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CHAPTER 1. INTRODUCTICK

1.1 OBJECTIVE

This report summarizes the development of concrete pressure-
resistant structures for ocean applications and presents the results in
the form of design guides. Specifically, the emphasis ic on designing
concrete spherical and cylindrical structures to withstand implosion
failure caused by uniform external hydrostatic pressure loading. Most
portions of the design approach are based on experimental data, which
have been obtained from laboratory and ocean testing of model concrete
structures over the past two decades. Some portions do not have experi-
mental support for the design approach; however, in those cases, extra-
polations of the tes® results have been made in conjunction with theory
to give the reader a method for predicting failure that has a quasi-
empirical background. This has been done as an alternative to a purely
theoretical analysis.

The portions based on experimental studies have been substantially
improved in this revised handbook by incorporating additional experi-
mental data and other information obtained in the 10 vears since the
"Handbook for Design of Undersea, Pressure-Resistant Concrete Struc-
tures,” was first published in 1976. This is in keeping with the
originral plan to update the nandbook from time-to-time as new informa-
tion became available. The revisions are included in several ways. For
example, information on the uniaxial compressive strength behavior of
concrete subjected to long term {to 10.5 years) sustained pressure load-
ing in the ocean, and the behavior of saturated concrete as affected by
pore pressure are presented as new sectioms in Chapter 2. In Chapter 3
an improved method to design cylindrical structures is presented along
with simplified design guidelines, for example Figure 3.5. In Chapters 3

and &4, additional data are entered in Lhe curves.
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This handtook was prepared as part of the Navy's Deep Ocean Technology
Program sponsored by the Naval Sea Systems Command and the Naval

Facilities Engineering Command.

1.2 BACKGROUND

In 1966, small model corcrete spheres were tested under hydrostatic
loading to experimentally determine implosion pressures as compared to
theoretically predicted pressures. The results were impressive; for
concrete having a uniaxial compressive strength of 10,000 psi, the aver-
age circumferential compressive stress in the sphere wall at implosion
was 12,500 psi. This 25% higher strength at failure was due, not to any
change in the concrete material strength properties, but rather to the
geometrical configuration, a sphere, and the loading condition, external
hydrostatic pressure. Specifically, the increase in failure strength
was the result of the lateral confining stresses caused by the multi-
axial compressive loading effects on the wall of the sphere as compared
to the uniaxial loading condition of the concrete control specimens
(6~ x 12-inch cylinders). It was evident from these explotatory tests
that concrete could perform well in pressure-resistant undersea struc-
tures. , ,

Further studics were conducted on spheres and, later, on cylinders
(Ref 1 through 17). The ultimate objectives of the investigations were
to determine the maximum depth in the ocean that concrete structures
could be safely used and to develop design guides. The results demon-
strated the feasibility of near neutrally buoyant concrete structures,
having an overall safety factory of three, at depths to 3,000 feet for
spheres and 1,500 feet for cylinders. Greater depths are possible if
concretes having a compressive strength greater than 10,000 psi are used
or if negatively buoyant structures are designed.

During the past 15 years, offshore concrete structures have been
used for oil production platforms and storage facilities in the North
Sea. This activity has demonstrated the economics and reliébility of

using concrete in the ocean.
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Because of the offshore activity, concrete societies around the
world have committed much effort to defining the state-of-the-art and
developing recommended standards of practice for concrete ocean struc-
tures (Ref 18). The work of these societies will not bLe repeated
herein. As noted this report deals with the special loading case of
externally applied hydrostatic pressure. These results have application
to concrete floating vessels, offshore platforms, and submerged struc-
tures. In addition, hydrostatic pressure loading is a major design load
for deep mine shafts and tunnels, and even buried structures subjected
to blast overpressures.

Concrete's history is not devoid of examples of submerged pressure-
resistant structures. Today many underwater transportation tunnels
built of concrete are in operation. A notable example is the BART
transbay tube in San Francisco that is 3.5 miles long and located in
water 120 feet deep. Interestingly, research related to this report has
shown that concrete cylinder structures, such as transportation tubes,
can be used to depths 10 times this state-of-the-art depth.

Very large offshore concrete platforms have been built since 1973
for the oil industry in the North Sea. These structures rest on the
seafloor with base sections over 300 feet wide and extend above the sea
surface with towers having a total height of some 500 feet. The base
sections are composed of multiple cells, each cell about 60 feet across
and 150 feet high. During construction the cells are employed as
pressure-resistant, buoyancy chambers that withstand pressure heads of
up to 300 feet. During service the cells are used as oil storage and
seawater ballast chambers.

Potential applications in support of military operations are sea-
floor storage of fuels, long-term environmental 6ata-gathe:ing stations,
and possibly target submarines. Feasibility studies have been conducted
on fuel storage facilities (Ref 19) and target submarines (Ref 20). The
target submarine study showed that a pressure-~resistant hull of concrete

would cost 60% that of a similar steel hull.
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CHAPTER 2. DESIGN CONSIDERATIONS

The design methods presented in this handbook apply to spherical
and cylindrical pressure-resistant structures subjected to‘hydrostatic
loading, that is, to external pressure applied normal to the outside
surface of the spheres and cylinders (including both the sides and the
ends of the cylinders).

This loading places the wall of the structures in a state of multi-
axial compression where the inner surface of the wall is in bi-axial
compression and all other portions of the wall are in tri-axial compres~
sion. For cylinders, the circumferential (hoop) stress is the largest,
the longitudinal (axial) stress is less, and the radial (across the
wall) stress is the smallest and varies from zero at the internal sur-
face to the same stress level as the applied pressure at the external
surface. In a sphere the circumferential stresses are the same in all
great circle directions and, again, the smaller radial stress varies
across the wall from zero to the ambient applied pressure.

The applied external pressure is assumed to be uniform in all
directions and at all locations‘on'the outer surface of the structure.
That is, the difference in hydrostatic head at the top and at the bottom
of the structure is small compared to the average hydrostatic head and
so is neglected.

Although the dead-weight of the structure itself is an important
factor in computing the buoyancy of a structure, it is not included in
the stress calculations in these guidelines since it is considered to be
small compared to the pressure loading. This was the actual situation
in the test programs that produced the data on which the design guide-
lines are based. Thus, these guidelines can be used j'for design of
concrete structures in which the total pressure is a factor of 20 or

greater than the pressure difference between the top and bottom of the




structure. These guidelines do not apply directly to cases in which the

top-to-bottom pressure difference is a large percentage {10% or more} of
the total pressure, for example, the case of a large structure in rela-
tively shallew water. In such sitoations these guidelines are useful
but must be combined with other approaches to account for the nonsym-
metry of loading.

The design guidelines in this handbook are presented in equations
and charts. These guidelines provide an initial estimate of the size of
a structure for a given depth. Advanced design and analysis techniques
must be used to complete a final design, but these techniques need to
start from given dimensions. This handbook provides design aids to
quickly determine the near final dimensions. It is recommended that,
once a stractaré is sized by these aids and meets the design require-
ments, a detailed analysis (such as a finite element analysis) be
conducted. The analysis should assume a realistic out-of-round geometry
and take into account any significant loadings due to dead-weight dis-
tribution, pressure differentials, live loads, etc.; it should alse

model the inelastic behavior of concrete materials.

2.1 CONCRETE MATERIALS
2.1.1 Strength

The compressive strength of concrete, f;, used in the design
equatious of this report is the uniaxial compressive strength of
6- x 12-inch contrel cyclinders tested at the time the structure experi-
ences hydrostatic loading. Because the strength of concrete in the
as-loaded condition of an undersea structure is needed, the control
cylinders should be tested with the concrete in a wet condition. Mature
concrete that has been continuocusly fog cured is considered to be in a
wet condition. If the control cylinders have been cured along with the
structure and have become air dried from field exposure, the concrete
cylinders should be soaked underwater for 3 days prior to testing.

However, as will be explained in following sections, concrete that has
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"been soaked for 3 déys is not necessarily "completely saturated.”" The

- strength of concrete in a wet condition is about 10 to 20% lower than

concrete in a dry condition (Ref 21). Conversely, concrete in a con-
tinuously moist condition will gain in strength vwith aging; at age
1 year, good quality concrete is approximately 20% stronger than at
28 days.

Information is available on the compressive strength of concrete
after long periods of time in a hydrostatic environment as reported in
References 15 and 17.

Ocean-exposed concrete blocks (18 x 18 x 14 inches) were retrieved
on three occasions: 1 block after 1 year in the ocean, &4 blocks after
5.3 years, and 2 blocks after 10.5 years. Six-inch diameter core samples
were taken from the ocean exposed blocks and companion on-land field
exposed blocks and then tested, along with fog-room cured cast cylin-
ders, for compressive strength, modulus of elasticity, and Poisson's
ratio. Drilled cores are, in general, weaker in compressive strength
than cast cylinders of the same concrete; for the following strength
comparisons the core strengths are adjusted by increasing the measured
core strength by 7% as discussed in Reference 15.

The results are summarized in Figure 2.1, which shows the relative
strengths of the concrete in the three environments at total ages of
1.3, 5.6, and 10.8 years. The relative strength is the ratio of the
compressive strength of the conrrete at a given total age compared to
the compressive strength at 28 days of fog-cured specimens.

The continuosuly fog-cured specimens increased in strength by 23%
at 1.3 years, to 35% above the baseline strength at 5.6 years of age,
and were still at 35% at 10.8 years. This pattern of rapid strength
gain at early ages and then slower gain and a tendency to level off at
later ages is typical of concrete.

The on-land field-exposed concrete, tested in the air-dried condi-
tion, showed a similar but smaller gain to 5.6 years, as expected, but
indicated a loss of strength during the second 5-year period. This
drop, which was not expected, may have been due to differences in the
concrete's moisture content, due in turn to the outdoor conditions,

especially relative humidity and temperature, which varied considerably
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on a daily as well as seasonal basis in contrast to the fog room and the
in-ocean conditions which were constant throughout the exposure period.

The most interesting findings are, of course, those of the ocean-
exposed concrete. This concrete showed a decrease in strength on first
being placed in the ocean. This decrease results from the concrete
changing from an air-dry condition at the time of deployment (after its
initial 28-day cure the concrete was stored outdoors for several months
until deployment) to a saturated condition in the ocean. It is well
known that the uniaxial compressive strength of wet (saturated) concrete
is 10% or more lower than otherwise comparable dry concrete. However,
after the initial loss in strength, the concrete continued to cure in
the ocean and gain strength. At 1.3 years age its strength was approxi-
mately the same as the referencé concrete, by 5.6 years total age it was
15% above the baseline strength, and was still at the same strength
level at 10.8 years age. Thus, the ocean exposed concrete, after an
initial loss, gained strength and then leveled off at the 1§ter age,
much the same as the reference fog-cured concrete, but at a lower
attained strength.

Thus, for predicting strength changes in saturated concrete in the
ocean, the data to date indicate that the strength increase of ocean-
exposed concrete relative to the 28-day, fog-cured strength is zero at

the end of 1 year, 5% at 2 years, and 15% at 5 to 10 years (Ref 17).

2.1.2 Durability

Good quality concrete that is completely submerged in seawater
usually does not experience problems of steel reinforcement corrosion.
The seawater that eventually surrounds the reinforcing steel becomes
oxygen depleted, and the high pH envirconment supplied by the cement and
the products of hydration of the cement, especially Ca(OH)Z, acts as an
effective method of retarding corrosion.

A potential problem exists in pressure-resistant structures where
the interior contains air. Oxygen has access to the walls from inside
the structure. Also, the chloride content in the concrete can increase

from salts deposited by seawater evaporating on the inside surface thus
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promoting corrosion. These problems are accentuated for concrete in the

intertidal and splash 2zones, which are surely the worst enviroamental
conditions to design for durability. | ;

Design criteria include using cement with a suitable tricalcium
aluminate {€3A} content, using concrete with low permeability, and
enough concrete cover for the reinforcing steel. The C3A content should
be above 5% but should not exceed 10%, because then the concrete may
become vulnerable to deterioration by sulfate attack (Ref 18). Portland
cements that meet these specifications are usually Type II or Type V;
however, the mill specifications should be used to determine the actual
Csﬁ content. Low permeability is attained for concrete by using: (1) a
cement content of 675 lb/yd?® or greater (do not exceed 840 1b/yd?
because of shrinkage or heat hydration problems), (2) a water-to-cement
ratio of less than 0.45 {and preferably 0.40 or less), and (3) vigorous
but not excessive vibration. The use of pozzolans will also help reduce
permeability; however pozzolans should be used only after tests have
been made to indicate that there is improved sulphate resistance of the
concrete and no decrease in corrosion resistance of reinforcing steel
{(if present). The recommended concrete cover is 2.5 inches on reinforc-
ing steel and 4 inches on prestressing steel. For specific cases, the
cover can be reduced by considering aggregate size, bar diameter, cement
factor, water-to-cement ratio, workability of fresh concrete, degree of
compaction, smoothness of concrete surface, and other factors.

Rock boring mollusks do not usually attack high quality concrete
that is made with non-limestone aggregate. As an example, concrete that
was located on the ocean side of the Los Angeles Harbor breakwater in
California showed only very mild attack by borers after 5?‘years. In no
place had the borers progressed more than 1/4 inch into the surface
{Ref 22).

2.2 SATURATED CONCRETE

An understanding of the pore structure of cement paste helps to

understand the behavior of saturated concrete.

10
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2.2.1 Pore Structure of Cement Paste

Cement paste cdmposes about 30% of the volume of a good-quality
concrete mixture. Because the paste surrounds each aggregate particle
and each entrapped or entrained air void, the characteristics of the
paste essentially control the permeability of the concrete.

_Hardened concrete is a porous material whose void volume is pre-
dominately that of the pore space of the cement paste. In general
terms, a well-compacted, non-air-entrained concrete (of water-cement
ratio 0.40) has a void volume of about 20% at a young age and 14% at a
mature age after good curing conditions; the minimum void volume pos-
sible is 10%. '

Pore size, rather than pore volume, controls the permeability of
concrete. In a hardened cement paste, there are essentially two types
of pores: capillary pores and gel pores. In a freshly mixed cement
paste, the cement particles are rather evenly distributed due to
electrostatic repulsion forces. The spaces occupied by the water in the
fresh concrete mix are termed the capillary pore spaces; they are inter-
connected and range in size from 3 x 10-7 inches to 5 x 10-4 inches in
diameter (Ref 23). As each cement grain reacts with water, it forms a
calcium-silicate-hydrate gel that surrounds the unhydrated portion of
the cement grain. With time, fiber-like chains of molecules, called
fibrils, develop from the gel coating (Ref 24). The interstices among
the fibrils are the gel pores. Gel pores are extremely small, from
4 x 10‘-8 inches to 3 x 10-7 inches in diameter.

After a cement grain has fully hydrated, the bulk volume of gel is
less than the combined volume of the water and cement from which the gel
is formed, but is larger (requires 120% more volume) than the original
size of the cement grain (Ref 25). The expansion moves into capillary
pores. Thus as hydration occurs, the capillary pore volume decreases
while the gel volume (and thus the gel pore volume) is created.

Theoretically, if the original water-cement ratio for a paste were
0.38 or 1less, the entire capillary pore volume would become occupied
with gel. The formation of gel within capillary pores increases tremen-
dously the resistance of water molecules moving through the capillary

pores. Excellent permeability characteristics arise for concretes made

11
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with water-cement ratios of 0.40 or less because the capillary pores are

essentially interrupted or filled by gel.
2.2.2 Seawater Absorption

A major significance of seawater absorption is that large concrete
structures can gain in weight by hundreds of tons over long periods of
time. Designers may need to consider this factor for certain types of
floating, submerged, or relocatable concrete structures.

Two concrete mixtures were tested for seawater absorption
(Ref 26). The first mix was a high-quality concrete having a water-
cement ratio of 0.39, and a uniaxial compressive strength of 7,380 psi
at 28 days. The second mix was a medium-quality concrete of unknown
water-cement ratio (about 0.55); the compressive strength was 4,550 psi
at 28 days. Specimens of the high quality concrete mix cured for
3.3 years in two different environments: some were exposed continuously
in a controlled moist room environment and some to an outdoor environ-
ment. The medium-quality concrete was continuously fog cured and the
absorption test started at an age of 19 days. k

The specimens, which were 6- x 12-inch control cylinders, were
subjected to a pressure head of 550 feet and the absorption of seawater
was monitored by measuring the quantity of water added to the pressure
vessel. - ' ‘

The results of the fog-cured specimens are shown in Figure 2.2.
During 8 days time at sustained pressure, the mature high-quality con-
crete absorbed a2 negligible amount of seawater. During a similar length
of time, the young medium-quality concrete absorbed about 1.1% by weight
and then lost about 13% of the absorbed seawater when the pressure was
removed and some internal gases expanded.¥®

Figure 2.3 shows the data for the mature, high-quality concrete

that was field-cured for 3.3 years. After 15 days soaking at 0-foot

*No specimens were evacuated in any of the test programs because that
condition is unnatural for usual concrete applications in the ocean.

12
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head,vthe concrete appeared to be saturated, but actually was not since
more water was absorbed at a 550-feet head. This demonstrates water
moving into the gel pores. ‘ ' '

The data also illustrate the difficulty of defining "saturated"
concrete. At different pressure heads, concrete may become apparently

"saturated," yet some gel pores can still be empty.
2.2.3 Compressive Strength of Saturated Concrete

Two types of investigations were conducted on the compressive

strength of saturated concrete. During the first investigation mature,

high-quality hardened concrete was put into a pressure vessel to satur-

ate the material and then, while at the saturation pressure, a uniaxial
compression test (Ref 26) was conducted. During the second investiga-
tion freshly mixed éoncrete, of both high and low strength mixtures, was
put into a seawater environment to cure and eventually be tested in uni-
axial compression while under the saturation pressure (Ref 27).

The first investigation used a concrete of water-cement ratio of
0.51 and a uniaxial compressive strength of 6,630 psi at 28 days.
Specimens were fog cured for 128 days before being placed at pressure
heads of 1 foot, 500 feet, and 20,000 feet for about 60 days. The
pressure was cycled 4 to 6 times for the 500-foot and 20,000-foot speci-
mens to assist in saturating the concrete, lb

The results are shown in Figure 2.4. Only the 20,000-foot specimens
showed a statistically significant difference in compressive strength
from that of the fog-cured specimens. A 10% decrease was recorded. The
decrease is attributed to pore pressure build up during the uniaxial
test. Under uniaxial load, the change in total volume of the specimen
requires that some water be expelled from the specimen. If the rate of
loading is faster than internal water can exit the concrete, then a
positive pore pressure will develop which can cause a decrease in com-
pressive strength.

The 500-foot specimens showed a 6% increase in strength. The
increase could have been due to empty pore space causing the specimen to
act as if it were under a small triaxial load from the pressure environ-

ment. The 500-foot specimens were not saturated.

15




specimens placed at various

i

i i 1
standard deviation \ f .

I

{
H
L]
'
!
average
7,000} ; -
+ continuously ! A;; 20,000
[ fog-cured i i
¥ 3 !
N E £000 = * -
=
B |
ko
E |
&
¥ I
I ? |
&
£ 5000 F .
<
4,000 - . ]

- )

pressure heads. Pressure head (1)

o - N La

1 L i i

4] 40 80 120 160 200

Concrete Age {days)

Figure 2.4 Uniaxial compressive strength of concrete tested at various pressure heads.
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For the second investigation, specimens of a low-strength concrete
mix, which had a water-cement ratio of 0.66 and uniaxial compressive
strength of 3,000 psi at 28 days, and a high-strength mix of wéter-
cement ratio of 0.46 and strength of 6,060 psi at 28 days, were placed
on the seafloor at a depth of 1,830 feet within 3 hours after mixing
before the initial set of the concrete had occurred. After curing in
the ocean at 42°F for 11 months, some specimens were returned to the
Laboratory, placed again at a pressure head of 1,830 feet for a hold
period and then tested under uniaxial compression while at that pres-
sure head. Companion specimens were cured in a fog room at 73°F and
others in a tank of continuously circulating fresh seawater at a head
of 6 feet at an average of 66°F.

Briefly, the results showed the low-strength concrete increased in
uniaxial compressive strength, as compared to the 28-day fog-cured
strength, by 28, 28, and 24%, respectively, after 10.8 months of curing
in a fog room, 10.2 months in a seawater tank, and 11 months in a deep-
ocean environment at 1,830 feet. The differences in strength are not
statistically significant, that is, the deep-ocean concrete had a
strength essentially equivalent to that of the fog-room and seawater-
tank-cured concrete. The high-strength, fog-cured concrete increased in
uniaxial compressive strength, as compared to the 28-day fog-cured
strength, by 26, 15, and 9% respectively, after 10.8 months of curing in
a fog room, 10.2 months in a seawater tank, and 11 months in a deep-
ocean environment at 1,830 feet. In this case the differences in
étrength were statistically significant.

Another group of specimens were retrieved from the ocean after
5 yeérs on the seafloor at a depth of 2,450 feet and tested in the
laboratory along with companion specimens that had been continuously
cured for the 5 years in a fog room or under a low head (nominally
6 feet) of seawater.

The various specimens were tested in uniaxial compressive strengths

under three different conditions: (1) submerged under seawater at the




"

same pressure (2,450 feet) ‘as the ocean-exposed specimens, (2) under
seawater at a low head, and (3) in normal laboratory atmosphere. The
results are shown in Figure 2.5 which supplement the findings at con-~
crete ages of 10 to 11 months. ‘

At 5 years age, the low-strength concrete was nearly the same

strength that it had been at 10 to 11 months, that is, the low-strength
concrete had, essentially, neither gained nor lost strength in the
additional 4 years of exposure in the three environments. On the other
hand the high-strength concrete continued to gain strength in all three
environments. For example, the ocean-exposed concrete averaged more
than 30% stronger at 5 years than at 10 to 11 months.

There are several small differences in the strengths of the con-
cretes cured and/or tested in the various environments. For example the
low-strength concrete cured and tested {at 5 years age) under high pres-
sure had an average i; of 4,100 psi, which is indicative of a reliable,
good quality structural concrete, but is about 10% weaker than the com-
panion concrete cured in the near ideal fog room conditions.

However, the main findings of this test series are that, at a given
water/cement ratio and a given age (after the first several weeks), the
specimens all had similar strengths whether cured or tested submerged at
high pressure, submerged at low pressure, or in the aif. The differ-
ences in performance are primariiy due to the well established
principles that higher strength is primarily a function of lower water/
cement ratio, and the degree of hydcation of cement which is a function
of age and normally continues (if curing water is available) at a
decreasing rate for a number of months up to more than a year, after

which the concrete continues to maintain its achieved strength.
2.2.4 Pressure Cycling Effect

Several tests were conducted where concrete was subjected to pres-
sure cycling and then tested under uniaxial compression. This type of
test was of interest because a rapid decrease in ambient pressure

results in a rapid change in pore pressure of the concrete, a condition

~
r”y ﬂ.
Lt

which might harm the concrete. I
S -
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One test series was part of the program involving freshly mixed ;Qif,
concrete placed in the ocean at 1,830 feet. All the specimens, both
low-and high-strength mixes, which cured in the ocean for 11 months
{and were, therefore, saturated with seawater), underwent three pressure

cycles: raised from the seafloor to the surface, placed in a pressure

vessel and held at 1,830 feet of head, then removed from the pressure
vessel, placed in a compression tester, and then placed back at
1,830 feet of head for the uniaxial test. Each of the pressure cycles .
was at a rate of 1 foot of head per second (0.4 psi/sec). The strength
of these specimens was compared to that of companion specimens that
cured in a seawater tank at 6 feet of head. No statistically signifi-
cant strength differences were observed, so the pressure cycles did nmot
harm the concrete.

Additional ocean-cured specimens of both low- and high-strength
mixes were pressure cycled an additional three times at a rate of i
10 feet of head per second (4.4 psi/sec). This rate was faster than any
concrete structure or object will be raised from the ocern. A practical
rate is 1 fps or less, The compressive strength of these specimens was
éempa:ed tc that of the ocean-cured specimens that were exposed to only
three cycles of 1 foot of head per second. The strengths were essenti-

ally identical, so the faster pressure cycling rate did not harm the

specimens.

Another observation that demonstrated that pressure cycling does
not harm concrete is the retrieval of two uncoated-concrete spheres from
the ocean. One sphere was at 2,790 feet for 5.3 years (Ref 15) and the k T?S
other sphere at 3,190 feet for 10.5 years (Figure 2.6} {Ref 17). 1In | .
both cases, after retrieval and a number of hours at atmospheric
pressure, the spheres were tested in a2 pressure vessel té failure by
implosion under short-term hydrostatic loading, and behaved similar to
spheres that had not been placed in the ocean.

The most significant test of pressure cycling was conducted on six
3- x 6-inch solid, microconcrete cylinders that were exposed to a fresh-
water press&re head of 45,000 feet for 6 days (Ref 28). The pressure
in the pressure vessel was released within 1 second for a depressuriza-

tion rate of over 45,000 feet of head per second. This condition was an

20
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extreme test. Upon removal from the preisure vessel, the specimens
showed cracking as if large areas of the surface were about to spall.
Uniaxial compression tests showed that the specimens had an average
strength of 5,900 psi. These strength data were compared to that of six
companion specimens that had remained in an air-dried (field-cured)
condition; these specimens had a strength of 8,040 psi. The decrease in
strength was 27%. The strength reduction included the effect of dry

concrete becoming wet, which is 10% or more. Hence, only 17% of the

-reduction would be attributed to the effect of sudden release of pore

pressure. Thus, the damage is considered to be small for the extreme
nature of the test.

The reason pressuré cycling at reasonable rates does not affect
concrete is that little water actually moves in or out of saturated
concrete as the pressure environment increases or decreases. The bulk
modulus of the concrete is a little larger in value than the bulk modu-
lus of seawater; hence, as the pressure increases, the decrease in
volume of a concrete specimen is a little less than that of seawater.
So a small quantity of seawater will enter the specimen. Upon pressure
decrease, the small quality of seawater must exit the specimen. This
quantity is about 10 to 20% of the quantity that must exit saturated
concrete under uniaxial loading. Hence, pressure cycling does not

appear harmful to saturated concrete.

2.3 HYDROSTATIC LOADING CONDITIONS
2.3.1 Long-Term Loading

Experimental investigations on the long-term loading behavior of
pressure-resistant concrete structures were conducted primarily on
spheres, but a few tests:were conducted on cylinders. Three spheres of
16 inches (Ref 1) and seven of 66 inches CD (Ref 10), both sizes having
t/Do ratios of 0.063 (Figure 2.7), were tested in pressure vessels to
obtain data on their response to continuously sustained loading during
the early period (first 20 days) of long-term loading. Eighteen spheres
of 66 inches 0D, also having a t/Do ratio of 0.063, were placrd in the

21




Figure 2.6 Sphere rewrieved from 3,190 feet after 10.5 years.

Figure 2.7

Concrete spherical structures, 16-nch and 66-inch 0D,
used for hydrostatic loading tests conducted in laboratory
pressure vessels and in the ocean.
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ocean to obtain data for periods up to 13 years and longer (Ref 13, 15,

 and 17). The spheres were placed in the ocean in 1971; since that time

three of the spheres imploded in-situ at or soon after deployment, two
sphéres flooded without imploding (one soon after deployment with no
visible defect, the other due to a small local failure after 8 years in
the ocean), five spheres were retrieved from the ocean for laboratory
testing, one has never been inspected, and seven are still exposed to
long-term loading. The long-term loading data are shown in Figure 2.8.

Three cylindrical specimens, 54 inches 0D, with a t/Do of 0.037 and
L/Do of 2.35, were tested in a pressure vessel (Ref 16 and 29). The
data from these tests are also shown in Figure 2.8. A large cylindrical
structure (see Frontispiece) of 10 feet OD by 20 feet overall length
(10-foot cylinder section plus two hemispherical end caps) was also
subjected to long-term loading for 10.5 months in the ocean, but the
depth was only 600 feet for a relative load level of about 13% of its
short-term strength. The datum from this test is not shown because of
the low relative load level (Ref 14).

An average data curve from Stockl (Ref 29), representing hundreds
of uniaxial load tests, is shown in Figure 2.8 for comparison. The
results compare favorably. This finding shows that dry and saturated
concrete under multiaxial stresses behaves in a manner similar to con-
crete used for on-land structures. There was no unusual behavior
observed for concrete used in the deep ocean as compared to the known

behavior of concrete under long-term loading.
2.3.2 Cyclic Loading Effect

Previous work on cyclic loading of confined concrete was quite
limited. An investigation, therefcre, was conducted on the low-cycle
fatigue behavior of fiber reinforced concrete spheres under hydrostatic
loading (Ref 30). The spheres were !'6 inches 0D, with a t/Do ratio of
0.188.

The concrete mix proportions were a water-cement ratio of 0.43,
cement-sand-aggregate proportions of 1:2.55:0.64, and a cement content

of 846 1b/yd3. Type II Portland cement was used along with aggregate,

23
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@a maximum size of 3/8 inch, and a water reducing admixture. Straight
steel fibers, 1.5 inches in length and 0.017 inch in diameter, were
randomly distributed at a percentage of 1.5% by volume.

The state of stress in the sphere wall varied from biaxial on the
inside surface to triaxial elsewhere. The hoop stresses were equal at

0, =0, and the radial stress, 0y, Was an average of 0.3 0 The cyclic

hydrostatic load cycled all the stresses. This was i; contrast to
previous work (Ref 31), using plain concrete solid-cylinders, in which
the axial stress, 0y» was cycled from 20% to 80 or 90% of the triaxial
ultimate strength while the radial stresses, o, and 05, were equal and
held constant at stress levels of 9 or 13% of the triaxial ultimate
strength;

The test results are shown in Figure 2.9. The spheres showed
considerably poorer fatigue behavior compared to the solid cylinders
under confinement. This difference in behavior can be explained by the
differing stress conditions in the two types of specimens. For the
spheres, all wall stresses were cycled, whereas for the cylinders, only
ﬁ the axial stress was cycled. Also, for the spheres, 0, was not uniform

across the wall but varied from zero at the inner surface to some
maximum value at the outer surface.

The sphere results converge rapidly to the uniaxial results (Ref 31
and 32) in Figure 2.9. The uniaxial results should be the lower bound
limit of confined concrete fatigue behavior; however, this was not con-

firmed by the tests.
2.3.3 Rapid Loading

An exploratory test program was conducted on rapidly applying
hydrostatic 1load to concrete spheres (Ref 28). The spheres were
16 inches 0D, with a t./Do ratio of 0.188, and fabricated of plain con-
crete. The exterior and interior surfaces of the spheres were water-
proofed. Previous work on rapid loading effects was conducted only on
unconfined concrete solid-cylinder specimens. Testing of spheres under
hydrostatic loading provided an opportunity to observe rapid loading

4, effects on confined (unsaturated) concrete.
.
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Figure 2.9 Low cycle fatigue behavior of confined and unconfined concrete.
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§§$ The concrete mix proportions were a water-cement ratio of 0.43,
cement-sand-aggregate proportions of 1:2.55:0.64, and a cement content
of 846 1b/yd3. Type III Portland cement, modified to plastic cement by
the manufacturer, was used along with an aggregate, maximum size of
3/8 inch, and a water reducing admixture.

The test procedure used for creating a rapid hydrostatic load was
to apply an equal pressure of 10,000 psi to the interior and exterior of
a sphere, and then quickly release the interior pressure, thereby

- creating a rapidly applied external hydrostétic load. This procedure;
modified by decreasing the interior pressure slowly, was used on two
spheres and the implosion results compared well with the previous
results on spheres subjected to only external hydrostatic loading
(Ref 32, 4, and 30). The average implosion pressure for the two
statically loaded spheres was 4,420 psi.

The rapid test procedure was used successfully on two spheres. The
external load was applied in about 0.007 second and both spheres resis-
ted the maximum avéilable pressure load of 9,600 psi. One sphere held

"& the pressure for about 0.003 second and the other about 0.025 second;
hence, the failures were not instantaneous, but rather creep failures.

The strength results are shown in Figure 2.10 as a function of
stress rate and in Figure 2.11 as a function of strain rate. The sphere
closest to anm instantaneous failure showed a strength increése of 2.3
times that of statically loaded spheres. Past work on rapid loading of
unconfined concrete showed strength increases on the order of 1.4 times
that of the statically loaded specimens (Ref 33, 34, 35, and 36). The
impro§ed strength of the spheres demonstrated that confined concrete

resisted rapid loads in a manner superior to that of unconfined concrete.
2.4 REINFORCEMENT
Three studies have considered the effects of steel reinforcement on

the implosion behavior of spherical structures. Each study investigated

a different reinforcement scheme. Cylindrical structures with steel

%
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Figure 2.10 Increase in compressive strength as a function of stress rate.
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reinforcement have not been investigated, but in general terms the
findings from the spherical studies should be applicable.

The first study was on spheres reinforced with steel liners on the
iﬁside, on the outside, and oan both the inside and outside surfaces
(Ref 11). Figure 2.12 shows the 16-inch OD models, which had a tfﬁe of
0.063 (for the concrete wall). The quantity of reinforcement varied

from 1.8 to 24% by concrete cross-sectional area. Figure 2.13 shows the

results of the test program. The implosion strength of the reinforced
spheres is presented as the strength relative to that of plain concrete
spheres. For a given percentage of steel reinforcement, a liner on both
the inside and outside surfaces produced better strength results than if
a thicker liner were placed in either the inside or the outside surface.

To sahstaﬁtiaily increase the implosion strength of concrete

spheres required high percentages of reinforcement. For the condition

of a liner both on the inside and ocutside surfaces, 3 percentage of 12%
by area increased the implosion pressure of a plain concrete sphere by a
factor of 2.2, On a full-scale structure a percentage of 12% results in
thick steel plate. For a 12-foot OD sphere with a thQ ratio of 0.063,
the thickness of the plate would be about 2.75 inches for a 150,000 psi
yield strength steel, which is not a practical design approach.

A more conventional reinforcing scheme was investigated in the
second study {(Ref 37). Spheres of 32 inches 0D with a the ratio of

0.085 were fabricated with modeled, conventional reinforcing steel cages

with percentages of 0.44 and 1.10% by cross-sectional area. Figure 2.14
shows the rebar cage for the higher steel percentage. Implosion results
showed that the reinforced spheres failed at relative pressures 5% lower
than those for the unreinforced spheres. Near implosion, the interior
concrete cover delaminated from the rebar cage. This delamination was
not observed for plain concrete spheres of the same wall thickness. The
reinforced spheres were fabricated from two hemispheres, and the delami-
nation cracks started at the equatorial joints.

On a full-scale structure, joints would probably not be a problem;
howevir, increases in implosion strength are not anticipated unless the

compression steel is tied against lateral movement. Various codes of

2

. . . . . oy
practice (e.g., Ref 38) require reinforcement be tied if the cffect of Ry
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Figuie 2.12 Hemisphere sections of steel-lined reinforced concrete spheres. The control
(unreinforced) concrete sphere had a /D = 0.063.

-
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Figure 2.13 The cffect of steel-liner reinforcement on the implosion
pressure (P; ) of thick-walled concrete spheres.
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the reinforcement is to contribute to the strength of a compression
member. At operational 'loads, untied reinforcement will assist in
resisting bending displacements caused by out-of-roundness; but, at near
failure conditions the untied reinforcement can not be counted on to
increase the implosion strength. Hence, when compression reinforcement
is not tied, then the member is designed as unreinforced concrete.

The third study was on steel fiber-reinforced-concrete spheres of
16-inch OD, 3-inch wall thickness, and a t/D0 ratio of 0.188 (Ref 39 and
30). Straight steel fibers, 1.5 inches long by 0.017 inch in diameter,
were fandomly distributed in the concrete at a percentage of 1.5% by
volume. The purpose of this study was to investigate cyclic loading
effects as discussed earlier. We were also able to compare the static
loading strength of three fiber-reinforced spheres to plain concrete
spheres of identical size and similar uniaxial concrete compressive
strengths. The fiber-reinforced-concrete spheres showed implosion
strengths were greater than the plain concrete spheres by a factor of
1.59. This is a substantial increase in implosion strength for a steel
reinforcement percentage of only 1.5% by area.

Caution needs to be mentioned regarding steel fiber reinforcement
for hydrostatically loaded structures until additional tests can be
conducted. A fourth sphere containing steel fiber reinforcement showed
an anomalous failure at a pressure 8% lower than plain concrete spheres,
a small hole about 1/2 inch in diameter was pushed through the 3-inch
thick wall. Perhaps fibers were missing from this region, or perhaps a
fiber ball was located in this region.

A somewhat similar failure occurred for a large fiber-reinforced-
concrete sphere, 72 inches OD and t/Do of 0.167 (Ref 40). The rein-
forcement percentage was 1.5% by area. This sphere was part of an
underground blast test program conducted by the Defense Nuclear Agency.
After the underground test, which did damage the sphere, the sphere was
tested under cyclic hydrostatic loading in a pressure vessel. The
failure mode was a 12-inch diameter hole pushed through the 12-inch
thick wall in a manner similar to the anomalous failure of the 16-inch

0D sphere.
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Full-scale concrete structures will reqnire steel reinforcement to
resist strains from thermal and shrinkage conditions, loads duting con-
struction and transportation stages, moments from discontinuities and
out-of-roundness deviations, and other factors. A minimum reinforcement

percentage of 0.20% by area should be used.

2.5 EPOXY ADHESIVE JOINTS

Model undersea concrete structures for most of the test programs
were fabricated by joining structural components together with an epoxy
adhesive. For spheres, two hemispheres were bonded together; for
cylinders, end-closures were bonded to the cylinder section. The joints
did not appear harmful to the overall behavior. Typically, the initia-
tion of failure did not involve the joints.

The construction approach of bonding elements together was used to
bond the hemispherical end closures to a 10-foot diameter by 10-foot
long cyclinder as shown in Figure 2.15 (Ref 14). The completed struc-
ture, which is shown in the Frontispiece, was submerged for 10.5 months
at 600 feet and then returned to land. The joints appeared in excellent

condition. After being on land for 4.2 years, the structure was again

lowered into the ocean, this time to obtain its implosion strength which

occurred at 4,700-foot depth. Again, the joints performed well.

When using epoxy adhesives the American Concrete Institute's guide-
lines {(Ref 41) should be considered. Also the manufacturer's recom-
mended practice should be followed. However, not all commercially

available epoxy adhesives for concrete perform equally well., In par-

ticular, from tests on a number of epoxy materials, it was found that
the bond strength for certain epoxies is damaged by the presence of
water (Ref 42). Therefore, before using an epoxy for undersea struc~
tural applications, bond strength must be determined by tests on

concrete elements bonded in a dry (or damp or wet) condition and then

subsequently saturated under pressure.
Water-jetting or sand-blasting is required to roughen the con-

crete's surfaces. The thickness of the epoxy in the joint should be B
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less than 1/8 inch. For the joint shown in Figure 2.15, the gap
between the mating surfaces was less than 1/8 inch for about 75% of
the contact area. ‘

2.6 PENETRATIONS

Tests have shown that concrete spherical structures can have small
and even relatively large hull penetrations without reducing implosion
strength (Ref 2). The recommended design approach is to use a hull
penetration having a rigidity equal to or greater than the rigidity of
the concrete removed, and having a mating surface between the concrete
and the penetration at a spherical angle (taper to the center of the
sphere).

This approach was used for lérge hull penetrations, which repre-
sented 40% of the diameter of the hemispheres, that capped the 10-foot
OD cylinder described above (Figure 2.16) (Ref 14). The strains in the
concrete near the penetrations did not show an increase over that of
other locations during the 1C.5-month long ocean test at 600 feet. This,
however, could have been due to the low stress levels in the wall
(approximately 0.2 fé).

For full-scale structures under construction, temporary holes are

sometimes required for access to the interior. It is recommended that

-the edge of the penetration hole have an angle that is tapered to the

center of the sphere; or, if that is not possible, the edge should be
tapered at an angle that limits shear stresses across the shell thick-
ness to allowable levels. Keyways or ledges around the periphery of
the penetration hole should not be used. If concrete is used to fill
the hole, then the material shoﬁld be non-shrinking and have a compres-
sive strength and elastic modulus that is equal to or greater than the
coacrete in the hull.

Large penetrations in cylindrical hulls have not been investigated.
A detailed theoretical analysis using finite elements and a proper
corstitutive material model for the concrete will produce meaningful

resvlts if a large penetration must be located in the cylinder portion
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Figure 2.15 Cylindrical structure fabricated by epoxy bonding
hemisphere end-closures to cylinder section.

Figure 2.16 Hull penetration in hemisphere end-closure of
cylindrical structure represents 40% of the S
outside diameter of the eylinder. 3
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{j\f of the structure. It is preferable, however, to placé any large pene-
G trations in the end closures rather than in the wall of the cylinder.

2.7 TFACTORS OF SAFETY

The design equations presented in this document to predict implo-
sion pressures of cylindrical and spherical structures require the
addition of factors of safety. Factors of safety are applied according
to how the structure is to be used.

Different codes of practice have different approaches to assigning
factors of safety; however, whatever the approach, the overall factor
of safety usually equates to about 2.5 for concrete members under com-
pressive loads (Ref 38 and 43).

The factor of safety is frequently divided into two partial
factors: the load factor and the material factor. Without discussing
the various codes of practice, these partial faciors have the values of
about 1.7 for the load factor and about 1.5 for the material factor, and

(fj? thus, when these factors are multiplied together, the overall factor of
safety is approximately 2.5. The load factor accounts for inaccuracies
in defining loads, inaccuracies in the design method, variations in con-
struction tolerances, and the importance of the structure (cost and
lives involved), and its required reliability. The material factor
accounts for variations in concrete strength within the structure and
between laboratoiy and field conditions.

The material factor seldom varies. For undersea structures that
are constructed on land or while afloat and then submerged, a material
factor of 1.5 is appropriate. If the structure were constructed on the

- seafloor by tremie placement of concrete, a larger material factor
would be warranted. As a guide for the load factor of undersea struc-
tures, the value can range from 1.7, if people are not inside the
structure, to 2.0 or more if people are inside.

In summary, an overall factor of safety of about 2.5 is proposed
for structures that function without people inside and about 3.0, as a

minimum, for structures with people inside.
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CHAPTER 3. CYLINDRICAL STRUCTURES

Several design approaches are 3p§ropriate for cylindrical
structures because different geometric configurations behave dif-
ferently. Analysis methods are presented for thick-walled cylinders,
moderately long thin-walled cylinders, and long thin-walled cylinders.

Experimental data exist for each of the geometries. In total,
58 cylinders were tested: 42 had a 16-inch OD (Ref 5, 8, and 12),
had a S54-inch OD (Ref 16 and 44), and one had a 121-inch OD (Ref 45).
The larger cylinders of 54~ and 121-inch diameters generated data of
more meaningful quality, probably because they were less sensitive to
experimental error. Regardless, data from all clyinder sizes were used
in developing the design equations.

% The 16-inch OD cylinders are shown in Figure 3.1. These cylinders

) had various wall thickness~to-diameter, tfﬁe, ratios and various length-~
to-diameter, L,fﬁe, ratios, so that the wide range of geometric
conditions was covered. For the most part, the cylinders were capped
with concrete hemispheres of wall thickness equal to that of the
cylinder. The concrete uniaxial compressive strengths ranged from
6,000 to 11,000 psi. In general the concrete mix proportions were a
water-to-cement ratic between 0.55 and 0.65, an 4aggregate-te-ceme&t
ratio of 3.30, and a cement content of 806 1b/yd3. Type II Portland
cement was useé,‘ The maximum size of aggregate passed the No. 4 sieve,
which means that, technically, the tylinders were cast of mortar (or
microconcrete} rather than a concrete mix. ;

One of the 54-inch OD éylinders is shown in Figure 3.2. These
cylinders also had various t:,;"i)3 ratios so they ranged from thin- to
thick-walled cylinders. Although all of these cylinders had lengths of
134 inches, the two different end -onditions (simple-support and free-

support) produced test specimens in the "moderately long” '{Eigure 3.3)
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: Figure 3.1 16-inch OD concrete test cylinders with various wall thicknesses were
tested under hydrostatic loads to implosion.

Figure 3.2 54-inch OD concrete test cylinder. For this
series of tests walls were 1.31, 1.97, and
3.39 inches thick.
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and "long" thin-walled cylinder catégéries from the point of view of
structural éaalysis. The concrete uniaxial compressive strengths ranged
between nominal 6,500 and 9,500 psi. The mix porportions were a water-
to- cement ratio of 0.535, a2 cement-to-sand-to-aggregate proportion of
1:1.96:2.22, and cement content of 676 1b/yd3. Type II Portland cement
was used and the maximum size aggregate was 3/8 inch.

The largest size cylinder, which is shown in the frontispiece and
Figure 2.10, was 121 inches 0D, 9-1/2-inch wall thickness, and 10 feet
long. Thus, the tha ratio was 0.079 and LfBo was 1.0. The éylinéer
contained steel reinforcciment of 0.70% by area in the hoop direction and
in the axial direction. The end closures were concrete hemisphefes of
wall thickness equal to that of the cylinder. The concrete uniaxial
compressive strength was 10,470 psi. The concrete mix proportions were
a8 water-to-cement ratio of 0.40, a cement-to-sand-to-aggregate propor-
tion of 1:1.40:2.50 and a cement content of 734 1b/yd3. Type 1I Portland
cement was used and the maximum size aggregate was 3/4 inch. .

Details of test procedures and test results are reported in the
appropriate references. Only those data relevant to developing the

design approaches are shown herein {Ref 16).

3.1 THICK-WALLED CYLINDERS

The design approach for predicting implosion of thick-walled cylin-
ders is based on material failure of the cylinder wall. Near implosion,
the inelastic behavior of concrete along with time-dependent behavior,
such as creep, creates a hoop stress distribution across the wall that
is modeled more closely by a uniform stress distribution than by an
elastic {Lamé) stress distribution. Uniform hoop stress distribution at

implosion is expressed »y:

Rﬁ .
im - Pim\7t (3.1)

a
]
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Figure 3.3(b) Fragments of concrete from failure zone.
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where: &, = average hoop stress in the wall at implosion

im
im = implosion pressure
Re = outside radius of the cylinder

= average wall thickness

The hoop stress at implosion, O,y €230 be expressed as the uniaxial

compressive strength of concrete multiplied by a strength factor.

Oim = kc f{*: (3.2)

"

where: k{ strength factor in the circumferential direction

for cvlinder structures under hydrostatic loading

f; = uniaxial compressive strength of concrete

The term kc was determined empirically. Figure 3.4 shows kc as a
function of length-to-outside-diameter ratio, L}Bﬁ, for cylinders of
various wall-thickness-to~ocutside-diameter rario, t}Bs.

For cylinders under external hydrostatic loading, the wall is under
biaxial compressive stresses on the inside surface and triaxial compres-
sive stresses at all other locatiens. The major principal stresses are
in the hoop and axial directions, where the hoop stress is about twice
the magnitude of the axial stress. The minor principal stress acts
radially. If the concrete is considered biaxially loaded, then the
hoop-to-axial-stress ratio of 2 increases the compressive strength of
concrete by az factor of about 1.25 fé {Ref fgé}. Therefore, kc values
for the cylinders of this program should show a value on the order of
1.25. As a minimum, kc should be 1.0.

Figure 3.4 shows that short cylinders, those of LfBa <1, had a
kc arcund 1.25. However, longer cylinders showed a kc on the order of
1.0.
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A decrease in kc below 1.0 is attributed to an imperfection in the

cylinder. An average kc value of 0.89 was observed at Lfﬂa = 4%

For design purposes, a kc = 1.0 was selected for cylinders of L/D
> 2. The re;éer is reminded that this k€ includes the effect of sut-of-
roundaess and experimental error. The reduction in kc from 1.25 to 1.0,
a 20% change, is difficult to assign solely to out-of-roundness effect
because thick-walled structures are usually insensitive to small geo-
metric out-of-roundness. The 16-inch 0D specimens had the out-of-round-

ness parameters given in Table 3.1. The specific magnitude of the

Table 3.1. Out-of-Roundness Parameters for
16~Inch OD Cylinders

F
¢/D, | ./t | ARt | AR/t
0.03% | 0.12 0.12 | 0.12
0.0 | 0.06 | 0.06 | 0.06
0.13° | o0.03 0.03 | 0.03
0.19° | o0.02 0.02 | 0.02

4 Thin-walled cylinder.

bBerder between thin- and thick-walled
cylinder.

CThick-walled cylinder.

*Much attention was given to why k_should be as low as 0.89. If out-
of-roundness were the sole cause, then the cylinders showed a decrease
in strength of 29% due to out-of-roundness; which is too large an
effect for thick-walled cylinders. There is no reason based on engi-
neering mechanics to cause the reduced strength. Some problem related
to the fabrication or testing must have been responsible for the low
strengths. One procedure that was distinctly different for cylinders
with an LfB of 4 and 8 was the interior mold. The interior mold was
made in segments having a length of L/D = 2. Cylinders longer than
LfB3 of 2 used multiple segments, and il was quite difficult to dis-
assémble the multiple segments to extract the interior mold. If damage
was done to the cylinders during this operation, it was not recognized
at the time.
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out-of-roundness effect could not be determined from the test program;
however, the éﬁpitical kc value accounts for whatever out-of-roundness
effect that existed. Hence, kc = 1.0 should be a conservative strength
factor for design purposes.

Substituting Equation 3.2 into Equation 3.1 and using R° = D°/2

gives the expression to predict implosion pressure for thick-walled

cylinders:
Pim = 2 kc fé (t/Do) ‘ -(3.3)
where: kC = 1.25 - 0.12 (L/Do) for (L/Do) <2
kc = 1.0 for (L/Do) >2

Equation 3.3 is shown in Figure 3.5, and is labeled "thick-walled
cylinders." Enter the cylinder's L/D0 and t/Do on the chart to obtain
the Pim/fé ratio. The implosion pressure, Pim’ can then be calculated
by assuming a concrete compressive strength, fé.

The effect of different types of end closures on the implosion
strength of thick-walled cylinders is small (Ref 8) so this parameter

was not included in Equation 3.3.

3.2 THIN-WALLED CYLINDERS

Thin-walled cylinders are divided into two categories: moderately
long cylinders and long cylinders. Moderately long cylinders are influ-
enced by end closures that restrain the cylinder from instability
failure. Long cylinders are not influenced by end closures and behave
as infinitely long cylinders.

The basis for the design approach was to use Donnell's buckling
equation for moderately long cylinders (Ref 47) and Bresse's equation
for long cylinders (Ref 48). BothAequations predict the hoop stresses
in the wall of the cylinder at buckling.

=

i rivp R R
PRSP A gty T P sy AEE oL o T % "'
M ’%7.;(‘4‘?.!".) S .:":"‘:“s.‘;*.!"‘.»"‘mlm .r".ﬁ' ./ o’ '.r"( AT }" .'-"'. 'f i -'1' PRETAREET 'Q\fb)\




tﬂ‘}*

;‘&,:;

L)

8
\ " long .
3§ cylinders .
\
, \
N
o I3 |
) 3 B 3
§ Pim/fe = 0.02 \ o
& ] oo04 »
v 5 - :
:g 0.06 'r
é 0.08
gx 0.10
&
3, I 0.12
3 [ [ A o014 ‘
% é‘ moderately / 0.16 s
R o iengcgiin#rrs / ‘ 0.18
s T A :
{ 0.20
/ thick-walled
f cylinders
2 / |
1 / o
7 ' ‘
-~

1] 802 0.04 0.406 0.08 010 0.12
Wall Thickness/Qutside Diameter, vD,

Figure 3.5 Design guide for predicting implosion pressure of concrete cylinder structures.
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Donnell's Equaticn

0.855 E. 3/2

Gy = 37 (%)

X ' (3.4)

[}

hoop stress in cylinder wall at implosion,

where: (oim)D
: predicted by Donnell's equation

E_ = concrete elastic modulus, psi

c
L uninterrupted length of cylinder, in.
R = mean radius, in.

t = wall thickness, in.

plasticity reduction factor

-
"

v = Poisson's ratio
and

Bresse's Equation

E 2
= —C (.t
(On)p = 4 (1~v2)< £) N (3.5)

where: (o,

lm)B hoop stress in cylinder wall at implosion, predicted

by Bresse's equation

Using v = 0.20 and the approximation R = D°/2, Donnell's equation
becomes:

’1.25 Ec n(_;_ )1.5

_ )
in)p = i/, (3.6)

(o

and Bresse' equation

t 2
(0,,)p = 1.04E_n (-ﬁ-o) (3.7)

The elastic condition exists when n =

Figure 3.6 shows the experimental data of the elastic moduli as a

function of compressive rstrength for the concrete used in the 54-inch 0D
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Figure 3.6 Concrete elastic modulus values (obtained as secant modulus up to 0.4 £ ) of

54 - inch OD cylinders.
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cylinder tests specimens, Ec was obtained experimentally as the secant t )
of the uniaxial compressive stress-strain curves from the beginning up

to 40% of ultimate strength. From these data the following empirical

expression was developed to predict Ec for concretes in the compressive

strength range of 6,000 to 10,000 psi.

EC = 530 fé 6,000 psi < fé < 10,000 psi* (3.8)

The American Concrete Institute (ACI) expression for elastic modulus -
(Ref 39) is shown in Figure 3.6 for comparision. The ACI expression is
known to over estimate Ec for high strength concretes (Ref 49).
Equations 3.6 and 3.7 predict the elastic hoop stress at implosion
when the plasticity reduction factor, n, is 1.0. When n is less than
1.0, its primary function is to account for inelastic material behavior
as Ec deviates from elastic response. For the thin-walled cylinder
design approach, n is used in a broader manner. It is the empirical
factor to relate Donnell's and Bresse's equations to the test results.

Thus n represents more than just inelastic material behavior; it also

includes the effects of cylinder out-of-roundness, experimental error,
and theoretical equation limitations. ;
Empirical values were calculated by dividing the experimental hoop fi
stress at implosion (assuming a uniform stress distribution across the "
wall) by the elastic hoop stress at buckling, Equation 3.6 c¢r 3.7. As
the t/Do ratio increases for thin-walled cylinders, and the failure mode
enters the transition region from buckling to material failure, greater
inelastic material effects occur and n becomes smaller. This is seen in
Figures 3.7, 3.8, and 3.9. '
These data are shown in Figure 3.10 where n is a function of the
stress level in the cylinder wall at implosion. The fitted inelastic

buckling curves of Figures 3.7 and 3.8 were transferred to Figure 3.10

. ) \
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*Qutside this range, Equation 3.8 becomes inaccurate, underestimating
Ec below 6,000 psi and overestimating Ec above 10,000 psi (Ref 16).
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Figure 3.7 Implosion of moderately long cylinders with D = 54 inches.
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Figure 3.9 Implosion of long cylinders with D = 16 inch (after Ref. 12).
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Figure 3.10 Plasticity reduction factor as a function of stress level in
cylinder wall at implosion.
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and then a design n curve was selected which was applicable to both

moderately long and long cylinders. The 1 expression is:

Oin Oim '
n = 1.65- 1.25 (?—-) 0.52 < £#2 < 1.0 (3.9)
< <

3.2.1 HModerately-Long Cylinders

The expression to predict implosion pressure for moderately long
cylinders was developed as follows.
Equations 3.8 and 3.9 are substituted into Donnell's simplified,
equation, Equation 3.6, to yield:

¢ (15
‘ 1,893(—3-)
T 2 T3 (3.10)
¢ L ;s (—;—}
[+

=" D
o °

The stress level at implosion, aimffé, is calculated by knowing the
After calculating Gimffé, the

geometry of the cylinder structure.

following conditions determine the next step:

a. If Uiaff; > 1.0, a thick-wall analysis is used to predict
implesion (Equation 3.3).

b. If 0.52 < eimff; < 1.0, then 1 is calculated by Equation 3.9.

¥ -
cf If Giaffc < 0.52, then n =

If steps (b) or {(c) control, the following expression, which pre-

dicts the implosion pressure, is used. Equations 3.6 and 3.8 are

substituted into Equation 3.1 to obtain:

G )
fn,“n,
n* A a
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2.5 o
1,320 n £, ({})

P, = T 2 | ' R , (3.11)

D
0

A design chart approach is given in Figure 3.5. Enter the cylin-
der's I./Do and t/Do ratios on the chart to determine the P.m/f' ratio.
The structure is assumed to have a simple support end condition.

For the case of fixed support end conditions,‘it has been shown

analytically (Ref 50) that a 6% implosion strength increase can be
expected.

3.2.2 Long Cylinders

The expressions to predict implosion pressure for long cylinders
weré developed as follows.
Equations 3.8 and 3.9 are substituted into the S1mpl1f1ed Bresse's
equation, Equat1on 3.7, to yield:

. 2
o, 910 (-D—o)
A = 5 (3.12)
¢ 1+ 690 (%
(7;)

Once the stress level at implosion is calculated, the same condi-

tions for moderately long cylinders hold; that is:

a. If Oim/fé > 1.0, a thick-wall analysis is used to predict
implosion (Equation 3.3).

b. If 0.52 < oim/fé < 1.0, then n is calculated by Equation 3.9.

c. If oim/fc < 0.52, then n =

If steps (b) or (c¢) control, the following expression, which was
developed by substituting Equations 3.7 and 3.8 into Equation 3.1,
predicts the implosion pressure:
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- t | - a
P,, = 1,100 n £} (ﬂa) (3.13)

A design chart approach is given in Figure 3.5. Enter the struc-
ture's Liﬁﬁ and t{SG ratio on the chart to determine. the Pimff; ratio.

3.2.3 Out-of-Roundness

The design chart in Figure 3.5 was developed from theoretical
equations that were modified by empirical data. The empirical data were
from specimens that had geometric out-of-roundness.

For the 54-inch OD cylinders (Ref 16 and 44), the geometry was
extensively measured to define initial out-of-roundness. A summary of
the out-of-roundness parameters is given in Table 3.2. This informa-
tion, however, does not give the complete picture because the location
of the thinnest wall thickness coincided with the location of largest
radius deviation (or flat spot). Figures 3.11 and 3.12 show the initial
geometry. The worst flat spot location was caused by a seam in the
exterior casting mold. Displacement recordings taken on the cylinders
during hydrostatic loading tests showed that the failure occurred at the

worst flat spot location.

Table 3.2. Out-of~Roundness Parameters for
S54=-Inch OD Cylinders

Out-of-Roundness
tha Parameters
atminft fsﬁi;t Aﬁoft

0.024 0.08 0.04 .10
0.037 6.06 0.03 0.06

0.063 0.04 0.02 0.03




Radius deviation scale: 0 0.2 in,
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outer shape

outer membrane circle

center of inner wall

center of nuter wall —"FP;
o
o

inner membrane circle

inner shape

Figure 3.11 Initial cross-section shape showing relative changes in wall
thickness and flat spots for a 54 inch OD cylinder having
a t/D,, ratio of 0.037.
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v For full-scale structures, out-of-roundness tolerances can be

maintained that are better than those in Table 3.2; therefore, the
design chart of Figure 3.5 should be conservative in predicting
implosion, in regard to influences from out-of-roundness.

Certain geometries of thin-walled cyliners are more sensitive to
axial load effects than other geometries. The curvature parameter, Z,
helps to qualitatively define which geometries are sensitive to out-of-
roundness deviations (Ref 47).

L2 dl - v2

Rt

For concrete, v is about 0.20 and 1-v2 is approximately 1.0 and thus

2
Z - _-f (3.14)

ol L

Under hydrostatic loading conditions, cylinders having Z greater
than 100 are not sensitive to "normal" deviations in roundness. The
out-of-roundness parameters given in Table 3.2 are considered within the
limits of "normal"” deviations. However, cylinders with Z less than 100
are sensitive to out-of-roundness, and detailed finite element analyses

should be performed on those design cases.

3.3 DESIGN EXAMPLE, CYLINDRICAL STRUCTURE

A 100-foot 0D, 200-foot long_cylindtical structure, which will not
be manned, is oriented vertically on the the seafloor at a depth of
500 feet. Hemispheres cap the ends of the cylinder. Seawater ballast
fills the structure to a height of 100 feet. Hence, the maximum applied
pressure loading is 400 feet or 178 psi. The wall thickness has been

preliminarily selected as 3.5 feet and the concrete strength at time of

pressure loading as 7,500 psi.




gi? The first step is to determine whether the structure is a moder- B
ately 1long, a long thin-walled, of a thick-walled cylinder. 1In
Figure 3.5, enter an Lfﬁa of 2.0 and tho of 0.035 to determine that
the structure is a moderately long cylinder.

A quick estimate of the implosion strength can be obtained from

Figure 3.5. An approximate Pimff; is obtained as 0.067

P, = 0.067 £ = 0.067 (7,500 psi) = 502 psi

Using the design equations to estimate Pim requires the following -
steps: '

¢ The stress level at implosion, Gimff;’ for a moderately long
cylinder is calculated using Equation 3.10.

B %m ___ 1,090 (0.035)!'->
7 ) fo 2.0+230 (c.o53) 13

= 0.95

¢ When Gimffé is less than 1.0, the plasticity reduction factor,
n, is calculated using Equation 3.9.

n = 1.65-1.25 (0.95) = 0.46

¢ Now use the implosion eguation, Equation 3 .11:
‘ 2.
P. - 1,320 (0.46) (7,500) (0.035) = 522 psi
im 2.0
Note that the design chart estimate and the calculated estimate are in
reasonable agreement with each other.
The factor of safety is: ' FEN.

P
. - im - S22 _
2 F-5. =7 , 78 - 293
e operational ; [
|
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For an unmanned structure, a safety factor of 2.93 is greater than the
presctibed 2.5, so the design is adequate. The wall thickness could be
revised to a smaller t/Do ratio, or fhe concretg strength could be
reduced so that the final safety factor was 2.5. .

Check the curvature parameter, Z. of Equation 3.14 to determine if

this structure is sensitive to out-o:-roundness deviations.

2 2
L - . (200) -
2Rt “Tm3Gy - >0

Thus the cylinder is not considered s¢nsitive if normal roundness toler-

ances are maintained during construction.
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CHAPTER 4. SPHERICAL STRUCTURES

Design equations to predict the implosion pressure of thick-walled
and thin-walled spheres are préseated. Only thick-walled spheres have
been tested experimentally. k

The experimental specimens were mostly 16-inch OD spheres with t{Be
ratios ranging from 0.062 to 0.25, and concrete compressive strengths
ranging from 6,000 to 11,000 psi (Ref 1, 2, 3, and 4). Seventeen of
these spheres were tested under short-term loading, i.e, each sphere was
placed in a laboratory pressure vessel and the pressure steadily
increased until the sphere failed by implosion. The implosion results
for these spheres are shown in Figure 4.1. The design approach for
thick-walled spheres is based primarily on these data. Larger 32-inch
{Ref 37) and 66-inch OD spheres {Ref 10} with tfl}e ratios 0.85 kand
0.0625, respectively, were also tested to failure by implosion. The
results from the larger sphere tests are also included in Figure 4.1.

For the 16~ and 32-inch OD spheres the concrete mix porportions
were a water-to-cement ratio between 0.56 and 0.65, an aggregate-to-
cement ratio of 3.30, and a cement content of 806 lb/yd®. Type II
Portland cement and aggregate passing the No. & size sieve were used.
For the 66-inch 0D spheres, the concrete was manufactured at a local
commercial batch plant and transit mixed. The mix proportions were
water-to-cement ratio of 0.41, cement-tp-sand-to-aggregate proportions
of 1:1.85:2.28, and a cement content of 733 1lb/yd3. Type II Portland
cement, a maximum size aggregate of 3/4 inch, and a water-reducing

admixture were used.
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Figure 4.1 Design chart to predict implosion of thick-walled spheres.
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T 4.1 THICK-WALLED SPHERES

The design approach for predicting the implosion pressure of a I
thick-walled, plain concrete sphere subjected to a uniform external '
pressure is based on a material failur.: criterion (not on a buckling
failure), viz., the average circumferential {"hoop") compressive stress,
Oim? in the sphere wall at the time of implosion of the sphere. The
average wall stress is used because, at or near failure, the inelastic
behavier of concrete causes redistribution of stresses across the wall

thickness. The average hoop stress in the wall of a sphere at implosion

due to external pressure can be expressed as:

= im | (.1) e

2
-(1-2%—)
[+]

average wall hoop stress at implosion, psi

g,
im

ol

I

where: R
- sz

@

im implosion pressure, psi

t!ﬂe

wall thickness te 0D ratio

Since the sphere wall is in a state of multi-axial compre::ive

stress, O should be greater than the uniaxial compressive strengtl,

f;, of the concrete. This was confirmed by the implosion tests as shown

in Figure 4.1. The empirically determined difference between Oim and £;

is defined as a design strength factor, ks’ for spherical structures.

Oim = ks f£ ; (4.2

Figure 4.2 shows k_ as a function of tfﬁs ratio. As the increases,
ks increases exponentially. This is understandable, because as the wall
becomes thicker, the state of stress in the wall approaches that of
equal triaxial compression. At the limit, when tfﬂa = .50, which is a
solid sphere oif concrete, the multiaxial state of stress is that of

equal triaxial compression, and ks is a rather large number (say 10 or
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100; it's actual value in unknown but it is not infinity). The fitted
curve in Figure 4.2 is expressed as:

13.5 (t/Do)

k., = 1.22 +0.0l14 e : (4.3)

To predict implosion of thick-walled spheres, the design equation is

obtained by substituting Equation 4.2 into Equation 4.1:

P, = Kk fL|1- (1-2%—) , | (4.4)

T T T T T Y T T \ Y T

18 -
S -

16 k = 1.22+ 0.014 135D, -

Swength Factor, k,
x

ﬂ
12 P4 Sphere OB (in.}
2} a ————
e O 16 W
g 32
- G x “ -
1.0 1 I} 1 1 1 1 I 1 1 1_ 1
(4] 0.05 0.10 0.15 0.20 0.25

Wall Thickness/Outside Diameter, /D

Figure 4.2 Relationship between kg and t/D ) of thick-walled spheres.
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et During early work on thick-walled spheres (Ref 4), cracks appeared

in the plane of the wall thickness. This cracking was detected before
implosion and, therefere,‘was considered a preliminary failure mode.
Two observations were the basis for this proposed failure mode. First,
strain gsges'maunted on the interior of the wall recorded continuously
increasing compressive strains wuntil at some pressure the strains
started to decrease in magnitude even though the pressure continued to
increase; and, second, fragments of imploded spheres having til}e ratios
‘of 0,188 and 0.250 showed distinct in-plane or delamination cracks. 1In
addition, theoretical calculations showed that radial strains were in
tension and of magnitudes sufficient to cause cracking. Although data
were quite limited, an expression was developed to predict the pressure
at initiation of in-plane cracking using Lamé's elastic thick-wall
theory equaticn for calculating stresses on the interior wall modified
by a strength factor, ks, of 1.35. The expression applied only te

spheres having a the greater than approximately 0.10.
.. More recent work (Ref 39 and 40) began to raise doubts about the
@ in-plane cracking concept. At present, an cxplanation of the earlier

findings is:

a. The strain gage readings reduced in magnitude because the con-
crete surface began to crush. The inside concrete surface was under )
biaxial loading, while all other concrete was under triaxial loadings, N -
so this surface was most susceptible to crushing. Also, the double
curvature of the inside surface assisted in physically holding the con-
crete in place as it progressed into the descending portion of stress-
strain behavior (crushing}. The earlier results showed that the strain
gages started to record reduced strains at the stress level of 1.35 f!.

The stress limit for prisms under pure biaxial locading is about 1.25 f7;
hence, the inside surface of the concrete sphere had likely reached ifs g
ultimate limit.

b. The in-plane cracks, probably, did not develop as the pressure
loading was applied, but rather as the load was removed abruptly by
implosion. Sphere implosion was sudden; the shock forces at failure
combined with the rapid load removal caused tensile microcracks to join
into distinct in-plane cracks. Tensile strains existed in the radial
direction, and the direction of tensile microcracks would have been
parallel to the wall surfaces, or in-plane to the wall surfaces.




L3

To vsummarize, in-plane cracks are 'ptobably not a preliminary
failure mode for thick-walled spheres. Rather,vthe past expression to
predict in-plane cracks could be considered to predict the pressure at
initiation of crushing of concrete on the inside surface. Crushing does
not mean disintegrating or spalling, only that the descending portion of
stress-strain behavior has been entered for the biaxially loaded

concrete. This expression is:

3
P = 0.90 £ |1- [1-2-& for— > 0.10 (4.5)
bi - 7 e D ||* "D =% :
o o
where: Pbi = pressure at initiation of crushing of biaxially

loaded concrete on inside surface of sphere, psi

Equation 4.5 is shown in Figure 4.3.

4.2 THIN-WALLED SPHERES

Since data were not available on thin-walled spheres, past liter-
ature was reviewed for a conservative expression for buckling of
spheres. Buchert (Ref 51) applied the following equation, which is

adapted herein:

e \2 . ‘
P, = 0.18E n|—+ | (4.6)

where:. Ec concrete modulus of elasticity, psi

R = mean radius, inch
n = plasticity reduction factor
t = wall thickness, inch

The constant in Equation 4.6 is 15% of the constant in the theo-
retical elastic buckling expression for spheres; however, it is well
known that the elastic buckling pressure is unobtainable by physical
models. The reduced constant in Equation 4.6 makes the expression

practicél.
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For simplicity, it was assumed that the plaéticity reduction factor
was the minimum obtained for thin-walled cylinders, n=0.40. As t/D°
ratios become smaller, spheres exhibit less inelastic behavior, so n
should increase; however the sphere's sensitivity to out-of-roundness
will increase. Hence, a conservative approach is to use a consistent n
of 0.40. (Note that this is a significant reduction in the value of the
plasticity factor (n = 0.70) recommended in the first edition of this

handbook and, therefore, will lead to a more conservative design.)

Also, in a manner similar to that used for the thin-walled cylin-
ders, the empirical expression for concrete modulus of elasticity,
EC = 530 fé, and the approximation of R = DO/Z are introduced. The

design equation to predict implosion for thin-walled spheres thus
becomes:

2

B = 152 £ (-,‘5) (4.7)
[+

where: = < 0.033, and 6,000 < f! < 10,000 psi
[+]

Figure 4.4, which shows the curve for Equation 4.7, may be used as

a design chart.

4.3 DESIGN EXAMPLE, SPHERICAL STRUCTURE

A 100-foot OD spherical structure is required for temporary manned

occupation at the 2,000-foot depth in the ocean. Installation pro-
cedures require that the structure have a positive buoyancy of about
300 tons.

The following design procedure will determine the concrete com-
pressive strength and sphere wall thickness to meet the above
requirements. The reader is cautioned, however, that the buoyancy

problem is quite complicated due to water absorption of the concrete,

............
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@ Figure 4.4 Implosion of thin-walled and thick-walled spheres. Experimental data is not

available for spheres with a /D < 0.062.

volume change of the sphere under load, density changes of the concrete,

and other factors. This example will, simplistically, assume a constant

300-ton buoyancy. ~ k -

The first step is to determine the wall thickness that provides the n

. proper buoyancy for the sphere. Assume that seawater weighs 64 1b/ft3
and concrete 155 1b/ft3, o

{displaced volume} - {weight of sphere} = 300 tons

(64 pef) £ (100)% - (155 pef) z {(199}3 - b, 3} = 600,000 1b -

Sclving for ﬂi yields:

Bi = B84.08 ft (inside diameter)

. ¥
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Therefore, t (1oo-sa.os)§ = 7.96 £t (wall thickness)

and = = 0.08

The second step is to determine the uniaxial compressive strength
of the concrete, fé, to give the structure an operational depth of

2,000 feet. The operational pressure, Pop’ is:

Pop = 2,000 ft (0.445 psi/ft) = 890 psi

The implosion pressure is:

Pim = (Pop) (F.s.)

where: F.S. = factor of safety

Use a F.S5. of 3.0 for a tehporarily manned structure.

Pim = (890) (3.0) = 2,670 psi

Use Equation 4.3 to determine ks and Equation 4.4 to determine fé:

13.5 (t/Do)
ks' = 1.22 4+ 0.014e = 1.27
Pim
fc = 4 ¢ 2
ks 1 - <l -2 D )
o
fé = 2,670 = 7,140 psi

(1.27) [1 - (1 -2 o.os)z]

which is the compressive strength fequired at the age when the structure

experiences hydrostatic load.
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CHAPTER 5. SUMMARY

Test results from laboratory and ocean investigations conducted at
NCEL over the past two decades have becn condensed into design guides
for undersea, pressure-resistant concrete structures. These guides are
principally for designing cylindrical and spherical concrete structures
to resist the externally applied pressures of hydrostatic loads and thus
be safe from implosion failure. Thin-walled and thick-walled structures
are considered.

For predicting implosion pressures of thick-walled cylinders, an
empirical expression, Equation 3.3, is presented. TFor thin-walled
cylinders, the cases of moderately long, and long cylinders are treated
separately. Buckling expressions by Donnell for moderately long cylin-
ders and by Bresse for long cylinders are simplified by incorporating
experimentally verified numerical values for the modulus of elasticity
and Poisson's ratio of high strength coancrete to obtain the design
Equations 3.6 and 3.7. These expressions are then modified by an
empirically determined plasticity reduction factor. The plasticity
reduction factor is presented as a function of the stress level in
the cylinder wall at implosion, Equation 3.9. A combined design
guide for thick-walled, moderately long, and long cylinders is presented
in a chart format in Figure 3.5.

Implosion pressures for thick-walled spheres can be predicted by
Equation 4.4, which is an expression based on the average circumfer-
ential compressive stress in the concrete sphere wall at the time of
failure by implosion. The wall stress is related to the uniaxial com-
pressive strength of concrete by an empirically derived factor. For
thin-walled spheres, a conservative buckling expression, Equation 4.7,
can be used.

Conservatism has been used in developing these design guides

because the technology for submerged concrete structures is relatively
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undeveloped. Many concrete technology topics remain to be investigated,
and, for that matter, not all the information presented herein has been
completely validated. When judgments were made in developing these
design guides, engineering knowledge, past experience with concrete
used on land and with steel structures under hydrostatic pressure, were
conservatively applied. With future research and field experience it
is expected that these guidelines will be improved.
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CHAPTER 8. NOMENCLATURE

Inside diameter (ft or in.)

OQutside diameter (ft or in.)

Diameter deviation (ft or in.)

Wall thickness deviation (ft or in.)

Modulus of elasticity of concrete (psi)
Uniaxial compressive strength of concrete (psi)
Strength increase factor in hoop direction for cylinders
Strength increase factor for spheres

Uninterrupted tength of cylinder (ft or in.)

Hydrostatic pressure {psi)

Pressure at initiation of crushing on inside wall of sphere (psi)
Implosion §ressnre {psi)

Operational pressure (psi)

Initiation of in-plane cracking pressure (psi)
S&staiaéé pressure {psi)

Mean radius {ft or in.)

Inside radius of cylinder (ft or in.)

OQutside radius of cylinder (ft or in.)

Factor of Safety

Wall thickness {ft or in.)

Curvature parameter

End condition factor

Long-term loading factor




Partial 1oad factor

Partial material factor for éoncrete

Plasticity reduction factor

Length-to-diameter factor

Poisson's ratio

Average stress in hoop direction of cylinder or sphere wall at
implosion (psi)

Stress in concrete (psi)
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