerances are the easiest to
maintain, it was selected for the test spheres.

FABRICATION OF CONCRETE SPHERES

Concrete hemispheres were cast in a mold and cemented together with an epoxy
bonding agent. Depending on the type of test, the exterior and interior surfaces
were either left untreated or coated with a waterproofing material. A complete
discussion of the concrete mix used, the casting, joining and waterproofing tech--
niques is presented in Appendix A.

The treatment of the exterior surface depended upon the type of test for which
the given sphere was intended. For the permeability tests, where the rate of water
flow through concrete under hydrostatic pressure was under investigation, the exterior
surface of the sphere was left untreated, the way it emerged from the mold. For the
strain determination tests, on the other hand, where the prime objective of the test
was to protect the electric strain gages from seawater, the external surface of the
spheres was either protected by a thin coat of Epocast 8288, Epocast Wes-Top 415
polyurethane varnish, or RTV 501 silicone rubber.

HYDROSTATIC TESTING

Instrumentation

Two different types of instrumentation were employed on the concrete spheres.
The permeability experiments required instrumentation designed to measure rate of
permeability, while the short- and long-term stress investigations needed only strain
measuring instruments.

11



A discussion of the instrumentation techniques utilized is contained in
Appendix B.

Testing Procedure

The testing of the concrete spheres under hydrostatic pressure was conducted
in the 18-inch pressure vessel of the Deep Ocean Simulation Laboratory (Appendix C
summarizes procedures followed in all hydrostatic tests of spheres and contains
tabulated data from each test). The spheres were placed in a retaining cage prior
to testing so that they would not float in the vessel and strike the end closure
(Figure 6) when the vessel was filled with water. The vessel was pressurized by
air-operated, positive-displacement pumps that elevated the pressure inside the
vessel at a rate of 1,000 psi per minute until implosion occurred. Pressure and
temperature sensors located inside the pressure vessel permitted recording of these
two parameters on a strip chart recorder. Upon implosion of the concrete spheres,
manifesting itself by a loud noise, the end closure was removed and the fragments
of the concrete structure were inspected. Figure 7 illustrates the typical fragment
size resulting from failure by implosion.

During some of the long-term hydrostatic pressure tests where continuous
permeation of concrete took place, a hydraulic circuit was connected to the pressure
vessel so that a continuous supply of seawater at the required hydrostatic pressure
was available to replace the water (which penetrated into the sphere) and thereby
maintain a uniform pressure in the vessel. The level of water collecting in the
interior of the sphere was checked three times daily, either by means of the elec-
tronic water level detector, or by measuring the volume of water ejected by
compressed air from the interior of the sphere through a drainage tube.

Each sphere inserted into the pressure vessel was accompanied by several
concrete test cylinders cast from the same mix, and at the same time as the sphere.
Upon completion of the test, these test cylinders were removed from the pressure
vessel and tested to destruction under uniaxial compression in a constant-strain
test machine. Other test cylinders, not exposed to hydrostatic pressure, were
divided into two groups, one of which was immersed in a pan of seawater; the
other group was left dry. Cylinders from these two groups were also tested to
destruction at the same time and in the same manner, and their failure stress used
for comparison with the failure stresses obtained from testing the hydrostatically
pressurized cylinders.

12



Figure 6. Test assembly including concrete sphere, accompanying test
cylinders and pressure vessel end closure.
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Figure 7. Fragments of concrete sphere after failure by implosion at 3,100 psi.
Size of pieces is typical of all sphere failures except for sphere 7.

DISCUSSION OF TESTS AND RESULTS

Short-Term Strength of Dry Concrete Spheres

The first group of exploratory experiments concerned itself with the ultimate
compressive strength of dry concrete under short-term hydrostatic loading. For this
purpose, spheres 1, 2, and 3, waterproofed with a heavy coat of epoxy, were
imploded; the corresponding 3-inch-diameter by 6-inch-long test cylinders were
crushed in uniaxial compression machines, and the resulting data analyzed.

It may be noted from Table 1 that the average ultimate strength of the
concrete spheres under hydrostatic loading is approximately 48% higher than for
the 3x6-inch control cylinders tested under standard conditions. How much of
this increase in concrete strength is due to disparity between the size of the test
cylinder and the size of the hull is unknown.

In order to obtain some data on the decrease of strength of control cylinders
when permeated by water at the implosion pressure of the spheres, several concrete
control cylinders were subjected to hydrostatic pressure together with the parent
sphere. In an attempt to insure that the test cylinders became permeated, they

14



were not protected with a waterproof coating. Upon implosion of the concrete
sphere, the test cylinders were immediately removed from the pressure vessel and
tested to failure under uniaxial compression. Observation of the fractured test
cylinders revealed that the water had not penetrated them completely in the short
time period (approximately 5 minutes) that it took to pressurize the concrete spheres
to their critical pressure. Therefore, the compressive strength of concrete obtained
from testing to failure of the partially wetted test cylinders is not representative of
the strength of completely wetted concrete. The compressive strength of the partially
wetted concrete cylinders, is as a matter of fact, barely distinguishable from the
strength of dry test cylinders of the same mix, not subjected to hydrostatic pressure
in the vessel.

Table 1. Implosion Pressure and Calculated-I/Stresses in spheres 1, 2,
and 3; and Average Compressive Strength of Test Cylinders
Associated With These Spheres

Item Sphere 1 Sphere 2 Sphere 3 Average

Implosion pressure 3,100 psi 3,050 psi 3,200 psi 3,110 psi

Compressive stressl/on 14,080 psi 13,860 psi 14,540 psi 14,160 psi
the interior of the sphere

Compressive stressl/on 12,530 psi 12,330 psi 12,940 psi 12,600 psi
the exterior of the sphere

Average compressive 8,990 psi 9,750 psi 9,930 psi 9,560 psi
strength of 3 x 6-inch
dry test cylinders under
uniaxial compression

I/ Stress calculated with Equation 1.

Short-Term Strength of Wet Concrete Spheres

The second group of exploratory experiments dealt with ultimate compressive
strength of wet concrete under short-term hydrostatic loading. Spheres 5 and 12
served as uncoated test specimens (the results of the tests are tabulated in Appendix C).
To wet the spheres thoroughly, they were exposed to high hydrostatic pressure until
the leakage detectors indicated that water was passing through the wall. After
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thorough wetting, the spheres were further pressurized until they failed, and the
corresponding test cylinders crushed under uniaxial compression in a constant-strain
test machine. This information is summarized in Table 2.

Table 2. Implosion Pressure, Calculated Stress, and Wetting Periods for
Spheres 5 and 12; and Average Compressive Strength for the
Corresponding Wet and Dry Test Cylinders

Item Sphere 5 Sphere 12 Average

Implosion pressure 2,850 psi 2,750 psi 2,800 psi

Compressive stressl/on 12,950 psi 12,500 psi 12,720 psi
the interior of the sphere

Compressive stressl/on 11,550 psi 11,100 psi 11,320 psi
the exterior of the sphere

Average compressive 10,500 psi 11,060 psi 10,780 psi
strength of 3 x 6-inch dry
test cylinders2/

Average compressive 8,160 psi 7,790 psi 7,970 psi
strength of 3 x 6-inch wet
test cylinders./

Wetting period at 1,500 4 days 13 days
psi hydrostatic pressure

_/ Calculated stress with Equation 1.
2/ Under uniaxial compression.

Although it is definitely known that the spheres were completely permeated by
seawater at the time of implosion, it is not known to what degree the corresponding
test cylinders, exposed to the same pressure, were permeated. The thickness of the
test cylinders (3 inches, versus 1 inch for the spheres) and the cylinders' lack of an
internal cavity into which the displaced air from the concrete pores could escape
support the hypothesis that the cylinders were only partially permeated by seawater.
Because of this, their compressive strength cannot with certainty be considered as
representative of the compressive strength of completely wet concrete under uniaxial
compression. Still, the lower compressive strength of these cylinders, which were
probably only partially wetted, indicates that the compressive strength of wet concrete
under uniaxial compression would decrease at least 20%, and probably more, if
complete wetting of the test cylinders were achieved.
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There is one additional variable, which was not evaluated, that makes the
test results obtained from crushing of wet test cylinders questionable. This variable
is the possible micro-crc!,:ng of the concrete which occurs during the instantaneous
depressurization of the pr. ssure vessel upon implosion of the sphere. This variable
may be eliminated in the future by crushing the test cylinders inside the pressure
vessel with a uniaxial loading frame while the hydrcsaric pressure is held constant.

In general, the comparison between the average stress of 12,720 psi on the
interior of the completely wet spheres imploding at the average pressure of 2,800 psi
and uniaxial compressive stress of 10,780 psi at the failure of dry test cylinders has
shown that the short-term strength of wet concrete under biaxial compression on the
interior of a sphere is approximately 18% higher than the compressive strength of
identical dry concrete in 3x6-inch test cylinders under uniaxial compression. This
is considerably less than the 48% increase in strength of dry concrete on the interior
of spheres 1, 2, and 3. Thus, it can be concluded that the short-term strength of
wet concrete under biaxial compression on the interior of a sphere is approximately
20% less than the strength of dry concrete under biaxial compression on the interior
of a sphere. In both cases the yardstick of comparison is the compressive strength of
dry 3x6-inch concrete cylinders under uniaxial compression. How much of this
decrease was caused by the length and magnitude of previous pressurization required
to permeate the spheres with seawater is at the present time unknown.

Permeability of Concrete Spheres to Seawater

The third group of exploratory experiments concerned itself with the permeability
of unprotected concrete to seawater under hydrostatic pressure. Spheres 6, 11, and
12 served as test specimens (the results of these permeability tests are tabulated in
Appendix C). After the permeability tests were completed, all of the spheres were
subjected to sufficiently high hydrostatic pressure to cause failure by implosion. In
this manner, the same spheres also provided data on the strength of wet concrete.

The rate of seawater seepage into sphere 6 at 750 psi has been measured to be
approximately 2.5 milliliters per hour, while for sphere 12 pressurized to 1,500 psi
the rate was approximately 5 milliliters per hour. When the leakage rate is divided
by the surface area of the sphere, it can be expressed as 6x 10- 3 milliliters per hour
per square inch of area per inch of thickness. In both cases the salinity of water
siphoned from the interior of the sphere was about 20% lower than the salinity of the
pressurization medium. Sphere 11, which was pressurized to 2,000 psi did not show
any seepage after 5 days of pressurization. It is also interesting that sphere 6, after
pressurization to 750 psi for 20 days and subsequent pressure release and drying did
not show any water in its interior when it was repressurized to 1,500 psi and held at
that pressure for 7 days.

From this rather sparse data it would appear that permeability of concrete to
seawater under high hydrostatic pressure is quite low, and that some chemical or
physical phenomena, which occur in the concrete, result in a decrease in the
salinity of the water that passes through the concrete sphere wall.
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Long-Term Strength of Wet and Dry Concrete Spheres

Although only one sphere was specifically tested for its long-term strength
under hydrostatic pressure, some of the data collected from the other spheres is also
applicable to this parameter. Since the compressive strength of wet concrete i
lower than the strength of dry concrete, an additional variable has been introduced
into the tests dealing with the behavior of dry concrete spheres under long-term
hydrostatic loading. When waterproofed spheres are subjected to a long-term
pressure (equal to 80 to 90% of short-term critical pressure) they may collapse after
some period of time and it is never certain whether the collapse was due to a loss of
compressive strength caused by wetting of the concrete through a pin hole in the
waterproof coating, or was due to static fatigue of dry concrete. Of the coated
spheres tested, only those that were coated with epoxy or silicone rubber remained
dry to the moment of implosion. This dryness of the sphere walls is inferred from
observations of similarly coated test cylinders which were examined after being
crushed in the test machine.

This uncertainty does not exist when uncoated spheres are subjected to long-
term hydrostatic pressure, since in this case it can be experimentally arranged to
have the walls of the sphere completely permeated by water at a lower pressure
prior to subjecting the sphere to the actual long-term pressure test. Although the
data collected on wetted concrete spheres is sparse, an inference can be drawn that
static fatigue does take place at hydrostatic pressures that are close to short-term
critical pressure.

The performance of the single concrete sphere (number 8) that definitely was
not permeated during the long-term pressure application shows that the resistance of
dry concrete to static fatigue is superior to that of wet concrete. (See Table 3.)

Deformation of Concrete Spheres Under Short-Term Loading

Although five spheres were instrumented to some degree with electric
resistance strain gages, only sphere 8 had a sufficient number of gages to permit
comparison of strains measured by several strain gages.

In general, it can be stated, that the measured strains (Figures 8-13) both on
the outside and inside of the sphere were uniform and that the difference letween
individual strain readings at various locations on the same surface was less than
10%. This -elative lack of variation in strain reading between individual gages on
the same sphere surface indicates true sphericity and uniform wall thickness.
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The difference between the average strain readings on the outside and the
inside of the sphere did not correspond to the difference in calculated strains for
the exterior and interior of the sphere. The magnitude of the difference between
the average strain on the exterior and on the interior of the sphere was approximately
20% of the strain on the sphere's exterior, while the difference in calculated strains
is only 11% of the stress on the sphere's exterior. This could be an indication that
the classical formula for calculations of strains on the surfaces of a thick-walled
concrete sphere does not predict strains accurately because the material's tangential
modulus of elasticity is not constant, but depends on the magnitude of stress at a
given location in or on the structure.

Table 3. Hydrostatic Pressure and Duration of Loading of Spheres 11, 6, 10, and
8 in Static Fatigue Test; and the Average Compressive Strength of the
Corresponding Wet and Dry Test Cylinders

Item Sphere 11 Sphere 6 Sphere 10 Sphere 8

Condition of concrete in wet wet partially dry

sphere wet

Hydrostatic pressure 2,000 psi 2,500 psi 2,500 psi 3,000 psi

Compressive stressl/on 9,089 psi 11,361 psi 11,361 psi 13,633 psi
the interior of the sphere

Duration of loading prior 6 days 10 minutes 5 hours 3 days?-/
to implosion

Average compressive 10,890 psi 10,610 psi 11,110 psi 11,200 psi
strength of 3 x 6-inch dry
test cylinders

Average compressive 7,530 psi 8,140 psi 8,210 psi 7,230 psi
strength of 3 x 6-inch wet
test cylinders

1/ Stress calculated with Equation 1.
2/ No implosion occurred during 3-day test.
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Deformation of Concrete Spheres Under Long-Term Loading

Only one strain-gage-instrumented sphere (number 8) was subjected to long-
term hydrostatic pressure loading. To accelerate the acquisition of data on the
behavior of dry concrete in a spherical hull under long-term hydrostatic pressure,
the sphere was pressurized to 3,000 psi, or approximately 80% of its short-term
critical pressure. The measured strains (Figures 8 and 9) showed that dry concrete
under biaxial compressive stresses has a time-dependent strain rate, which is very
large immediately after load application, but which decreases with time. That the
time-dependent strain is a function of both the compressive stress level as well as
time was shown by the difference of time-dependent strain rates measured on the
exterior and interior surfaces of the sphere. The interior surface of the sphere,
which was under a higher stress, showed a considerably higher time-dependent
strain rate than the exterior of the sphere, which was under a lesser stress.

The long-term hydrostatic loading of sphere 8 was conducted for only 3 days,
and thus it is not known how much the time-dependent strain rate decreases after
loading duration of several months, or years. The data generated indicates that
even at the 13,633-psi compressive-stress level to which the concrete on the interior
of the sphere was subjected, the time-dependent strain rate of dry concrete decreased
to 0.01 microinch/inch/minute after 3 days. This would lead one to believe that at
lower stress levels, corresponding to shallower depths in the ocean, time-dependent
strain would not pose any serious engineering problems for concrete spheres with a
0.0625 wall-thickness to diameter ratio.

Upon depressurization, a time-dependent relaxation strain was observed whose
rate decreased to a very small value after only 3 days. The difference between the
strain level at the beginning of pressurization, and the strain after 3 days of relaxa-
tion at zero pressure shows that a nonrecoverable deformation of concrete in the
sphere occurred.

Since literature search failed to discover sources discussing data on time-
dependent strain of concrete under biaxial compression at 80% stress level of
ultimate strength, no comparison could be made between the data generated by
this study and other data. Even when a comparison is attempted with work done
previously4 on time-dependent strain of concrete under uniaxial loading, no
meaningful correlation can be found as the concrete specimens used in the other
studies underwent a distinctly different curing cycle previous to testing. Because
of this, new studies will have to be conducted before the phenomenon of time-
dependent strain in spherical concrete hulls is well understood.
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FINDINGS

1. Dry concrete in a 1-inch-thick spherical hull of 0.0625 wall-thickness to diameter
ratio under short-term hydrostatic loading failed at an average compressive stress 48%
higher than identical dry concrete in 3-inch-diameter by 6-inch-long solid test
cylinders under uniaxial compressive loading.

2. Seawater-permeated concrete in a 1-inch-thick spherical hull of 0.0625 wall-
thickness to diameter ratio under short-term hydrostatic loading fails at compressive
stresses 18% higher than identical dry concrete in 3x6-nch-long solid test cylinders
under uniaxial compressive loading.

3. Permeability of unprotected 1-inch-thick concrete spherical hull of 0.0625 wall-
thickness to diameter ratio under long-term hydrostatic loading of 1,500 psi in seawater
was approximately 6x 10-3 milliliters per hour per square inch of area per inch of
thickness.

4. The collapse pressure under short-term hydrostatic loading of 1-inch-thick concrete
spherical hulls with 0.0625 wall-thickness to diameter ratios and having 10,000-
11,000 psi compression strength (as determined by dry testing 3 x 6-inch solid test
cylinders under uniaxial loading) is in the 6,000- to 8,000-foot depth range.

CONCLUSIONS

Concrete appears to be an acceptable material for the construction of positively
buoyant fixed ocean-floor hull structures in the 0- to 3,500-foot depth range. It
possesses sufficient compressive strength in a buoyant spherical hull structure to with-
stand the external hydrostatic pressure at that depth - whether the concrete is wet,
or dry. The exploratory experiments have shown, however, that many parameters
like creep, permeability, and long-term strength of concrete under hydrostatic loading
must be thoroughly investigated and understood before concrete hulls for underwater
structures can be designed with confidence.
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Appendix A

FABRICATION OF CONCRETE SPHERES

by D. F. Griffin and Val Hernandez

FABRICATION OF CONCRETE SPHERES

The hemispherical shells from which the concrete spheres were assembled,
were cast in aluminum molds (Figures A-1 through A-4) using a microconcrete
specifically designed for this particular purpose. San Gabriel aggregate was used
as the basis for all batches in the sizes and proportions shown below in Table A-1.

Table A-1. Composition of the San Gabriel Aggregate Portion of the
Microconcrete Used in Casting Hemispherical Shells

Screen Size Percent Retained Amount in Pounds

Passing Retained on Each Sieve Individual Cumulative

no. 4 no. 8 29.6 17.4 17.4

no. 8 no. 16 20.8 12.2 29.6

no. 16 no. 30 14.7 8.6 38.2

no. 30 no. 50 10.3 6.1 44.3

no. 50 no. 100 7.3 4.3 48.6

no. 100 on pan 17.3 10.2 58.8

Total 100.0 58.8 58.8

The first trial batch of concrete included 17.8 pounds of type I portland
cement and 10 pounds of Port Hueneme tap water. Technically, this is a mortar
rather than concrete, the no. 4 sieve being the dividing line between concrete and
mortar.

The relative size of the aggregate to the wall thickness can be clearly seen
in Figure A-5.
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Concrete Mixing

Concrete was mixed in a pan type mixer of 1.75-cubic-foot capacity. The
following sequential operations were followed:

1. Aggregate added
2. Mixed dry for 30 seconds
3. Water (730 F) added with mixer running
4. Mixed for 150 seconds (total of 3 minutes including step 2)

The batch, as designed, called for less water than 10 pounds; however,

10 pounds proved to give optimum workability and plasticity. Taking into account
1.8% water absorption of the aggregate, the water-to-cement ratio was 0.50.

Concrete Placement

The surfaces of the hemispherical mold were first sprayed with acrylic spray

and then coated with form oil. The mortar was poured into the mold from one side
only in order to avoid entrapment of large air bubbles. A spud vibrator was held
against the wooden framework supporting the mold; however, the mortar did not
flow into place easily because the vibration was not adequate. A 1/4-inch flexible
acrylic tube was used to help rod the mortar into the mold.

Because the first hemispherical shell could not be removed from the mold

without breaking, it was decided to use type III portland cement to provide higher
early strength to reduce possibility of breakage in subsequent castings. It was
concluded in the case of the first casting, that form oil had been wiped clean by
pouring mortar into the mold from one side, thereby allowing hardened mortar to
stick to the form. In addition, the acrylic tube used to compact the mortar had
abraded the acrylic spray from the form; this resulted in some lightly corroded marks
on the aluminum.

Following the above experience, the mold surfaces were thoroughly cleaned

and smoothed with fine emery paper. They were then coated with a release agent
and allowed to dry. A thin layer of vaseline was then applied to the form surfaces,
the form was assembled and then filled with fresh mortar. In addition, a form vibra-
tor was attached to the flange of the form as shown in Figure A-6. In Figure A-6,
a nylon cord is being fixed in place. The cord is to provide an air bleeder line
to facilitate removal of the internal form.

Figure A-7 illustrates the method used to remove the inner form after the

concrete hardened (24 hours after casting). The inner circle of bolts was set to hold

the form at the correct height above the lower form. The outer circle of bolts screw
into holes in the flange of the lower form. When the upper form is to be removed,
the outer bolts are removed, small metal plates are placed over the threaded holes
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in the flange, the bolts are replaced in the upper unthreaded holes and a nut is
attached to each bolt just below each of the arms. Each nut was held with a wrench
while the bolt was tightened against the small plate thus operating like a screw jack.
Torque was applied to each bolt in stages until the form broke loose.

Figure A-8 shows a close-up of the inner surface of the hemisphere. No way
has been found to eliminate the entrapped air bubbles. One set of hemispheres was
cast using an air-entraining agent in hopes entrapped air could escape; however,
the result was about the same as shown in Figure A-8.

Figure A-9 shows the exterior of a hemisphere as cast. The exterior surfaces
always were good. The interior surfaces always had some bubble holes, sometimes
more, sometimes less. For each casting, the hemisphere forms were completely
cleaned, the form film being stripped with acetone. A fresh coating of release
agent was then applied followed by a coating of vaseline.

Interior Surface Treatment

Shortly after the molds were stripped, the interior surface of each concrete
hemisphere was rubbed down by hand with steel wool. This removed all traces of
vaseline and broke through any thin films of mortar covering air bubbles. In addition,
the annular surface where two hemispheres join was smoothed with an abrasive block
and also with steel wool to remove uneven portions and laitance. A cement mortar
consisting of 50/o type II portland cement and 50% aggregate passing a no. 100 sieve
and enough water to make it plastic, was then hand worked into all the open pores
of the interior of the concrete hemispheres, leaving a smooth surface finish. Type II
portland cement was used to minimize shrinkage.

Bonding the Hemispheres

Before bonding, the annular edges of the hemispheres had been etched with
10% hydrochloric acid solution and thoroughly dried. All hemispheres were first
cured in 100% relative humidity and then cleaned and stored in 20% relative
humidity for a week or so. Immediately prior to bonding the annular surfaces were
cleaned lightly with acetone. The epoxy bonding formulation (8288-A Epocast
furane epoxy) was thoroughly mixed and a copious supply of the mixture was placed
on the annular surface of the lower hemisphere. The upper hemisphere was seated
and pressed down to refusal, the excess bonding material was spread around the
joint with a spatula. This material can be easily washed from the hands and utensils
with soap and water.
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Figure A-8. Air cavities and air bleed groove in interior surface of
concrete hemisphere before patching treatment.
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Figure A-9. Exterior surface of a hemisphere as cast.
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Appendix B

INSTRUMENTATION OF THE SPHERES

INSTRUMENTATION OF THE SPHERES

Strain Instrumentation

The instrumentation for the determination of strains consisted of electric
resistance strain gages attached to the concrete sphere, and a manual strain switch
and read-out unit. Two different methods were used to attach the strain gages to
the concrete surface. One method was by adhesive bonding, and the other consisted
of bonding the gages first to a metallic transducer hoop, which in turn was attached
by two screws to the concrete (Figure B-i). The instrumentation leads were conducted
to the strain switch and read-out unit outside the pressure vessel, either by means of
waterproof electric cables and bulkhead connectors, or through a waterproof conduit
attached to both the sphere and the vessel end closure (Figures B-2 and B-3).

Permeabi litty Instrumentation

Two different approaches were used to measure the rate of permeability
through concrete in the experimental spheres. One approach relied exclusively on
electronic transducers and read-out equipment, while the other utilized only mechan-
ical or hydraulic components. The electronic water detector (Figure B-4) specially
designed for this study operated on the principle that a rising water level in the
sphere would markedly change the resistance between two separated rods placed
inside the sphere cavity (Figures B-5 and B-6). As the water rose in the sphere it
would wet more and more of the two vertical rods, decreasing the resistance between
them. This voltage change could be amplified, measured, and recorded to provide
a resistance versus time record. Since the salinity of water seeping into the sphere
is not constant, but varies as time posses due to reaction of the dissolved salts in
seawater with the concrete, precalibration is relatively of little value. Anticipating
this problem, reference bench marks were provided on the two rods wetted by water
inside the sphere. When the water level rose it wetted the bench marks in sequence,
which in turn led to generation of special electronic signals that showed up on the
recording paper as vertical marks bisected by the trace from the general detector
rods. Since the elevation of the bench marks above the lowest point of the sphere's
interior was known, the vertical marks on the general resistance trace provided check
marks for the computation of rate at which water permeated the sphere. With their
aid the general resistance trace between them could also be interpolated, furnishing
precise information on the rate at which water rose in the concrete sphere.
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The other approach used in the measurement of permeability rate consisted of
tubing inserted into the sphere, through which accumulated water in the sphere's
interior could be ejected at desired time intervals. The plumbing for this perme-
ability detector system consisted of two tubes (Figure B-7). One tube was placed
with its opening at the top of the concrete sphere specimen, and its was used to
pressurize the interior of the sphere with 10 to 20 psi of compressed air. The other
tube was placed with its opening at the bottom of the sphere, and its function was
to drain the water pushed through it with compressed air from the interior of the
sphere at prescribed time intervals.
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strain gages
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.4

Figure B-i. Instrumentation leads passed through saw cuts in hemisphere rim.
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tube fewd-throuh

leads from external strain gages

Figure B-2. Concrete hemispheres showing tube feed-through (for passing
leads throuqh pressure vessel head) and internal strain gages.

Figure B-3. Instrumented and coated concrete sphere attached to the
18-inch pressure vessel head.
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Figure B-5. Electronic leak detector sensing assembly.

45



'3,

a,
0~

E
a,-c
'3)

.1.~
'3)
1~
U
C
0
0

a,
0
In
C

-D
E
43~
In
In
0

0)
C

4~(II~~ C
'3)

-~ In

I.-
0

.b.
0
0
d-.

~0

0
'3)

0

C
0a-

.1-
U
'3,

u-I

1'
a,
a-.

0)
LL

46



'-fluid bleed

shop air

pressure vesselN 11
end closure

18 in.

concrete sphere-40

Figure B-7. Diagram of hydraulic leak detection system installed
in pressure vessel.
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Appendix C

TEST DESCRIPTIONS AND DATA
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Summary C-1. Test Procedures for Sphere 1

Type of Test. Critical pressure of concrete sphere under short-term external
hydrostatic loading.

Test Procedures. Pressurized externally with seawater at 1,000 psi/min rate
till implosion occurred. The surface of the sphere was first coated with Epocast 8288
and then with polyurethane varnish. The implosion occurred at 3,100 psi of hydro-
static pressure. The concrete in the sphere walls was dry at the time of implosion.

Instrumentation. The sphere was instrumented with electric resistance strain
gages bonded to its exterior and interior surfaces with Shell Epon 815 which was
also used for waterproofing of gages.

Data. Only one strain gage on the exterior of the shell functioned during the
test. At 3,000 psi the strain was 2,870 microinches/inch.

Summary C-2. Test Procedures for Sphere 2

Type of Test. Critical pressure of concrete sphere under short-term external
hydrostatic loading.

Test Procedures. Pressurized with seawater at 1,000 psi/min rate till implosion
occurred. The surface of the sphere was first coated with Epocast 8288 and then with
polyurethane varnish. Imploded at 3,050 psi of external hydrostatic pressure. The
concrete in the sphere wall was dry at the time of implosion.

Instrumentation. The sphere was instrumented with electric resistance strain
gages bonded to its exterior and interior surfaces, and to a metallic hoop attached
with two screws to the interior of the sphere. Shell Epon 815 was used for the
bonding and waterproofing of gages.

Data. Only one strain gage mounted directly on the interior surface of the
sphere, and two gages mounted on a hoop strain transducer attached to the sphere's
interior functioned during the test. The hoop transducer data was erratic. At
3,000 psi the strain on the interior of the sphere was 2,940 microinches/inch.

50



Summary C-3. Test Procedures for Sphere 3

Type of Test. Critical pressure of concrete sphere under short-term external
hydrostatic loading.

Test Procedures. Pressurized with seawater at 1,000 psi/min rate till implosion
occurred. The surface of the sphere was coated with Epocast 8288, and thereafter
coated with polyurethane varnish. Imploded at 3,200 psi of external hydrostatic
pressure. The concrete in the sphere wall was dry at the time of implosion.

Instrumentation. The sphere was instrumented with electric strain gages
bonded to its exterior and interior surfaces with Shell Epon 815, which was also
used for the waterproofing of gages.

Data. Only one strain gage which was mounted on the exterior of the sphere
remained functional during the test. At 3,000 psi the strain on the exterior of the
sphere was 3,050 microinches/inch.

Summary C-4. Test Procedures for Sphere 4

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was to be pressurized with seawater to
3,000 psi and then held at that pressure while the rate of water flow through concrete
was monitored. The sphere, however, imploded at 2,950 psi during the pressurization
process. The sphere was being pressurized at 1,000 psi/mn rate when the implosion
occurred. Concrete in the sphere wall was partially permeated with water at time
of implosion.

Instrumentation. The sphere was instrumented with an electronic water level
monitor placed inside the sphere whose exterior was not coated with any water-
proofing compound.

Data. No water leaked into the interior of the sphere prior to implosion.
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Summary C-5. Test Procedures for Sphere 5

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was pressurized with seawater to
1,500 psi and held under that pressure for 4 days. Subsequently the sphere was
subjected to additional pressure at 1,000 psi/min rate till implosion occurred. The
implosion occurred at 2,850 psi. The concrete in the sphere wall was thoroughly
permeated with water al the time of implosion.

Instrumentation. The sphere was instrumented with an electronic level
indicator mounted inside the sphere.

Data. After 21 hours at 1,500 psi of hydrostatic pressure, permeating seawater
reached the interior surface of the sphere. Malfunctioning of the chart recorder
made the determination of the subsequent flow rate into the vessel impossible.

Summary C-6. Test Procedures for Sphere 6

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was pressurized with seawater to 750 psi,
held at that pressure for 20 days, and then removed from the pressure vessel for inspec-
tion. After drying out for 20 days it was repressurized with seawater to 1,500 psi and
held at that pressure for 7 days. After removal for inspection and drying for 9 days it
was pressurized to 2,000 psi and held at that pressure for 8 days. The 2,000 psi pres-
surization test was concluded with pressurization of the sphere to 2,500 psi and holding
it at that pressure till failure occurred after 10 minutes. The concrete in the sphere
wall was wet at the time of implosion.

Instrumentation. The sphere was instrumented with an electronic and hydraulic
water-level indicator placed inside the sphere.

Data. During the first pressurization at 750 psi, the water penetrated to the
inside of the sphere after 11 days and then leaked in at a rate of 2.5 milliliters/hour.
The salinity of the water reaching the inside of the sphere was approximately 20%
less than that of the water surrounding the sphere. After the sphere was dried for
20 days, the second pressurization (1,500 psi) was instituted. This pressure was held
for 7 days without detectable leakage. Following a 9-day drying period the third
pressurization period (2,000 psi) was started. After holding at this pressure for 8 days
without detectable leakage, the pressure was increased at a rate of 100 psi/min until
2,500 psi was reached. This pressure level was maintained until the sphere failed by
implosion after a period of 10 minutes.
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Summary C-7. Test Procedures for Sphere 7

Type of Test. Critical pressure of concrete sphere under long-term external
hydrostatic loading.

Test Procedures. The sphere, coated with polyurethane varnish, was pressurized
to 2,850 psi and held at that pressure till implosion occurred after 25 hours. The
concrete in the sphere was wet at the time of implosion.

Instrumentation. No instrumentation was used with this sphere.

Data. The failure of the sphere was of the local type (see Figure C-1) creating
a small hole in the sphere's wall. The test cylinders (Table C-7) that were coated
with polyurethane varnish and tested in the pressure vessel together with sphere 7
were also found to be permeated with seawater. This is reflected in their compressive
strength which was the same as of uncoated cylinders subjected to the same test con-
ditions.

Summary C-8. Test Procedures for Sphere 8

Type of Test. Critical pressure of concrete sphere under long-term external
hydrostatic loading.

Test Procedures. The exterior of the sphere was coated with Epocast 8288, and
subsequently covered with a 1/16-inch-thick layer of RTV 501 silicone rubber. The
sphere was pressurized to 3,000 psi and held at that pressure for 3 days. It was then
depressurized and allowed to relax at zero pressure for 3 days. The second pressuri-
zation applied at a rate of 100 psi/min resulted in failure by implosion at 3,600 psi.
The concrete in the sphere walls was dry at the time of implosion.

Instrumentation. The sphere was instrumented with electric resistance strain
gages attached to the exterior and interior surfaces.

Data. The strains measured on the exterior and interior of the sphere during
the initial pressurization, relaxation, and repressurization periods are plotted in
Figures 8 through 13. During the second pressurization cycle, when the sphere was
imploded, strains were measured that indicate plastic buckling of the sphere occurred.
The accompanying concrete test cylinders, coated with polyurethane varnish and a
top coat of RTV 501 silicon rubber were found to be partially permeated with water
after pressurization due to local failure of the coating system over collapsed, near-
surface cavities in the concrete.
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Figure C-1. Localized failure of sphere 7.
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Summary C-9. Test Procedures for Sphere 9

Type of Test. Critical pressure of concrete sphere under long-term external
hydrostatic loading.

Test Procedures. The sphere, coated with Epocast Wes-Top 415, was
pressurized to 3,000 psi at 1,000 psi/min rate and was held at that pressure till
implosion, which occurred after 24 minutes. The concrete in the sphere was
partially permeated with seawater at the time of implosion.

Instrumentation. The sphere was instrumented with electric resistance strain
gages located on the exterior and interior of the sphere.

Data. Strains on the interior surface of the sphere, after rapid pressurization
to a pressure of 3,000 psi, averaged 3,170 microinches/inch, while those on the
outside surface averaged 2,710 microinches/inch. The average compressive creep
in the concrete that occurred during the 24 minutes that the sphere withstood the
3,000 psi hydrostatic pressure, was 240 microinches/inch for the outside surface and
340 microinches/inch for the inside surface. The concrete test cylinders which had
been treated with Epocast Wes-Top 415 were found to be partially permeated with
seawater after pressurization.

Summary C-10. Test Procedures for Sphere 10

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was pressurized to 2,500 psi and then
held at that pressure till collapse of the sphere occurred after 5 hours. The concrete
in the sphere was partially permeated with seawater at the time of implosion.

Instrumentation. The sphere was instrumented with a hydraulic water level
indicator only.

Data. There was no water collected in the sphere cavity at the time of
implosion. The concrete test cylinders coated with polyurethane varnish were
found to be partially permeated with seawater after pressurization.
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Summary C-11. Test Procedures for Sphere 11

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was pressurized to 2,000 psi in seawater
and was held at that pressure for 6 days. The concrete in the sphere was found to be
totally permeated by seawater.

Instrumentation. The sphere was instrumented with hydraulic water level
indicators only.

Data. No water was found in the sphere cavity prlor to its implosion at
2,000 psi after being pressurized with seawater for 6 days. Concrete test cylinders
coated with polyurethane varnish were found to be almost totally permeated with
seawater after pressurization. Test cylinder coated with Dow Corning's 92.018
was only partially permeated with seawater after pressurization.

Summary C-12. Test Procedures for Sphere 12

Type of Test. Permeability of concrete under external hydrostatic pressure.

Test Procedures. The uncoated sphere was pressurized to 1,500 psi in seawater,
and was held at that pressure for 13 days. Subsequently the sphere was pressurized
at 1,000 psi/min rate till implosion occurred at 2,750 psi. The concrete in the sphere
was totally permeated with seawater at the time of implosion.

Instrumentation. The level of water inside the sphere was determined by
draining it at regular time intervals through a tube inserted into the sphere.

Data. After 32 hours at 1,500 psi water penetrated to the interior of the sphere.
Flow continued at approximately 5 milliliters/our rate for additional 11 days till
pressure was raised to 2,750 psi and the sphere imploded. The concrete itself con-
tained approximately 2 grams of water per cubic inch of concrete. The concrete test
cylinders coated with polyurethane varnish were almost totally permeated by seawater
after pressurization.
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LOADING - PART I1. Effect of Penetrations
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ABSTRACT

The objective of the study was (1) to show that concrete hulls with
window and hatch penetrations for ocean bottom habitats can be built, and
(2) to determine if the collapse pressure of such hulls is degraded by the incor-
poration of properly designed penetrations. All of the experimental work was
performed on six concrete spheres (16-inch outside diameter and 14-inch inside
diameter) cast from concrete with a uniaxial compressive strength of 10,000 psi.
The concrete sphere models failed under hydrostatic pressures ranging from
2,675 psi to 3,400 psi, depending on the type of penetration insert. It was
found that the collapse pressure of a concrete hull equipped with properly
designed operational windows and hatches was the same as that of a similar
concrete hull without penetrations.

This document has been approved for public releaso and sale; its distribution is unlimited.

Copies available at the Clearinghouse for Federal Scientific & Technical
Information ICFSTI), Sills Building, 5285 Port Royal Road, Springfield, Va. 22151
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The Laboratory invites comment on this report, particularly on the
results obtained by those who have applied the information.
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INTRODUCTION

There has been relatively little investigation of concrete hulls for fixed
ocean-bottom manned and unmanned installations. There have been two primary
reasons for this lack of interest: no immediate need existed for ocean-bottom
installations with large enclosed areas under atmospheric pressure, and concrete
was dismissed as a material for fixed hulls because of its inapplicability to under-
water vehicle hull construction. Thus, so long as the requirements for underwater
vehicles dominated the underwater engineering scene, there was little interest in
concrete as material for external pressure hulls.

It is only very recently that serious thought has been given to utilizing
concrete in compartmented underwater structures for fixed ocean-bottom
installations. Recent exploratory studies with models of hollow concrete spheres'
have shown that buoyant concrete spherical hulls are feasible for depths to
3,500 feet, while negatively buoyant spherical hulls could conceivably operate
at depths of 10,000 feet. Thus, this study is initiated against a general back-
ground of need for ocean-bottom structures and proven feasibility of employing
concrete for such structures.

Almost all designs for fixed underwater hulls rely on different types of
penetrations for access to the interior of the structure, supply of power to
equipment located in it, communication with shore-based personnel, and obser-
vation of hydrospace. Most of the penetrations in the hull are equipped with
metallic or plastic insert assemblies that permit the access to the hull's interior,
feeding in of wires and pipes, and insertion of transparent viewing panes without
the leakage of water into the sphere's interior.

The presence of the penetrations with different types of bulkhead
feedthrough assemblies in the hull wall causes stress concentrations in the hull
structure that may result in failure of the hull at lower pressure than if the wall
were solid. Thus, it is of paramount importance to know the magnitudes of
stress concentrations around penetrations so that their effect on the hull's
critical pressure can be accounted for.

The objective of the study reported here was to explore experimentally
the relationship between (1) the rigidity of the penetration inserts, (2) the
magnitude of stress concentrations generated by the presence of inserts in the
concrete hull, and (3) the implosion pressure of the hull assembly.

Data from this exploratory study will serve two purposes: they will
permit concrete hull designers to design underwater structures with a higher
degree of confidence, and will serve as a guideline for further studies that will
have as their objective the detailed investigation of stress concentrations in
underwater concrete structures.



SCOPE OF INVESTIGATION

The study of the effect of penetrations on critical pressures of concrete
hulls was limited to two areas of experimental investigation. One concerned
itself with the design, fabrication, and testing of a working model of a habitat
with a 16-inch outside diameter (OD) and 14-inch internal diameter (ID),
representing a spherical underwater concrete structure with scaled operational
windows and wire feedthroughs. The other area of investigation was limited
to the testing of 16-inch-OD/14-inch-ID concrete spherical hull models having
solid penetration inserts of different rigidities. Only two sizes of inserts, and
three kinds of insert materials were experimentally evaluated. The aluminum,
steel, and polyvinyl chloride (PVC) plastic inserts had spherical angle tapers of
either 8 degrees, or 32 degrees 30 minutes. The two selected sizes of model
penetration inserts were considered representative of the penetration inserts
required for a full-sized spherical structure. The 32 degree 30 minute insert
simulated a penetration insert required for man-sized hatches or wirdows,
while the 8 degree insert simulated an electrical wiring or hydraulic piping
feedthrough on an underwater hull structure of 10 to 20 feet in diameter.

EXPERIMENT DESIGN

The objective of designing, fabricating, and testing the spherical habitat
model (Figure 1) was to prove the feasibility of concrete hulls with usable win-
dows, hatches, and wire feedthroughs for service at an ocean depth of 3,500 feet.
The model's dimensions, composition of the concrete mix, and method of
casting were selected to be the same as in the previous feasibility study of con-
crete spherical hulls.' Thus, the critical pressure of the model with penetrations
could be directly compared to the critical pressure of models without penetra-
tions. The difference between the critical pressure of the habitat model and of
the concrete spheres without penetrations would serve as a quantitative indi-
cator of the decrease in hull strength resulting from the use of the particular
type of window, hatch, and feedthrough insert designs. Since only one type
of habitat model was designed and built, no variation of design parameters
was contemplated.

The concrete spherical hull models (Table 1) had solid penetration
inserts (Figure 2) of different rigidities; they were cast from the same mix and
had the same dimensions as the habitat model. Since it is known that the
magnitude of the stress concentration around a penetration in the hull is to a
large degree dependent on the mismatch between the rigidity of the penetra-
tion insert and that of the hull material, a series of insert materials was selected
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that represented a wide range of rigidity properties. The most rigid inserts
selected were made of steel, while the least rigid inserts were made from poly-
vinyl chloride plastic; other inserts used were made from aluminum. It was
planned that during the hydrostatic testing to destruction of the insert-equipped
models, strains would be measured around the inserts and compared to strains
existing in the same sphere away from the penetration inserts. Some quantita-
tive measure of the stress concentration factors produced by inserts of different
rigidities would thus be obtained.

Table 1. Description of Concrete Sphere Models and Test Procedures

(16-inch OD/14-inch ID; spheres 13 through 17 had 1- and 4-inch openings,
sphere 18 had 1-inch opening)

Sphere Type of Number of
Strain Gage ProcedureNo. Insert Rste

Rosettes

Functional acrylic Hold for 8 days at

13' windows and 3 1,500 psi, then pres-
steel hatces surize to implosion
steel hatches at 100 psi/min

Functional acrylic Short-term implosion
14 windows and 3 testing; pressurize at

steel hatches 100 psi/min

Solid steel Short-term implosion
15 inserts 4 testing; pressurize at

100 psi/m in

Solid aluminum Short-term implosion
16 id lmiu 4 testing; pressurize at

inserts 100 psi/min

Solid PVC Short-term implosion

17 pli PVC 4 testing; pressurize at
plastic inserts 100 psi/min

1-inch pipe Short-term implosion

18 instrumentation 3 testing; pressurize at
feedthrough 100 psi/mir

Tests on sphere specimens 1 through 12 were reported in Reference 1.
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HULL MODELS

Fabrication

The six concrete spheres (16-inch OD/14-inch ID) were cast from a
specially designed concrete mix in a hemispherical aluminum mold (Figures 3
and 4) used for casting similar spheres in previous NCEL concrete hull studies.'
One of the spheres that served as a control for this study was cast without any
penetrations, except for the instrumentation feedthrough. The five other
spheres had the penetrations cast in (Figure 5). This was accomplished by
providing dummy mold inserts that were inserted into the annular space
between the male and female portions of the mold, and were subsequently
bolted in place. After hardening of the concrete, the bolts holding the mold
inserts to the mold were unscrewed and the concrete hemispherical shell was
removed together with the inserts from the mold. Once the hemisphere was
removed from the mold and dummy inserts were knocked out, the concrete
was cured in a 100% relative humidity (RH) atmosphere for approximately
2 months.

After curing, the hemispheres were dried in 20% RH atmosphere.
When dry, they were instrumented with electrical resistance strain gages
(Figure 6), waterproofed with several coats of epoxy resin, and joined together
into spheres by bonding with epoxy adhesive. When the adhesive had set, the
spheres were equipped with penetration inserts (Figures 7 and 8), which were
also set in place with epoxy adhesive. A detailed description of individual
models and the penetration inserts used in them appears in Appendix A.

Instrumentation

The six concrete spherical hull models were each instrumented with
45-degree strain gage rosettes bonded to the interior surface of the sphere
(Figures 9 and 10), and one 45-degree rosette bonded to one of the penetration
inserts. One of the rosettes was located at the edge of the small penetration,
the second was placed at the edge of the large penetration, the third was placed
midway between them away from the penetrations, while the fourth was
placed in the center of the penetration insert. With this strain gage arrangement
it was planned to measure the strain concentration around the penetration
inserts. The 45-degree rosette bonded to the low-pressure face of one of the
large penetration inserts would measure the strain generated in the insert.
Since the measurement of strain in concrete requires electrical resistance strain
gages of at least 3/4-inch length, determination of the absolute value of the
strain concentration was considered to be not feasible because the 3/4-inch
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length of the strain gages would cause the gage to average out the strain reading.
Thus, only a qualitative indication of the strain concentration around penetra-
tion inserts would be obtained. Still, it was hoped that by comparing the
measured strains around penetration inserts differing in rigidity, some conclusion
could be drawn on the relationship between the insert's rigidity and the strain
increase in its vicinity. Planned investigation by NCEL employing photoelastic
analysis of models of external pressure hulls with penetration inserts will deter-
mine with great precision not only the actual value of the strain concentration
around inserts, but also the strain gradient around them.

Testing

Before they were tested to destruction in simulated hydrospace, the
models were equipped with special feedthroughs for the instrumentation wiring
(Figure 11). The specially designed feedthrough not only permitted the instru-
mentation leads to pass from the model to the recording equipment without
being in contact with the pressurized seawater surrounding the model in the
pressure vessel, but also made it possible to attach the model rigidly to the
pressure vessel's end closure (Figures 12 and 13). With this type of arrangement
the integrity of the sensitive strain gage circuits was assured, and the model was
kept in the center of the pressure vessel without danger of striking the sides of
the pressure vessel interior during lowering of the vessel head.

After placement of the sphere in the pressure vessel, the pressure vessel
end closure was locked in place and the strain.gage leads were connected to a
strain recorder. During short-term implosion tests the test specimen (Figure 14)
was pressurized at a rate of 100 psi/min, with strain readings being taken every
100 psi until implosion of the sphere occurred. After implosion, the fragments
were removed from the pressure vessel and inspected to determine, if possible,
how the fracture was initiated (Figures 15 through 22). Concurrently with the
testing to destruction of the concrete sphere, the associated concrete test cyl-
inders were taken from the 20% RH storage room and were crushed in a standard
test fixture under uniaxial compressive loading.

For the long-term pressure testing of concrete spheres at a pressure of
1,500 psi, pressurization took place at a rate of 100 psi/min until 1,500 psi was
reached. This pressure level was then maintained for the 200-hour duration of
the long-term test. Upon termination of the long-term test, the pressurization
was again restarted at a rate of 100 psi/min until implosion of the spherical
hull model took place.
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DISCUSSION

The experimental data from this study consist of recorded critical
pressures at which implosions took place (Table 2) and strains measured at
four different locations (Figures 9 and 10) on the sphere as 100 psi external
hydrostatic pressure increments were applied (Figures 23 through 48). In
general, test results indicate that the implosion strength of concrete hollow
spheres was not decreased by the incorporation of properly designed penetra-
tion flanges. Also, it appears that the use of solid penetration inserts had no
deleterious influence on the implosion strength of spheres, so long as the
compressive modulus of elasticity of an insert was equal to, or higher than
that of the concrete. The long-term pressurization of the concrete hull model
shows that ocean bottom habitat models with a factor of safety of two are
practical to an operational depth of 3,500 feet. During testing, no windows
or hatches failed or were permanently deformed prior to implosion of the
concrete habitat models.

When the implosion pressures of the concrete hull models with
operational windows and hatches (spheres 13 and 14) were compared to the
implosion pressure of the concrete hull model without such penetrations
(sphere 18), no significant difference was found between them (Table 2). It
was also found that there is no significant difference between critical pressures
of concrete hull models with solid penetration inserts (spheres 15, 16, and 17)
and the model without penetrations (sphere 18), so long as the rigidity of the
insert was equal to, or greater than, the rigidity of the concrete hull model.

The strains measured at the small penetrations (Figures 23, 26, 29, 33,
37, 41) in the concrete hull models were not found to be significantly different
from strains measured at locations in the sphere remote from penetrations
(Figures 24, 27, 30, 34, 42, 43, 44). Whether this indicates that there are no
stress concentrations around the small penetrations in the concrete hull could
not be positively proven with the 3/4-inch-long strain gage used, as the distance
from the center of the 3/4-inch strain gage rosette to the edge of the penetra-
tion was 1/2 inch. The 3/4-inch length of the individual rosette legs tended to
average out the high strains possibly present at the edge of the penetration
with the lower strains away from the penetration. The fairly large distance
from the center of the rosette to the edge of penetration caused the gage to
miss the strain peak generally present at the very edge of a penetration.

The strains measured at the large penetrations (Figures 25, 28, 31,
35, 39) in the concrete hull models were found to be significantly higher
(Figure 39) than strains measured at locations in the sphere away from pen-
etrations (Figure 38) only in sphere No. 17, which had solid plastic inserts
in the penetrations. The strains measured by the strain gage rosette 1/2 inch
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away from the edge of the penetration with a plastic insert were approximately
40% higher than the strains in the same sphere not in close proximity to pene-
trations. Significantly, as already mentioned, this is also the sphere that failed
at a hydrostatic pressure approximately 20% lower than the average implosion
pressure of spheres 13, 14, 15, 16 and 18. The higher strains at the large pene-
tration, as well as the lower implosion pressure of sphere 17 with the plastic
inserts, are valid indications that stress concentrations exist at penetrations
filled with inserts whose rigidity is less than that of concrete. In this case the
mismatch in the rigidities of the PVC plastic insert and the concrete wall is in
the ratio of approximately 1:8.

The tangent modulus of elasticity (Et) of concrete under short-term
uniaxial compression (2,100-psi/min loading rate) was found to decrease with
increasing stress level. Analysis of the axial strains on the exterior surface of
concrete test cylinders under uniaxial compression (Figure 44) shows that the
average tangent modulus of elasticity for the concrete mix employed in the
casting of spheres 13 through 18 (Figure 45) is 3.68 x 106 psi in the 0- to
4,500-psi stress range, but decreases rapidly at higher stress levels. Thus, at
the 10,000-psi stress level, the same concrete mix shows a decrease of the
average tangent modulus of elasticity to 1.48 x 106. At 11,000 psi, just prior
to failure of concrete test cylinders, the average tangent modulus of elasticity
becomes less than 0.5 x 106 psi. It is not known what the magnitude of the
tangent modulus of elasticity is at stress levels above 10,000 psi inside the
sphere under triaxial loading at the moment of implosion, but it appears that it
is more than under uniaxial loading at comparable stress level. Still in absence
of information describing Et under biaxial and tria) I loading as found in the
sphere, experimentally determined Et for uniaxial loading was utilized in cal-
culation of stresses from strains measured on the sphere (Figure 49).

Failure of spheres appeared to have taken place due to plastic buckling
of the hull, as evidenced by the presence of many large fragments after implo-
sion. No major spalling of interior or exterior hull surfaces seems to have
taken place since the original epoxy coating that had been applied to the
surfaces of the spheres prior to testing was adhering firmly everywhere to the
surfaces of the sphere fragments. The hydrostatic implosion was observed to
be relatively slow, on the order of 1 to 2 seconds.

When the strains on the interior of the 0.0625 t/D ratio concrete hull
models are translated into stresses utilizing the Et (Figure 45) measured on
the exterior of uniaxially tested cylinders (Figure 44), it is found that the
measured stresses at locations remote from the penetrations (Figure 49) are
of the same magnitude as stresses derived analytically for the interior of a
0.0625 t/D ratio thick sphere in the 0- to 5,000-psi stress range, corresponding
to the linear range of Et under uniaxial loading. For example, at 1,000 psi
external hydrostatic loading the average stress measured on the interior of the
sphere (using Et = 3.68 x 106 psi) is 4,420 psi, while the stress calculated on
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the basis of thick-wall sphere expression' (Figure 49) is 4,550 psi. At calcu-
lated stress levels above 6,000 psi considerabl3 difference exists between
calculated and experimentally determined stresses on the interiorof the sphere,
regardless of whether a constant Et = 3.68 x 106 psi, or Et varying according to
Figure 45, is utilized in the equation converting measured strains to stresses.
Using constant Et the experimentally determined stresses are found to be higher
than the calculated ones, while using variable Et the experimentally determined
stresses are found to be lower than calculated ones (Figure 49).

Table 2. Summary of Test Results

Implosion Age of Strength Modulus of
Sphere Type of Procedure Pressure Concrete of Elasticity

No. Insert (psi) (days) Concrite of Concete
(psi) (psi)

Held at 1,500 psi
Functional acrylic for 8 days, then

13 windows and pressurized to 3,300 350 10,840 3.45 x 106
steel hatches implosion at 100

psi/min

Functional acrylic Short-term implo-
14 windows and son test; 100 3,300 310 9,640 3.64 x 10

steel hatches psi/min pressuri-
zation

Short-term implo-
15 Solid steel inserts sion test; 100 3.485 330 11,205 3.85 x 106

E - 27 x 106 psi psi/min pressuri-
zation

Solid aluminum Short-term implo-
16 inserts sion test; 100 3,400 335 11,165 3.62x 106

E = 10x 106 psi psi/min pressri-
zation

Solid PVC Short-term implo-
17 plastic inserts sion test; 100 2,675 330 11,150 3.55 x 106

E = 0.5 x 106 psi psi/min pressuri-
zation

1-inch pipe Short-term implo-
18 instrumentation 3,375 320 11,480 3.48 x 106

feedthrough psi/min pressuri-
zation

Strength and modulus of elasticity of concrete were determined by subjecting 3 x 6-inch test
cylinders of the same mix and age as the associated concrete sphere to compression testing in
an uniaxial test machine. The compressive strength shown is the average of 18 test cylinders
loaded to destruction at 2,100 psi/min.

2 Modulus of elasticity in a concrete test cylinder under 2,500 psi uniaxial compressive stress.
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The strains measured on the interior surface of the solid inserts
(Figures 32, 36, 40) were found to vary inversely with the modulus of elas-
ticity of the given insert material, which for steel is 27 x 106 psi, for aluminum
10.4x 106 psi, and for PVC plastic 0.5 x 106 psi. Thus at 1,000-psi external
hydrostatic pressure loading, the strains in steel, aluminum, and plastic inserts
were 225, 450, and 650 pin./in., respectively. When these strains are translated
into stresses they are found to be 8,680 psi for steel (Figure 50), 6,700 psi for
aluminum (Figure 51), and 460 psi for plastic inserts (Figure 52). When the
stresses in inserts are compared to the 950-pin./in. strain and 4,420-psi stress
on the interior of concrete sphere at locations away from the penetrations, it
is found that when the rigidity of the insert is higher than that of the surround-
ing concrete, the stresses at the center of the insert are found to be higher than
in concrete. When the rigidity of the insert is less than of the concrete, the
stresses in the insert are also found to be less than in concrete.

Time-dependent strains measured on the interior of concrete sphere 13,
which was subjected to external hydrostatic pressure of 1,500 psi for 200 hours,
show four distinct levels of strain rates (Figures 46, 47, and 48). The magnitude
of the strain rates is inversely related to elapsed time from application of the
sustained load. The four strain-rate levels are:

a. 0 to 15 minutes after pressurization to 1,500 psi: 5 pin./in./min.
b. 15 minutes to 2 hours after pressurization to 1,500 psi: 0.2 pin./

in./min.
c. 2 to 140 hours after pressurization to 1,500 psi: 0.015 pin./in./min.
d. 140 to 200 hours after pressurization to 1,500 psi: 0.001 pin./in./min.

The critical pressure of sphere 13, which was subjected to sustained
hydrostatic pressure of 1,500 psi for 200 hours, is the same as the critical
pressure of identical sphere 14, which was subjected only to implosion testing.
This would seem to indicate that prior pressurization at the 1,500-ps! level
sustained for 200 hours did not decrease the short-term critical pressure of the
spherical concrete habitat model.

FINDINGS

1. Properly der;gned penetration inserts for 0.0625-thickness-to-diameter-ratio
concrete spheres do not decrease the critical pressure of such spheres under
short-term hydrostatic loading.

2. The magnitude of strains around the penetrations, strains in the inserts, and
the critical pressure of concrete spheres is a function of the penetration insert
rigidity.
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3. The strains on the interior of 0.0625-thickness-to-diameter-ratio concrete
spheres can be calculated only for stress levels below 5,000 psi on the basis of
thick-wall analytical expression. At higher stress levels, values for experimental
and calculated strains diverge markedly.

CONCLUSIONS

1. Concrete pressure hulls for ocean bottom habitats with penetrations and
inserts in the form of windows and hatches can be so designed and built that
the presence of penetrations will not markedly decrease the critical pressure
of the concrete hull.

2. Ocean-bottom habitats of spherical shape require a minimum safety factor
of two, based on their short-term critical pressure, in order for the concrete
hull to safely withstand the hydrostatic loading found at 3,500-foot depth for
long periods of time.

FUTURE STUDIES

Various other studies in the continuing program for investigation of
factors which affect the performance of concrete underwater habitats are in
progress or being planned. At the present time there is only one study in
progress, and its objective is the exploratory determination of stresses, strains,
and permeability rates in concrete spherical hull models of 16-inch outside
diameter and 1-, 2-, 3-, and 4-inch wall thickness. In this study the relationship
between the thickness-to-diameter ratio and the behavior of the concrete spheres
will be investigated.
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0

Figure 1. Model of 16-inch OD spherical concrete hull equipped with
caled operational windows hatches and feedthroughs

Figure 2. Model of 16-inch-OD spherical concrete hull equipped with solid

penetration inserts.
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Figure 3. Assembled mold and rack used for casting 16-inch-OD/14-inch-
I D concrete spheres.

Figure 4. Disassembled mold used for casting concrete spheres.
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Figure 5. Typical 16-inch-OD concrete sphere prior to bonding of
hemispheres and placement of penetration inserts.

Figure 6. Interior of typical 16-inch-OD concrete sphere with electric
resistance strain gages in place.

13



Figure 7. Penetration inserts for mounting scaled operational windows and
wire feedthrouqhs in the concrete sphere models.

Engineering Div.

Figure 8. Solid penetration inserts for concrete sphere models.
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Figure 10. Location of strain gages on the inside surface of the concrete
sphere without window penetrations.

16



b

Figure 11. Feedthroughs for strain gage instrumentation; the flanged end is
screwed into the pressure vessel head.
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Figure 12. Concrete sphere with operational windows ready for placement

i n the N C EL 18- inch- ID pressu re vessel1.
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Figure 13. Concrete sphere with solid penetration inserts ready for testing
in the NCEL 18-inch-ID pressure vessel.

Figure 14. Pressurizing concrete sphere to destruction with seawater pumped
by air-powered, positive-displacement pumps.
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Figure 15. Remnants of sphere 14 with operational windows and hatch
after implosion at 3,300 psi.

t

Figure 16. Penetration insert with operational window after implosion of
the concrete sphere model at 3,300 psi.
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Figure 17. Penetration insert with hatch from which the feedthrough has
broken off during implosion of the concrete sphere at 3,300 psi.

i Sphere 15

Steel

Inserts

Figure 18. Fragments of sphere with steel inserts after implosion at 3,485 psi.
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~Aluminum
r pc , 3400 pi

Figure 19. Fragments of sphere with solid aluminum inserts after implosion
at 3,400 psi.

F'VC Ipwv~ir

In~ers

pc = 2675 ps,

Figure 20. Fragments of sphere with polyvinyl chloride plastic inserts after
implosion at 2,675 psi.
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Figure 21. Fragments of sphere without inserts except for the instrumentation
lead feedthrough after implosion at 3,375 psi.

Figure 22. Fragments of sphere with window inserts after 5-day pressurization at
1,500 psi with subsequent pressurization to implosion at 3,300 psi.
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Figure 25. Strains on the interior of sphere 13 at the large penetration.

3,000

2,000

a.

1,000Roet 1

0 Gage 1
O Gage 2

____ ___ ___A Gage 3

Pressurization rate - 100 psi/min

0100-200-3,000 -4,000 -5,000
Strain (A in./in.)

Figure 26. Strains on the interior of sphere 14 under short-term hydrostatic
loading at the small penetration.
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Figure 27. Strains on the interior of sphere 14 under short-term hydrostatic
loading midway between large and small penetration.
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Figure 28. Strains on the interior of sphere 14 under short-term hydrostatic

loading at the large penetration.
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Figure 29. Strains on the interior of sphere 15 under short-term hydrostatic
loading at the small penetration.
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Figure 30. Strains on the interior of sphere 15 under short-term hydrostatic
loading midway between large and small penetrations.
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Figure 31. Strains on the interior of sphere 15 under short-term hydrostatic
loading at the large penetration.
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Figure 32. Strains on the interior of sphere 15 under short-term hydrostatic
loading in the center of large steel insert.
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Figure 33. Strains on the interior of sphere 16 under short-term hydrostatic
loading at the small penetration.
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Figure 34. Strains on the interior of sphere 16 under short-term hydrostatic
loading midway between large and small inserts.
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Figure 35. Strains on the interior of sphere 16 under short-term hydrostatic
loading at the large penetrations.
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Figure 36. Strains on the interior of sphere 16 under short-term hydrostatic
loading at center of large aluminum insert.
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Figure 37. Strains on the interior of sphere 17 under short-term hydrostatic
loading at the small penetration.
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Figure 38. Strains on the interior of sphere 17 under short-term hydrostatic
loading midway between large and small penetrations.
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Figure 39. Strains on the interior of sphere 17 under short-term hydrostatic
loading at the large penetration.
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Figure 40. Strains on the interior of sphere 17 under short-term hydrostatic
loading in the center of large plastic insert.
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Figure 41. Strains on the interior of sphere 18 under short-term hydrostatic
loading at the small penetration.

3,000

*2,000

E 3

1,000 (DO,_ Rosette 2

0 Gage 1
EO Gage 2

____ ________ ____A Gage 3

Pressurization rate - 100 psi/min

0 _ /_ I_ I I _
0 -1,000 -2,000 -3,000 -4,000 -5,000

Stra in (ALi n./in.)
Figure 42. Strains on the interior of sphere 18 under short-term hydrostatic

loading irD/8 radians away from small penetration.
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Figure 43. Strains on the interior of sphere 18 under short-term hydrostatic
loading rD/4 radians away from small penetration.
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Figure 44. Strains on the exterior of 3 x 6-inch test cylinders under uniaxial
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Figure 45. Tangent modulus of elasticity of concrete in 3 x 6-inch test
cylinders under uniaxial compression.
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Figure 46. Time-dependent strain on the interior of sphere 13 at the small
penetration under 1 ,500-psi external pressure.
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Figure 47. Time-dependent strain on the interior of sphere 13 midway between
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Figure 49. Typical stress levels on the interior surface of a concrete sphere
midway between small and large penetrations under 1,500-psi
external pressure.
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Figure 50. Typical stress level on the interior surface of large steel insert
flush with the internal diameter of sphere 15.

37



3,000 @

97gages located on 1 in. thick
7075-T6 aluminum 32030,
spherical angle insert

; 2,000 A

a-

x

1,000 0000 , Rosette 4

A Max normal stress
__0 Min normal stress

Ell Max shear stress

0 -4,000 -8,000 -12,000 -16,000 -20,000

Stress (psi)
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Figure 52. Typical stress levels on the interior surface of large plastic insert

flush with the internal diameter of sphere 17.
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Appendix A

OCEAN-BOTTOM CONCRETE HABITAT CONCEPT 1

INTRODUCTION

Although the objective of this study was only to gather exploratory
experimental data that would prove the feasibility of using concrete external
pressure hulls with penetrations for windows, hatches and feedthroughs at
depths to 3,350 feet, it was thought desirable to perform the necessary experi-
ments with working models of such hulls, rather than simulated models. For
this reason, a working model of a typical ocean-bottom concrete habitat was
designed (Figures A-1, A-2, A-3) for testing in this feasibility study.

The objective was to design a simple, ocean-bottom concrete habitat
that could be considered typical of first generation concrete habitats to be
emplaced on the ocean bottom.

The ocean-bottom concrete habitat was to be designed as a model
that could be tested within the 18-inch-ID by 36-inch-long pressure vessel
available for hydrospace simulation testing at the Deep Ocean Laboratory.
The model was to represent a scaled-down version of a 20-foot-diameter
unmanned oceanographic data collection station serviced from time to time
by divers or by underwater vehicles capable of transferring personnel. The
maximum operational depth of the habitat was to be 3,350 feet; at this depth
there would be a minimum safety factor of two according to calculations
based on the implosion pressure of the concrete habitat at a dive rate of
224 ft/min.

The unmanned oceanographic data collection station was conceived
as a monocoque concrete sphere (Figure A-4) resting on an aluminum cradle
supported by three pad-equipped legs (Figure A-5). Three large windows
placed around the circumference, and one located at the bottom of the sphere
(Figure A-6) would permit television or photographic cameras to observe and
record the behavior of the ocean floor, hydrospace, and its inhabitants. To
make the habitat adaptable to different missions, it could be selectively
equipped with an array of specialized subassemblies, fitting into the large hull
penetrations. Such subassemblies as a glass observation dome, diver transfer
chamber, vehicle transfer hatch, or oceanographic instrument tower would
make the basic concept of the ocean-bottom concrete habitat adaptable to an
almost unlimited number of mission requirements.
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For the design resulting from this study to be clearly understood, the
underlying design philosophy must be stated:

1. To permit the evaluation of the behavior of concrete under hydro-
static pressure, the habitat hull will not be a steel-concrete composite, but
will be made entirely of concrete without any reinforcements. If the hull
performs satisfactorily under hydrostatic pressure without steel reinforcements,
none will be used in the full-scale hulls except where necessary for attachment
of internal and external appendages and to prevent damage to the structure
during casting, handling, and transportation to its site on the ocean floor.

2. The components of the ocean-bottom habitat would be so propor-
tioned that a maximum operational depth of 3,350 feet can be achieved safely
without making the complete habitat assembly more than 10/0 negatively
buoyant. In such a manner the whole habitat assembly, when equipped with
auxiliary floats, could be towed to its location and then lowered after removal
of auxiliary floats.

3. All the penetrations of the hull should be standardized in a single
size, or at the most two sizes, so that the specialized subassemblies can be
placed in any penetration on the spherical hull.

4. All special subassemblies that are used interchangeably in the many
hull penetrations are not to vary the reinforcing effect that they exert on the
penetration flanges even if their own rigidity varies from one subassembly to
another.

5. Although concrete alone is sufficiently dense to prevent serious
leakage of seawater into the interior of the habitat at 1,500 psi of external
pressure, an external waterproof membrane is to be employed.

6. The interior of the habitat will be at all times at atmospheric
pressure.

DESIGN

The dimensions of the small-scale concrete hull were selected after
testing to implosion a series of hollow concrete spheres under external hydro-
static pressure.' The data resulting from testing 16-inch-OD/14-inch-ID
concrete spheres without any penetrations indicated that spheres of such
dimensions, when cast from concrete whose strength is at least 10,000 psi at
testing time, will successfully withstand 3,000 psi of external pressure before
failing.

When testing had determined that the strength of the spheres was
satisfactory for 1,500-psi operational pressure, the penetration flanges were
designed to be of such rigidity that they approximated the rigidity of concrete
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removed from the penetration. Such penetration flanges were designed in
two basic sizes. The larger one, 3 inches in diameter (full scale, 45 inches),
was to be used for incorporation of windows, hatches, instrumentation tower
mounting plates, or observation cupolas. The smaller penetration, 1/2 inch
in diameter (full scale, 7.5 inches), was provided for the housing of electrical
wire and hydraulic line feedthroughs. The external portion of the small pen-
etration flange was also to serve as one of the trunnions for the whole concrete
sphere.

The penetration flanges were designed to have a spherical angle taper

on the exterior surface of the flange so that shear stresses between the pene-
tration flange and the concrete would be minimized. The taper on the interior
of the flange was identical to that on the exterior. To eliminate one source of
variation in the rigidity of the penetration flanges, all insert subassemblies
were designed to fit loosely in the penetration flanges so that a known clearance
existed at all times between the exterior taper of the insert and the interior
taper of the penetration flange. The only point of contact between the pene-
tration flange and the insert subassembly is at the 0-ring sealing surfaces. At
this location the insert lip and the flange lip bear against each other when
hydrostatic loading is applied, and the magnitude of the bearing stress is
directly proportional to the hydrostatic pressure. The rigidity of the insert
assembly affects the rigidity of the penetration flange only slightly through
the friction existing between the flange and insert assembly lips at the 0-ring
sealing surfaces. Because the magnitude of reinforcement afforded the pene-
tration flange by the friction forces at the lip bearing surfaces is small, these
forces have been disregarded.

Several penetration insert subassemblies were conceived and designed.
One that could be placed on top of the concrete structure when it was utilized
as an oceanographic data collection station was an oceanographic instrumenta-
tion tower (Figure A-7) in which current-velocity, current-direction, and
temperature-magnitude transducers were located. A sonar transducer and
light beacon capped off the tower. The electric signals generated by these
instruments would be fed to recorders situated inside the habitat. The record-
ings would be either read out upon interrogation, or retrieved by service
personnel during one of the regular service calls.

Another insert was the window subassembly (Figures A-8 and A-9) with
a 60-degree conical acrylic window. Both the insert and the window were
designed for operation at 1,500-psi hydrostatic pressure for an unlimited period
of time. The sealing of the window in the insert was accomplished by means
of a low-pressure and a high-pressure seal. The purpose of the low-pressure
seal, consisting of a thin rubber gasket compressed between the acrylic window
and the retaining ring, was to seal the window while the structure is towed in
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the ocean, and to generate an axial force on the window so that the greased
window seat would act as a high-pressure seal. Miniature lights (Figure A-10)
were placed on each tripod leg and below the framework ring to simulate
underwater lights for illumination of hydrospace in close proximity to the
habitat model (Figure A-1 1). For applications requiring 360-degree visibility
around the sphere, a glass cupola assembly was designed to fit the penetration
flange (Figures A-12 and A-13). A photographic or television camera mounted
on a 360-degree pan head inside the glass cupola would permit continuous
visual surveillance of hydrospace around the habitat. Although in the small-
scale model the glass cupola was a cylinder with hemispherical end closure,

other types of cupolas could be used for the full-scale habitat. The selection
of the cylindrical cupola for the small-scale model was dictated by the fact
that such small enclosures with a 40,000-foot depth rating are readily avail-
able as off-the-shelf items while hemispheres are not. When full-scale habitats
are built, glass hemispheres of as much as 44 inches in diameter with a
5,000-foot depth rating, which are commercially available, will be utilized.

An insert subassembly in the form of a vehicle mating transfer hatch
was also provided (Figure A-i) so that the full-scale habitat placed in depths

beyond diver's capability could be serviced by a submarine. The exterior of
the transfer hatch housing is hemispherical to permit mating with the DSRV
type submarine hatch skirt, even though the habitat may not be in a perfectly
vertical position.

Similarly, an insert subassembly can be designed to permit divers to
go back and forth between habitats and hydrospace. This subassembly would
have to be placed at the bottom penetration of the habitat to permit easy
entry and egress. This would be also a good location for transfer of personnel
from bottom-crawling vehicles.

Besides the rather typical subassemblies mentioned, there are many
insert assemblies that could be designed for a specific mission of the habitat -
for example, subassemblies for a hydrophone, mechanical arm, soil bearing
strength plate, seawater sampler, torpedo tube, or releasing mines. The only
requirement that applies to them all is that their mounting plates fit over the
penetration opening, and that their mounting lip bearing surfaces match the
lip of the penetration flanges.

FABRICATION

All efforts were made to make the habitat components from materials

resistant to corrosion. The structural components that in addition to carrying
loads had to perform mechanical functions requiring noncorroded surfaces
for their success were fabricated from type 316 stainless steel. Other metallic
structural components whose surface condition was not of primary importance
for the fulfullment of their mission were made of type 6061 -T6 aluminum.
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The concrete hull itself was cast from a mix especially designed for
this application.' The strength of this concrete when tested under uniaxial
compression was above 7,000 psi after 28 days of curing in a 100% relative
humidity environment. The strength of this concrete mix increased to the
10,000- to 11,000-psi strength level after 250 days of curing, of which 220 days
were spent in 20% relative humidity. Previously conducted experiments have
shown that the permeability of an unprotected 1-inch-thick concrete hull under
1,500 psi of seawater pressure is only about 6 x 10-3 ml/hr/in. 2 of surface, and
thus not of such magnitude that a sump pump located on the interior of the
hull could not handle it. Since the continuous dampness on the interior of the
hull would be quite detrimental to performance of electronic equipment, a
waterproof coating was applied to the exterior of the hull to eliminate this
problem completely. The waterproof coating in this case was epoxy resin
applied approximately 0.015 inch thick.

The penetration inserts were also bonded to the concrete hull penetration
surfaces by means of Epocast 8288-A epoxy adhesive. ihe thickness of the
adhesive layer between the penetration flange and the concrete surface of the
penetration ranged between 0.015 and 0.060 inch. The joint between the two
hemispheres that form the hull sphere was also filled with epoxy adhesive
0.015 to 0.030 inch thick.

DESIGN EVALUATION

The design was evaluated experimentally by subjecting the small-scale
model habitat in its support frame (Figure A-14) to tests in simulated hydro-
space environment. The tests were either operational, to determine whether
the whole system performed as designed, or structural, in which only the
load-carrying ability of the structure was checked. In the operational tests,
the small-scale model habitat complete with subassemblies was subjected to
1,500 psi of seawater pressure and checked for leaks, operation of lights, and
similar factors. In the structural tests only the hull was subjected to destructive
testing while strains on its interior were monitored.

Both the operational and the structural tests showed that the small-scale
concrete habitat model performed as specified. The many insert subassemblies
were found to fit interchangeably into the penetration flanges and not to leak
under 1,500 psi of external hydrostatic pressure. The hull assembly was found
to withstand safely 1,500 psi of external pressure with maximum measured
stresses of only 4,000 to 5,000 lb/in. 2 . Collapse of the two habitat models
tested occurred at 3,300 psi of hydrostatic pressure. This gives the small-scale
models an apparent safety factor of two - which is probably more than suf-
ficient for hydrospace structures.
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Figure A-7, Model of the oceanographic instrument tower for the concrete

habitat model: (a) assembled; (b) disassembled.
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Figure A-8. One of four windows located in the concrete habitat model.

kamto

Figure A-9. Habitat model window assembly.
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Figure A-10. Lights for the illumination of the ocean bottom are located on
each of the tripod legs, as well as in the plastic ring just below
the tripod ring.

Figure A-1 1. Concrete habitat model with all the lights operational in
simulated hydrospace.
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Figure A-12. Concrete habitat model equipped with a glass observation
cupola instead of an instrumentation tower.
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Figure A-14. Concrete habitat model support frame.
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Appendix B

CALCULATION OF ELASTOPLASTIC STABILITY OF

SPHERICAL CONCRETE HULLS

A literature search indicates that only NCELI has tested concrete
spheres to destruction under hydrostatic pressure. Since a reference could
not be found describing the calculation of elastoplastic stability of spherical
concrete hulls, an approximate calculation of the stability was used for the
hull models in this study.

The classical formula for the calculation of elastic buckling in perfectly
spherical shells has been summarized by Timoshenko2 as:

Pcr RKE(- (1)

- 1 - _-y2

where Pcr = critical pressure, lb/in.2 *

K = buckling coefficient

E = Young's modulus, lb/in.2

h = hull thickness, in.

R = radius to the midsurface of hull wall, in.

y = Poisson's ratio

For initially perfect spheres, a small-deflection buckling coefficient K of
1.15 has been derived,2 which has not been found to agree well with tests
done on metallic test models. 3 '4 '5 The experimentally obtained critical
pressures have been found to be 10% to 75% less than calculated values.
Many explanations have been given by investigators for these discrepancies,
the major ones being inaccuracies in sphericity or wall thickness, as well as
presence of residual stresses in the test models. To compensate for this dis-
crepancy the David Taylor Model Basin (DTMB) empirically derived a new
value for K of 0.8. This value has been used by DTMB with marked success
and therefore has been widely accepted in ocean engineering. However,
because the residual stresses of the glass and metallic hulls tested by DTMB

Pressure at which collapse of sphere occurs due to buckling.

55



are not comparable to those of the concrete hulls (due to differences in the
thickness-to-diameter ratios) and because the maximum eccentricity of NCE L's
concrete hulls is less than 3% there is no reason for using the empirical K value
of 0.8. However, the DTMB modified classical formula for the calculation of
elastic buckling in spheres was originally used for the calculation of possible
elastic buckling in concrete test spheres at NCEL.1 The formula was used
without modification, on the assumption that the behavior of concrete was
elastic until fracture of the material took place. Tests conducted since that
time have shown that this is not a good assumption, and that considerable
plastic flow of concrete takes place prior to failure of the material at stress
levels above 5,000 psi in compression. The plastic flow of concrete is evi-
denced primarily by the decrease of Young's modulus with increasing stress,
and by the 1- to 2-second duration of hull implosion under hydrostatic
pressure.

To accommodate the plastic behavior of concrete under the short-term
loading used in this study, the author suggests several modifications to the
DTMB formula for calculation of critical pressure of spherical concrete hulls
under short-term hydrostatic loading, where short-term loading is defined as
pressurization of the test model to destruction at a selected steady pressuriza-
tion rate.

The modification to the classical buckling formula, which uses the
DTMB coefficient of 0.8, consists of substituting the tangent modulus Et for
Young's modulus E in the equation. Such substitution has been used success-
fully before with acrylic plastic that also exhibits plastic behavior at higher
stress levels prior to plastic buckling of the acrylic hull.7 8 Substitution of
the tangent modulus for Young's modulus complicates the calculation of the
critical pressure, as different values of Et must be substituted into the equation
corresponding to the increase of compressive stress in the hull with increased
pressure. The level of the compressive stress is calculated by the aid of the
standard equation for stress distribution in a sphere under external hydrostatic
pressure, as shown below:

= 3R 3  (2)

2 (R0 3 - Ri3)

where a = compressive stress on the inner surface of the hull

p = given pressure

Ro = external radius of the spherical hull

Ri = internal radius of the spherical hull
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The critical pressure at which elastoplastic instability occurs may be
calculated by assuming a certain pressure p, calculating the stress level a on
the interior of the hull at that pressure by Equation 2, finding the correspond-
ing tangent modulus (Et) of concrete at that stress level from the Et versus a
curve, substituting that Et value together with the assumed value for p into
the stability Equation 1, and comparing the left- and right-hand parts of the
stability equation. If p is larger than the right-hand side of the equation, then
the assumed p value is too large, and the hull will buckle before that pressure
will be reached. A smaller p value must be now chosen and the whole process
repeated. This iteration process is repeated until the chosen p becomes equal
to the right-hand side of the stability equation (Equation 1). This iteration
process obviously cannot be conducted past the ultimate compressive strength
of the material, because the hull would fail by fracture of the material rather
than by instability.

Before the buckling of hulls can be successfully calculated, it is
necessary to have at hand a series of Et versus a curves for concrete mixes of
different ages. One such curve of exploratory nature has been experimentally
derived for this study by testing a series of solid concrete test cylinders under
uniaxial compression and measuring their strains at different stress levels.
This curve terminates at the 10,000-psi stress level and thus must be extrapo-
lated to cover the stress levels at which failure of spheres occurred (Figure 45).
Curves extending to the stress levels encountered inside spheres at implosion
can be experimentally generated only by testing solid test specimens under
biaxial stress, since under biaxial stress the concrete can withstand stresses of
approximately the same magnitude as those inside the sphere under hydrostatic
loading. The magnitude of the tangent modulus of concrete under biaxial
stress will probably also be close to that found on the interior of the concrete
sphere. Until such sophisticated curves are generated, those obtained by test-
ing cylinders under uniaxial compression will have to suffice, although it is
realized that the tangential modulus of elasticity obtained from uniaxial com-
pression tests is invariably lower than the tangential modulus of elasticity of
concrete under the same stress level under biaxial, or triaxial loading. Since
this would make the calculated critical pressure for elastoplastic failure lower
than the pressure at which it actually occurs, the calculation will be on the
safe side, although by an unknown margin of safety.
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ABSTRACT

Sixteen hollow concrete spheres of 16-inch outside diameter were
subjected to external hydrostatic pressure to investigate the relationship
between the sphere's shell thickness and (1) its critical pressure, (2) perme-
ability, and (3) strain magnitude. The shell thickness of the spheres varied
from 1 inch to 4 inches in 1-inch steps. All spheres were cast from the
same concrete mix, cured under identical temperature and moisture condi-
tions, and tested in the same manner. The strength of concrete in the
spheres at the time of testing, as established by uniaxial compression tests
on 3x 6-inch cylinders, was in the 9,000-to-1 1,000-psi range. The critical
pressure of waterproofed hollow concrete spheres was found to be approx-
imately a linear function of the sphere's thickness; the spheres imploded at
pressures from 3,240 to 13,900 psi, depending on their thickness. Concrete
spheres permeated by seawater failed at hydrostatic pressures 30% to 15%
lower than identical waterproofed spheres. In all cases the stress in the
spheres at the time of implosion was considerably higher than in concrete
test cylinders prepared of the same mix and of the same curing history
subjected to uniaxial compression. The resistance of concrete to permeation
by seawater into the interior of nonwaterproofed spheres at 2,000-psi hydro-
static pressure was found to be an exponential function of shell thickness.
The rate of flow into the sphere's interior ranged from 6.1 to 0.197 ml/day/
ft2 of exterior surface, depending on the thickness of shell.
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STATEMENT OF THE PROBLEM

Permanent ocean bottom habitats require different hull thicknesses
corresponding to the depth at which they will be located during their
operational life. For this reason it is necessary to know what relationship
exists between the thickness of a monocoque concrete hull and its critical
pressure* under hydrostatic loading. Since the magnitude and distribution
of strains in an elastic monocoque hull varies nonlinearly with its thickness,
it is reasonable to assume that such will be the case for a plastic monocoque
hull, such as one made of concrete. Since it is not known for certain,
however, how the strains will be distributed in a thick concrete hull, and
how the concrete itself will react to such a distribution of strains, design
of concrete hulls for different depths is at the present time very much a
matter of engineering judgment. It is therefore of great importance to
generate experimental data on which empirical relationships between the
thickness of concrete hulls and their critical pressure can be derived. Once
such relationships have been empirically derived, analytical relationships
can be postulated and verified for conformance to experimental data.

In addition to the relationship between critical pressure and wall
thickness, it is of great value to know also the relationship between the
rate of water permeation and wall thickness. If the rate of permeation is
quite independent of wall thickness, then no advantages accrue from the
use of thicker walls than those required to withstand the hydrostatic
pressure for a certain depth. On the other hand, if the rate of permeation
is sensitive to wall thickness, additional waterproofing benefits may be
derived from utilizing a greater wall thickness than that required by the
structure to resist external pressure.

OBJECTIVE OF STUDY

The objective of the study was to explore experimentally the
relationship between the wall thickness of spherical concrete hulls and
(1) critical pressure, (2) distribution of strains, and (3) rate of permeation.

External hydrostatic pressure at which failure occurs.

1



The experimental data generated in this exploratory study will serve
two purposes. It will permit the design of spherical concrete hydrospace
hulls .with a higher degree of confidence, and it will serve as basis for future
analytical studies attempting to correlate the critical pressure, strain magni-
tude, and rate of permeation of concrete spherical hulls with their wall
thickness.

BACKGROUND INFORMATION

It is only very recently that serious thought has been given to
utilizing concrete as the main load-carrying material in hulls enclosing ocean-
floor-mounted habitats maintained at atmospheric pressure. These exploratory

studies1 2 sponsored by the Naval Facilities Engineering Command utilized
spherical concrete hull models of 16-inch outside diameter (OD) and 14-inch
inside diameter (ID). These hulls were externally pressurized until implosion

occurred. Results show that not only is the concrete in the hull stronger
under hydrostatic loading than under uniaxial compression, but also that
permeability of concrete hulls under hydrostatic loading of 1,500 psi is

negligible from an engineering viewpoint. It was found that the strength of
dry concrete in the spherical hull under biaxial compression was 46% higher,
while wet concrete was 18% higher than corresponding dry 3x 6-inch test
cylinders under uniaxial compression, which failed in the 10,000-to-11,000-psi
stress range. When working models of spherical ocean bottom concrete hab-
itats were built with window and hatch penetrations, the critical pressure of
these models was found to be the same as that of identical spherical hulls
without penetrations. The critical pressure of the former models tested
under short-term pressure loading* was in the 6,500-to-8,000-foot depth
range, while their weight to displacement ratio varied from 0.75 to 1.1,
depending on the number of steel inserts in the hull penetrations. On the
basis of these studies, it was concluded that even with very limited knowledge
of the behavior of submerged concrete hulls, it is possible with reasonable
assurance to perform conceptual designs of full-sized spherical hulls with
window and hatch penetrations for ocean bottom service in the 0-to-
3,500-foo.t depth range. No data is, however, available that would permit
the conceptual design of a concrete spherical hull for depths greater than
3,500 feet. The present study sponsored by the Naval Facilities Engineering
Command is intended to provide data on the relationship between the hull's
thickness, its critical pressure, magnitude of strains, and rate of permeation.

* Short-term pressure loadini consists of subjecting the concrete spheres to hydrostatic
pressure continuously increasing at a rate of 100 psi/min until implosion takes place.
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SCOPE OF INVESTIGATION

The present study was limited to three areas of experimental
investigation in spherical concrete hull shape: the critical pressures of dry
and wet concrete, distribution of strains, and rate of permeation. Sixteen
spherical hull models with 16-inch outside diameter and four different wall
thicknesses were investigated. The experimental data was limited to record-
ing of critical pressures, magnitude of strains on the model's exterior and
interior surfaces, and the rate of seawater permeation into the interior of
the hull. Only one kind of concrete mix was used for casting the hull
models, and only one method was employed for curing. Both the concrete
mix and the curing method utilized were the same as used in previous
studies1' 2 for casting of 16-inch-OD concrete hull models.

EXPERIMENT DESIGN

Experimental models and tests conducted are summarized in
Table 1 for ready reference of the reader. Since three different kinds of
hull response to hydrostatic pressure were to be investigated, three dis-
tinctly different types of hull models were to be utilized. Thus, in
experiments whose prime objective was the determination of hull's critical
pressure, the spherical models (type I) were built without any penetrations,
and their exterior was waterproofed with a 1/32-inch layer of epoxy
(Figure 1). For experiments in which the magnitude and distribution of
strains on a spherical hull were investigated, the waterproofed spherical
concrete models (type II) were equipped with penetrations for feedthrough
of electric instrumentation cables (Figure 2). Experiments conducted to
determine rates of water permeation into concrete, as well as critical pres-
sures of seawater-permeated spheres, were conducted with type III spherical
concrete hull models. These were identical to those used for the determina-
tion of strains except that the waterproof coating was omitted (Figure 3).

Since all of the spherical concrete hull models used in the three
different types of experiments were cast from the same concrete mix in
identical molds, the experimental results generated by these experiments
could be correlated. In this manner, one can postulate that a spherical
concrete hull model of a given outside diameter and wall thickness has a
known critical pressure, magnitude of strains, and rate of seawater perme-
ation even though each one of these parameters is determined on separate
test specimens.
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hemispheres joined with
epoxy 1/32-in. thick

(furane epocast 8288A)

+I

epoxy waterproofing

1/32-in. thick

Dimension Y (common to all spheres)

R 1 - 7 in. ±1/32 in.

R2 = 6 in. ±1 /32 in.

R3 = 5 in. ±1/32 in.

R4 = 4 in. ±1/32 in.

Figure 1. Type I concrete sphere used for critical pressure determination of dry
concrete spheres.

The study required a minimum of three variations in the model
hull-thickness parameter to establish whether the critical pressure, magni-
tude of strain, or rate of permeation are linear or nonlinear functions of.
hull thickness. Since additional variations of the hull-thickness parameter
would permit a better definition of the three above-mentioned functions,
a total of four hull-thickness parameter variations were selected. The wall
thicknesses selected were such that the tests covered the whole range of
hull types from thin walled to thick walled.

FABRICATION OF CONCRETE SPHERES

The 16 concrete spheres were cast from a specially designed
concrete mix 1 in a hemispherical aluminum mold used in casting spheres
in previous NCEL concrete hull studies. In this study, interchangeable
male mold inserts of different diameters (Figure 4) were used, thereby
making it possible to cast in the same female mold (Figure 5) spheres with
different wall thickness (Figure 6).

The design of the concrete mix included aggregate, portland cement,
and water in the proportions shown in Table 2. Six 3 x 6-inch control
cylinders subjected to the same curing cycle as the hemispheres were cast
from the same mix as each hemisphere.
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Table 1. Spherical Concrete Hull Models and Test Configurations Used in the Study

Sphere Configuration Wall Waterproof Illustration
No. Te Penetrations Thickness Instrumentation of Type of TestNo. i Type (in.) Coating Model

19 I none 1 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

20 I none 1 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

21 II pipe 1 epoxy 16 electric resistance Figure 2 Short-term implosion testing,
feedthrough strain gages pressurized at 100 psi/min

22 III pipe 1 none pneumatic water Figure 3 Pressure held at 2,000 psi until
feedthrough level detector water permeates wall, then

pressurized at 100 psi/m into
failure

23 I none 2 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

24 I none 2 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

25 II pipe 2 epoxy 16 electric resistance Figure 2 Short-term implosion testing,
feedthrough strain gages pressurized at 100 psi/min

26 II pipe 2 none pneumatic water Figure 3 Pressure held at 2,000 psi until
feedthrough level detector water permeates wall, then

pressurized at 100 psi/min to
failure

2-i I none 3 epoxy none Figure 1 Short-term implosion testing.
pressurized at 100 psi/min

28 I none 3 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

29 II pipe 3 epoxy 16 electric resistance Figure 2 Short-term implosion testing,
feedthrough strain gages pressurized at 100 psi/min

30 III pipe 3 none pneumatic water Figure 3 Pressure held at 2.000 psi until
feedthrough level detector water permeates wall, then

pressurized at 100 psi/min to
failure

31 I none 4 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

32 I none 4 epoxy none Figure 1 Short-term implosion testing,
pressurized at 100 psi/min

33 II pipe 4 epoxy 16 electric resistance Figure 2 Short-term implosion testing,
feedthrough strain gages pressurized at 100 psi/min

34 III pipe 4 none pneumatic water Figure 3 Pressure held at 2,000 psi until
feedthrough level detector water permeates wall, then

pressurized at 100 psi/min to
failure

Notes 1. All models are assembled from two hemispheres with 16-inch external diameter.
2. Seawater at room temperature was used in all cases as the pressurizing medium.
3. Spheres are numbered in a series originating with the first NCEL study.
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Table 2. Composition of Concrete Mix

Screen Size
Constituent Percent by Weight

Passing Retained

San Gabriel Aggregate No. 4 No. 8 20.1
No. 8 No. 16 14.1
No. 16 No. 30 10.0
No. 30 No. 50 7.0

No. 50 No. 100 4.9
No. 100 on pan 11.7

Type III portland cement 20.6

Tap water 11.6

~-- feedthrough fitting as in
type 11 1-1/4-in. OD,
1/2-in. ID x 7-1/4-in. long

no epoxy coating

bonded with epoxy /3/4-inch-diam hole forbfeedthrough fitting

smooth circumferential
joint, bonded with epoxy

Figure 3. Type III concrete sphere used in the determination of permeability and
critical pressure of wet concrete spheres.
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Figure 5. Male and female mold assembly prior to placing of concrete mix for an
8-inch-ID sphere.

Figure 6. Cast hemispheres of different thickness. Note the deep penetration for
pipe feedthrough on the 8-inch-ID hemisphere.
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The methods outlined in previous studies' were used in casting the
specimens. The mold surfaces were coated with a form film and allowed to
dry. A thin layer of vaseline was then applied to the form surfaces, and
the form was assembled and filled with fresh concrete. A form vibrator
was attached to the flange on the underside of the female mold. A nylon
string was used as a bleeder line to release the form by breaking the vacuum.

After being placed in the 100% relative humidity room for 24 hours,
the specimen was removed from the mold. As shown in previous studies, 1

the exterior surface of a hemisphere as cast was always smooth, whereas
the interior surface always had holes caused by trapped air bubbles. All
surfaces were rubbed down with steel wool and the interior surface of the
hemisphere was patched with a mix consisting of 50% type III cement,
50% aggregate passing *the no. 100 sieve, and enough water to make the
mix plastic. This application gave the interior surface a smooth finish.

The hemisphere and cylinders were appropriately given a specimen
number and placed in the 100% relative humidity room for 28 days at
700 to 75 0 F. Upon their removal, the circumferential edge of the hemi-
sphere was ground flat to within ±1/64 of an inch (Figure 7). The exterior
and interior surfaces of the hemisphere were sanded and then washed with
a 10% hydrochloric acid solution. The hemispheres were then placed in
the 25% relative humidity room for a minimum of 28 days at 700 to 750 F
for drying prior to instrumentation with electric strain gages (Figure 8).

When the hemispheres were dry, the necessary strain gages were
attached to the concrete, the hemispheres were bonded together, and a
waterproofing coat applied when specified. Subsequently the assembled
spheres remained in the 25% relative humidity room until test date.

INSTRUMENTATION

Since there were three different parameters being investigated in
the study, there were also three different test configurations. Type I
spheres were built solely for determination of their critical pressure and
therefore had no internal instrumentation (Figure 1).

Type II spheres were built for the determination of both critical
pressure and strains on the exterior and interior of the spheres. These
spheres were instrumented with BLH-A-5 electric resistance strain gages,
which were arranged in a 90-degree rosette fashion, thereby making eight
rosettes (Figure 2). The gages on the inside of the sphere were cemented
directly opposite the gages on the outside of the sphere (Figures 9 and 10).
Each of the gages was wired independently. The leads from the external
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gages passed through a notch cut in the hemisphere edge to the sphere's
interior and from there through the feedthrough-tube fitting to the exterior
of the pressure vessel. The interior and exterior were also coated with
waterproofing compound, and the wire passage in the circumferential joint
was potted with the same epoxy compound used for bonding the hemi-
spheres.

Type Ill spheres (Figure 3), used primarily for permeability studies,
were equipped with a pneumatic water-influx detecting device. The appa-
ratus for measuring water inflow (Figure 11) consisted of two tubes: one
to pressurize the interior of the sphere with air and the other to siphon
out at prescribed intervals any water that permeated to the interior of the
sphere. Both tubes penetrated the concrete sphere by means of a simple
feedthrough pipe.

Several of the test cylinders were also instrumented with strain
gages. The BLH-A-12 gages were situated in a 90-degree rosette fashion
midway between cylinder ends. There were four such cylinders instrumented
for each group of spheres of same t/D o ratio.* Each cylinder was instru-
mented with one rosette.

Figure 7. Manual grinding of sphere edge to obtain desired flatness. Glass plate serving
as the table surface is covered with No. 60 wet silicon grinding compound.

Here, t refers to wall thickness and Do to external diameter.

12



Figure 8. Drying of hemispheres and test cylinders in the 25% humidity room.

13



Figure 9. Typical location of strain gages on sphere's interior.

/I

Figure 10. Typical location of strain gages on sphere's exterior.

14



TESTING

The concrete spheres were
tested under short-term hydro-
static pressure in the 18-inch-ID
pressure vessel of the Deep Ocean
Laboratory as in previous studies. 1'2

Since the type I spheres had
no attachments for holding them
rigidly in the vessel, a retaining
cage was used to prevent any
movement (Figure 12). Each
sphere was pressurized at a
100-psi/min rate until failure
occurred. After each of the
spheres was imploded, the cor-
responding test cylinders were
capped and tested to failure at Figure 11. Typical hemisphere with internal

the standard ASTM(C-469) rate piping for purging the sphere

of 2,000 psi/min by uniaxial interior of accumulated seawater.
compression.

Type II spheres were also pressurized at a 100-psi/min rate until
failure took place. During the tests strain readings were taken at 500-psi
intervals. Type II spheres were equipped with pipe feedthroughs; these

were used to attach the spheres to the pressure vessel end closure to hold
them in a fixed position with respect to the pressure vessel walls (Figure 13).

Type III concrete spheres under long-term hydrostatic pressure were
tested in the same 18-inch pressure vessel as used in the previous short-term
investigations. In the vessel, the sphere was connected to the pressure
vessel head with the same type of feedthrough pipe fitting as used in
type II spheres. The two tubes previously mentioned to detect leakage
were brought through the pipe fitting to the outside of the pressure vessel.
The sphere was pressurized to 2,000 psi at a rate of 100 psi/min and held
constani. When water was detected on the inside of the sphere (anywhere
from 2 to 14 days after pressurization, depending on wall thickness) read-
ings were taken of the water flow rate. After the flow readings were taken
for 5 days, the sphere was pressurized to failure at a rate of 100 psi/min
and the corresponding cylinders crushed under uniaxial compression.

15



Figure 12. Retaining cage used to restrain type I spheres during implosion testing
inside pressuire vessel.
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DISCUSSION OF TESTS

Mechanical Properties of Concrete

The physical properties of concrete used in spheres, determined by
crushing the test cylinders under standard ASTM conditions while the strains
on their exterior were monitored (Figure 14), showed that the concrete had
an average dry compressive strength of 11,090 psi (Table A-1 of Appendix A),
an average modulus of elasticity* of 3.83x 106 psi, and an average Poisson's
ratio of 0.2. The tangent** and secant*** moduli of elasticity were approx-
imately constant in the 0-to-4,500-psi compression stress range and then
began to decrease as the stress increased (Figures 14 and 15). Poisson's
ratio (Figure 16) as determined by dividing the transverse strain by the axial
strain (Figure 17) on the 3x 6-inch test cylinders under uniaxial compression
varied from approximately 0.16 to 0.30, but averaged very close to the com-
monly accepted value of 0.2 for concrete.

Short-Term Critical Pressure

Dry Concrete. Short-term critical pressure of dry concrete spheres,
as defined by testing waterproofed hollow concrete spheres to implosion
under a steady hydrostatic pressurization rate of 100 psi/min, was performed
on type I (Figure 1) and type II (Figure 2) spherical test specimens. The
test results are shown in Table 3. The relationship of the average critical
pressure to shell thickness when plotted appears to be almost linear for all
spheres tested (Figure 18). When the calculated average stress was calculated

Modulus of Elasticity, E: the physical property of concrete represented by the slope
of the initial straight portion of the stress-strain curve developed from the the test
cylinders. It is constant for a given test specimen.

Tangent Modulus of Elasticity, Et: the physical property of concrete represented by
the slope of the tangent line at a particular stress level on the stress-strain curve devel-
oped from uniaxial compression testing of test cylinders at 2,000-psi/min stressing
rate. It is a function of stress for a given test specimen.

* Secant Modulus of Elasticity, E the physical property of concrete represented by
the slope of the line from the urigin to a particular stress level on the stress-strain
curve developed from uniaxial compression testing of test cylinders at 2,000-psi/min
stressing rate. It is a function of stress for a given test specimen.
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Table 3. Critical Pressure of Dry' Spheres

Thickness/Outside Critical Concrete
Sphere Type2  Diameter Ratio Age Pressure3  Strength4

0(t/D) (psi) (psi)

19 I 0.0625 73 3,450 11,270
20 I 0.0625 74 3,420 11,530
21 II 0.0625 72 3,240 11,240

Average 3,370 11,340

23 I 0.125 73 5,720 11,190
24 I 0.125 74 6,330 11,040
25 II 0.125 72 6,590 10,920

Average 6,210 11,050

27 I 0.1875 72 9,250 10,370
28 I 0.1875 73 9,170 10,830
29 II 0.1875 76 9,500 11,530

Average 9,310 10,910

31 I 0.250 72 13,900 10,990
32 I 0.250 74 13,570 11,180
33 II 0.250 90 13,550 10,920

Average 13,680 11,030

1 Inside and outside sphere surfaces waterproofed with epoxy 0.032-inch
thick.

2 Type I spheres had waterproof coatings, but no penetrations. Type II

spheres had waterproof coatings and penetrations.
3 Short-term implosion testing, pressurized at 100-psi/min rate to implosion.
4 Test cylinders (3 x 6 inches) were tested at 2,000-psi/min rate in uniaxial

compression; dry concrete.
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by dividing the force exerted on a plane passing through the center of the
sphere by the cross-sectional area of the sphere wall, it was found to be:

Average Stress
t/Do Ratio (psi)

0.0625 .. ........ .14,400
0.125 .. ........ 14,230
0.1875 .. ........ .15,300
0.250 .. ........ .18,200

(See Figure 19.) This indicates an exponential rise of average compressive
strength of concrete depending on the t/D. ratio of sphere tested.

Wet Concrete. The short-term critical pressures of wet concrete
spheres* were lower than the critical pressures of identical dry concrete
spheres. The critical pressures for concrete spheres permeated by seawater
are shown in Table 4. The decrease in the critical pressure of seawater-
permeated spheres was 30% to 15% in comparison to the critical pressures
of comparable waterproofed spheres (same t/Do ratios) in which the con-
crete was dry at the time of fracture. When the critical pressures of
nonwaterproofed spheres of different t/D0 ratios were plotted with respect
to their t/D. ratios (Figure 20), it appeared that the critical pressure of
seawater-permeated spheres varied in approximately a linear manner with
the shell's t/Do ratio.

Table 4. Critical Pressure of Wet 1 Spheres

Thickness/Outside Duration of Long-Term Critical Concrete
Sphere Age Diameter Ratio Pretest Pressurization Pressure2  Strength3

No. (days) (t/D) at 2,000 psi (days) (psi) (psi)

22 105 0.0625 12 2,810 10,620
26 124 0.125 14 4,970 10,980
30 126 0.1875 18 8,080 11,230
34 155 0.250 34 9,700 9,100

1 Permeated with seawater at pressure of 2,000 psi.
2 Long-term pretest at 2,000 psi, then pressurized to failure at a rate of 100 psi/min.
3 Dry concrete test cylinders (3 x 6 inches) were tested at 2,000-psi/min rate in uniaxial

compression.

* These values were determined by the pressurization at a 100-psi/min rate to implosion
of type III (Figure 3) spherical shells which had been previously completely permeated
by seawater under 2,000 psi of external pressure.
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Figure 14. Typical range of values for tangent modulus of elasticity of 3x6-inch test

cylinders uniaxially compressed at 2,000-psi/min rate.
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Figure 15. Typical range of values for secant modulus of elasticity of 3x6-inch test

cylinders uniaxially compressed at 2,000-psi/min rate.
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Figure 18. Critical pressure of dry concrete spheres pressurized at 100-psi/min rate.
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Figure 20. Critical pressure of seawater-permeated concrete spheres pressurized at
rate of 100 psi/min. Previous to implosion testing, the spheres were
subjected to 2,000-psi hydrostatic pressure for 400 hours.

Fragmentation of Imploded Spheres

The fragments of the spheres which failed were examined, and two
visual findings were made. First, a peculiarity was observed in the behavior
of the epoxy surface coatings upon failure. The interior and exterior epoxy
surface coats of spheres with a 0.0625 t/Do ratio were still adhering to the
concrete fragments after failure. Examination of fragments from the spheres
with 0.125, 0.1875, and 0.250 t/D, ratios, however, revealed that the epoxy
coat and some of the concrete on the interior surface had completely spalled
off, whereas thL epoxy coat on the exterior surface remained intact. Second,
a peculiarity was observed in the size and number of fragments from imploded
spheres. The number of fragments in the spheres, with the exception of the
0.250 t/Do spheres, increased as the thickness of the sphere tested increased.
The 0.0625 t/Do (Figure 21), 0.125 t/Do (Figure 22), and 0.1875 t/Do
(Figure 23) ratio spheres broke up completely upon implosion, forming many
fragments. The 0.250 t/Do (Figure 24) ratio spheres remained in a roughly
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spherical shape after failure even though large cracks were randomly
distributed over the entire surface. It appears that the 8-inch-diameter
cavity inside the 0.250 t/D0 ratio spheres was so small in relation to the
thickness of the wall fragments that only one or two fragments of the wall
could separate themselves completely from the wall before the cavity was
filled. Once the cavity was filled, no more fragmentation of the sphere
could take place. Also, a detailed examination of the fracture area on the
0.250 t/D0 ratio sphere revealed a well-defined spherical failure plane
2 inches in from the exterior surface (Figure 25), suggesting a lamination
type failure. The spherical failure plane was parallel to the exterior surface
and appeared to run continuously around the sphere giving the fractured
sphere the appearance of being made up of 2-inch-thick laminations. The
0.250 t/Do ratio sphere was later broken apart and the originally hollow
space in the sphere was found to be filled with fine concrete fragments.

Ek

Figure 21. Fragments of imploded 0.0625 t/Do ratio concrete sphere.
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Figure 22. Fragments of imploded 0.125 t/D o ratio concrete sphere.

Figure 23. Fragments of imploded 0.1875 t/D o ratio concrete sphere.
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Permeability 0.250

The nonwaterproofed 0.1875 ----------

spheres when pressurized with 2

seawater at 2,000-psi hydrostatic 0.125 L

pressure permitted the seawater to -

seep through to their interior 0.0625-

after a period of time. The rate
of water seepage varied from sphere I

to sphere depending on the shell's 0 1 2 3 4 5 6

thickness. The average measured Water Flow (ml/day/ft2 )

rates of seepage for 5 days of flow Figure 26. Rate of seawater seepage into
after the first water was detected sphere's interior 200 hours

in the sphere are shown in Table 5. after first signs of water inside

When the rates of seepage the sphere.

for different spheres were compared to each other (Figure 26), it appeared
that an exponential relationship existed between the spherical shell thickness
and the resistance to seepage through the shell of a 16-inch-OD sphere.

Absorption is a physical process by which concrete draws water into

its pores and capillaries. As expected, the rate of absorption at the begin-

ning of each permeability test was high and caused a noticeably high rate

of operation by the hydraulic pump which maintained a hydrostatic pressure

of 2,000 psi. When the concrete reached saturation, however, the rate of

absorption decreased considerably and eventually a stabilized point was

reached at which the amount of fluid being pumped to maintain the hydro-

static pressure approximated the amount of fluid extracted from the interior

of the sphere.

Table 5. Permeability of Concrete Spheres Under 2,000-psi
External Hydrostatic Pressure

Sphere Thickness/Outside Thickness, Flow Rate1  Permeability 2

No. Diameter Ratio t (in.) (ml/hr) (ml/day/ft 2 )(t/Do)

22 0.0625 1 1.4 6.0
26 0.125 2 0.535 2.3
30 0.1875 3 0.156 0.67
34 0.250 4 0.038 0.197

1 Rate of flow measured 5 days after the water has permeated to the interior of the sphere;

this takes place from 4 to 24 days after pressurization, depending on shell thickness.
2 The exterior surface area of the sphere was used to determine the permeability

coefficient.
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Permeability is probably a more complex property of concrete than

strength. The measure of permeability has been defined as the unit rate at
which a fluid is discharged from a material under unit hydraulic gradient.
Previous research 3 . 4 . 5 has shown that the leakage can be determined from

D'Arcy's law for viscous flow:

Q H
= K -

A c L

where Q = rate of flow, ft 3 /sec

A = area of cross section under pressure, ft 2

H/L = ratio of head of fluid to percolation length

Kc = permeability coefficient for concrete

The several factors known to influence the permeability of concrete
fall into two basic categories: (1) the influence of the constituent materials,
and (2) the influence of the testing environment. The spheres tested for per-
meability in this study were unique in these two areas. The material used in
the spheres was essentially a concrete mortar mix (i.e., the aggregate was
mostly smaller than the No. 4 sieve size), and the testing environment was
seawater used to apply a constant hydrostatic pressure of 2,000 psi to the
sphere.

A literature search was conducted with the objective of finding
comparable test data and results which would support or reject this report's
findings. The latest and most extensive investigation on permeability of
concrete was completed by the American Concrete Institute in 1935 with
particular reference to Hoover Dam. 3 An experimental program was set up
to measure the effects on permeability of pressure variation, specimen length,
end conditions, size of aggregate, curing, and the direction of flow. The
report does state that even though a hundred or so experiments were made,
most of the conclusions are tentative and strictly apply only to the data
presented. The primary points of interest deal with the two categories
mentioned earlier. Even though testing was conducted on mortar mixes
similar to those in the NCEL study, the testing environment was distinctly
different from that of the spheres in this study. The specimens were tested
by using ordinary tap water to apply hydrostatic pressures from 150 to
500 psi. The permeability coefficient established by ACI for mortar was

approximately 100 times as large as the coefficient determined for the
spheres using D'Arcy's Equation. The ACI data cannot be compared to
those for the concrete spheres in this study because of the dissimilar testing
environment. Review of research indicates there are no results available to
date from a testing program similar to that of the concrete spheres in this
study.
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Although there are many variables which affect the permeability of

concrete, little research on this property has been done, even with respect
to the permeation of water through concrete on land. A few characteristics

have been cited,6 however, which relate to this property's behavior. It

appears from previous findings that as the water-cement ratio increases, so

does the permeability. Permeability is also reduced as the size of the maxi-
mum aggregate used is decreased. The effect of age also varies inversely
with permeability. Tests on hand-packed and vibrated concrete show that

permeability is reduced greatly if the concrete is vibrated. Care should be
taken, however, to prevent excessive water and laitance from accumulating

on the surface. Air-entrainment and cement-dispersing agents have been

found by others to have a useful effect in lowering permeability.

Strains

The strains on the exterior of each waterproofed sphere, regardless

of its t/Do ratio, were observed to vary nonlinearly with external hydrostatic
pressure applied at 100-psi/min rate (Figure 27 and Appendix A). The

external strains at failure for the spheres measured by electric resistance
strain gages were approximately of the following magnitude:

t/Do Ratio Strains (M in./in.)

0.0625 3,000-3,500
0.125 5,000-6,000
0.1875 6,000-7,000
0.250 7,000-8,000

When the strains on the exterior of spheres with different t/D o ratios were
compared to each other at any given hydrostatic loading (Figure 28), it

could be clearly seen that the relationship between the magnitude of strain

and the t/D o ratio was also nonlinear.
The strains on the interior of each waterproofed sphere did not vary

linearly with external hydrostatic pressure (Figures 29 and 30 and

Appendix A). The maximum recorded strains recorded prior to implosion

for spheres were in the range of

t/Do Ratio Strains (p in./in.)

0.0625 3,500-4,000
0.125 4,000-6,000
0.1875 3,500-5,500
0.250 4,000-8,000

30



.9

0
0

0
E

E CL

E0

Scc

CL

(N 0

0...-
SQ

-iI

00

0

0

x

C4

(!Sdi ~~~ aaMJ IUQX

31,



0.250

0.1875 ___

External hydrostatic pressure

.2

cc 0.125______

0.10625 ______

1,000 psi* 2,000 psi*300pi
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Figure 28. Strains on the exterior of dry concrete spheres as a function of t/D0 ratio

at a pressurization rate of 100 psi/min.
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Figure 29. Strains on the interior of dry concrete spheres as a function of hydrostatic

pressurization rate of 100 psi/min.

32



0.250

0.1875 -

6,000 psi*

Ir 0.125
012 - 4,000 psi* 5,000 psi*

0.0625 _ "_
1,000 psi* 2,000 psi* 3,000 psi*

Note: Plotted strains represent the average of
External hydrostatic pressure strain measurements.

0 I I I I I
0 1,000 2,000 3,000 4,000 5,000

Strain (pin.Iin.)
Figure 30. Strains on the interior of dry concrete spheres as a'function of t/Do ratio

at a pressurization rate of 100 psi/min.

An interesting phenomenon was observed while some of the spheres
were being pressurized to failure. While the external end internal strains on
a typical 0.0625 t/D, ratio sphere (Figure 31) progressively increased with
hydrostatic loading, a sudden decrease in the magnitude of internal strains
was noted in spheres with 0.125, 0.1875, and 0.250 t/D o ratios at some
hydrostatic pressure less than critical (Figures 32, 33, and 34). It was not
likely that the strain gages or adhesive attaching the gages to concrete
failed. The gages were capable of measuring strains up to 20,000 A in./in.
and the adhesive had a strain limit of 100,000 pin./in., both of which were
sufficiently higher than the experimental strains being measured to insure
ugainst feilure. The reversal in interior strains occurred in the 0.125, 0.1875,
and 0.250 t/Do spheres when approximately 87%, 74%, and 71%, respectively,
of their critical pressures had been reached-probably indicating delamination
of the spheres' wall. As already observed, the fragments of the failed 0.125,
0.1875, and 0.250 t/D o ratio spheres had no epoxy coating left on their
intW-ior surfaces, giving further support to the delamination hypothesis. This
hypothesis postulates that a layer ot concrete on the inside surface becomes
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detached from the main part of the sphere wall still carrying the load. This
layer did not separate in a haphazard manner, but spalled off the sphere's
wall when the stress level on the sphere's interior surface reached the ultimate
strain capability of the particular concrete mix. Thus it would appear that
failure of concrete spheres started on the sphere's interior and continued to
the exterior as hydrostatic loading was increased, until total failure occurred
at critical pressure.

When the strains on the interior of spheres with different t/D. ratios
were compared to each other at any given hydrostatic loading (Figure 30),
it could be seen that the relationship between the magnitude of strain and
the t/Do ratio was nonlinear. There was also a considerable difference
between the magnitude of the smaller strains measured on the exterior
(Figure 27), and the larger strains on the interior (Figure 29) of the water-
proofed spheres at any given hydrostatic loading.

Prediction of Strains

Attempts of exploratory nature were made to predict the magnitude
of strains on the basis of analytical expressions. The calculations were based
on the standard analytical expression for stresses7 in thick-wall elastic spheres

Ro3(Ri 3 + 2r 3 )
S1 = S 2 = - p (la)

2r 3 (Ro 3 - Ri3 )

3= PRo3 (r3 - R,3 ) (Ib)
03(Ro03 - Rj 3 )

where S, = meridional wall stress, psi

S2 = hoop wall stress, psi

S3 = radial wall stress, psi

p = external hydrostatic pressure, psi

Ro = external radius of sphere, inches

Ri = internal radius of sphere, inches

r = radius from center of sphere to point where stress is to be
found, inches
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and on the expression for conversion of calculated triaxial stresses8 to strains
that could be experimentally measured on the spheres under short-term load-
ing

1 [S1 - p(S 2 + S)] (2)

where e1 = meridional strain, p in./in.

p = Poisson's ratio

E = modulus of elasticity, psi

Since values for Poisson's ratio and the moduli of elasticity in triaxial stress
fields are not available for concrete in general, and the mix used in the NCEL
tests in particular, these values were only approximated by uniaxial testing
of 3 x 6-inch cylinders cast from the same mix as the spheres and cured in
the same manner (Figures 14, 15, and 16). These test cylinders were not
tested at the same stress rate as the spheres, but at the standard ASTM rate
of 2,000 psi/min. However, as shown in Appendix B, the mechanical prop-
erties of cylinders which were tested at the same stress rate as the spheres
were not significantly different from those determined by the standard
ASTM stress rate. Therefore, the difference between the stress rate of the

cylinders and spheres is assumed to introduce no changes in mechanical
properties. Strains were computed by substituting either E, Et or E, into
Equation 2. When the calculated strains were compared to the average value
of strains measured on the exterior or interior of 16-inch-OD hollow concrete
spheres, several relationships between calculated and measured values became
apparent (Figures 35-42). The major observations were that up to a strain
magnitude of 1,000 p in./in. the agreement between measured and calculated
strains is very good regardless of whether E, Et or Es (measured on test
cylinders uniaxially compressed at 2,000 psi/min) is used. Beyond this strain
range the divergence between measured strains and strains calculated utilizing

E or E, in Equation 2 increases rapidly with strain magnitude. Still, the range
of strain for which a good correlation between experimental and calculated
values may be obtained can be extended to 3,000 p in./in. by using E,
modulus instead of E in Equation 2.
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Figure 31. Comparison of typical external and internal strains on 0.0625 t/Do ratio dry
concrete spheres under 100-psi/min pressurization rate.
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Figure 32. Comparison of typical external and internal strains on 0.125 t/Do ratio dry
concrete spheres under 100-psi/min pressurization rate.
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Figure 33. Comparison of typical external and internal strains on 0.1875 t/D o ratio dry

concrete spheres under 100-psi/min pressurization rate.
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Figure 35. Comparison of calculated and experimental strains for sphere exterior;
t/D0 ratio = 0.0625.
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Figure 36. Comparison of calculated and experimental strains for sphere interior;

t/D0 ratio =0.0625.
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Figure 37. Comparison of calculated and experimental strains for sphere exterior;
t/D0 ratio = 0. 125.
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Figure 38. Comparison of calculated and experimental strains for sphere interior;
t/D0 ratio = 0. 125.
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Figure 40. Comparison of calculated and experimental strains for sphere interior;
t/D o ratio = 0.1875.

12,000 1

8,000 / "

*-1

C~ ________ ____ ___ ConstantE

- Variable E,

Experimental

-Variable Es

01 1
0 1,000 2,000 3,000 4,000 5,000

Strain (10.6 in./in.)

Figure 41. Comparison of calculated and experimental strains for sphere exterior;
t/D o ratio = 0.250.
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Figure 42. Comparison of calculated and experimental strains for sphere interior;

t/Do ratio = 0.250.

Poor correlation between measured and experimental strains was
found for strains larger than 3,000 p in./in., even when E, was used in
Equation 2. In the range of strains beyond 3,000pin./in., the only value

in calculating strains lies in the fact that the calculated strains bracket the
experimental ones, and thus give the engineer the ability to predict the
possible range of actual strain values. For long-term pressure loading condi-
tions a new approach for predicting the strains on the spheres will have to be
developed that takes into account the duration of sustained pressure applica-
tion.

FINDINGS

1. Hollow waterproofed concrete spheres with t/D o ratios in the 0.0625 <

t/D o < 0.250 range and cast from identical mix and cured in a manner
identical to that used for 3 x 6-inch test cylinders were found to implode

under 100-psi/min hydrostatic loading at compressive stresses 35% to 65%
higher than the stresses for test cylinders under uniaxial compression.
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2. The critical pressures of waterproofed coricrete spheres, cast from
identical mix, cured in an identical manner, and tested under a hydrostatic
pressurization rate of 100 psi/min, appear to vary almost linearly with the
t/Do ratio of the spheres in the 0.0625 < t/D o < 0.250 range.

3. Spalling on the interior surface of the spheres appears to take place at
hydrostatic pressures lower than the critical pressure inside all of the water-
proofed spheres with t/D o ratios greater than 0.0625. The pressures at
which spalling began are 13% to 29% below the critical pressures. The ratio
of the pressure at which spalling occurs to the critical pressure appears to
decrease as the t/D. ratio of the spheres increases.

4. No spalling took place on the exterior surface of any of the waterproofed
spheres, regardless of their t/D o ratio.

5. The critical pressures of concrete spheres permeated by seawater under
external hydrostatic pressure of 2,000 psi are approximately 15% to 25%
lower than those of waterproofed spheres of same t/D o ratio and concrete
mix when both series of spheres are tested under 100-psi/min pressurization
rate.

6. The critical pressures of seawater-permeated concrete spheres appear to
vary directly and linearly with the t/D. ratio of spheres.

7. Under constant hydrostatic pressure of 2,000 psi, the resistance to
seawater permeation into the interior of nonwaterproofed concrete spheres
of different t/Do ratios, when measured 120 hours after the first drops of
water penetrated to the interior of the sphere, appears to vary exponentially
with the shell thickness.

8. The analytical expressions (Equations 1 and 2) for calculation of strains
on the interior and exterior of perfectly elastic spherical hulls under external
hydrostatic pressure have been found to agree closely in the 0-to-3,000-P in./in.
range with experimentally measured strains on concrete spheres hydrostatically
pressurized at a constant 100-psi/min rate-providing the secant modulus of
elasticity, E. corresponding to the surface stress on the sphere at that hydro-
static loading was used in Equation 2.

9. The secant modulus of elasticity, ES, that performed satisfactorily for
the calculation of strains on concrete spheres under a 100-psi/min hydro-
static pressure rise was experimentally obtained by recording the stress-strain
relationships of uniaxially compressed 3x 6-inch test cylinders at a
2,000-psi/min loading rate.
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CONCLUSION

Implosion of hollow concrete spheres with a 0.250-shell-thickness-
to-diameter ratio at a simulated depth of 30,000 feet under short-term
submersion seems to indicate that it is feasible to consider concrete hulls
cast from 1 0000-psi concrete for use as fixed, ocean-bottom habitats at
depths as great as 10,000 feet.
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Appendix A

DETAILED STRAIN DATA FROM
IMPLOSION TESTING OF SPHERES
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Table A-1. Strength of Concrete Mix Used in the Spherical Shells*

Days Days A Ultimate Uniaxial Compressive Strength (psi)

Cured Cured Ag
Sphere at Hemisphere A Hemisphere B

at at
No. 100% 25% Test

RH RH (days) Aver Standard Standard
Deviation Average Deviation

19 29 47 76 11,480 180 11,220 240

20 29 45 74 11,560 150 11,510 200

21 29 43 72 11,190 280 11,290 130

22 28 77 105 10,670 460 10,560 280

23 29 44 73 11,050 150 11,340 230

24 29 45 74 11,050 150 11,040 200

25 29 43 72 10,990 130 10,760 320

26 30 94 124 11,190 240 10,780 80

27 29 43 72 10,370 260 10,370 280

28 29 44 73 10,370 120 11,290 110

79 30 46 76 11,520 170 11,540 240

30 28 98 126 10,770 170 11,690 350

31 30 42 72 11,070 140 10,910 70

32 29 45 74 10,900 130 11,360 220

33 29 62 91 10,790 565 11,050 145
34 29 126 155 9,300 120 8,900 150

Strength based on tests of six 3 x 6-inch standard cylinders, except: hemisphere B

of sphere 22 and hemisphere B of sphere 32, for which five specimens were tested.

45



! I 1 WOOD I I -I

R-l 2
0 - WO _ - --

0 2  j iiio.-

- oa - &6 o - ,va0, 006 

062
QD" -:0, ]D - D..r 16

- ,oD ZOW 300 4Doo 2000 3000

Sim ___ - - - ~ &cm 0m*70n 7

Figure A-1. Strains on the interior of Figure A-2. Strains on the exterior of

sphere No. 21 under external hydro- sphere No. 21 under external pressure;

static pressure; rosette 1. iosette 2.

1A F - I o I

} o -. " o ....

6 0 0 0 1 1 . O

0R 4

Sam- - -,n am - -m.

a~~~ -" as - -

"0m Wm 0 07a 3m a

07W0 05 005

Figure A-3. Strains on the interior of Figure A-4. Strains on the exterior of
sphere No. 21 under external pressure; sphere No. 21 under external pressure;
rosette 3. rosette 4.
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Figure A-5. Strains on the interior of Figure A-6. Strains on the exterior of
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Figure A-7. Strains on the interior of Figure A8. Strains on the exterior of
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rosette 7. rosette 8.
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Figure A-9. Strains on the interior of sphere No. 25 under external pressure; rosette 1.
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Figure A-10. Strains on the exterior of sphere No. 25 under external pressure; rosette 2.
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Figure A-11. Strains on the interior of sphere No. 25 under external pressure; rosette 3.
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Figure A-13. Strains on the interior of sphere No. 25 under external pressure; rosette 5.
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Figure A-14. Strains on the exterior of sphere No. 25 under external pressure; rosette 6.
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Figure A-15. Strains on the interior of sphere No. 25 under external pressure; rosette 7.
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Figure A-16. Strains on the exterior of sphere No. 25 under external pressure; rosette 8.
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Figure A-1 7. Strains on the interior of sphere No. 29 under external pressure; rosette 1.
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Figure A-18. Strains on the exterior of sphere No. 29 under external pressure; rosette 2.
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Figure A-20. Strains on the exterior of sphere No. 29 under external pressure; rosette 4.
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Figure A-21. Strains on the interior of sphere No. 29 under external pressure; rosette 5.
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Figure A-22. Strains on the exterior of sphere No. 29 under external pressure; rosette 6.
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Figure A-24. Strains on the exterior of sphere No. 29 under external pressure; rosette 8.
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Figure A-25. Strains on the interior of sphere No. 33 under external pressure; rosette 1.
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Figure A-26. Strains on the exterior of sphere No. 33 under external pressure; rosette 2.
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Figure A-27. Strains on the interior of sphere No. 33 under external pressure; rosette 3.
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Figure A-28. Strains on the exterior of sphere No. 33 under external pressure; rosette 4.
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Figure A-29. Strains on the interior of sphere No. 33 under external pressure; rosette 5.
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Figure A-30. Strains on the exterior of sphere No. 33 under external pressure; rosette 6.
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Figure A-31. Strains on the interior of sphere No. 33 under external pressure; rosette 7.
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Appendix B

INVESTIGATION OF THE RELATIONSHIP BETWEEN LOADING

RATE AND STRAIN RATE ON CONCRETE

The concrete spheres tested in this study were pressurized at a rate
of 100 psi/min; however, the resultant stress rates varied with the thickness
of sphere tested. The minimum average stress rate for the spherical speci-
mens was in the order of 130 psi/min for the 4-inch-thick spheres, while the
maximum average stress rate was approximately 430 psi/min for the 1-inch-
thick spheres. Since the maximum stressing rate is approximately three times
larger than the minimum stress rate, it was conceivable that the response to
the stresses of the concrete mix used in spheres differed between these stress
rates.

To find what effect the stress application rate had on the strength,
magnitude of strain rate, moduli of elasticity, or Poisson's ratio of concrete
mix used in the spheres, cylindrical specimens (measuring 3 inches in diam-
eter and 6 inches in height) of the same concrete mix and age as the spheres
were tested in uniaxial compression at different loading rates. Assuming that
the critical pressures of the spheres are directly proportional to the mechan-
ical properties of the cylindrical specimens, the information obtained from
the cylindrical specimens would show to what extent the strength of spheres
is affected by the varying of stress rate, and that some of the variation in
experimental data from one sphere to another was not due to difference in
shell thickness, but to difference in stressing rates.

The effect of varying the stress rate on mechanical properties of
concrete could also have been determined by the testing of spheres at dif-
ferent pressurization rates, but the testing of cylindrical specimens would
give approximately the same results. The limited number of expensive
sphere specimens could then be used for determination of more important
properties of the sphere.

Eight cylindrical test specimens were tested at four different loading
rates in order to analyze the relationship between stress application rate and
mechanical properties of concrete. Two specimens were tested at each of
the four stress application rates: 130 psi/min, 165 psi/min, 230 psi/min,
and 430 psi/min. The selected stress application rates for the cylindrical
specimens were to simulate the average stress application rates generated in
the 4-inch, 3-inch, 2-inch and 1-inch-thick spheres by the uniform hydrostatic
loading rate of 100 psi/min. This was accomplished by matching the rate
at which the test cylinders were stressed unia).ially to the rate at which
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average stress increased in each sphere prio- to failure. The average stress
in the spheres was determined by dividing the hydrostatic force exerted on
a plane passing through the center of a sphere by the cross-sectional area of
that sphere.

The dimensional requirements of the cylindrical specimens were
chosen to conform to ASTM Specification D695-63T. Cylinders were cast
from the same concrete mix as used for the spheres (Figure B-i) and were
cured for 100 days prior to compression testing.

The cylindrical specimens were tested at room temperature (750 ±50 F)
in a 400,000-pound-capacity Baldwin-Tate-Emery, Universal Testing Machine.
The load was applied axially on the lower face of the cylinder by a pump-
driven hydraulic ram, which compressed the specimen against a stationary
flat plate (Figure B-2). The deformation during testing of each specimen
was measured in both the axial and transverse directions by BLH-A-12 strain
gages (Figure B-i). Readings were taken at 1,000-pound intervals up to
10,000 pounds and then every 5,000 pounds until failure occurred.

The measured strains based on the original cross-sectional area of
test cylinders showed that varying the stress-application rates in the 130-to-
430-psi/min range had little effect upon the strains (Figure B-3), moduli of
elasticity (Figures B-4 and 5), and Poisson's ratios (Figure B-6). Certainly,
if there was any variation in these mechanical properties due to the difference
in stress application rates, it was obscured by the spread of experimental
values caused by minute differences in mix composition, casting procedures,
curing, instrumentation, capping of specimen ends, and compression testing.
When an additional comparison was made between the mechanical properties
of the 8 cylinders tested in the 130-to-430-psi/min range and 192 cylinders
tested previously at a 2,000-psi/min rate, the only significant difference
observed was in ultimate compressive strength (Table B-i), which for the
cylinders tested at 2,000 psi/min was approximately 5% higher than for
those tested in the 130-to-430-psi/min range. Thus it appears that no sig-
nificant difference in mechanical properties, as exemplified by comparison
of strain rates (Figure B-7), moduli of elasticity (Figures B-8 and 9), and
Poisson's ratios (Figure B-10), exists for identical concrete test cylinders
tested at stress application rates that vary from 130 to 2,OOC psi/min.
Since the 130-to-430-psi/min range of stress application rates in the spheres
under discussion was smaller than the 130-to-2,000-psi/min stress application
range for which very little variation in mechanical properties of concrete
was found, it can be concluded that the different stress application rates
that took place in concrete spheres tested at uniform 100-psi/min hydro-
static pressurization rate had very little influence on the test results reported
in the main body of the report.
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Table B-1. Test Cylinder Data

Stress Application Critical Load Compressive Strength
Cylinder Rate (psi/min) OIb) (psi)

A 130 69,400 9,820
B 130 70,200 9,630
C 165 70,800 10,020
D 165 71,500 10,110
E 230 66,900 9,460
F 230 67,900 1,600
G 430 72,900 10,310
H 430 69,700 9,860

Average of A 9,890
through H

J* 2,000 Average 11,060

* Represents the average of 192 test cylinders testec at the standard rate with a

maximum compressive strength value of 11,880 psi and a minimum value of
9,780 psi.

A review of literature disclosed that several studies9,1 "11 have been
made previously on the relationship between stress rate and mechanical
properties of concrete test cylinders under uniaxial compression. Unfor-
tunately, only one of them dealt with stress rates applicable to this study,9

while the others1 0 , 11 addressed themselves to stress rates 10 to 105 times
larger than those in this study. The applicability of published data to the
present study was further decreased by the differences in strength and ages
of concrete used in the NCEL spheres and those properties of concrete
used in other studies.

However, by extrapolation of stress rates, concrete strengths, and
ages wherever applicable in published studies, several findings can be postu-
lated. These findings can be summarized by stating that ultimate strength
and secant and tangent moduli of elasticity of concrete test cylinders under
uniaxial compression increase with the increase in stress rate, while axial
strains decrease. In the stress rate range applicable to this study of 1 to
35 psi/sec, the average change of mechanical properties in 10,000-psi con-
crete at the age of approximately 75 days is extrapolated to be approximately

2% of standard test speed for each factor of 10 in stress rate change.
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The range of stress rates under discussion in Appendix B is less

than the standard ASTM stress rate of 33 pi/sec by a factor of 10, and

because of it the mechanical properties of concrete should be approxi-

mately 2% different in magnitude from those determined by standard

,.- A testing procedures. Since the variation in mechanical properties
between individual cylinders tested in this study at standard stress rates

(Appendix A) is on the order of 10%, it would obscure the smaller (2%)
variation between average mechanical properties of concrete tested at
33 psi/sec and concrete tested in the stress-rate range between 2-to-7-psi/sec.
The experimental data described in Appendix B bears this out, as variation3

in mecilanical properties between individual test cylinders obscure to a large

extent the difference between mechanical properties caused by the small
difference in stress rates.
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'Deep Ocean Lab.J.~v c

Figure B-1. Typical 3x6-inch test cylinder for uniaxial compression testing.

Figure B-2. Testing apparatus used to u bect the cylinders to a uniaxial load.
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Figure B-7. Comparison of strains on 3x6-inch test cylinders under uniaxial compression.
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Figure B-8. Comparison of tangent modulus of elasticity of 3x6-inch test cylinders

under uniaxial compression.
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Figure B-9. Comparison of secant modulus of elasticity of 3x6-inch test cylinders
under uniaxial compression.
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Figure B-IO. Comparison of Poisson's ratios on 3x6-inch test cylinders under
uniaxial compression.

63



REFERENCES

1. Naval Civil Engineering Laboratory. Technical Report R-517: Behavior
of spherical concrete hulls under hydrostatic loading, Part I. Exploratory
investigation, by J. D. Stachiw and K. 0. Gray. Port Hueneme, Calif.,
Mar 1967.

2. Technical Report R-547: Behavior of spherical concrete
hulls under hydrostatic loading, Part II. Effect of penetrations, by J. D.
Stachiw. Port Hueneme, Calif., Oct 1967.

3. A. Ruettgers, E. N. Vidal, and S. P. Wing. "An investigation of the
permeability of mass concrete with particular reference to Boulder Dam,"
American Concrete Institute, Proceedings, vol. 31, Mar-Apr 1935, pp. 382-
416.

4. W. H. Taylor. Concrete technology and practice. New York, American
Elsevier, 1965, pp. 222-224.

5. G. E. Troxell and H. E. Davis. Composition and properties of concrete.
New York, McGraw-Hill, 1956, chap. 11.

6. Bureau of Reclamation. Concrete manual, 7th ed. rev. Denver, Colo.,
1966, pp. 15, 40, 55.

7. R. H. Roark. Formulas for stress and strain, 4th ed. New York,
McGraw-Hill, 1965, p. 308.

8. C. C. Perry and H. R. Lissner. The strain gage primer. New York,
McGraw-Hill, 1955, p. 131.

9. P. G. Jones and F. E. Richart. "The effect of testing speed on strength
and elastic properties of concrete," American Society for Testing Materials,
Proceedings, vol. 36, pt. 2, 1936, pp. 380-392.

10. National Bureau of Standards. Report 1523: The effect of loading
rate on the compressive strength and elastic properties of plain concrete, by
P. Watstein and A. P. Boresi. Washington, D. C., Mar 1952.

11. Naval Civil Engineering Laboratory. Technical Report R-447: Dynamic
properties of plain portland cement concrete, by W. L. Cowell. Port Hueneme,
Calif., June 1966.

64



LIST OF SYMBOLS

A Area of cross section under pressure, sq ft

Di  Inside diameter of concrete sphere

Do  Outside diameter of concrete sphere

E Modulus of elasticity

Et  Tangent modulus of elasticity

Es  Secant modulus of elasticity

Kc  Permeability coefficient for concrete

H/L Ratio of head of fluid to percolation length

p External hydrostatic pressure, psi

PC Critical pressure, psi

R i  Internal radius of sphere, in.

Ro  External radius of sphere, in.

r Radius from center of sphere to point
where stress is to be found, in.

S t  Meridional wall stress, psi

S2  Hoop wall stress, psi

S3  Radial wall stress, psi

a Rate of flow, cu ft/sec

el Meridional strain, pin./in.

p Poisson's ratio
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ABSTRACT

Eight spherical models with outside diameters of 16 inches and wall
thicknesses of 1 or 2 inches were fabricated of polymer-impregnated concrete
(PIC) having a uniaxial compressive strength of 21,000 psi. The spherical
specimens were tested under hydrostatic loading conditions of short-term,
long-term, and cyclic pressure. The test results show that the PIC spheres
respond to hydrostatic loading with linearly elastic behavior and that the
implosion pressures are greater by approximately 40% than those for similar
regular-concrete spheres. Under short-term loading the specimens having a
wall-thickness-to-outside-diameter ratio of 0.063 and 0.125 (1- or 2-inch walls
to 16-inch OD) implode at average hydrostatic pressures of 4,810 and 8,47b
psi, respectively. Classical elastic theory predicts the strain behavior and
implosion pressures of the PIC sphere within engineering accuracy.
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INTRODUCTION

The United States Navy and the United States Atomic Energy
Commission (AEC) cosponsored this experimental program to investigate
polymer-impregnated concrete (PIC) as a construction material for deep-
ocean pressure-resistant structures. Polymer-impregnated concrete warranted
investigation because its compressive strength, impermeability, and durability
are greater than those of regular concrete. The Naval Civil Engineering
Laboratory (NCEL) has been studying for the past 5 years the behavior of
regu lar-concrete structures subjected to hydrostatic load ing; 1 5 a natural
extension to NCE L's research was to study PIC structures for underwater
applications. The Division of Isotopes Development, AEC, has been promot-
ing the development of PIC materials since the original concept was presented
to them in 1965; their contribution to this research effort was to support
the Brookhaven National Laboratory (BNL) in performing the impregnation
and polymerization of the concrete test specimens.

The primary objective of the program was to experimentally inves-
tigate the structural behavior of PIC spheres subjected to various hydrostatic
loadings and to determine tentatively the maximum operational depth for
buoyant PIC spheres. A secondary objective was to compare PIC and
regular-concrete materials when used in underwater structures.

Polymer-Impregnated Concrete (PIC)

Polymer-impregnated concrete (PIC) is precast portland cement
concrete impregnated with a monomer system (plastic in a liquid or gaseous
state) which is subsequently polymerized in situ. The resulting polymer
system (plastic in a solid state) fills much of the voids in the concrete and,
in so doing, acts both as a filler and a binder between cement paste and aggre-
gate to improve the properties of the concrete. In general, the procedure
employed to produce PIC materials is: precast, mature concrete is dried to
constant weight; then the specimen is evacuated to remove air from the
voids and soaked in a low viscosity liquid monomer until constant weight
is attained. The specimen is wrapped in a vapor barrier to reduce evaporation
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and finally placed in a chamber to polymerize the monomer. The two
methods used most extensively to polymerize the monomer are gamma
radiation from a cobalt 60 source and thermal catalytic processes.

Numerous monomer systems and their effect on the mechanical
and physical properties of concrete have been investigated." Compressive
strengths greater than 20,000 psi and tensile strengths of 1,600 psi were
obtained along with significant improvements in the durability properties;
for example:

" Freeze-thaw durability increases of greater than 400%

* Chemical attack by sulfate brines reduced to negligible values

* Water permeability reduced to negligible values

Development work on PIC materials is in the early stages. Advances
in PIC technology can be expected to improve further the properties of
the material and to simplify the manufacturing techniques.

Pressure- Resistant Concrete Structures

Research at NCEL on the behavior of pressure-resistant concrete
structures has been directed toward studying the response of the structure
and the concrete material under hydrostatic pressure. The main objective
of the research has been to develop the technology and design criteria
necessary to accurately and safely utilize concrete as an underwater con-
struction material for pressure-resistant structures.

Spherical and cylindrical model specimens have been tested; the
major effort to date has been investigating spherical hulls having a 16-inch
outside diameter and wall thicknesses of 1, 2, 3, or 4 inches. Test results have
shown two stages of failure for the concrete spheres-development of
cracks in the plane of the wall parallel to the major principal stresses,
followed by implosion failure. Figure 1 compares graphically the pressures
at in-plane cracking and implosion failure.4

TEST PROGRAM

Scope of Investigation

Eight 16-inch-OD spheres were tested under hydrostatic loading-six
specimens had a 1-inch wall thickness and two specimens had a 2-inch wall thick-
ness. Two types of monomers were used to make the polymer-impregnated
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concrete: diallyl phthalate (DAP) which was polymerized by using a thermal

catalytic process, and methyl-methacrylate (MMA) which was polymerized

by using gamma radiation from a cobalt 60 source.
One of the 1-inch-thick specimens had an aluminum joint located at

the equator which allowed the sphere to be separated into halves. The
other specimens had a thin epoxy joint, approximately 1/32-inch thick, which

bonded the two hemispheres together.

1.2
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£- 0.8

CL

E 0.6

in-plane cracking

0.4

0.2

0
0 0.05 0.10 0.15 0.20 0.25

Thickness/Outside Diameter (t/Do ) Ratio

Figure 1. Comparison of failure modes for regular-concrete spheres
subjected to hydrostatic loading.
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Short-term, long-term, and cyclic hydrostatic loading conditions were
imposed on different specimens in an effort to obtain data on the response
of the PIC material to loading conditions which a real structure might undergo.
Emphasis was placed on short-term tests so that comparisons in behavior
could be made with existing data for regular-concrete spheres. The testing
program is outlined in Table 1.

Table 1. Test Program

(Outside diameter of sphere was 16 inches.)

Sphere Wall Type Monomer Type Loading
Description Thickness of Loadb of Condition(in.) Monomera (% by wt) Joint

A 1 DAP 8.4 epoxy short-term

B 1 DAP 7.9 eooxy short-term

I 1 MMA 6.4 epoxy short-term

C 2 DAP 9.0 epoxy short-term

D 2 DAP 8.8 epoxy short-term

F I DAP 8.0 aluminum short-term

G 1 DAP 8.6 epoxy long-term

H 1 DAP 8.0 epoxy cyclic

a DAP = diallyl phthalate; 16,5-centipoise viscosity

MMA = methyl-methacrylate; 0.5-centipoise viscosity
b Average of two hemispheres.
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Fabrioation of Specimens

Fabrication of the specimens consisted of casting concrete hemispheres,
curing the concrete, impregnating the concrete with a monomer to create
polymer-impregnated concrete, and then joining together two hemispheres
to form a sphere.

The concrete mix design given in Table 2 was the same as used in
past studies on regular-concrete spheres. The concrete was moist-cured for
the first 28 days and then stored at room conditions (for approximately 2
years) before it was impregnated with a monomer.

Six 3 x 6-inch control cylinders were cast with each hemisphere and
cured under the same conditions as the hemisphere. Three control cylinders
were used to obtain regular-concrete properties, and the other three cylin-
ders were impregnated along with the hemisphere to obtain the PIC properties.

Even though the monomer impregnation and polymerization proce-
dures (Table 3) were different for the DAP and MMA specimens, few
problems were encountered in completely impregnating the concrete with
either monomer. One problem encountered with the MMA impregnation
procedure was that the monomer evaporated from the surface prior to
polymerization. This resulted in a nonuniform monomer load in the wall of
the hemispheres-the middle of the wall was completely impregnated, but
the inner and outer wall surfaces had an 1/8-inch-thick layer that was lightly
impregnated. Hemispheres 855B and 874B (sphere I) were re-impregnated
in an attempt to raise the monomer load at the surfaces; the implosion results
indicate the re-impregnation was successful. Subsequent to this experience,
the monorngr type was changed to DAP which is a less volatile monomer.
Figure 2 shows a hemisphere section after impregnation with DAP.

Sphere F, which had a 1/4-inch-thick aluminum joint at the equator,
is shown in Figure 3; Figure 4 is a cross-sectional view of the joint. The
surface of the aluminum joint that mates with the concrete was beveled
toward the center of the sphere at an included angle of 10 50'. The mating
surfaces of the PIC hemispheres were machined to match the angle of the
joint.

Each specimen, except for sphere I which had only two interior
gages, was instrumented with at least 12 electrical resistance strain gages
which were applied to the exterior and interior surfaces of one hemisphere.
Figure 5 shows the typical gage layout.
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Table 2. Concrete Mix Design

Water/cement ratio = 0.55 by weight

Aggregate/cement ratio = 3.30 by weight

San Gabriel River wash aggregate

Type I II portland cement

Screen No. Percent

Passing Retained Retained

4 8 29.6

8 16 20.8

16 30 14.7

30 50 10.3

50 100 7.3

100 pan 17.3

Table 3. Monomer Impregnation and Polymerization Procedure

Method Used for-
Step in Process

DAP Monomer MMA Monomer

Oven dried to constant Oven dried to constant
Drying of concrete weight at 1500 C weight at 900 C

Evacuation of 2 hr at a vacuum of 2 hr at a vacuum of
concrete 29 inches mercury 29 inches mercury

Monomer soak 16 hr at 20 psig 2 hr at 10 psig

Thermal-catalytic; Gamma radiation from a
5% (by wt) of t-butyl 60 cobalt source;

Polymerization perbenzoate catalyst; 250,000 rad/hr for 22 hr;
1 10°C for 24 hr, plus total dose of 5.5 x 106 rad
150 0 C for 150 hr
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Figure 2. Appearance of concrete hemisphere after impregnation
with DAP monomer.

Figure 3. Assembly of sphere F with an aluminum joint.
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Test Procedure

The specimens were tested under hydrostatic loading using freshwater
as the pressure medium in NCEL's 18-inch-ID pressure vessel. Figure 6
shows a specimen attached to the pressure vessel head with a tubular steel
penetrator vented outside the vessel, All the strain gage lead wires passed
through this penetrator for hookup to data recording instruments.

Regardless of the type of test, pressure was applied to or removed
from the specimen at a constant rate of 100 psi/min. Implosion of the
specimen was easily noted by a sharp noise and instantaneous pressure drop.

PIC sphere.
16-in. OD x 1-in. wall

epoxy bonding

equatorial joint;

aluminum

.4 ~*Marman clamp

Figure 4. Cross-sectional view of aluminum joint.
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Gage type: BLH SR-4

hemisphere
18-in. 0D x 1 -in, wall

interior gages

70 Note: Only sphere F had

Figure 5. Typical strain gage layout for spheres.



Figure 6. Specimen prepared for test in pressure vessel.

TEST RESULTS

Control Cylinder Tests

PIC and regular-concrete control cylinders were tested under uniaxial
compression to determine compressive strength, modulus of elasticity and
Poisson's ratio. Table 4 summarizes the results obtained from the 3 x 6-inch
control cylinders. On the average, the PIC specimens contained 8.4% by
weight DAP monomer, and exhibited an average compressive strength of
20,970 psi and a modulus of elasticity of 5.34 x 106 psi; these values were
increases of 121 and 52%, respectively, over those of the regular-concrete
control specimens. Poisson's ratio was found to be approximately the same,
0.17, for the PIC and regular-concrete specimens.

A typical stress-strain relationship for PIC and regular concrete is
shown in Figure 7. These curves show the nearly linear behavior of PIC in
comparison to the nonlinear behavior of regular concrete. The PIC material
consistently showed elastic, brittle behavior under uniaxial compression.

10



cm co Ii) (D -U) m

-- o- r-l C0r. N
c N CM4 Om) ;IT, - 00 q 0 0 0

CL

-u

00

00 00 0 00 00 LJ
0~

o -

co 00 00 c 00 00 00 0
(N '7 C4(q 0 r LO 0 uU)L zc -) C r'.r Ci (qO 00 i .o ~r-

-0 0) 0 CO co r 00 00 ( C 00 C )

c 0

u
o - N-

-; C5 C5dc d C
x CL0

o - -U

cv t o C3 J C ) C ) C -U )(N (3)o= M' (0~ CN Vic t iq LO

(V E * 0 00 8~

> a -6 (C) 0- -0~0 (
I- LO <0 (N(N (N( C5 ( -L NN N N

o :c

0. 1~ .cQ Ci a.qC' l a Or a.0 I

E N N ~ CN

0

c 0 o c r, -o to 0) 0) O - 00 m Icoc
o~ Ci

>" <' <<<<
0 .

11c



Short-Term. Tests

Spheres A, B, 1, C, and D were tested under short-term hydrostatic
loading by applying pressure at a constant rate until implosion occurred;
the implosion pressures for these spheres are given in Table 5.

24___________ ______

load _

3 x 6-inch cylinder
20 longitudinal-.. _______J

direction

transverse,,

16 
direction

8 ____00_______

- -regu 
lar co n c i et c

tensile..,- __ compressive

+ 1,000 0 -1,000 -2,000 -3.000 -4.000

Transverse Longitudinal

Strain (u~in.Iin.)

Figure 7. Typical stress-strain relationship for PlC and regular-concrete
control cylinders under uniaxial compression.



Table 5. Implosion Results

Wall Uniaxial Implosion
Sphere Loading Thickness Compressive Pressure, Pim/f'PiC

Designation Condition (in.) Strength, m (psi)
f'PIC (psi)

A short-term 1 20,960 4,670 0.222

B short-term 1 22,350 5,065 0.226

I short-term 1 20,060 4,700 0.234

C short-term 2 21,000 8,750 0.417

D short-term 2 19,950 8,200 0.411

F short-term 1 20,500 4,130 0.202

G long-term 1 20,900 4,000 0.191

H cyclic 1 17,500 4,OUO 0.228

The average strain performance of the 1-inch-thick specimens, spheres

A, B, and I, is shown in Figure 8 along with the performance of a previously
tested regular-concrete sphere.1 These curves show the striking differences
in behavior between the PIC and regular-concrete spheres. One significant
difference was the linear response of the PIC spheres to increasing hydro-
static pressure as opposed to the typical nonlinear behavior of regular concrete.
Another difference was the presrure at which PIC spheres imploded-an

average pressure of 4,810 psi. This was 43% higher than regular-concrete
spheres, whose implosion pressure was predicted from an empirical equation

developed in Reference 4.
The 2-inch-thick PIC specimens, spheres C and D, imploded at an

average pressure of 8,475 psi, which was an increase of 36.5% over regular
concrete. The strain performance of these spheres is shown in Figure 9;
again the linear pressure-strain behavior was prevalent.

Sphere C unintentionally underwent two load cycles. The first
cycle reached 84% of the actual implosion pressure before the pressure

accidently decreased to zero at a rate of approximately 5,000 psi/min
bt -ause of mechanical difficulties with the pressure vessel equipment. After
a 10-minute delay, the second cycle was commenced and progressed to the

implosion level. The slope of the pressure-strain curve for the second cycle
increased approximately 7% over that of the first cycle. Also, during the

second cycle the slope of the curve increased slightly with load up to implo-
sion; in other words, the sphere became slightly stiffer with increased load.
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6,000 1I• -- 16 in.

shere B, 6 gages I
5,000

sphere I, 2 gages
average
interior

4,000 strain

sphere A, 6 gages

I. 3,000

a sphere 21, 8 gages

0 (after Stachiw 1)

I
2,000 PIC

, - regular concrete

1,000

0/
0 -1,000 -2,000 -3,000 -4,000 -5,000 -6,000

Strain (uin./in.)
(a) Interior.

5,000 sphere 8 , 6 ,gages t -16 in . l

sphere A. 6 gages

Caverage
3,000 exterior

. sphere 21,8 gages (after Stachiw1 )

0 2,000

z PIC

-regular concrete

1.000//

00 -1,000 -2,000 -3,000 -4,000 -5,000 -6,000
Strain (p n./in.)

(b) Exterior.
Figure 8. Strain behavior of spheres subjected to short-term loading; t/D 0 = 0.063.
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12.000

10,000 average 2in
interior

sphere C. second cycle sri

S8.00011

sphere C, fi rst cyclespeeD6gas
to 84% implosionspeeD6gas

C.
.~6,000

0

4,0

oo sphere 25, typical gage (after Stachiw')

0/ 
reglar concrete

0 -1,000 -2,000 -3,000 -4,000 -5,000 -6,000

Strain (pin./ini

(a) Interior.

10,000 

16 1in.sphere C,.eod yl
to implosion, 6gge

8,000- xtro

spnere D. 6 gages first cycle to 84% implosion

_____.,-<_sphere 25. typical gge (after Stachiwi)

- eular concrete

0 -1,000 -2,000 -3,000 -4,000 -5,000 -6,000
Strain(pin.Iin.)

(b Exterior.
Figure 9. Strain behavior of spheres subjected to short-term loading; t/D0 = 0. 125.
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Sphere D exhibited in-plane cracking* similar to regular-concrete
spheres,4 except cracking began at or near the exterior surface whereas the
regular-concrete spheres cracked near the interior surface. The pressure at
initiation of in-plane cracking, Pp,, was taken at the pressure where the strains
(interior or exterior) were maximum before decreasing in value; for sphere D,
P, was 7,200 psi. Figure 10 shows a fragment ot sphere D after implosion

which portrays these cracks. It was apparent from studying the individual
gage data, Figure 11, that the in-plane cracks developed near the epoxy joint
and propagated away from the joint. A plausible explanation for in-plane
cracking is that the epoxy material at the joint is under a compressive stress
of approximately 19,000 psi; at such high compressive stresses the tangent
modulus of elasticity for epoxies is known to be quite low. The epoxy would

0 1 2 4 5 6
Ocean Struct Div Ocean Emg Dept

Figure 10. Fragment of sphere D showing in-plane cracks.

In-plane cracking is the development of cracks in the concrete wall parallel to the
major principal stresses, hence, cracking "in-the-plane" of the wall.
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tend to.extrude from the joint and, in so doing, would create tensile radial
strains; these would add to the "normal" tensile strains already existing in the
wall (300pin./in. at 7,200 psi according to elastic theory). Thus, in-plane
cracks could begin at the joint near the exterior wall as found in sphere D or
near the interior wall as found in regular-concrete spheres.

Table 6 compares the uniaxial compressive strength, f'piC, of PIC
control cylinders with the calculated interior wall stress at implosion, aim,
for the PIC spheres. The interior surface of the spheres was under biaxial
loading conditions where the tangential stresses were equal and the radial
stress was zero. The tangential wall stress at implosion increased approxi-
mately 4% over the uniaxial compressive strength; this was a small increase
compared to that of regular concrete which increased approximately 35%.4
Hence, the PIC material did not show the improved strength under biaxial
loading that was characteristic of regular concrete.

Table 6. Tangential Wall Stress at Implosion

Wall Uniaxiala Stress
Thickness Compressive atDesignation (in.)Strength, Implosion,

f'pIc (psi) aim (psi)

A 1 20,960 21,250b 1.01

B 1 22,350 23 ,045b 1.03

1 1 20,060 21,385b  1.07

C 2 21,000 22,750b  1.08

D 2 19,950 18,720c 0.94

a For 3 x 6-inch control cylinders corresponding

to the weaker hemisphere in the sphere.
b On interior wall of sphere; calculated using

elastic theory, Equation 2.
c At in-plane cracking; calculated using Equation 2.
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8,200 .XGg
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E98
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S7,600 gage

>. 2 in. Il\
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+2.000 +1,000 0 -1.000 -2,000 -3,000 -4,000 -5,000
Strain tIgin./in.)

Mb Exterior gages.

Figure 11. Behavior of individual gage:, at in-plane cracking of sphere D.



Long-Term Test

Sphere G was tested under long-term loading where the pressure load
was held constant for 100-hour periods at successively increasing 1,000-psi
increments. Implosion occurred 3 minutes after reaching the 4,000-psi level;
this pressure was 82% of the average implosion pressure for PIC spheres
tested under short-term loading.

6,000

to-16 in.--

5,000implosion after 3 minutes strain, 6

average interiora
irn~osio afer 3 inues trai, 6gages
at 4,000 psi

3,000.,

N 100 hours at 3,000 psi

2,000 I
100 hours at 2,000 psi

1,000

100 hours at 1,000 psi

00 -1,000 -2,000 -3,000 -4,000 -5,000 -6,000

Strain (in./in.)

Figure 12. Interior strain versus hydrostatic pressure for sphere G
under long-term loading; t/Do = 0.063.

Figure 12 shows the strain performance of the specimen under the
long-term loading sequence as a function of hydrostatic pressure. The speci-
men exhibited linear strain behavior between the constant pressure levels, and
the secant slope to failure of the pressure-strain curve was almost identical
to that exhibited by the PIC specimens under short-term loading. In addition,
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the slope of the pressure-strain curve between sustained pressure levels
became slightly steeper with higher pressure, indicating that the polymer-
impregnated concrete became stiffer with time under load.

Figure 13 shows the strain performance of the specimen under long-
term loading as a function of time. At 3,000 psi the specimen showed an
increase in creep strain of approximately 100 pin./in. for the 100-hour
duration of the load. Previous studies on similar regular-concrete spheres1

indicated that sustained pressure loads of 1,500 psi produced several times

this amount of creep strain for the same time interval.

-3,000 1

implosion after
3 minutes at-jF4_ 4.000 psi

3,000 psi
-2,500

average interior
-2,000 strain, 6 gages

-2,000
C

' -1,500

-1,000

-500

01
0 50 100 150 200 250 300

Time (hours)

Figure 13. Interior strain versus time for sphere G under long-term
loading; t/Do = 0.063.
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Cyclic Test

Sphere H was tested under cyclic loading where the pressure load was
held constant for 50 hours followed by zero pressure for 50 hours at successively
increasing 1,000-psi increments. The test simulated a set of placement-retrieval
cycles that a structure might undergo during actual operating conditions.

Figure 14 shows the average interior and exterior strain performance
of the specimen under cyclic loading as a function of hydrostatic pressure.
These figures again illustrate the linear strain behavior of PIC spheres and the
small amount of creep strain at each load level. Also, when the load was
decreased at the rate of 100 psi/min, the sphere responded with linearly
diminishing strain until, at zero load, the strain values were near zero. This
behavior indicates that PIC is an elastic material which recovers from sustained
loading with only small residual effects. In contrast, Figures 15 and 16 show
that a regular-concrete sphere responded to one cycle of 67 hours at 3,000 psi
with approximately 600 pin./in. of residual compressive strain.

Figure 17 illustrates the average interior and exterior strain performance
of sphere H as a function of time. These figures show that during the no-load
portion of each cycle the sphere displayed strain recovery into the positive
strain range. This phenomenon, which has been observed by other investi-
gators studying PIC materials, is not fully understood, but a proposed
hypothesis is that an applied stress may induce a monomer phase change
which results in an increased unit volume.6

Implosion of sphere H occurred after 15 minutes at 4,000 psi, which
was the same implosion pressure and nearly the same time to implosion as
that experienced in the long-term test, sphere G. This indicates that differ-
ences in extended loading conditions may have little effect on the implosion
strength of the specimens-a quality which will be important to structures
in actual use because of the implied predictability of the PIC material.

Although no direct measurements of the hull's watertightness were
taken, a reliable indicator of watertightness is the degree to which the exter-
nal pressure remains constant during a sustained load period. For both spheres
G and H the indications were that the hulls were highly watertight.

Test of Sphere With Aluminum Joint

Sphere F with a mechanical aluminum joint located at the equator
was tested under short-term loading to determine the effect of the joint on
the behavior of the sphere.
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Figure 14. Strain behavior of sphere H under cyclic loading; t/ o = 0.063.
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Figure 15. Interior strain versus hydrostatic pressure for a regular-concrete
sphere1 under cyclic loading; t/D o = 0.063.

The implosion pressure for sphere F was 4,130 psi; this pressure was 86% of
the average implosion pressure for the PIC spheres (A, B, and I) with a thin epoxy
joint. Figure 18 shows that the decrease in implosion pressure due to the presence
of the joint compared reasonably well to that of regular-concrete spheres with
joints of similar relative stiffnesses.9 Relative stiffness of a joint was defined as:

Er ArR =A
EC AC

where R = relative stiffness

Er = modulus of elasticity of ring joint material (psi)

Ar = cross-sectional area of ring joint (in. 2 )

Ec = secant modulus of elasticity of concrete (or PIC) to if', (psi)

Ac = area of concrete replaced by the ring joint (in. 2 )

The aluminum joint used on sphere F had a relative stiffness of 3.80.
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Figure 16. Interior strain versus time for a regular-concrete

sphere1 under cyclic loading; t/D o = 0.063.

The strain behavior for sphere F is shown in Figures 19 and 20 along

with the behavior for the PIC spheres with a thin epoxy joint. The aluminum
joint changed the deformation pattern of the hemisphere sections from that
of a sphere with a thin epoxy joint. However, the aluminum joint did not

affect the strain behavior of the PIC sphere as significantly or severely as
aluminum joints affected regular-concrete spheres. Actually, the strain
behavior of sphere F compared quite well with that of a regular-concrete
sphere having a fiber glass joint.9 The fiber glass joint (Figure 18) had a
relative stiffness of approximately 1.0, which was equivalent to the stiffness
of the concrete hull.
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Figure 17. Strain behavior of sphere H under cyclic loading;

t/D o = 0.063.
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The aluminum joint on the PIC.sphere had a mating surface with the
hull that was beveled; this was unlike the joints on the regular-concrete
spheres which had flat mating surfaces. From the strain data it is evident
that the beveled mating surface helped the joint appear less stiff to the PIC
sphere by reducing the high bearing stresses on the interior edge. The flat
mating surface produced high bearing stresses in the regular-concrete spheres.
Hence, the beveled joint design was found to be an improvement over the
joint design used by Kahn and Stachiw.9

DISCUSSION

Strain

The observed strain behavior of the PIC spheres tested under short-term
loading was compared to theoretical strain behavior as shown in Figure 21.
Theoretical strains were computed using the following elastic theory expres-
sion

l o

ox V
-, E -E (° +  ) (1

where ex = strain in tangential direction (in./in.)

ox,a v = stresses in tangential direction normal to each other (psi)

oz = stress in radial direction (psi)

E = modulus of elasticity (psi)

v = Poisson's ratio

The stresses were computed from Lame's equations for spheres:

Ox = Oy = PO r -2r 3  (2)
2 r3  ro
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and

Oz POr30 r 3
r3 \r 0 r3/

where Po = external pressure (psi)
ro = external radius (in.)

ri = internal radius (in.)

r = radius under consideration (in.)

At the exterior surface of the 1- and 2-inch-thick PIC spheres, observed and
theoretical strain behavior compared exceptionally well. However, at the
interior surface the experimental strain was greater than the theoretical by
approximately 5 and 14% for the I and 2-inch-thick spheres, respectively.

Implosion Behavior

The implosion behavior for the spheres under short-term loading is
shown in Figure 22 in terms of two ratios-implosion pressure to uniaxial
compressive strength, Pim /f', , and wall thickness to outside diameter, t/Do .
Lame's elastic theory for spheres compared quite well with the experimental
behavior. Equation 2 was used to predict the implosion pressures of PIC
spheres by substituting r i for r (because the interior wall was the location of
the highest stresses), Pim for P., and f',w for a .. Rearranging the equation
yielded:

Pim 2f;lc1 - (4)

where r/r, = 1 - 2(t/D o )

Pim = implosion pressure (psi)

f ,ic = uniaxial compressive strength of 3x6-inch control
cylinders (psi)

t = wall thickness (in.)

Do = outside diameter (in.)
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Figure 22. Comparison of implosion pressure for PIC
spheres with elastic theory.

Applying Equation 4 to large spheres, say outside diameters of 20 feet or
more, which have the same tD ratios as the test specimens, design curves

can be drawn to predict the operational depth in the ocean for PIC spheres.
Figure 23 shows a family of operational depth curves; the reader may apply
his own safety factor to the hull by relating allowable stress to the ultimate

stress of 20,000 psi. For example, a neutrally buoyant sphere, t/D = 0.082,
with a safety factor of 2 (allowable wall stress of 10,000 psi) would have a
maximum operational depth of approximately 6,200 feet; if the safety factor
was increased to 3, the maximum operational depth would be reduced to
4,100 feet. The reader must understand that the design curves are based on

short-term test data, so the safety factor should compensate for the effect

of long-term loading.
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Figure 23. Operational depths for PIC spheres based on
elastic theory.

Applications

Polymer-impregnated concrete appears to have a good future as a
construction material for underwater structures. The behavior of PIC spheres
in terms of high implosion pressures and linearly elastic response to various
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hydrostatic, loads demonstrated substantial improvements over regular-concrete
sphere behavior; however, these improvements must be weighed against cost.
The unit cost of PIC materials in a finished product is given in Reference 6 as
being twice the unit cost of regular concrete. Using this information, Figure
24 was developed which compares the cost and depth of operation for buoy-
ant spheres fabricated of PIC, concrete, and steel. The cost parameter is in
terms of dollars per cubic foot of interior volume, making it a constant regard-
less of the actual size of the structure. (However, the comparison is estimated
to be valid only for spheres with an outside diameter greater than 20 feet.)
Regular-concrete spheres were found to be the most economical to a depth
of approximately 3,000 feet, then PIC materials were cost effective to 4,100
feet, and for greater depths steel was the favored material, mainly because of
strength, not cost. Other materials, such as aluminum or glass, were not con-
sidered in the comparison, because the cost of these materials is greater than
steel.

The desirable features of PIC materials, such as watertightness and
durability, can be incorporated into a regular-concrete structure without a
major increase in cost by impregnating with a monomer a small portion of
the outer wall of the structure. Only if increases in strength are required is
it necessary to completely impregnate the wall with a monomer. Actually
what is achieved by completely impregnating a sphere is an extended opera-
tional depth range-from 3,000 feet for regular-concrete spheres to 4,100
feet for PIC spheres.

5.000 X prelictlI maximum depth for buoyant sphere

PICo  01 0.5ilZI te
mnterial
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S3,00000
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Figure 24. Cost comparison of buoyant spherical hulls with
outside diameters greater than 20 feet.
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PIC structures have the potential for a wide range of underwater
applications, such as containment vessels for nuclear reactors or military
structures to store materiel. Similar structures are feasible using regular

concrete; however, by utilizing PIC materials, the structures could operate
at deeper levels, would be less permeable to seawater, and could possess
better durability characteristics than regular concrete.

FINDINGS

1. Polymer-impregnated concrete (PIC) control cylinders, 3 x 6 inches,

containing an average 8.4% by weight DAP monomer had an average compres-
sive strength of 20,970 psi and a modulus of elasticity of 5.34 x 106 psi;

these properties were an increase of 121 and 52%, respectively, over those
of regular-concrete control specimens.

2. PIC spheres with an outside diameter of 16 inches and wall thicknesses
of 1 or 2 inches (t/D. ratios of 0.063 or 0.125, respectively) imploded at

average pressures of 4,810 and 8,475 psi or simulated depths of 10,700 and

18,800 feet, respectively.

3. The 1-inch-thick PIC sphere with an operational aluminum joint at the

equator imploded at 86% of the pressure for similar spheres with thin epoxy
joints.

4. The PIC spheres consistently showed linearly elastic behavior under
hydrostatic loading conditions of short-term, long-term, and cyclic pressure.

5. Predictions of strain behavior and implosion pressures for PIC spheres
having t/D0 ratios between 0.063 and 0.125 can be made using classical

elastic theory.

CONCLUSIONS

Polymer-impregnated concrete (PIC) spheres with an outside diameter

of 16 inches and t/D, ratios of 0.063 and 0.125 implode at pressures greater

than similar regular-concrete spheres. This implies that spheres fabricated

of PIC materials will ultimately operate at deeper levels in the ocean than
regular-concrete spheres. It is projected that the maximum depth for buoy-

ant PIC spheres will be approximately 4,000 feet, whereas the maximum
depth for regular-concrete spheres appears to be 3,000 feet.
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A cost comparison of spherical structures fabricated of PIC, regular

concrete, and steel indicates that polymer-impregnated concrete is competitive

with regular concrete and is substantially less expensive than steel.
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INTRODUCTION

The Naval Facilities Engineering Command is sponsoring the
development of concrete as a construction material for undersea pressure-
resistant structures. Tests on unreinforced concrete spheres1 6 have
demonstrated the feasibility of using concrete structures to 3,000-foot
depths. it is likely that concrete structures slated for the ocean will be
reinforced to resist, at the least, handling and towing stresses if not more
significant stresses. There is also the possibility that reinforced structures
could operate at depths greater than similar unreinforced structures. There-
fore, it is important to determine what the actual effects of the reinforcement
will have on the behavior of the structures.

Several advantages are apparent for using steel liners as the reinforcing
system instead of using conventional reinforcing bars. Not only would the
liners serve as the reinforcement, but they also could serve as the mold during
fabrication and as a permanent watertight barrier for the structure. The com-
bination of steel and concrete creates a sandwich construction material which
might enable each material to resist higher loada than they could resist indi-
vidually. This study was undertaken to determine the actual behavior of
concrete spheres reinforced with steel-liners.

EXPERIMENTAL PROGRAM

Specimen Description

Nine reinforced concrete spheres were fabricated as outlined in
Table 1. The concrete portion of the structures remained constant-16
inches in outside diameter and 1 inch in wall thickness-while the steel
reinforcement liners were placed on either the inside, outside, or inside and
outside surfaces of the concrete (Figure 1). The steel liners were eitiier 20,
60 (Figure 2), or 120 mils thick, producing percentages of reinforcement
between 1.8 and 23.9 by area (across an equatorial plane).
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inside and outside liners/

Figure 1. Hemispherical sections of reinforced concrete spheres.

Figure 2. Machine screws act as the radial reinforcement in a 60-mil-thick liner.
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The mix design and casting and curing processes for the concrete
materials are given in References 1 through 4. The concrete for this study

used a maximum size aggregate that passed the No. 4 sieve size and had an
average uniaxial compressive strength, f', of 9,580 psi and a secant modulus
of elasticity at 1/2 fc of 3.50 x 106 psi.

The reinforcement liners were A4130 steel with an approximate
yield strength of 200,000 psi as determined by the Rockwell "C" hardness
test. Radial reinforcement for the sphere was attained through 572 no. 5
machine screws per sphere; the screws were spaced 1 inch apart to provide
positive attachment between the liner and the concrete. The screws had an
ultimate tensile strength of 23,800 psi (no yield point was observed).

All specimens were formed from two hemispheres, one of which was
instrumented with at least 20 strain gages; half of the gages were on the inside

surface and the other half were on the outside surface. The strain gages were
electrical-resistance wire gages of 1/2-inch gage length.

Shrinkage cracks in the concrete were observed in the hemispheres
having an inside or outside reinforced liner. It was not known whether the

double liner hemispheres had shrinkage cracks. In general, four cracks were
equally spaced around the circumference. Figure 3 shows a typical shrinka3e
crack. The reason for these cracks is believed to be the restraint provided by
the steel liner as the concrete shrank during a drying-out period at room con-
ditions. Concrete normally exhibits shrinkage as its moisture content decreases.

The equatorial edges of the hemispheres were either ground flat by
hand or machined flat on a lathe. The machined edges were superior to ground
edges because in the hand grinding process more concrete was removed than

steel; thus the steel was slightly higher than the concrete. After edge prepara-
tion, two hemispheres were bonded together with a 1/32-inch-thick layer of
epoxy.

The fabricated spheres were coated using various types of water-
proofing agents (Table 1) in an attempt to keep water from entering the

shrinkage cracks during pressure testing. The epoxy and silicone rubber
coatings appeared more effective than the wax coating; however, no system
was completely successful.

Test Procedure

The specimens were tested under external hydrostatic pressure in an
18-inch-ID pressure vessel having an operational pressure of 20,000 psi (Fig-

ure 4). The strain gage wires were passed through the top penetrator on the
specimen, up through the pressure vessel head, to the vessel exterior and the
recording instrumentation.

The hydrostatic load was applied to the specimen at a constant rate

of 100 psi/min to failure. The pressure medium was freshwater.

4
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Figure 3. Typical shrinkage crack in the concrete.

TEST RESULTS.

Table 2 lists the failure pressures for the reinforced spheres, and
Figure 5 shows the relationship between failure pressure and percent rein-
forcement. The reinforced spheres with double (inside and outside) liners
showed substantial increases in failure pressure over spheres with inside or
outside liners.

The implosion pressure of unreinforced concrete spheres* was
calculated from the empirical relationship 7

Pim
= 0.294 (1)

where Pim = implosion pressure (psi)

Cf' = uniaxial compressive strength of 3 x 6-inch control cylinders (psi)

Equation 1 applies only to unreinforced concrete spheres having a wall-thickness-to-
outside-diameter ratio, t/D,, of 0.0625.

5



The average-concrete compressive strength of the reinforced spheres, f =

9,580 psi, was used in Equation 1 to calculate the implosion pressure,

Pim= 2,820 psi, for unreinforced spheres.t

Figure 4. Test setup showing spheres being placed into pressure vessel.
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.Visual inspection of the specimens after testing indicated three types
of failure: failure of the equatorial joint, failure by buckling of the liner, or
failure by yielding of the liner. Although the concrete showed, and perhaps
influenced, the type of failure, only steel failure modes were classified because
these could be identified after the tests. Table 2 summarizes the types of
failure which the specimens exhibited; in some cases, a specimen showed two
types of failure. Postimplosion views of the specimens are shown in Appen-
dix A.

Table 2. Failure Pressures

Specimen Failure Pressure Type of Failure

Designation (psi) Joint Buckling Yield

1020 2,810 X

1060 3,480 X

1120-1 4,630 X

1120-2 3,450 X

0060 3,605 X

0120-1 4,910 X

0120-2 4,260 X X

D060 6,100 X

D120 13,360 X

Unreinforced concrete -20

spheres 2,820'2

a Calculated using Equation 1.

Of particular interest is specimen D120; this sphere underwent
three cycles of load in an attempt to reach failure pressure. The epoxy
adhesive at the joint leaked at 9,800 psi for the -first cycle and 10,350 psi
for the second cycle; after each cycle the joint was completely reconstructed.
Prior to the third (and final) cycle, efforts were made to prevent the joint
from leaking, even though the epoxy adhesive might fail. The third effort
was successful; the sphere failed by yielding of the steel liner at 13,360 psi.

7
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The effect of steel liner reinforcement on the pressure-strain behavior
of the specimens is shown in Figures 6 and 7. In general, stiffness and ultimate
strain increased with greater percentages of reinforcement.

Of the three specimens having approximately 12% reinforcement, the
best structural behavior was exhibited by the double-lined sphere, D060. It
is evident that the optimum placement of steel liner reinforcement is on both
sides of the sphere, as opposed to placing all the reinforcement on either the
inside or outside of the sphere.

ANALYSIS OF RESULTS

Stresses at Failure

Stresses in the concrete and steel were calculated using Lame,'s
classical elastic theory developed for multilayered spheres (Appendix B).
Table 3 gives the stresses at failure for the concrete and steel materials. The
stresses in the concrete are compared to the uniaxial compressive strength of
the concrete obtained from 3 x 6-inch control cylinders; the comparison shows
that the concrete wall was stressed at failure near its ultimate uniaxial strength.
However, the concrete in the sphere should have been capable of resisting
higher stresses than the uniaxial strength because of the multiaxial loading
condition in the wall. Unreinforced concrete spheres show a 35% increase
in material strength under multiaxial loading conditions; hence, in a reinforced
sphere, the strength should be capable of increasing even more because of the

additional confinement of the concrete.
Calculated stresses in the steel liners did not approach the yield

strength of the steel, except for specimen D120 which showed a yield-type
of failure (Figure A-3). Specimen D60 was the only other specimen which
showed a yield-type failure.

Buckling Pressures of Liners

The pressures that would cause buckling of unrestrained, near perfect

steel spheres were calculated using the following modified elastic equation. 8

2(2)
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where PC critical buckling pressure

E = modulus of elasticity

v = Poisson's ratio

t = thickness

ro = outside radius

Table 3. Stresses at Failure

Calculated Stress
Concrete in Steela, c (psi)

Specimen
Designation Calculated Experimental

Stress Compressive Calculated Inside Outside
at Failurea Strengthb f Experimental Liner Liner

(psi) (psi)

1020 9,600 9,530 1.01 154,500 -

1060 8,390 9,870 0.85 121,910 -

1120-1 8,030 9,420 0.85 162,000 -

1120-2 5,820 9,180 0.63 G,000 -

0060 8,705 9,610 0.91 - 122,400

o120-1 8,330 9,410 0.88 - 162,000

0120-2 7,510 9,420 0.80 - 102,000

D060 9,715 10,290 0.95 152,400 134,830

D120 12,550 9.530 1.32 211240 175,600

Unreinforced concrete 12,700 9.580 1.33 - -

spheres

a Using Lane'equations presented in Appendix B.

b For six 3 x 6-inch control cylinders tested under uniaxial compression; control cylinders

corresponded to weakest hemisphere.
C Yield strength of steel was 200,000 psi.

Table 4 compares the calculated buckling pressures to the experimental

pressures, The specimens having a 60-mil or less liner thickness were restrained
from buckling by the presence of the concrete. The specimens having a 120-
mil-thick liner failed at lower pressures than the calculated buckling pressure.

10
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To sLjmmarize the behavior of the spheres, at pressures lower than
50% of the failure pressure, the reinforced spheres conformed to elastic
behavior. At greater pressures, the spheres exhibited inelastic behavior. For
the sphere reinforced with a liner 20 mils thick, no improvement in behavior
over that of unreinforced spheres was observed. For the spheres reinforced
with liners 60 mils thick, the liners resisted loadings beyond their buckling
pressures because of the restraint provided by the concrete. For most of
the spheres reinforced with liners 120 mils thick, failure was probably
premature because of joint problems.

Prediction of Failure

Two methods were used to predict failure pressures of the reinforced
spheres. The first method was to sum the individual failure pressures of the
concrete and steel spheres; the second method was to use Lam6's equations
with a defined failure criteria.

The sum-of-parts method adds the buckling pressures of the steel
liners to the concrete sphere implosion pressure to equal a predicted failure
pressure. Table 5 shows that the predicted pressures are considerably higher
than the experimental pressures, except for specimen D060. More important,
the table shows that for spheres with a single 120-mil-thick liner, the steel
liner by itself should have been capable of resisting considerably higher pres-
sures than those actually resisted by the reinforced spheres. Therefore, it
may not be practical to use steel liners with a liner-thickness-to-total-wall-
thickness ratio of approximately 0.10 or greater as reinforcement for
concrete spheres. However, it is practical to use single or double liners
with a liner-thickness-to-total-wall-thickness ratio greater than 0.02 but
less than 0.06, because higher failure pressures are attained than either the
concrete or steel spheres could attain individually.

The second method to predict failure pressures used classical Lame"
equations for thick-walled spheres in conjunction with the following assump-
tions: (1) continuity of radial and tangential displacements existed at the
interfaces of the concrete and steel layers, (2) failure occurred when the
strain reached 3,000 min./in. in the concrete* or 6,400 yin./in. in the steel,**
and (3) a trilinear modulus of elasticity** for the concrete modeled the
stress-strain behavior of the uniaxially loaded control cylinders. Appendix
B presents the Lame Equations and the computer program used to calculate

* Ultimate strength design limit for strain in concrete, Building Code Requirements for
Reinforced Concrete, ACI Standard 318-71, American Concrete Institute, 1971.

* Strain at 2% off-set yield for A4130 steel.
Obtained from 3 x 6-inch control cylinder stress-strain curves using the procedure
given in Appendix A of Reference 9. Trilinear modulus of elasticity values were 3.56,
1.93, and 1.50 x 106 psi for the following strain ranges of 0 to 1,500, 1,500 to 2,500,
and 2,500 uin./in. to ultimate strain, respectively.

14



the failure pressures. Table 6, which gives the predicted failure pressures,

shows that the predicted pressures were an average 6% greater than
experimental for the reinforced spheres with inside or outside liners
and 38% less than experimental for the reinforced spheres with double
liners. In general, Lame's equations predicted failure pressures with

fair accuracy.

Table 5. Predicted Failure Pressures By Sum-Of-Parts Method

Predicted Failure Pressure (psi) Experimental Experimental
Specimen Failure Pressure Predicted

Steela Concreteb Total (psi)

1020 206 2,820 3,026 2,810 0.93

1060 1,867 2,820 4,687 3,480 0.74

1120-1 7,530 2,820 10,350 4,630 0.45

1120-2 7,530 2,820 10,350 3,450 0.33

0060 1,400 2,820 4,220 3,605 0.86

0120-1 5,579 2,820 8,399 4,910 0.59

0120-2 5,579 2,820 8,399 4,260 0.50

D060 3,267c 2,820 6,087 6,100 1.00

D120 13,109c 2,820 15,929 13,360 0.84

a calculated buckling pressures from Table 4.

b Calculated from Equation 1.

C Sum of buckling pressure for inside and outside liner.

Table 6. Predicted Failure Pressures by Lame Equations

Specimen Predicted Failure Experimental Failure Experimental
Designation Pressure (psi) Pressure (psi) Predicted

1020 2,413 2,810 1.16

1060 3,568 3,480 0.98

1120-1 5,275 4,630 0.87

1120-2 5,275 3,450 0.65

o060 3,400 3,605 1.06

0120-1 4.923 4,910 1.00

0120-2 4,923 4,260 0.87

D060 5,165 6,100 1.18

D 120 8,476 13,360 1.58

15



FINDINGS -

1. The reinforced concrete sphere having a 20-mil-thick steel liner (percent
reinforcement of 1.8) showed essentially no improvement in structural
behavior over unreinforced concrete spheres.

2. Reinforced concrete spheres having 60-mil-thick steel liners (liner-thickness-
to-total-wall-thickness ratio of approximately 0.06) and having percentages of
steel reinforcement between 5.5 and 11.9 showed improvements in structural
behavior over unreinforced spheres. Average increases in the failure pressures
over unreinforced spheres were 26% for inside or outside liner reinforcement
and 117% for double liner (liner on inside and outside) reinforcement.

3. Reinforced concrete spheres having 120-mil-thick steel liners (liner-thickness-
to-total-wall-thickness ratio of approximately 0.10) and having percentages of
steel reinforcement between 11.1 and 23.9 showed substantially higher failure
pressures than those for unreinforced spheres. Average increases in failure
pressures over unreinforced spheres were 44% for inside liner reinforcement,
63% for outside liner reinforcement, and 374% for double liner reinforcement.

4. For a nominal 12% reinforcement, the reinforced concrete sphere having
a double liner showed an increase in strength of 32 and 25% over the reinforced
spheres having an inside or outside liner, respectively.

5. The failure pressures of reinforced concrete spheres can be predicted
with an average 10% accuracy for single liner reinforced spheres and 40%
accuracy (on conservative side) for double liner reinforced spheres using
Lame classical equations.

CONCLUSIONS

There appears to be structural value to reinforcing concrete spherical
hulls with steel liners that have a thickness/total wall thickness ratio greater
than 0.02 but less than 0.06, because higher external pressures can be resisted
by the lined spheres than by the concrete or steel spheres individually. It is
recommended that liner reinforcement be placed on both the inside and the
outside of the concrete sphere because this type of sandwich construction is
more effective than reinforcing only the inside or the outside of the wall.
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Appendix A

FAILED SPECIMENS

Figures A-1, A-2, and A-3 show the reinforced concrete spheres

after being hydrostatically loaded to failure. Three types of failure are
shown by the specimens: failure of the equatorial joint, failure by buckling
of the liner, and failure by yield of the liner. Table 2 in the main text cate-
gorizes the different types of failure for each specimen.
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(a) 1020. (b) 1120- 1.

- M -

(c) 1060. (d) 1120-2.

Figure A-1. Postfailure views of specimens having internal liner reinforcement.
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SI (a) 0060.

(b) 0 120.2.

(c) 0120-1.

Figure A-2. Postfailure views of specimens having external finer reinforcement.
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(a) DOW0

(b) D120.

Figure A-3. Postfailure views of specimens having double liner reinforcement.
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Appendix B

LAME EQUATIONS APPLIED TO MULTILAYERED SPHERES

Lame"s equations in their general form are:

-pr(r3 + 2 r3)

at = (B-1)
2 r3 (r 3 - r0)

and = 0(3  (B-2)
0(r - r?)

where ot = tangential stress

a, = radial stress

p = external pressure

r, = internal radius

ro = external radius

r = radius to point of examination

Using Equations B-1 and B-2 with the following elastic strain equations

et [ - v(0t'+Or)] (B-3)

and Er - - (o r - 2 v a (B-4)

where et = tangential strain

er = radial strain

E = modulus of elasticity

v = Poisson's ratio

enables one to calculate the stresses, strains, or pressures acting on the sphere.
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As an example of how the equations apply to multilayered spheres,
the appropriate equations are presented for a reinforced sphere with an outer
liner.

Pexternal

concrete

steel liner

r 2~

so r3

element of reinforced sphere

For the concrete sphere, ri < r < r2

-P r 3(r? + 2r 3 )o, 2= (B-5)
2r r3 (r 3 - r 3 )

-P1 r3(r 3 - r 3)3r 2= ( B -6 )
r3 (r3 _ r

3)

1

t - E[ - V1(o+o )] (B-7)

1

Er = (O r - 2 vj o,) (B-8)
Ell

At interior surface where r ri

P, = .k),E{ 3 2 (B-9)
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For the steel sphere, r2 < r < r3

-P 2 r3(r3+2r3 ) PIr3(r3+2r 3 )3t 2 2+ (B-1IO)
2r 3 (r - r3 ) 2 r3 (r - r3 )

-P 2 r
3 (r3 - r3) -P1r3(r 3 3

= + (B-11)rr 3 ( 3 -r 3 )  
r3 0r3 - r3 )

1

e t  - E [o - v 2 (a+ Or)] (B-12)
E2

1
er = - (or - 2 a'2t) (B-13)

By equating (et)2c and (Et)2s, one obtains:

E 2(r 3 - r 3 )

where P1  = pressure acting on exterior of first layer (concrete)

P2 = pressure acting on exterior of second layer (steel)

El = modulus of elasticity of material in first layer (concrete)

E 2  = modulus of elasticity of material in second layer (steel)

(e) = tangential strain on interior of first layer (concrete)

(et)2C = tangential strain on exterior of first layer (concrete)

(t)2s = tangential strain on interior of second layer (steel)

vi = Poisson's ratio of material in first layer (concrete)

V2  = Poisson's ratio of material in second layer (steel)

r = radius to point of examination
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r1 . radius to interior of first layer

r2  = radius to interior of second layer

r3  =radius to exterior of second layer

A computer program, Figure B-1, was developed to calculate the
stresses, strains, and pressures in each layer of the reinforced spheres. Ini-
tially, a small interior tangential strain is applied, and the Lame'equations are
used to calculate the exterior pressure necessary to produce such a strain.
Using the calculated pressures, the tangential and radial stresses and strains
across the thickness of each material is calculated.

When the strain in the concrete or the steel reached 3,000 or 6,400
pin./in., respectively, the external pressure was defined as failure pressure.
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Sstart

ead values of material
properties, geometry

-I
set all strains, stresses, 1
and exturnal pressures = 0

store values of strains,
stresses, and pressure

E ay increment 
of interior

tan'gential strain to interior
wall II

calculate incremental value
of external pressure necessary
to produce the incremental
strain (from Lamg equations
and material properties)

F -- ri:; internal radius

r calculate incremental values calculate new
of tangential stresses, radial material properties
stress (from Lame equations) for concrete

calculate strains (from stresses 1
and compatability equations)

determine total values of

pressure, stresses, and strain
by adding incremental value
to stored value

, ~ tr an pri.. n t new, vawluesi

-- do for each selected value of l

increment interior tangential
strain

calculate total interior tangential
strain = stored value + increment

yes strain exceed selected maximum no
value >

sFigure B-1. Computer program to analyze multi-

25 layered spheres using Lamneequations.
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