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1.0 INTRODUCTION

1.1 Brief Background

The purpose of the containment in a nuclear power plant is to
prevent the release of radioactivity which may be present as the result
of a severe accident. The containment has failed to perform its
intended function when leakage of the radioactive material occurs.

The purpose of the work contained herein is to review the state-
of -the-art for the analysis of LWR nuclear containments with uniform
internal pressure. This includes:

(a) A review of calculated static failure pressures of various
containments,

(b) A review of the different failure criteria used for predict-
ing containment failure,

(c) Comments on possible uncertainties associated with analysis
techniques, material and geometric models, and other analysis
features.

This work is part of an ongoing program at Sandia National Laboratories
entitled the Severe Accident Risk Reduction program (SARRP). The
overall objective of the SARRP is to provide the Nuclear Regulatory
Commission with a technical basis for deciding how to incorporate
severe accidents into the regulatory and licensing process. To do
this, two major efforts are involved: to rebaseline existing estimates
of reactor risk and to evaluate the cost and benefits of a variety of
potential safety improvements. The work reported herein is in support
of the first effort in that the resistance of the cont:inment is an
integral part of the total risk assessments.

1.2 Failure Modes

Containments subjected to static, internal pressure can fail
(1eak) in one of a number of different modes. Even though the struc-
ture criteria for failure in each of these modes is not necessarily
well-established, it is here anpropriate to identify some of these
modes. Failure in any of the following locations could permit leakage.

e Cylindrical vessel (steel shell/stiffener system or concrete/
reinforcement system)

e Doubly curved head
e Basemat
e Penetrations and reinforced openings

e Liner (concrete containments)



® Anchorage system or basemat/cylinder junction

e Equipment Hatch Assembly

e Personnel Lock Assembly

e Valves

e Expansion joints, bellows

® Attached piping

® Seals
The ~eview will be addressed to the structural aspects of these modes.
Hence, for example, leakage associated with the last four locations

will not be reviewed per se, but only insofar as it is related to the
structural behavior of the surrounding structural system.



2.0 SUMMARY OF CONTAINMENT ANALYSIS RESULTS

Table 2.1 represents a summary of the results of various contain-
ment analyses by several investigators. The containment name, investi-
gator, and predicted internal static pressure at failure are listed.
The analysis technique, ti 2 failure criteria, and the failure location
are briefly identified. A more detailed review at each of these items
is presented in Section 3.

A not-too-close examination of Table 2.1 may be disturbing to a
person being first exposed to containment structural analysis. There
is a noticeably wide range in the predicted ultimate strengths for
containments within a given type. For example, the predicted failure
pressures for PWR ice condensor containments differ by a factor of
almost 2.5. However, this difference is easily explained by the
difference in the actual containment configuration, i.e., the
cylindrical shell of one containment is 3 times as thick. Material
properties and stiffener geometries also differ from containment to
containment.

More interesting, however, is the difference in the predicted pressure
resistance of the same containment by two investigators. Again, closer
examination of the two investigations easily explains the
discrepancies. Almost always, the primary difference is in the
definition of the failure mode. All agree that leakage represents
failure but few agree what structural definition of leakage is
appropriate. Smaller differences can be attributed to differences in
material properties (estimated versus actual) and analysis technique
(finite element versus hand calculations). Each of these differences
is more fully discussed in the following section. (It is quite
possible that the variance in experimental leakage pressures from
"identical" containrents fabricated by independent fabricators will be
larger than analytical leakage pressures predicted by independent
analysts.)



Table 2.1 Ultimate pressure strength of various containments.

Containment, | Predicted Analysis Method Analysis | Failure Criteria Failure Location
Unit Number Ultimate Pres- Source
sure (psig)

PWR - ice

condenser

containments

Sequoyah, 1 60 FE (GN, MN) & HC AL deformation cylinder
twice yield

Sequoyah, 1 57 FE (GN, MN) & HC oPS beyond yield cylinder

McGuire, 1 84 FE (GN, MN) & HC AL deformation cylinder
twice yield

McGuire, 1 _* FE (GN, MN) 0PS beyond yield cylinder

Watts Bar, 1 98 FD (GN, MN) & HC AL membrane hoop sphere
strain twice yield

Watts Bar, 1 120 (LB) FE (GN, LS) SNL general yielding/ cylinder

140 (uB) equipment hatch equipment hatch

buckling

PWR - dr

containments

St. Lucie, 1 95 FE (GN, MN) & HC AL membrane hoop hemispherical
strain twice yield dome

Cherokee, 1 116 FE (GN, MN) & HC AL membrane hoop sphere

strain twice yield

*Pressure-displacement relationship is given.




Table 2.1 Continued.

Containment, | Predicted Analysis Method Analysis | Failure Criteria Failure Location
Unit Number Ultimate Pres- Source
sure (psig)
Indian Point, 110 FE (GN, MN) & HC SNL yielding of rebars cylinder
- and liner
Indian Point, 118 FE (GN, MN) LA numerical noncon- side wall/base-
3 vergence mat junction
Indian Point, 126 HC UERC yielding of rebars cylinder near
& 3 springline
Main Yankee 96 (LB) FE (GN, MN) SNL yielding of hoop cylinder/base
118 (uB) steel/numerical cylinder
instability
Zion, 2 120 w/o L FE (GN, MN) S&L hoop tendons strain | cylinder
134 WL reaches 1%
Zion, 2 125 FE (GN, MN) LA numerical noncon- cylinder/base
vergence mat junction
Bellefonte 130 (LB) FE (GN + MN) & SNL general yielding dome tendons
139 (uB) HC cylinder tendons
Oconee, 1 151 HC SNL general yielding cylinder
Calvert 123 HC SNL general yielding cylinder

Cliffs, 1




Table 2.1 Continued.

“standard"

Containment, | Predicted Analysis Method Analysis | Failure Criteria Failure Location
Unit Number Ultimate Pres- Source
sure (Psig)
(Mark 111
containments
Perry, 1 100 FE (GN + MN) & AL membrane hoop strain| buckling at the
HC twice yield or head knuckle
or buckling
Grand Gulf, 1 55 FE (GN + MN) BNL allowable strain in | cylinder
liner and yielding
of rebars
Mark I1I 80 FE (LD + PL) S&L general yielding personnel air-
“standard" lock
Mark 111 59 FE & HC GE ASME, level C knuckle
“standard"
Mark 111 67 FE (GN, MN) B general yielding cylinder
Mark 11
containments
WPPSS, 2 133 FE (GN, MN) & HC AL membrane hoop strain| cylinder
twice yield
Limerick 140 FE & HC GE/SA general yielding cylinder
Mark 11 150 FE (GN + MN) S&L general yielding personnel air-

lock




Table 2.1 Continued.

Containment, | Predicted Analysis Method Analysis Failure Criteria Failure Location
Unit Number Ultimate Pres- Source

sure (psig)
(Mark 1
containments
Browns 117 FE (GN + MN) & AL membrane hoop strain| cylinder/sphere
Ferry, 1 HC twice yield intersection
Peach 123 HC SNL general yielding neck area and
Bottom, 1 suppression pool
Peach 175 FE (GN) & HC BCL halfway between torodial sup-
Sottom, 1 yield and ultimate pression pool
Abbreviations
LB = lower bound; MN = material nonlinearity;
UB = upper bound; LS = large strains;
FE = finite element; HC = hand calculations;
6N = geometric nonlinearity;
AL = Ames Laboratory; S&L = Sargent and Lundy Engineers;
SNL = Sandia National Laboratories; BCL = Battelle's Columbus Laboratory;
OPS = Offshore Power System; B = Bechtel Power Company;
LA = Los Alamos National Laboratory; w/o L = Without liner plate;
UELC = United Engineer and Construction, Inc.; WL =

with liner plate



3.0 DISCUSSION OF ANALYSIS METHODS

A summary of the analysis methods for containments and the associ-
ated uncertainties is presented in this section. The information pre-
sented here is, in many cases, the result of the authors' opinion which
is based upon their mutual experience and a review of the literature in
this field. A summary of the individual studies conducted in this area
can be found in Appendix I and Appendix II. A list of references fol-
Tows.

3.1 Geometric Containment Model

Almost all containment analyses, tn date, have been based upon an
Ixisymmetric structural model of the containment shell. For this model
many nonsymmetric features must be neglected or accounted for in an
approximate way. All of these approximations introduce a degree of
uncertainty.

e Longitudinal stringers are typically smeared in the circumfer-
ential direction to obtain an “average" equivalently stiff
axisymmetric shell. This is accepiable for certain ranges in
stiffener configurations, but cannot be generalized to al!
??sté i 1.1.1-1, 1.1.7-1, 1.3.1-1, 1.4.1-1, I11.1.2-1,

e (ircumferential variations in thicknesses, ring and stringer
sizes, amount of reinforcing steel and shell imperfections
cannot be incorporated into an axisymmetric model. The usual,
and probably conservative, approach is to select the worst
case, i.e., smallest size or largest imperfection, and assiume
this case is constant around the circumference. tl.l.l-l.
[.3.1-1, 1.4,1-1]

e Penetrations and other reinforced openings introduce nonsym-
metric features into the containment which must be ignored in
axisymmetric models. Typically, the arqument is made that
these "local" features are sufficiently small and appropriately
reinforced, e.q., thickened steel plates (ASME area replacement
rule) or extra concrete reinforcement, so that the strength of
the penetrated shell is greater than or equal to that of the
unpenetrated shell, Several investigators have looked at {so-
lated penetrations to verify this assumption and found that, in
the case of uniform internal pressure, 1.e., without buck!ing.
this approximation is acceptable. The reinforcement and welds
in the vicinity must be sufficiently ductile to allow redis-
tribution of forces as the 1imit strength of the shell system
is approached. [I.1.1-1, I.3.1-1, I.3.2-1, 1.4.1-1, 1.6.1-1,
[.6.2-1, 1.6.3-1, 1.7.1-1, 1.8.1-1, 1.8.2-1, 1.9.1-1, I1.13.1-1,
1.15.1-1, 11.1.1%1]

. Number in brackets indicates reference number.



Prestressed concrete containments have additional features -
prestressing tendons and anchorage buttresses - which are not
axisymmetric and must be "smoothed" into an axisymmetric model.
Prestressing of both the cylindrical and doubly curved portions
of the containment present such problems. The effect of these
nonsymmetries are generally neglected based upon some heuristic
argument. The discrete nature of the tendons is not seldom
included, but the effects are usually smeared. [I.8.1-1
1.8.2-1, 1.9.1-1, 11.2.1-1] One investigator [II.I.lloli has
studied the discrete nature of the reinforcing and post-
tensioning steel with a three-dimensional analysis. The
prestressing ring for the dome was included but cylindrical
prestressing buttresses were not. The study suggests that the
unsymmetrical anchorage effects cannot be represented by an
axisymmetric model.

Several pieces of equipment or other structures are often
attached to the containment, e.q., ice storage areas, walkways,
floor systems, cranes, plumbing, and seismic anchors. The
effect of these "smaller" nonsymmetries has not been studied.

A limited number of three dimensional analyses have been per-
formed on isolated features, e.g., equipment and personnel
assemblies. These analyses are usually performed as if the
feature were isolated from all other features. [I.1.1-1,
1.8.1-1, 1.8.2-1] Neither interaction between nonsymmetrical
parts nor the effect of their behavior on the remote "smooth"
shell have been studied.

Interference with adjacent equipment or buildings is usually
not considered. Thus, interaction with a shield building is
often mentioned, e.q., by 1imiting displacements, but not in-
cluded in the model, [I.1.1-1, 1.3.2-1, 1.4.1-1] The
restraint of attached equipment which is anchored inside or
outside containment is not included in the structural model.

Base boundary conditions are often highly idealized., For steel
containments, the base is usually assumed to be fixed where it
intersects the thick basemat. [I.1.1-1, 1.3.1-1, I.3.2-1,
[.4,1-1] The base is frequently included in the model of
concrete containments, Sometimes the base is not allowed to
move vertically (no uplift); sometimes uplift is permitted. If
the base is included, it and the supporting soil are assumed to
be axisymmetric and flat, [I.6.1-1, 1.6.2-1, 1.6.3-1, I1.7.1-1,
1.8.1-1, 1.8,2-1]

Geometric imperfections are not modeled directly.

The liner in concrete containments is taken to be intimately
attached to the shell wall, Local buckling of the liner due to
temperature rises is mentioned by several, but analyzed by few.
The structural effectiveness of the liner is debatable - some
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investigators publish two results: one with and one without
the liner participation. [I.6.1-1, 1.6.2-1, 1.6.3-1, 1.7.1-1,
[.8.1-1, 1.8.2-1, 1.9.1-1, 1.13.1-1, II.1.4-1, II.1.6-1,
11.1.11-1]

3.2 Material Model
3.2.1 Steel

The ductility of steel is used in almost all analyses - very few
have restricted maximum stresses to the proportional limit.

e The uniaxial stress-strain curve is usually approximated by a
piece wise linear curve, often elastic-perfectly plastic.
(I.1.1-1, I.1.2-1, [.3.1-1, 1.4.1-1, I1.1.1-1] The effec: of
residual stresses and a reduced proportional limit are not
included. Their effect is unknown, but probably small in this
application,

e The Prandt]-Reuss flow rule and the von Mises yield surface are
always used in the nonlinear material description. This has
long been accepted as an adequate description for metal behav-
for, though questions still arise with regard to deformation
versus incremental plasticity theory for buckling applications.
(I1.1.1-1, 1.2.1-1, I1.3.1-1, 1.3.2-1, 1.4.1-1, I.13.1-1,
I1.1.1-1, I11.7.1-1)

e The effect of temperature on steel properties is neqlected on
the premise that accident temperatures are sufficiently low

e Actual material properties are used if they are available
These properties are usually averages of mill test reports
taken from each component plate. Uncertainty often exists in
these data due to strain rate differences, specimen location
and orientation within the plate, limited sample size, and
censoring of test data. Material properties vary from plate to
plate and, even, from point to point. Thickness also affects
yield strength and ductility,

e Weld and heat-affected-zone properties are taken to be the same
as the base metal. Good weld quality is assumed. [I.8.1-1]

3.2.2 Reinforced Concrete

A "standard" model for concrete under biaxial stress is still
evolving. The uncertainty associated with an analytical description of
a reinforced concrete segment under biaxial stress is one of the larger
uncertainties in the analysis of concrete containments.

e The uniaxial compression behavior of concrete is the best de-
scribed aspect., Actual compressive properties are used, if
available., However, the same uncertainties are associated with
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the collection of this information as are mentioned in the
steel description, e.qg., testing techniques, specimen repre-
sentativeness, and sample .izc.

e The uniaxial tensile strength of concrete has wide variations.
Some use 6/F", some use the split cylinder strength. A rep-
resentative gest specimen has n~ been agreed upon. [I.8.1-1,
11.2.1-3, 11.3.1-1]

e The introduction of reinforcement into the concrete signifi-
cantly complicates its description. Aspects at the steel/con-
crete interface, i.e., bond, anchorage, are difficult to de-
scribe analytically, let alone incorporate into a complete
analytical mode! of the containment. The cracking (crushing)/
bar yielding/bond/agqregate interlock problem is still with
us.

e The biaxial stress-strain behavior is even less universally
agreed upon, Various investigators have used the Chen and
Chen, von Mises, Tresca and/or Orucker-Prager model. A good
description of the tension cracking and post-cracking behavior
is particularly missing. Arbitrary cracking criteria and
reductions in shear and tension stiffness (go and 0.01 percent,
respectively) are usually used. Crack pattern (size, spacing,
orientation and location) predictions are unreliable and semi-
empirical at best. [I1.6.1-1, 1.6.2-1, 1.7.1-1, 1.8.2-1,
[.9.1-1, 1.13.1-1, [.15.1-1, II1.1.9-1, IL.1.11-1, II.2.1-3,
11.3.2-1, 11.5.1-1, 11.7.1-1]

e The effect of cracks on other properties is not usually incor-
porated into the analysis., Hence, radial shear strength and
reinforcement bond are apparently related to the biaxial stress
ctate and the extent of cracking, but the effect is not well-
described analytically. In other words, a description of the
behavior of reinforced concrete under all pertinent stress
states up through complete cracking and/or crushing needs work.
(1.6.2-1, 1.8.2-1, I.13.1-1, 1.15.1-1, I1.1.9-1, il.1.11-1,
11.3.2 1, 11.3.3-1, 11.7.1-1]

e Perfect concrete quality is assumed. Possible imperfections,
e.g., concrete placement in areas of congested reinforcement,
are not considered. Variation in concrete strength with loca-
tion and time are not included. [I1.1.6-1)

o Temperature effects on concrete strength are usually rational-
fzed away because of the "low" accident temperatures., [I.15.1-
1, I1.1.6-1, I1.3.1-1, I1.3.2-1)
3.2.3 Soil

If the soil is included with the base model, it is usually approx-
imated as an axisymmetric Winkler foundation with compression - only
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Analytical modeling of soil behavior has its own set of
nties, princpally having to do with the flow rule, yield
and material constants., Most likely, this is not a major
nty for this application, although it becomes a predominate
if seismic effects are important., [I.6.1-1, 1.6.2-1, 1.6.3-1,

1.7.1-1, 1.8.1-1, 1.8.2-1]
3.3 Load Mode!

For this review, the load has been restricted to uniform internal
pressure.

e There is little uncertainty involved in the description of a

uniform, static internal pressure for structural analysis pur-
poses. (Whether the pressure is actually uniform and static is
not addressed here. Dynamic effects become significant if the
pressure changes rapidly, relative to the containment response
time. Locally high pressures cause locally high stresses.)

Temperature effects are often mentioned, but seldom included.
Since temperature stresses are self-limiting, the argument
goes, they have little effect on the ultimate strength of the
containment. [I1.8.1-1]

Pre-existing stresses, e.q., concrete shrinkage, steel residual
stresses, erection stresses, settlement stresses are not in-
cluded. These are also self-limiting. [I11.3.2-1]

Weight forces are often combined with the pressure forces.

Some account is usually taken of attached pieces, but the ef-
fect is usually distributed axisymmetrically. [I.6.1-1, 1.6.2-
1, L.7.1-1, L.8.1-1, 1.8.2-1, 1.9.1-1, I.13.1-1, I1.7.1-1]

Prestressing forces are included in at least two different ways
ways -- external forces (pressures) are applied which are
equivalent to the prestress force, or equivalent temperature
changes are introduced into the prestress tendons to produce a
prestress condition, Sometimes concrete creep is included to
account for some of the prestress loss. Other prestress losses
may or may not be important, [1.8.2-1, 1.9.1-1, II.1.11-1,
11.5.1-1, 11.7.1-1)

3.4 Analysis Methods

3.4.1

Hand Calculations

Hand ca'culation methods are based on equilibrium of an assumed
l1imit mechanism. Limit mechanism solutions are available for uniform

reinforc

ed concrete cylinders and spheres, stiffened and unstiffened

steel cylinders and cones, collapse and buckling of ellipsoidal and
torispherical heads, anchorage bolts, cylinder/cylinder penetrations

and cyli

nder/sphere penetrations. (A less sophistocated hand
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calculation is to multiply the containmen: design pressure by the
design factor of safety to arrive at the ultimate strength.
Fortunately, this approach isn't used much anymore. )

e A very basic assumption in limit analysis is that the materials
have the ductility to permit the formation of a limit mecha-
nism. If the materials are brittle and/or locally high strains
exist, local failure may occur before the complete mechanism
forms. [I.1.1-1, I.4.1-1, 1.6.1-1, 1.8.1-1, [1.1.6-1]

e Sometimes, e.g., penetrations, the critical mechanism is not
clear and several must be examined. Whether the least upper
bound mechanism has been found can be uncertain. [I.1.1-2,
1.1.1-3, 1.1.6-1]

e By their nature, limit analyses can be applied to quite a spe-
cialized and small number of cases. Interaction of adjacent
mechanisms and complex geometries, e.g., curved knuckles,
changing thicknesses, are not easily analyzed. Local details
are usually not included. [1.4.1-1{

e Llarge displacement effects are typically omitted. The (usu-
ally) strengthening effect of membrane tension is often
neglected,

e Many of the limit analysis techniques have not been extensively
calibrated with experiment, For example, the limit mechanism
for a concrete cylinder under internal pressure is reasonably
simple, but several questions can be raised regarding the crack
size, radial shear strength, bond characteristics, reinforce-
ment participation and the linear behavior over the cracks at
the strains associated with the mechanism,

3.4.2 Finite Element or Finite Difference Solutions

Finite element or finite difference solutions are relatively
powerful in that local geometric and material details can be incor-
porated into the model. Complete descriptions of the stress-strain
state throughout the model are obtained. Complex nonlinear material
constitutive relationships and geometric nonlinearities are usually
included. However, such an analysis has its own uncertainties.

e Characteristics of the basic finite element vary from case to
case. Solid elements and shell type elements incorporate dif-
ferent features. First and second order elements require dif-
ferent discretizations, Accuracy is affected by element size,
aspect ratio, orientation and gradation, in addition to the
issumpt fons involved in the element formulation. [I.1.1-1,
1.3.1-1, 1.4.1-1, 11.1.1-1]

e Nonlinear problems always involve some sort of iterative proce-
dure, e.q9., Newton-Raphson, modified Newton-Raphson. The
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convergence properties of the procedure significantly affect
the accuracy (and cost) of the solution. Convergence tolerance
tightness and convergence criteria, e.q., plastic strains,
displacements, must be carefully understood and specified.
Numerical stability problems have almost always been encoun-
tered in the analysis of concrete contiinments. This problem
is usually associated with the tension cracking and post-
cracking behavicr of the concrete material model. Large
changes in stiffness occur when cracks occur and this causes
numerical problems. Often this is also the physical situation,
i.e., cracking causes big "jumps" in the physical structure.
Whether the numerical instabilities encountered in containment
analyses represent corresponding physical instabilities is
uncertain, [I.1.1-1, 1.3.1-1, I.3.2-1, 1.4.1-1, [.7.1-1,
I1.1.11-1]

Several aspects of finite element modeling are unclear. A
common model of bar cutoffs (the bond/anchorage problem) is not
available. Some investigators taper the bar areas to represent
the development of the bars. [11.2.1-3] Rings/stringer/shell
attachments are often modeled by rigid constraints, though this
represents an approximation. [l.7.g-l]

Reinforcing layers are often represented with orthotropic ele-
ments which effectively "smear" the discrete nature of the
ge{gf?rg}ng. (1.6.1-1, [.6.2-1, 1.7.1-1, 1.8.1-1, 1.9.1-1,

Bond is assumed to be perfect. (See uncertainties associated
with this assumption in Section 3.2.2.) [I.6.1-1, 1.6.2-1,
[.7.1-1, 1.8.1-1, 1.9.1-1, 1.13.1-1, II.1.11-1]

The liner is usually modeled by a shell t element, rigidly
attached to the inner concrete surface. [I.6.1-1, 1.6.2-1,
[.7.1-1, 1.8.1-1, 1.9.1-1, 1.13.1-1, II.1.4-1, I1.1.11-1]

Three-dimensional analyses of, for example, penetrations, have
bcen done in a few cases, Typically, a portion of the struc-
ture is isolated from the remaining containment (for practical
reasons) and analyzed by, say, two-dimensional shell type
elements., Force and displacement boundary conditions at the
limit of this isolated region are obtained from an analysis of
a larger portion. Uncertainty is associated with this process.
Often, the reinforcement detail in the vicinity of a penetra-
tion is ?eometrically complex and is difficult to represent
accurate yi even with finite element methods. [I1.1.1-1, I.8.1-
l. I.B.?*l

As with all analysis methods, theoretical and exper imental
results never exactly agree - even if all the above uncertain-
ties do not exist, Hence, there will always exist some aspects
of the physical model which cannot be incorporated into the
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analytical model. The scatter in this difference can be re-
duced, but must always remain a random variable. [I.1.1-1,
1.3.1-1, 1.4.1-1, 1.6.1-1, 1.6.2-1]

3.5 Failure Criteria

Failure criteria are one of the two or three major unresolved
problems in containment ultimate strength analysis. Most investigators
agree that the containments should be considered to have failed when
leakage occurs, since it can no longer perform its intended function.
However, few would agree as to what this means as related to the cur-
rent state of structural knowledge, or how to define leakage in struc-
tural terms.

e The formation of a limit mechanism is often taken to coincide
with failure - especially in hand calculation analyses. In
many cases, it is not clear that sufficient ductility exists
for a formation of a mechanism - Section 3.4.1. On the other
hand, the structure may be very ductile and the pressures may
increase beyond a limit pressure because of strain-hardening
and tension-membrane effects. [I.1.1-1, 1.4.1-1, 1.6.3-1,
1.10.1-1, I.11.1-1, I.15.1-1, 1.17.1-1]

e Some (few, fortunately) find the ultimate pressure to be that
associated with the ultimate tensile strength of the steel
(from a smooth tensile specimen). There is little reason to
expect that the as-built containment will have the ductility to
reach this state. Welds, imperfections, heat-affected zones,
local strain concentrations (penetrations, attachments, holes,
etc.) will not permit this. Recognizing this, some investiga-
tors have used the average of the yield and ultimate tensile
strengths. There is little reason for this except that it is
not as unconservative as the former approach. [I1.17.2-1,
11.1.6-1, 11.1.7-1]

e Several investigators have used & strain criteria to predict
leakage - the idea being that the material strain is one of the
better indicators of material distress and potential separa-
tion. This criteria is often applied to the membrane
component of the shell strain or the reinforcement strain.
Strain concentrations (penetrations and other nonsymmetric
geometric discontinuities) are not directly inciuded, but may
be considered when the strain limits are set. Hence, strain
limits for failure have been defined, by different investi-
gators, between two and fifteen times the yield strain. Some
have analyzed containments up to 15 percent strain, [I.3.1-1,
1.3.2-1, 1.4.1-1, 1.5.1-1, 1.8.1-1, I[.12,1-1, [.13.1-1,
1.14.1-1, 1.16.1-1]

e Deformation limits have been established in some cases to de-
fine failure. This criteria makes sense if it is recognized
that more than just the containment shell is involved here.
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Attached piping, penetrations, etc. will themselves begin to
leak if they are forced to deform too much. Seals and gaskets
and sealed electrical penetration assemblies cannot withstand
indefinite deformation of the surrounding material. The values
for the deformation limits are uncertain at this time. Some
have selected strain limits for tendons of one percent based on
deformation considerations. [I.1.1-1, I.1.2-1, I[.2.1-1,
1.2.2-1, 1.3.2-1, 1.6.1-1, I.7.1-1, 1.8.1-1, 1.13.1-1, II.1.1-
1, I1.1.10-1, I1.7.1-1)

Buckling may be used as a failure criteria, even though the
instantaneous bifurcation buckling itself, most likely, does
not induce leakage. Only if the post-buckling strains (or
displacements) become sufficiently large - as discu.sed above -
is it reasonable to expect failure. This applies, in this
situation, particularly to ellipsoidal and torispherical

heids. On the other hand, buckling of an equipment hatch may
induce deformations which could cause the seal to leak. (See
paragraph above.) [I1.3.1-1, 1.3.2-1, 1.4.1-1, I.12.1-1,
Ir.1.1-1, Ir.1.5-1, 11.1.7-1, 11.1.8-1)

In some cases, numerical instabilty has been interpreted as
structural failure. As discussed in Section 3.4.2, this may or
may not be true. [I[.6.2-1, 1.7.1-1, 1.8.2-2, II.1.11-1]

In concrete containments, failure is defined by limiting
reinforcement, liner and/or concrete compression strain.
(1.6.1-1, 1.7.1-1, 1.8.1-1, 1.9.1-1, 1.13.1-1, II.1.4-1,
I1.1.6-1, 11.1.9-1, II.3.2-1, 11.5.1-1]

Usually concrete tensile cracking is not considered as a
failure condition but only as an intermediate stage on the wa
to ultimate, However, some have predicted that the liner wil
tear when the concrete cracks become too large., Failure
prediction then amounts to selecting the crack size which the
liner can tolerate and predicting when this limiting crack size
is attained. [I.13.1-1, II.1.6-1, I1.2.2-1, I1.5.1-1] Another
has predicted that the tendon anchorages will fail because of
excessive concrete cracking [Il.l.ll-?].

Radial shear stress is often used as the failure criteria to
check peripheral shear around penetrations and the basemat/
cylinder junction for concrete containments. Work on this idea
has some way to go and significant uncertainty stil) exists.
For example, the influences of extensive local cracking around
the penetration or of the amount of hoop reinforcement adjacent
to the basemat are still being investigated, gx.s.z-l. [.7.1-
1, 1.8.1-1, I.8.2-1, II.1.3-1, Il.1.6-1, I1.3.2-1, 11.3,3-1]

If failure criteria are uncertain, failure size is a wild
guess. Few investigators have gone beyond predicting that the
failure will be small (local) or large (global)., These
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predictions typically rest upon the judgment and experience of
the engineers making them. The more experienced engineer may
not make this guess.

3.6 Additional Uncertainties

One uncertainty that continues to come to mind during a contain-
ment analysis is: How close is the actual in-place containment to the
fabrication drawings and specifications? Hence, answers to questions
about, for example, concrete placement in critical areas, weld quality,
tolerance acceptance, and mill test or concrete cylinder representa-
tiveness always have an associated unceriainty.

Finally, uncertainty exists in the uncertainty. That is, we are
often uncertain whether we have considered all the uncertainties. For
example, failure could occur in a loca..>n and by a mode the analyst
has not thought to investigate.

3.7 Uncertainty Assessments

A relatively small number of investigators have attempted to quantify
some of the above uncertainties into a reliability analysis of specific
containments. [I.1-1, 1.3.1-1, 1.4.1-1, 1.8.1-1, II.1.6-1, II1.1.7.1]
Their results are often presented in the form of fragility curves or
probability of failure distributions conditional on a prescribed static
pressure level, The material properties and geometric configuration
are taken to be random quantities which are described by a mean,
standard deviation and distribution type. Analysis uncertainties are
quantified by comparing experimental and analytical results. More
subjective uncertainties, such as the definition of the failure
criteria, actual in-place containment versus the containment described
in drawings and other errors, have not yet been introduced into
uncertainty zssessments.

It is not the purpose of this work to review the state-of-the art in
the reliability analysis of structures. Briefly, the uncertainty
assessments to-date must be considered preliminary and the results
interpreted only as notional probabilities. The results can become
meaningful only after these methods have been calibrated with real-
world failure experience, However, reliability assessments are very
useful tools to focus attention on important uncertain quantities.
Thus, for example, sensitivity studies point to the basic structural
parameters which are significantly random. More study and data
coll:ct;on should be devoted to these quantities (see the following
section).

3.8 Summary

The analysis of steel and concrete containments involves many
uncertainties in the containment geometry, the containment material,
the containment loads, the analysis techniques, and the failure
criteria. A1l of these have been summarized above in Sectfon 3. Each
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uncertainty represents a potential difference of opinion between two
investigators. Hence, as discussed in Section 2, two independent
investigators will often predict noticeably different results for the
same containment. Of the uncertainties presented above, the following
uncertainties are, in the opinion of the authors, most often the cause
for discrepancies in results,

® In-place versus as-designed containment: How close is the
actual containment to the containment specified in the
engineering drawings, e.g., welds, reinforcement details,
geometric tolerances, material properties?

e Behavior of reinforced concrete under biaxial stress condition:
What are appropriate constitutive equations for a steel/
concrete system, particularly at and beyond cracking and/or
crushing?

e Failure criteria: What is an appropriate structural definition
for failure (leakage)?

® Failure modes: Have all realistically possible failure modes
been analyzed, e.q., does an axisymmetric model miss important
effects?

Uncertainty can be decreased only if these problems a ~ addressed by
further study.

3.9 Conclusion

A state-of-the-art containment analysis is a finite element
solution of an axisymmetric mode!. Material and geometric
nonlinearities are included. Nonsymmetric features may be analyzed on
an individual basis but are omitted in the axisymmetric model, State-
of-the-art models of the material constitutive relationships are used.
Deformation predictions are generally regarded as reliable, assuming
the containment configuration is accurately described, e.g., known
geometry, material and loads. Predictions of leakage are much more
uncertain, There i5 no general agreement on when and where leakage
will occur. In this regard, the results presented in Table 2.1 should
be interpreted as predictions of containment deformation states rather
than leakage indicators.
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APPENDIX I - SPECIFIC CONTAINMENTS

PWR - ICE CONDENSER CONTAINMENT

1.1 Sequoyah (by Ames Laboratory) [I.I-LJ'

Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

Ice condenser, steel (Fig. 1.1-1)"

Uncertainty Assessment

<Beyond the scope of this review.>

Material Properties

Actual values from mill test results

Failure Criteria

® Leakage of containment shell - controlled by fracture (elastic-
plastic fracture mechanics). Probability of failure by this
mode is shown to be low relative to the following mode.

® Leakage of attached piping and equipment - controlled by large
deformation of containment (1imit mechanism or deformations
beyond twice yield). (Fig. 1.1-2)

Simplified Analysis

Limit pressures for stiffened cylinders and spheres, based on limit
mechanisms. Minimum mean 1imit pressure = 59 psig, controlled by hoop
forces near springline.

Penetration analysis with 1imit pressures derived by others:
e Cylinder/Cylinder Intersection [1.1-2];
t 2 + 2 t‘ d + + s
[162(7) 28(7)(.6) 210] K + 155

Pot Peo

2 2
108K+ [zza(%) + 228] K + 152

* Number in brackets indicates reference number.
** Number in parentheses indicates figure number,
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Figure 1.1-«2 Definition of Half-Elastic Slope
Plastic Pressure



e (Cylinder-Sphere Intersection [1.1-3];
Pot * Pg Pyo

in which p, 1s found from

T 2
ﬁltlo ($) 1 (1-pg) | = vy § ’[l-(%) ] - %}/[%u-%%o,))

and where

t = penetration wall thickness

T = vessel wall thickness

d = penetration diameter

D = vessel diuater

K = d/0 SO/T

Peo "2 F,T/D

P’o -4 F,T/D

Experimental/theoretical result, penetration )imit pressure.
Mean  Standard Deviation

Cylinder/cylinder (12 specimens) 0.99 0.15
Cylinder/sphere (12 specimens) 1.23 0.23

Minimun mean 1imit pressure from penetration analysis 1s 47 psig (193
penetrations).

Finite Element Analysis

ANSYS - general purpose finite element program with nonlinear
capability,

Axisymmetric finite element model:

e Shell and rings-isoparametric, axisymmetric solid element with
mid-side nodes, maximum length = /rt/2;



24

e Stringers - beam element with constraint equation;

® Nonlinear material (elastic-plastic) and geometric behavior.
Experimental/theoretical result, finite element analysis - six smooth
finite length cylinders with internal pressure: mean = 1.13, standard
deviation = 0,07,

Failure pressure equals 60 psig, controlled by radial displacement near
springline.

Penetration finite element mode! (Fig. 1,1-3):

o Triangular flat shell element, maximum size = /' rt/4 near
discontinuities;

® Nonlinear materia’ and geometric behavior,
Experimental/theoretical result greater than one (1 specimen).
Fallure pressure for controlling penetration is greater than 65 psig.

Conclusion

Mean predicted fallure pressure is 60 psl. oximately lognormal
distribution with standard deviation of 8 n?'

1.2 Sequoysh (by Offshore Power System) [1.2-1, 1.2-2]
Objectiv

Investigation of the vessel capacity under internal pressure.

Containment Description

mt'{om steel cylindrical shell covered with hemispherical cap, Fig.

Analysis
Finite element analysis using ANSYS,

;{ﬂul‘ :u‘m « shell skin framed by the stringer and ring stiffeners,
’0 ]

Plastic triangular shell element,
Analysis was carried up to and beyond yleld stress of 45 ksi,
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Results
Pressure - radial displaccment, Fig, 1.2-2.

Yield pressure, hand calculation [1.2-2] = 57 psig.

1.3 Sequoyah Preliminary Calculation (by Ames Lab) [1.3-1]

Objective

Preliminary calculation of vessel ultimate strength.

kssumgtions

Stresses in ring/stringer stiffened shell are approximately equal to
stresses in equivalent shell with smeared stiffeners.

von Mises failure criteria.

Limit pressure occurred when stresses reach the specified material
yield strength, conservative assumption.

Burst pressure was calculated when stresses reach material ultimate
strength.

Penetrations do not control - reinforced according ASME rules.
Minimum specified material properties used.

Calculated limit pressure is 36 psig as controlled by yielding of the
rings near 1/2" plate.

1.4 Sequoyah Containment Analysis (by Hubbard, H.W.; R&D Asscciates)
4-1

Objective

Analysis of Sequoyah vessel ultimate strength.

The Analysis of a Shell with Ring and Stringer Stiffeners

Linear elastic analysis with strain compatability between shell skin
and stringers.

Stringer Effectiveness

Stringers are about 40% effective in linear elastic range.



29

Ring Effectiveness

Rings have to be much cioser than 80 inches to have any appreciable
reduction on the membrane hoop stresses. Rings therefore are
completely ineffective.

Critical region is between two rings with thicknesses of 1/2 inch.

For Fy = 32 ksi, the critical internal pressure is 27 psi using the von
Mises yield criteria.

Alternative Panel Analysis

Rectangular panel framed by stringer and ring. Flat elastic plate
analysis gives pressure of 13.) psig which causes yielding in extreme
fiber of plate.

Large deflection plate analysis - local yielding would occur at 7.8
psig while full plastic hinge would occur at 11.7 psig.

Hold Down Bolt Stresses

Bolts are prestressed to a level of 25 ksi.
Bolts yields at 64.5 psig internal pressure.
Conclusions

Limit pressure is about 27 psig, controlled by 1/2 in. plate.

1.5 Sequoyah Containment Analysis (by TVA) [1.5-1]
Objective

Prediction of the vessel strength.

Determination of Critical Sections <No details printed.>

Anchorage.

Penetrations, bellows and valves.
Personnel locks and equipment hatch.
Seals.

Shell plate.



Material Properties

Mean value of yield strength equals 47.2 ksi. Lowest test valve of
45.7 ksi used in the analysis.

Method of the Analysis <No details printed.>

Finite element shell model.

Panel.

Membrane.

Failure criteria - mazimum shear strss and von Mises.

Containment ultimate pressure is 38.2 psig, controlled by hoop forces
near springline (1/2 in. plate).

1.6 Sequoyah Containment Analysis (by NRC Research) [1.6-1]

Objective

Analysis of Sequoyah containment capacity.

Assumgtions

Ignore local bending effects.

Applied pressure is resisted by circumferential tension in the shell
plus bending of the stringer.

Deformation are symmetric circumferentially,
Local shell bending effects are ignored.

Analysis of Internal Pressure Loading

Equilibrium of a segment of the cylindrical shell with internal
pressure and stringer as a beam spanning between rings.

Mechanism occurs when shell yields in hoop direction and plastic hinge
forms in stringer.

Minimum specified yield strength used (37 ksi).
Conclusions

Containment capacity at yield is 34 psig.
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1.7 Sequoyah Containment Analysis (by Franklin Research Center)

(1.7-1]
Objective

Analysis of Sequoyah containment strength.

Material Properties

Minimum specified yield and ultimate strength.

Analyses Methods

Four different analyses were performed:

Analysis Notes Pressure (psig)
1 Ring stiffeners only and 28
ignoring stringers (axisym- (membrane yield)
metric analysis).
2 Axisymmetric ring stiffened 36 - 38
shell with smeared stringers. (total cross
section
plasticity)
3 Finite element analysis of 34.3 - 38.6
stiffened panel bounded by (gross shell
rings and stringers. Con- yield)

firmed smeared assumption
of Analysis 2.

4 Axisymmetric ring stiffened 34.7
shell with smeared stringer. (total cross
section
plasticity)

Analyses 1, 2 and 3 for 5/8" thick shell. Analysis 4 is for the 1/2"
thick shell,

A1l analysis are linearly elastic. Full plasticity predicted by
extrapolated linear results,

2.1 McGuire (by Ames Laboratory) [2.1-1]
Objective

Uncertainity assessment of ultimate internal pressure resistance.
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Containment Description

Ice condenser, steel (Fig. 2.1-1).

Uncertainty Assessment, Material Properties, Failure Criteria

See Sequoyah (Ames Laboratory).
Simplified Analysis

See Sequoyah (Ames Laboratory).

Limit pressure for stiffened cylinder = 78 psig, controlled by hoop
forces near mid-height of cylinder.

Minimum mean 1imit pressure for penetration analyses is 79 psig (258
penetrations).

Finite Element Analysis

See Sequoyah (Ames Laboratory).

Axisymmetric shell failure mode near cylinder mid-height at 84 psig.
Failure pressure for controlling penetration is greater than 88 psig.
Conclusion

Mean predicted failure pressure is 84 psig (approximately lognormal
distribution with standard deviation of 12 psi).

2.2 McGuire (by Offshure Power System) {2.2-1]
Objective

Investigation of the vessel capacity under internal pressure.

Containment Description

Stiffened steel cylindrical shell covered with hemispherical head,
(Fig. 2.1-1).

Analysis
Finite element analysis using ANSYS.
Typical panel, see Fig., 2.2-1.

Plastic triangular shell element.
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Analysis was carried out up to and beyond yield stress of 42.1 ksi.

Results

Pressure - displacement, (Fig. 2.2-2).

3.1 Watts Bar (by Ames Laboratory) [3.1-1]
Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

Ice condenser, steel (Fig. 3.1-1).

Containment Uncertainty Assessment, Random Vibration Analysis

<Beyond scope of this review.>

Failure Criteria

Maximum shell membrane strain equals twice the yield strain.

Penetration assumed not to control because of ASME area replacement
rule.

Shell Buckling with BOSOR

BOSOR5 - finite difference program for axisymmetric shells with
arisymmetric loads, nonlinear materia® and gecmetric capabilities.

Modeling guideiines:
e Maximum element length = JrF?72;
e Rings idealized as shell segments;
e Deformation theory of plasticity.

Application to Containments

Estimated material properties (actual not furnished).

Simplified method (see St. Lucie, Section 4.1 (Ames Laboratory)) -
minimum mean pressure resistance is 98 psig, controlled by thin portion
of dome.

Finite element analysis (BOSOR5) - failure pressure is 100 psig,
controlled by membrane strain in the thin portion of the dome.
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Seismic resistance - <beyond scope of this review>.

Conclusion

Mean failure pressure is 98 psig (approximately lognormal distribution
with a coefficient of variation of 0.16).

3.2 Watts Bar Containment (by Sandia National Laboratory) [3.2-1]

Objective

Realistic prediction of the vessel ultimate static pressure capability.

Containment Description

Ice condenser, steel (Fig. 3.1-1).

Containment Analysis

Structural analysis of:
e Containment shell without penetration;
e Equipment hatch;
e Containment anchorage system;
e Personnel airlock.
Finite elemert using:
® MARC computer coae - large strair capability;

® ABAQUS computer code - large strain and automatic adjustment of
inad step size capabilities.

Actual containment material properties based upon provided mill test
data y TVA.

Containment Shell Analysis

Description of the containment structure, (Fig. 3.1-1).
Finite element model - MARC computer code:

e Axisymmetric model;

e (Containment base considered as fixed support;

® Large displacement and finite strain plasticity;
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e Shell failure was based on the maximum Von Mises equivalent
stress criteria;

e No restraining element to limit the containment deformation.

Results
Radial Displacement of
Pressure (psig) Cylinder - Midheight (in.) Notes

90 =0.75 First yield oc-
curred at the
containment base.

120 1.00 Cylinder wall at
midheight and
dome materials
yielded.

175 40 Unrealistic -
containment

piping and pene-
tration system
could be damaged.

Lower bound value for Watts Bar pressure capacity (shell failure only)
is 120 psig.

Equipment Hatch Analy-is

Buckling analysis uti1izing ABAQUS computer code.
lLarge deformation and elastic-piastic meterial behuvior.
Equipmerit hatch boundery conuiticns ideaiization:

e Reller (radial displacement but nc rotation allowed);

e Other boundary conditions such as inclusion of the shell
insert of the containment wall were considered. This was
rejected because of the incapability of the bolts around the
hatch to maintain continuity between the sleeve and the hatch
of high pressure loads.

Axisymmetric model with no imperfection.
Results

Yielding of the equipment hatch rini and door adjacent to the ring
occurred before buckling occurs at 140 psig.
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Hatch displaced shape at 140 psig pressure (Fig. 3.2-1).
Inclusion of imperfection should lower the predicted buckling load.

Containment Anchorage System and Personnel Lock Analysis

The analysis <no details given> showed that the pressure at which
yielding of the tie down bolts occur is 172 psig and the personnel lock
has a strength greater than 150 psig.

Conclusion

Containment ultimate capacity based upon containment shell yielding and
equipment hatch door buckling is 120 psig and 140 psig, respectively.

PWR - DRY CONTAINMENTS - CYLINDRICAL

4.1 St. Lucie (by Ames Laboratory) [4.1-1]

Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

PWR, cylinder, steel (Fig. 4.1-1),

Uncertainty Analysis

<Beyond scope of this review.>

Failure Criteria

#daximum shell membrane strain equals twice the yield strain.

Penetrations assumed not to control because of ASME area replacement
rule,

Finite Element Software and Calibration

Survey of applicable programs.

ANSYS, modeling guidelines and static calibration - see Sequoyah (by
Ames Laboratory).

Experimental/theoretical result greater than one for two torispherical
heads under internal pressure.
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e . ORIGINAL GEOMETRY

AXIS OF SYMMETRY

Figure 3.2-1

-
-.Q.

Displaced Shape of the Watts Bar Equipment
Hatch at 140 psig
(Displacement Magnification of 10%)
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Figure 4.1-1

St.

Lucie Containment Vessel Geometry
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Simplified Analysis Methods [4.1-2]

Cylindrical panel bonded by stringer and ring (Fig. 4.1-2) analyzed by
finite element. Three failure modes - general (includes ring), inter-
ring (between rings) and panel (between rings and stringers). Panel
mechanism eliminated for usual containment stiffening patterns.

Guided by finite element analysis, developed simplified methods for
determining limit pressures for large displacements and maximum
membrane strain at twice yield. (The experimental/theoretical results
listed)below are based on both experimental evidence and subjective
input

e General mode, stiffened cylinder;

tF A,
e y JZ.+ -
Po r (3 slt)
where "1, $,*® ring area and spacing, respectively.
(experimental/theoretical result mean = 0.99, COV = 0.12)

e Inter-ring mode, stiffened cylinder;

F, t/r 1
b = \ 2,122
g - 2
(1 -8 €!r )I.V.J Sl tJ
S .-

where 7 1is the plastic section moculus of the shell and
stringer per unit circumference.

(Experimertal/theoretical result mean = 0.96, COV = (.11)

e General mode, stiffened cone;
Fy t/r 2 Al rp r +r r -r

Pop = —— ( =+ J e B o B2
” 2 /3 slt r 2 sing 1 r sin¢
1 P
0+t )

in which r and r_ are the upper and lower radii of the cone
segment, réspectifely, r..is the ring radius and ¢ is the
slope of the shell meridsan line.

e Inter-rina mode, stiffened cone;
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Figure 4.1-2 Typical Stiffened Shell Panel
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Fotir (241217
3 2
L

Po =
2 2 2 2
1+0.05 p, - B8eyp, (1+0.15 p," +0.375 p,)

where
2 2 2 2
(r +r ) 2(r_-r) - R LR
2 2", ’. 2 e o ¥ i kS 2 1
%y - ST T ( %
+r r r
1 r, 2 1 ¥ 2

in which L 1is the ring spacing measured in the meridional
direction. The plastic section moduli per unit circumferential
length at the top and bottom boundaries are Z, and Z,, respec-
tively.
Hemispherical head
2t F
Py = —

r

cllipsnidal nead, asymmetric buck!’ug
1,25

. t
Per = 10.4 Fy (E)

(experimental/*heoretical result mean = 1.01, LCV = 0.11)

Ellipsoidal head, axisymmetric collapse
gt
P°=-¥—(1+50 &)

(experimental/theoretical result mean = 1.01, COV = 0.10)
Torispherical head, asymmetric buckling

0,84
_ 285 Fy (1-125 ¢,)(ry/2r)

(zr)x.ss(ks)l.x
t 2r

(experimental/theoretical result mean = 0.98, COV = 0.12)

Per

Torispherical head, plastic collapse
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1,04
! 12.6 F_y (1 + 240 ey)(rt/Zr)

1,09
2r

RS
(_t) (fF)

Po

for the limit pressure, where

R
0.79 _3>1
2r
al
R
1. s <1
n 2r

(experimental/theoretical result mean = 0.97, COV = 0.11,
Dynamic pressure. <Beyond scope of this review>.

Containment Uncertainty Analysis

Estimated material properties (actual not furnished).

Simplified method - minimum mean pressure resistance is 95 psig,
controlled by hemispherica! head.

Finite elemert -nalysis - failure pressure is 96 psig, controlled by
membran2 strain at cylinder/hemisphere intersection.

Dynamic and reliability results. <Beyond scope of this review>.
Cenciusion

Mean failure pressure is 95 psig (approximately logno.mal distribution
with coefficient of variation of 0.16).

PWR - DRY CONTAINMENT - SPHERICAL

5.1 Cherokee (by Ames Laboratory) [5.1-1]
Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

PWR, spherical, steel (Fig. 65.1-1).
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Figure 5.1-1 Cherokee Containment Vessel Geometry
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Uncertainty Analysis, Failure Criteria, Finite Element Software and
Calibration, Simplified Analysis Methods

See St. Lucie (Ames Laboratory).

Containment Uncertainty Analysis

Estimated material properties (actual not furnished).

Simplified method - minimum mean pressure resistance is 116 psig,
controlled by membrane stress in sphere.

Finite element analysis - failure pressure is 117 psig controlled by
membrane strain in the sphere.

Conclusion

Mean failure pressure is 116 psig (approximately lognornal distribution
with coefficient of variation of 0.16).

PWR_- ATMOSPHERIC CONTAINMENTS

6.1 Indian Point Containment (by Sandia Nationa! Laboratory) [6.1-1]

Objective

e Determination of the internal pressure at failure for units 2
and 3.

e Determination of the containment response to dynamic pressure
<beyond the scope of this review>,

Penetrations

Study of Indian Point Unit 2 equioment hatch and personnel lock.
Failure modes:

e Steel reinforcement;

® Integrity of the steel liner plate against leakage.
Preliminary analysis <no details given> showed that because of the

neavy reinforcement, failure at these two penetrations is unlikely to
occur,



49

Containment Building

Reinforced concrete (Fig. 6.1-1).

Analysis
HONDO - dynamic finite element computer code.

Finite Element Model

Axisymmetric model ignoring penetrations.

Separate elements used for concrete, reinforcing steel and liner (7
elements throughout the thickness).

Elastic-plastic material idealization for steel liner plate and rebars.
The “20p rebars were smeared into a continuous thin layer; which was

then expanded into a much thicker layer (for dynamic analysis). The
yield strength and elastic modulus were adjusted to account for this.

Soil model - elastic spring element.

Preliminary Calculation

Simple analysis using

p=te
-

n = pressure, r = radius, o= stress, t (equivalent thickness) found
from smearing the hoop rebars.

Assumes concrete has no capability to carry tensile loads.
Calculated maximum pressure (o = ultimate strength) = 123 psig.
Another simple analysis:

failure pressure = design pressure (47 psig) x ultimate stress (90 ksi)
yield stress (60 ksi)

x load factor (1.5) x 1 = 117.5 psig
¢ factor (.9)

This analysis neglects the benefit of the seismic steel and the liner
plate.

Model Calibration

Calibration of HONDO finite element program results with the structural
integrity test (SIT) results.



50

311 6inches

0 5 nch 2
LINER PLATE | -

il 7
-—eeee 13511 1D et - Q11 6 inChes
—od b= 411 Binches
1-— O 375 inch
LINER PLATE :
148 1 *1 1
_1
0295 inch LINER
A PLATE
» \
L : l j

bor = 4

Figure 6.1-1 Indian Point Contaiment Building.
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Pressure applieu a+ ramp function.

Comparison showed that the measured and predicted radial displacement
of a point removed from the base and dome differed noticeably.

Reducing the elastic modulus by 50% <no reason is given> and keeping
the yield strength constant results in close results to the SIT
results.

Static Results

Pressure loading applied as ramp function, plus gravity loads.
Radial displacement became unbounded at pressure = 108 psig.

Uplift of the containment corner was observed.

Discussion

Static solution was rot completely achieved (see model calibration).

Building deformations start to increase at a very rapid rate indicating
instability at pressure of 110 psig.

Finite element results agree with the simple (hand) calculations
analysis.

Hand calculations assume unifornly strained rebars, at a oressure of
about 120 psig, rebar strain of 7%, and the corresponding radial
displacement of 4.7 ft.

Concrete will be excensively cracked long before this displacement.
Conclusion

Failure pressure for the Indian Point containment is approximately 110
psig.

6.2 Indian Point Containment (by Los Alamos) [6.2-2]
Objective

Prediction of the vessel internal pressure ultimate capacity.

Containment Building Design

Reinforced concrete (Fig. 6.1-1).
Structural Modeling
ADINA finite element code.
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Two dimensional axisymmetric models. Penetrations (sma!l or large)
were not considered,

Soil - axisymmetric, discrete, compression only springs.

Concrete behavior - based upon tensile cracking, compression crushing
and strain softening mode!. Concrete cracking was assumed to occur
when the principle stress excoeds the uniaxial cutoff tensile stress
and the original stiffnesses were reduced as:

shear reduction factor = 50%;
tensile stiffness reduction factor = 0.01%.

Concrete material properties are based upon a design value of 4 ksi
compressive strength,

As built material properties of reinforcement material.

Ring elements used to idealized the smeared hoop reinforcement,
Seismic steel projected unto hoop and meridional directions. Truss
element used for meridional steel idealization.

Steel liner properties were assumed to be the same as the Zion liner
plate actual properties.

Comparison with Structural Integrity Test (SIT)

Loads - dead weight and equipment plus incrementally applied internal
pressure up to 54 psig (115% of the design pressure).

Finite eiement gives significantly greater displacoment values than the
measured one because of assumptions in concrete cracking model,

Lontainment Static Response and Failure

The solution is considered to be converged if unique values for the
displacements <no details given> were reached at cy!inder midheight
node, apex of the dome, and outer corner of the base mat.

Pressure (psig) Notes
30 First concrete cracking
100 First reinforcement yield
105 Liner first exceeds 0.3% strain
112 Lower bound failure prcssure'

133 Upper bound failure pressura"
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Pressure (psig) Notes

118 Predicted failure pressure (shear and
compression at base of sideway)

* Limit analysis of the shear carring capability of the base
sidewall junction <no details given>,

** Limit analysis considering membrane failure of the cylinder
sidewalis in the hoop direction.

Conclusion

Containment ultimate capacity is 118 psig. Failure caused by concrete
crushing and cracking coupled with a loss of shear carrying capacity at
the base of the cylindrical wall.

6.3 Indian Point Containment Vessel (by United Engineers and
Constructions, Inc.) [6.3-1]

Objective

Evaluation of the capability to withstand conditions representative cf
a core melt accident.

Study Methodology

Capability is defined as the maximum combination of thermal and
pressure required to produce a general yielding in the reinforced
steel.

Predicting the weakest failure mode among all possible modes (both
bursting and leaking).

Hand calculations to evaluate the capability at the folluwing regions
(failure modes):

e Membrane region of the dome and cylinder;

e Discontinuity - cylinder/dome and cylinder/basemat;

e Basemat;

e Large penetration - equipment hatch and personnel airlock;
e Small penetration;

e Liner plate.

Computer code used for liner/anchor system under thermal loads.
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Containment Description - Configuration

Reinforced concrete vessel, Fig. 6.1-1.

Containment Description - Material Properties

Concrete - design minimum ultimate strength = 3 ksi.

Reinforcirg steel - specified minimum Fy = 60 ksi and tensile strength
= 90 ksi.

Liner plate - specified minimum Fy = 32 ksi and tensile strength = 60
ksi.

Design Criteria

<Beyond scope of this review>.

Analysis - Hand Calculations

Shell (membrane region):

e Used pr (hoop) and pr (longitudinal);
t 2t

e Includes liner and seismic rebars;

® General yielding state in tension, mean actual rebar yield
stress used.

e Temperature has no effects unless high enough to change
material properties;

® Results (controlling locations): 126 psig for both units.

Shell (discontinuity region).

e Base of the cylinder - classical beam on elastic foundation
equations were used, fixed base, pressure capacities <no
details given> are:

149 psig (governed by moment capacity)
131 psig (governed by shear capacity)

e Basemat - idealized with uniform foundation reaction with edge

uplifting and compatibility with shell, Shear capacity will
permit pressures greater than 126 psig <no details given>.

Liner and Liner Anchor Analysis

126 psi internal pressure combined with temperature below 300°F
(temperature which a liner experienced during an accident, reference is
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not available during the period of this work)} will not result in loss
of liner integrity.

Penetrations - Large Openings

Equipment and personnel locks investigated under pressure of 126 psig
considering: membrane plus bending; anchorages to the concrete; and

increased reinforcement near the opening.

Large penetrations regions are not critical because the predicted
yielding is localized <no details given>.

Penetrations - Piping

Representative openings studied cons ing internal pressure pulse
pipe reaction, and anchorages to

The study judged that these are not itic sections <no details
given>

Piping Penetration Assemblies

Three different piping types were investigated under internal pressure
and thermal loading.

Load capability of the sleeves, the end plate and the end plate to
process pipe weld were evaluated separately.

Maximum weld stress was limited *2 tn 1.5 times the ASME allowable.

Containment wall growth deformation effects was not included.

Temperature on piping penetration welds was found to be the limiting
factor <no details given>

Electric penetrations based upon Westinghouse test can withstand
pressures above these results from LOCA and will preserve integrity of
the containment boundary up to a temperature of 400°F.

10 inch and 36 inch butterfly valves will withstand pressures of 202
psig at 300°F and 130 psig at 275°F because of air “"buffer" injected
between redundunt pair of valves.

Conclusions

Indian Point units 2 and 3 can withstand an internal pressure of 126
psiq.

Cylindrical sections near the spring line is the critical region
(membrane hoop forces).

Temperature has little or no effects on the containment capability.
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PWR - SUB ATMOSPHERE

7.1 Maine Yankee Containment (by Sandia National Laboratory) [7.1-1]

Objective

Realistic prediction of the vessel ultimate static pressure capability.

Containment Building Description

Reinforced concrete with a steel liner, Fig. 7.1-1.

Finite Element Model

ADINA - finite element code.

Axisymmetric model (no penetrations considered) using three different
types of elements:

e Two-dimensional solid element for concrete;
o Truss element for reinforcement steel;
e Shell element for liner plate;

Material properties - minimum specified values.

Concrete cracking - reduction of the original stiffness when crack
forms perpendicular to maximum tensile principal stress:

shear stiffness reduction factor = 0.5
tensile stiffness reduction factor = 0.0001.

Longitudinal and hoop truss elements cross-sectional areas were
adjusted according to the areas of the reinforcement per radian and
between nodes, respectively.
Basemat - investigated two cases:

e Boundary condition as shown in Fig. 7.1-2;

e Nonlinear truss element with compressive stiffness only to
model soil effects.

Analysis and Results

Loads - gravity load first applied followed by the internal pressure in
load increments:

® Load increment of 0.5 psig results in nonconvergence solution
with modified Newton method;

e Load increment was then reduced to 0.1 psig with no equilibrium
iterations;
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Figure 7.1-1 Maine Yankee Containment Structure
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Figure 7.1-2 Axisymmetric Finite Element Model
of the Maine Yankee Containment
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Results for no basemat uplift are:

Pressure, (psig) Notes
3l Linear behavior cracks formed over
the entire cylinder and half way up
to the dome.
73 First yielding in the liner at mid-
cylinder height.

118 General yielding of hoop steel
began (117 psig from hand calcula-
tion).

129 Solution was terminated because of

numerical instability which re-
sulted from the damage at the
cylinder wall-base slab junction.
General yielding of hoop, longi-
tudinal reinforcement and liner
occurred.

Results when basemat uplift was allowed - the behavior is similar to
the previous case up to pressure of 75 psig. Concrete at the cylinder
wall-basemat junction was severely damaged at 96 psig causing numerical
instability to the solution.

e The differences in the solution of the above two basemat
idealizations occur after 70 psig (see Fig. 7.1-3).

e Does a true structural failure correspond to this numerical
instability? The answer apparently cannot be addressed with
the current state-of-the-art [7.1-1].

Conclusions

If basemat uplift is allowed, failure due to severe damage in the
cylinder wall base slab junction occurred at 96 psig. If basemat
uplift is not allowed, failure due to general yield of rebars at 118

psig.

Bounds on the ultimate pressure capacity of the vessel and 96 psig and
118 psig.

8.1 Zion Containment Vessel (by Sargent and Lundy Engineers) [8.1-1
AT e .

Objective

?;;;?atc internal pressure capacity for Probabilistic Risk Assessment
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Configuration

Prestressed concrete vessel, Fig. 8.1-1.

Material Properties

In-place properties for concrete, reinforcing steel, post-tensioning
steel, steel liner, and soil.

Actual average strength properties for reinforcing steel, steel liner,
post-tensioning and soil were used in the containment strength
calculations.

The concrete compressive strength, fé was expressed as the average
value minus one standard deviation. Concrete tensile strengtn was

taken as 6 /7:':

Best estimates of soil properties were used.

Failure Modes, Fig. 8.1-2

Assume no weld failure in the liner plate.
Primary failure modes are:
e Containment wall;
e Containment dome.
Secondary failure modes are:
e Cylinder/dome intersection;
e Cylinder/basemat intersection;
e Penetration.
Basemat failure is unlikely because continuous support by soil below.

Failure Criteria

Component. Limits
Tendon yielding strain 1%*

Shear failure
Linear membrane strain 15 €y < 'u/‘

Linear extreme fiber strain cu/z
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Figure 8.1-2 Containment Potential Modes of Failure



Component Limit
Steel reinforcement strain 10 €y < g,/4
Concrete compression fé
Concrete tension 6 v f.
Soil failure Fy

where:
&y = Mean value of the yield strain.

= Ultimate strain, taken as the mean value minus one
standard deviation.

fé = Defined in material properties section.

* Deformation of containment walls are unacceptable beyond

this point because of interaction with adjacent buildings and
gross mechanical damage to liner, penetrations, piping and
equipment,

Analytical Techniques - Hand Calculations

Membrane equilibrium of cylinder and dome <no details given> at the
following transition stages:

Without Liner With Liner

(hoop forces in cylinder controls)

e Concrete cracking 75 psig 75 psig
e Steel reinforcement yielding 110 psig 124 psig
e Post-tensioning yielding 120 psig 134 psig

(1% strain)
e Post-tensioning ultimate 129 psig 143 psig

The above includes the effect of concrete creep and containment
deformation on tendon stresses.

Radial displacement of the cylinder versus pressure shown in Fig.
8.1-3 is based upon strains at the above material stress state.
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MERIDIONAL REINFORCING

HOOP REINFORCING

LINER

REINFORCED CONCRETE SHELL ELEMENT

CONCRETE LAYERS | THRU 6

MERID. STEEL LAYERS 8 & 10

HOOP STEEL LAYERS 789

LINER LAYER I

Figure 8.1-4 Layered Element for Nonlinear Finite Clement Analysis
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Analytica! Methods - Finite Element

DYNAX - nonlinear analysis of thin shells and so!ids of revolution with
concrete cracking and steel yielding (proprietory - no details given).

Finite element model includes:

e Cylinder, basemat, dome - multiple layers using axisymmetric
shell element (details in Fig. 8.1-4);

e Tendons - trilinear idealization of nonlinear behavior
beyond prestressed conditions;

e Prestress forces - represented by external pressure on cylinder
and dome and concentrated forces at top and bottom of cylinder;

e Soil - axisymmetric, discrete, compression only springs.

Radial displacement of cylinder versus pressure is shown in Fig. 8.1-
3'

Close to experimental results obtained from a 1:14 model (see later
details). Experimental pressure was 110 psi? at steel yielding and 159
psig at containment failure (hoop tendon failure).

Shear Failure Investigaion

From the DYNAX run, six (1 through 6, Fig. 8.1-2) critical sections in
the containment were examined,

Two additional secticns, one on the side of the equipment hatch (hoop)
and the other on the top (meridional) were studied, A finite element
model used to determine the stresses around the equipment hatch <no
details given> at pressure of 47 psig. The stresses were then modified
to 134 psig internal pressure using the ratio of the prestressing
forces corresponding to 47 psig and that of 134 psig (found from DYNAX
finite element analysis). Conservative modification.

Analysis showed all various sections are safe for shear (using ASME
BPV-111-.2, CC-3421.4,11c). Crushing of concrete also does not occur at
any section,

Large Penetration Investigation

The maximum reinforcing steel stress and concrete compressive stresses
were within the limits at pressure level of 134 psig. Linear finite
element analysis was proportioned to 134 psig. In-house program, TEMCO
<no details given> was used to check steel and concrete stress.

Connection details between the large openings (equipment and personne!
hatches) and the liner plate was also examined in details by Chicago



Bridge and Iron Company. Each steel element in both openings was
investigated to determine its capacity based upon:

e Stability;
e Tensile or compressive yielding;
e Ability to maintain leak tightness,

Hand calculations based upon existing formulas showed that the strength
of all steel elements are above 134 psig.

Liner Plate Strain Analysis

Two loading cases were investigated.
Temperature:
® Buckling analysis of individual panel (spacing between embedded
mchor:? for three different boundary conditions. In-house
computer code used LAFD <no details given>;

® Hand calculation to determine the central hinge strain and the
anchor force,

Temperature and pressure:

e Thermal load applied first and assumed to buckle liner with
three plastic hinges formed;

e Apply/ing internal pressure reverses the niture of the plastic
moment from positive to negative at the hinges;

e Analysis showed formation of two additional hinges <no details
given> at pressure of 61.0 psig;

® Maximum surface strain at pressure of 141 psi is one<third the
Tiner material faflure strain;

e Containment leak tightness 1s expected to be maintained at 134
psig internal pressure,

Confidence - Probability Calculations

Considered randomness of materfal yleld strength,
Conclusions
Ultimate internal pressure capacity (hoop tendon ylelding).

120 psig without liner standard deviation = 4 psig
134 psig with liner standard deviation = 4 psig



Temperature and temperature/pressure effects are not significant.

8.2 Zion Containment Vessel (by Los Alamos) [8.2-1, 8.2-2]
Objective

Prediction of the vessel internal pressure ultimate capacity.

Containment Building Design

Lightly reinforced - post-tensioned concrete siructure, (Fig. 8.1-1).

Structural Modeling

ADINA finite element code.

Axisymmetric two dimensional model.

Neglected small penetrations effect.

Large penetration (equipment hatch) - separate three dimensional model.
Two dimensional shell element for the liner plate.

Ring elements for hoop steel and hoop tendons two nodes truss elements
for meridional reinforcement and meridional tendons.

Soil - axisymmetric, discrete, compression onl ' springs.

As built material properties were used for concrete, reinforcing steel,
liner and pos.-tensioning steel.

Concrete behavior - based upon tensile cracking. Compression crushing
and strain softening model.

Concrete cracking - reduction of the original stiffness when the
principle stress exceeds unfaxial cutoff tensile stress as:

shear reduction factor = 50%
tensile stiffness reduction factor = 0.01%

Effects of reinforcement ties and stirrups are indirectly included by
retaining a significant shear stiffness after cracks develop.

Comparison with Structural Integrity Test (SIT)
Loads:

e Dead weight and internal structures and equipment (approximated
as an axisymmetric load);
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® Prestressing;

e Internal pressure of 54 psig (115% of the design pressure).
Two dimensional finite element model results are generally very close
to the SIT results. Small disagreements in cracking extent (concrete
tensile strength).

Containment Static Response and Failure

The solution is considered to be converged if the displacements at
cylinder midheight node, the apex of the dome and the outer corner of
the basemat reach unique values <no details given>,

Pressure (psig) Notes
85 First concrete cracking
none First reinforcement yield
117 Liner first exceeds 0.3% strain
(meridional direction)
105 Lower bound failure pressure*
134 Upper bound failure pressure"
125 Predicted failure pressure’

*Pressure at which more than half of the concrete at the
wall-basemat junction loses its shear carrying capability.

**Based on limit analysis considering membrane failure of
the cylinder sidewalls in the hoop direction.

+ Numerical instability at pressures beyond this point, base
of cylinder wall,

Equipment Hatch Analysis

Three dimensional finite element using NONSAP-C code.

Finite element mode! (penetration, wall and buttress), Fig. 8.2-1.
<No results are given.>

Conclusion

Containment ultimate capacity is 125 psig (failure caused by high shear
and moment and the cylinder basemat junction).
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9.1 Bellefonte Containment (by Sandia National Laboratory) [9.1-1]

Objective
Realistic prediction of the vessel internal pressure ultimate capacity.

Configuration

Prestressed concrete - no base slab, built on rock (Fig. 9.1-1).

Finite Elemeng‘Model

ABAQUS finite element code.

Axisymmetric model:
e Axisymmetric continuum element (concrete, tendons and rebars);
e Three node shell element (liner plate);

e Nonaxisymmetry due to penetrations and steel variation were
ignored.

Concrete constitutive model - Chen and Chen model:
e Crushing - concrete loses all of its strength instantaneously;

e Cracking - material strength is lost in direction orthogonal to
crack direction;

® Unloading portion of o e curve is used to control how quickly
the strength is lost.

Material properties - actual properties based on test data.

Analysis and Results

Loads - prestressing forces followed by internal pressure.

Prestressing - gradual application as equivalent thermal loads so that
nonlinear behavior of the concrete could be followed.

Internal pressure - 1 psi increments (fixed number of iterations at
each load stop)

Pressure, (psig)

110 Firet concrete cracking
(dome) .

First yielding of the liner in
the dome,
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Pressure (psiq) Notes
130 Dome tendons yielded accom-

panied with gross cracking in
the adjacent concrete.

Hand calculations <no details given> to estimate the pressure
associated with cylinder wall general yielding gave pressure of 139

psig.

Uncertainty associated with dome tendon failure mode because tendon
placement is actually nonsymmetric.

Conclusions
Failure of Belleforte vessel is approximately:

130 psig (lower bound) yielding of dome tendons
139 psig (upper bound) cylinder wall general yielding

Failure of other components were not addressed.

10.1 Oconee Containment (by Sandia National Laboratory) [10.1-1]
Objective

Estimation of the vessel ultimate strength under internal pressure.

Containment Description

Prestressed, .no containment geometry given>.

Failure Criteria

General hoop yielding of cylindrical shell,
Material Properties

Minimum allowable yield strength,

Analysis Method

Hand calculation based on equilibrium at yield of rebars, liner and
tendons.
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Concluston

Estimated general yielding pressure of cylinder = 151 psig.

11.1 Calvert Cliffs Containment (by Sandia National Laboratory
LIr-I ‘I I

Objective

Estimation of the vessel ultimate strength under internal pressure.

Containment Description

Prestressed, PWR <no containment geometry given>.

Material Properties

Minimum allowable yield strength.

Failure Criteria

General hoop ylelding of cylindrical shell,

Analysis

Hand calculation based on equilibrium at yield of rebars, liner and
tendons.

Conclusion

Estimated general ylelding pressure of cylinder = 124 psi.

MARK 111 CONTAINMENTS

12.1 Perry (by Ames Laboratory) [12.1-1]
Objective

Uncertainty assessment of ultimate internal pressure resistance,

Containment Description
Mark 111, Steel (Fig. 12.1-1)
tainty Analysis, Fatlure Criterfa, Fini | t w

See St. Lucle (Ames Laboratory).
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Containment Uncertainty Analysis

Actual material properties, as furnished by owner.

Simplified method - minimun mean pressure resistance is 100 psig as
controlled by asymmetric buckling of the cylinder/ellipse knuckle.

Finite element analysis - failure pressure is 112 psig as controlled by
maximum membrane strain at knuckle (compression). (Buckling not
permitted in finite element analysis.)

Conclusion

Mean failure presure is 100 psig (approximately lognormal distribution
with coefficient of variation of 0.14).

13.1 Grand Gulf Containment (by Brookhaven National Laboratory)

Objective

Predicting failure under uniform internal pressure cased by hydrogen
burn.

Containment Structure

Mark 111, reinforced concrete vessel, Fig. 13.1-1.

Failure Criteria

Maximum allowable strain in liner and plastic yielding of reinforce-
ments.

Material Model

Steel - von Mises plasticity model with isotropic strain hardening.

Concrete - Chen and Chen plasticity model up to fracture which is
described by a dual faflure criteria:

e Stress based criterion - Chen and Chen loading surface reaches
concrete ultimate;

e Strain based criterion - strains reach failure surface in
strain space.
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Failure can occur in two modes:

e Crushing - the stresses are redistributed to the neighboring
material, or;

e Cracking - tensile stresses and a fraction of shear stresses
acting on the crack plane are redistributed.

Smearing and de-smearing procedure - hetrogeneous reinforced concrete
is replaced by homogeneous material.

e Smearing - equivalent linear and nonlinear stiffness is
formulated in terms of the stiffness matrices of steel and
concrete,

e De-smearing - inverse of smearing procedure to calculate
concrete and steel stress and strain to assess steel yielding
and concrete fracture.

Sample Problems

Implosion of concrete cylinder test - analysis compares very closely to
average experimental results.

Reinforced concrete beam - experiment somewhat stiffer, probably due to
interlocking of cracked concrete.

Shear panel - good agreement,

Finite Element Mode! of the Containment Structure

NFAP - general purpose finite element program with nonlinear capabi-
Tity.

;;1synnatr1c modsl - 8 noded layered axisymmetric element (Fig., 13.1-

Penetrations ignored - strengthened by additional reinforcement.

S0i]1 - structure interaction was ignored. Base of the foundation mat
was assumed %o be fixed,

Nonlinear material and geometric behavior.

Bi.1inear stress - strain relation for reinforcement steel and liner
plate. Liner and reinforcement material data are based on Ref. 13.1-3,

Concrete material properties, see Fig, 13.1-3. Stiffness reduction
factor where crack found:



diagonally reinfroced concrete

vertically reinforced concrete

plain concrete
hoop-reinforced concrete

vertically reinforced concret.
hoop-reinforced concrete
plain concrete

plain concrete

liner

Figure 13.1-2 Different Element Layers in the Cylindrical Wall of the Containment
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Direction Factor
Normal 10-5
In plane shear 0.5

Loads - dead weight and quasi-static pressure, incrementally applied
(full Newton-Raphson at higher pressures).

Analysis Results - Overall Deformation Pattern

Pressure (psiq) Behavior
Up to 35 Linear
between 38-40 Large section of concrete cracks and
liner yields
51 Initiation of yielding in hoop
reinforcement

Analysis Results - Concrete Cracking

Cracking is governed by strain criteria (0.015%).

Pressure (psig) Crack Pattern
36 Hoop cracks by hoop stresses
37 Meridional cracks by meridional
stresses
40 Hoop and meridional cracks cover the
entire cylinder
47 Hoop cracke a-peared in the
hemisphe :
52 Hoop cracks cover the structure
Analysis Results - Basemat/Cylinder Junction
Pressure (psiq) Behavior
37 Meridional cracks
40 Liner yields

52 Liner strain is 0.265%
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Analysis Resuits - Cylinder Wall Below Spring Line

Pressure (psig) Behavior
35 Linear
40 Liner yield
51-52 Hoop reinforcement yield
52 Solution terminated (convergence
problems)
53-53.5 Estimated yielding of diagonal

rein.orcement
Rough estimates showed that liner hoop strain increases rapidly beyond
pressure of 52 psig <nc details given>. At 54.5 psig, the liner hoop
strain is 0.9%.
Conclusion

Failure precsure of the containment.

40 psig Large section of concrete cracking and
liner yield.

52 psig Hoop reinforcement yield.

53.5 psig Diagonal reinforcement is fully plastic.

54.5 psig Large displacement (6 - 7 in.) corresponds

to 0.9% strain.

Liner carries 18% of hoop stress resultant at 52 psig.

MARK 11 CONTAINMENTS

14.1 WPPSS (by Ames Laboratory) [14.1-1]
Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

Mark II, Steel (Fig. 14.1-1).

Uncertainty Analysis, Failure Criteria, Finite Element Software and
Calibration, Simplif#ia Rnalysis Methods

See St. Lucie (Ames Laboratory).
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Containment Uncertainty Analysis

Simplified method - minimum mean pressure resistance is 133 psig, -
controlled by limit pressure in lower circumferentially unstiffened
cylinder.

Finite element analysis - failure pressure is 134 psig controlled by
membrane strain in the lower circumferentially unstiffened cylinder.

Conclusion

Mean failure pressure is 133 psig (approximately lognormal distribution
with coefficient of variation of 0.17).

15.1 Limerick Containment (by General Electric/Science Application
Inc.) [15.1-1]

Objective

Ultimate pressure capacity of the containment for Probabilistic Risk
Assessment study.

Containment General

Containment arrangement
e Reinforced concrete, Mark II vessel, (Fig. 15.1-1).
Criteria
e Ultimate capacity is defined as internal pressure which causes
a general yielding (hoop or shear reinforcement or liner
plate).
e Material properties are taken from construction test records.

Containment Ultimate Pressure Capacity

Ideaiization of the lower containment (wet well) wall as infinite
cylinder neglecting all restraints provided by base slab, diaphragm
slab and discontinuities. This idealization yields lower bound
ultimate pressure. The model consists of hoop steel, meridional
rebars, inclined reinforcement, liner and concrete.

Equilibrium and strain compatibility of the model were established
using the Bechtel in-house computer program (CECAP) <no details given>.

General yielding state was reached at pressure of 120 psig, and the
hoop reinforcement are the highly strained rebars.
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Finite element calculation:

e Axisymmetric model of the containment used in the FINEL
computer program <no details given>;

e (Concrete tension cracking is considered;

e Dead and live load as well as internal pressure were
considered. No temperature effects were investigated;

e Middle section of the cylinder is the most strained section at
120 psig, but no component has yielded;

e Hoop rebars at the cylinder midheight and the shear
reinforcement at the wall-base junction are at yield at 150
psig pressure;

e Critical section considered are shown in Fig. 15.1-2.

Summary

Containment wall - diaphragm containment wall is overstressed <no
details given> at 170 psig.

Simple equilibrium analysis showed yielding of the reinforcement
anchoring the top head of the structure of 170 psig (no details given).

Ultimate pressure capacity determined to be 140 psig after
consideration of assumptions and accuracies of the two analyses.

Refueling Head and Hatch Pressure Capacity - Chicago Bridge and Iron
Investigation

Refueling head
e Critically stressed areas are shown in Fig. 15.1-3.

e Calculate membrane stresses are less than the yield stresses at
pressure of 120 and 160 psig along with temperature of 340°F
and 70°F (no details given).

e Flange face deflection exceeds CBI's original criteria for
leaktight joint and gasket. No quantative figure was
established for possible leakage rate.

Hatches
e Analysis of equipment and personnel hatches showed that the

stresses are below yield strength at 120 psig (no details
given).
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e Refueling head manway and suppression chamber access hatch
experience stresses in excess of yield at 160 psig.

e Equipment hatch and personnel airlock eyebolt support welds
indicated stresses above yield at 160 psig.

Penetration and Primary Boundary Value Pressure Capacity Investigation

No values are expected to fail below 300 psig (based on manufacturer's
recommendations).

Lowest pressure where excessive leakage might occur is in the 150-200
psig range (based on manufacturer's recommendations).

Conclusion

The containment ultimate capacity is 140 psig.

MARK I CONTAINMENTS

16.1 Browns Ferry (by Ames Laboratory) [16.1-1]
Objective

Uncertainty assessment of ultimate internal pressure resistance.

Containment Description

Mark I, Steel (Fig. 16.1-1).

Uncertainty Analysis, Failure Criteria, Finite Element Software and
Lalibration, Simpiified Analysis Methods

See St. Lucie (Ames Laboratory).

Containment Uncertainty Analysis

Simplified method - minimun mean pressure resistance is 117 psig,
controlled by the 1imit pressure at the cylinder/sphere intersection in
the dry well.

Finite element analysis - failure pressure is 128 psig controlled by
membrane strain at the cylinder/sphere intersection in the dry well.

Conclusion

Mean failure pressure is 117 psig (approximately lognormal distribution
with coefficient of variation of 0.16).
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17.1 Peach Bottom Containment (by Sandia National Laboratory)

(17.1-1]
Objective

Estimation of the containment ultimate strength under internal
pressure.

Containment Description

Mark I, steel vessel, see Fig. 17.1-1.

Material Properties

Minimum allowable yield strength.

Failure Criteria

General yielding of the vessel.
Estimated Pressure (hand calculations)
Pressure (psi) Section (Fig. 17.1-1)

260.5
123.0
141.8
123.0
insufficient information

oOmoO mw >

Conclusion

Ultimate strength capability of the peach bottom = 123 psi, controlling
locations are the neck area and the suppression pool.

17.2 Peach Bottom Containment (by Battelle's Columbus Laboratory)
IIZ.Z-Il

Objective

Best estimate of ultimate strength.

Containment Failure - Mode and Pressure Leve!

MONSAS program (analysis summarized in WASH-1400, [1.6-1 in Appendix
I1]).

Failure Locations

Inner diameter of the toroidal suppression chamber.
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Knuckle region between cylindrical and spherical portions of the
drywell,

The expansion joint of the vent between the drywell and the suppression
chamber.

Drywall supporting system.

Burst pressure is predicted as 250 psig. Actual failure pressure
adopted as 175+ 25 psig.
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APPENDIX IT - RELATED WORK

1. Work Conducted in the U.S.A.

1.1 Containment Integrity Program (by Sandia National Laboratory)
(1.1-1, 1.1-2, T.1-3, T.1-4, 1.1-5, T.T-67T

Objective

Design, test and analyze three 1/30 scale and one 1/8 scale models of
steel containments under internal pressure.

Small Steel Models

Construction and experimental effort <beyond scope of this review>.

MARC - general purpose finite element program with geometric and
material nonlinearities and finite strain.

Finite element model of containment:
® Truss stress - strain curve;
® Maximum strain of 15%;
e Axisymmetric shell elements;
® Axisymmetric solid elements near base ring;
® Rigid ring-to-shell attachment.

No experimental results published but predicted deflected shape
approximately matches observed shape on a check out model.

Finite element model of personnel lock in a complete hemisphere:

® Axisymmetric shell elements;

e Constrained and unconstrained personnel lock;

® Failure pressure greater than unpenetrated hemisphere,
Finite element analysis of equipment hatch in complete hemisphere:

e Equipment hatch doors buckled at pressure below general
membrane yielding;

e Confirmed by hand calculations <no details given>.
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Large Steel Model

Work is in planning stages. No analysis to date.

Concrete Models

Jork is in planning stages. No analysis to date.

1.2 Failure Modes (by Offshore Power Systems) [1.2-1]
Objective

Identify containmnent failure modes.

Definition of Containment Failure

Failure must be defined in terms of leakage exceedi.ig predeternined
limits <no details given>,

Possible modes include failure to isolate, penetration seals and
gaskets, isolation values, cracks in steel liner.

Brittle failure would be catastrophic and could occur with shear
failure in concrete, e.g., cylinder/basemat junction and periphery of
equipment hatch opening.

Failure Analysis of Leakage Rates

Failure modes and 1o-ations are plant specific.
Analysis of typical panel from Sequoyah, McGuire and Floating Nuclear
Plant containments with ANSYS (see Sections 1.2, 2.2 in Appendix I and,
1.5 in Appencix II):

e Panel bounded by rings and stringers;

e One-quarter symmetry;

e Each containment panel gave different results.

BOSOR5 analysis of Floating Nuclear Plant by Bushnell (see Ref. 1.5-2
in Appendix II of this review for a summary of this work).

Probabilistic Analysis of Containment Failure

Recommended procedure:
(1) Establish leakage rates to be analyzed <no details given>;

(2) Perform analysis of overall containment <no details given>;
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Classify containment segments: cylindrical or conical mem-
brane shell; double curvature membrane shell; base slab;
head/cylinder junction; cylinder/base slab junction; equip-
ment hatch; personnel locks; mechanical penetrations, and
electrical penetrations;

Estimate probabilistic density function of leakage rate

versus internal pressure. Use data from containment tests at

design pressure. <No details given.>

Add the leakage rate combination of each region. Deveiop the
possibilty density function as a function of pressure <no
details given>,

Uncertainty associated with estimates, therefore need upper and lower
bound probabilities to quantify uncertainty.

1.3 Punching and Radial Shear Problems in Reinforced Concrete

Containment [1.3-17

Objective

Investigation of punching and radial shear problems.

Punching (Peripheral) Shear

Definiti

Current

on of action and loading caused by:

Localized radial loads produced by support reaction, pipe break

or other similar loads;
Localized plus internal pressure (biaxial loads).
design approach:

ASME - Section III, Division 2 provisions based on elastic
stress basis;

Design of shear reinforcement - carry any shear in excess of
v -
c!

Difficult task to place the punching shear reinforcement,
particularly around openings.

Recent Experimental Results

Cornell
.

University research:

Biaxial tension in slab has little effect on shear capacity;

Suggested strength,
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f
= - S '
Ve (psi) = (6 - 1.5 ?; ) 7 fe fg <0.9 fy

Great Britain tests - test results are above Cornell test results (the
reasons are not known).

Proposed design criteria:

e Tentative design expression (consistent with other ACI punching
shear expressions);

f
2 I '
Ve (psi) = (4 ?; ) ¥ fe fg <0.9 fy

e Pre-existing cracks do not degrade punching strength.

Design Implications and Safety

Containment design according to ASME should be able to resist higher
punching loads in cases where biaxial tension levels are moderate or
high.

Much of the currently required reinforcement could be eliminated
without raising safety concerns.

Additional research is needed.

Radial Shear

Complex situation near the containment wall basemat intersection,
critical section, may be above the base.

Current design approach, ASME code, conservative. The redundanary
furnished by hoop steel at the critical sections are not properly
accounted for.

Analytical and experimental program is needed in this area.

1.4 Ultimate Internal Pressure Capacity of Concrete Containment
Structure (by Sargent and Lundy) [1.4-1]

Objective

Capacity of a BWR Mark III containment and a PWR reinforced concrete
containment.

Containment Description

Reinforced concrete, Mark IIl (Fig. 1.4-1) and prestressed concrete,
Mark II (Fig. 1.4-2).
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Possible Failure Modes, Failure Criteria, Hand Calculations, and Finite
ETement Analysis

(Analysis techniques appear to be very similar to Zion, Sec. 8.1 in
Appendix I).

Discussion of the Results

Containment response to pressure increase - see Figs. 1.4-3 and 1.4-4,

Failure occurred at cylinder midheight for both Mark II and Mark III at
pressures of 228 and 95 psig, respectively.

Additional components (equipment hatch, personnel locks, electrical
penetrations, steel drywell head, etc.) check <no details given>,
Personnel airlock in Mark II has capacity of 150 psig and equipment
hatch in Mark IIl has a capacity of about 80 psig.

Liner strains are sufficiently low at 150 psig and 80 psig,
respectively, to retain leak tightness.

Conclusions

Hand calculations are adequate for membrane sections at the pressure
boundary.

1.5 Floating Nuclear Plant [1.5-1, 1.5-2]
Objective

Investigation of the vessel capacity under internal pressure.

Containment Description

Stiffened steel cylindrical shell with torispherical dome, Fig. 1.5-1.
Analysis of Floating Nuclear Plant (by Offshore Power System) [1.5-1]

ANSYS - finite element program.

Typical panel - shell skin framed by the stringer and ring stiffness.
(Similar to Sequoyah, Sec. 1.2 in Appendix I.?

Analysis was carried out to initial yield stress of 38 ksi.
Results

Pressure - radial displacement, see Fig. 1.5-2.

Analfsis of Floating Nuclear Plant (by Lockheed Research Laboratory)
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Buckling Analysis

BOSORS - buckling of elasic-plastic complex shells of revolution under
axisymmetric loads, deformation theory, large prebuckled
displacements.

Plastic Buckling Under Internal Pressure

Axisymmetric collapse occurred in the 5/8 in. plate (about 45 psi)
before nonsymmetric buckling of the torispherical head (between 65 and

70 psi, Fig. 1.5-3).

Modal and dynamic analyses of Offshore Power System are also reported
in [1.5-2] <beyond the scope of this work>.

1.6 WASH 1400 [1.6-1]

Summary and Conclusion

The objective is to determine the thresholds and modeas of failure of
FPWR and BWR when subjected to loads greater than the design values.

PHR - subatmospheric reinforced concrete containment,
BWR - Tightbulb and tours vapor <uppression containment.

Predicted failure pressures:

Containment Failure Pressure (psig) Failure Mode
PWR 100 £ 15 Yielding of rein-

forcing steel and/
or crumbling of
concrete in upper
cylinder of dome.

BWR 175 £ 25 Upper part of the
toroidal suppres-
sion chamber.

Other highly stressed locations in the PWR are the torodial krickle
between spherical and cylindrical part of the drywell, thin part of the
sphere, the expansion joint between the drywell and vents, and the weld
discontinuity.

Failure pressure is a continuous normally distributed variable,
probability of failure is 0.5 at nominal failure pressure and
approaches unity as loading approaches ultimate strength,
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Discussion: PWR Containment

Reinforced concrete - flat base, vertical cylinder covered with
hemispherical dome and is lined with steel plate.

Determination of failure load requires considering interaction among
liner, concrete and steel rebars. Concrete transmits forces to steel.

Integrity of liner must be maintained, must be ductile, especially at
discontinuities.

Ideal ultimate strength of the containment based on liner and rebars
ultimate strength is 150 psig. Failure at 140 psig is certain,
therefore, failure below this load should be considered.

Design of concrete containment is based on nominal safety factors of
1.87.

Mast (see later discussion) suggests that ultimate strength will be
reached when rebars yield. Strains beyond yield results in separation
of steel from concrete and extensive concrete cracking.

e For structure designed for 45 psig ioads to vlitimate
containment -trength of 75 psig without liner and 92 psig
with liner as 107 psia.

Battelle's Columbus Laboratories (uCL) Analysis

e Concrete fails first before steel - containment is over-
reinforced. Most of the load is taken by the innermost layer
of reinforcement, when concrete fails to distribute the applied
pressure among the various layers.

e Failure would take place approximately halfway between yield
and ultimate strength of liner and rebars (75 psig or 90 psia).

The 107 psia (Mast's prediction) is more realistic.

The nominal failure pressure can be taken as the mean of these two
values or 100 psia.

Possibility of failure near penetrations shou's "2 . ssinered. A weak
point can be developed near an opening wher’ ¢ b hetween steel
and concrete cannot be achieved due to the .+ . :v - & amount of
reinforcement required around an opening, mat ‘ng concrcte placement
difficult.

Penetration anchgrage to the containment reinforcement important.

Failure near the apex of the dome is also possible, depending on
closure detail. Locally low material strengths could occur.
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For the concrete containment, the failure pressure based upon the above
discussion, Mast's and BCL analyses is 100 + 15 psia.

The error band accounts for the uncertainties involved in the analysis,
such as material properties, variation in the material, and workman-
ship.

Evaluation of failure size is difficult but it would be large enough to
defeat the primary function of the vessel.

Discussion of BWR Containment

Normal design pressure is 56 psia.

Computer stress analysis on a typical drywell by BCL and the results
are given in latter section.

BCL analysis showed that the inside upper part of the suppression
chamber tears is the most highly stressed region.

Factors involved in developing a failure criteria of BWR containment
are material construction, expected quality control, type of loading
and constraints on the system.

Failure criteria based on the ultimate material strength results in
ultimate pressure of 250 psia.

Reasonable failure criteria is halfway between yield and ultimate
because of uncertainties in welds. Also, free expansion would be
limited by internal structures.

Predicted failure is thus 175 * 25 psia with rapid depressurization
likely.

Expansion joints on vent pipes from drywell to suppression pool could
be weak, as low as 125 psia.

Sealing gaskets at top closure of the dry well does not generally
constitute a structural weak link and is made extra strong.

Error band includes uncertainties due to failure mode, material
properties, and workmanship.

Ultimate Strength of Containment Structure (by Mast, Consulting
Engineering)

Loading Conditions at Accident

To predict the point of failure in pressure at temperature and pressure
rise.
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Design Basis

pressure = 45 psi, temperature = 150°F, safety factor = 1.67

Effect of Increasing Internal Pressure

General - increasing pressure results in increase in membrane stresses
and increase in radial shear at discontinuities.

Conditions at the yield point of reinforcement - since stress in
reinforcement at the design pressure is 30 ksi, internal pressure of 75
psi results in yielding.

Concrete cracked and crack width (based on membrane shear test not
radial) equals 0.03 inches.

Radial shear failure around large penetration appears to be more
imminent than at the other boundaries.

Penetration sleeves are provided with shear lugs. These can prevent
sleeve slipping only before cracking but may not be effective at high
pressure with extensive cracking.

Hooked anchors or welded straps for connecting penetration sleeves to
reinforcement could eliminate this weak link.

Ultimate Strength of the Liner

Liner is ductile - designer should evaluate if liner will hold until
structural failure.

The point of greatest weakness of the liner is its anchorage to the
base. Questionable whether liner can follow rotations and translations
under gross deformations.

Based on the assumption that all components are designed by ultimate
strength method - there should be no weak link and the structure can
withstand pressure of 75 psig with factor of safety of one.

Conditions at Ultimate Strength of the Reinforcement

Extrapolating the yield pressure to predict ultimate strength is wrong
because of the large strains associated with strain hardening.

Shear capacity due to aggregate can not be developed across a crack,
therefore must depend entirely on radial shear.

At the stage of progressive cracking weak links will form where high
radial shear with insufficient reinforcement.

At the end of strain hardening, cracks become wider and strains imposed
on the liner most likely will cause the liner to tear.
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Ultimate Strength of Concrete in Shear

Effect of Internal Temperature

Temperatures less then 340" are not enough to result in any losses of
concrete shear capacity.

Cenclusions
Predicted failure pressure is 80 psi due to (1) yielding of
reinforcement, crack width will be 1/2 in., and liner will tear or,
(2) if liner ductile enough, radial shear.
Other possible weak links:

e Yielding of reinforcements;

e Penetration sleeves connections;

e Yielding of reinforcement around penetrations;

e Cylinder/base junction.

Containment Failure Modes Study (by Battelle's Columbus Laboratories)

The objective is to determine the pressure level and the failure mode
of the vessel.

The predicted pressure by BCL is close to that found by Mast.
Failure mode for reinforced concrete vessel follows:

e Concrete between steel layers fails first resulting in
separation at the planes where the concrete is weakest;

e Failure of inner layer of rebars and liner is not certain.
Bounds on containment resistance:

® Lower bound - corresponds to yielding of rebars and liner - the
calculated yield pressure is 63.6 psig.

e Upper bound - rebars and liner at ultimate - calculated
ultimate pressure is 87.5 psig.

Reinforced Concrete Containment Structure

As pressure increases, reinforcing bars on inner surface become more
highly stressed than those on outer.
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first major sign of distress will be massive concrete shear failure as
concrete crumbles away from outer reinforcement.

Liner and inner reinforcing layer act together and their load carrying
capacity controls the failure pressure.

Yielding of liner and rebars will accelerate crumbling of concrete.

Strain hardening will commence to accommodate further increase in
internal pressure.

Based on the maximum, distortion energy failure criteria and assuming
the longitudinal stresses in liner is one half the circumferential
stress, the lower and upper bound for the pressure are 63.6 and 87.5
psig, respectively, (using minimum specified strengths).

A good estimate of the failure pressure is the average of these bounds.

Steel Containment Structure

Two phases for the analysis:
e Computer analysis of the entire structure (axisymmetric model);

e Failure calculations based on the stress concentrations in the
individual components,

Computer Calculations for Axisymmetric Pressure Vessel

MONSAS computer code - nonlinear (large deformation) elastic analysis.
Axisymetric model - neglect penetration with local effects.

Wall thickness has to be estimated because the lack of the provided
details.

Boundary conditions, see Fig. 1.6-1 - p 1b/in. accounts for the
effects of the containment head.

Containment wal! elastic properties are taken as specified in ASME.

Analysis was accomplished for 62 psig internal pressure and 281°F
temperature,

High bending stresses at shell discontinuities.

Burst Pressure Calculations for Individual Components

ASME formulas were used to predict the burst pressure for each
individual component. Assumed single load application, adequate welds,
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Part (see Fig. 1.6-1) Pressure (psiq)

300
250
260
375
620

O & WM -

Failure would occur in the toroidal knuckle.

Discussion and Recommendations for the Reinforced Concrete Containment

Uncertainties in the analysis for the reinforced concrete containment
are deemed to be as follows:

e Excess in reinforcement causes difficulties in achieving proper
compaction of concrete;

e Development length requirement for the rebars;

e Ignoring the effects of seismic on the vessel capacity;
e Shear cracking around personnel lock;

e Liner yield strength actual value was not used.

Uncertainties in the analysis for the steel stems from lack of some
specific design details.

Details of reinforcement around pipe penetration should be included to
predict more accurat¢ value for failure.

1.7 MARK III Standard Plant (by General Electric) [1.7-1, 1.7-2]
Objective

Ultimate strength assessment.

Containment Description

Mark 111, Steel - Fig. 1.7-l.

Introduction

Assumed to be built to ASME quality.

Penetration assumed to be properiy reinforced and do not control.
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Steel is ductile.

Welds meet ASME requirements and have strength and ductility at least
equal to base metal.

Penetrations through reinforced concrete assumed to be adequately
reinforced and at least as strong as the unpenetrated section.

lLoads can be considered static.

Stress Distribution

Axisymmetric, finite element shell model (ASHSD).
Internal pressure loads and tesperature increase of 80°F.

Highest shear stress in knuckle region, (hoop stresses in compression
and meridional stresses in tension in knuckle region).

Pressure Carry Capability of Containment Vessel

ASME Level A stress intensity limit (Smc from Table I1-10.1, ASME
Section III).

Check primary m-: 'y Py, local membrane, P , bending stress, P,, and
secondary Q.

Compression 1imit for hoop stress in knuckle from Fig. VII-1101.2 of
ASME, Section III, is 14 ksi. Pressure capability, Level A, = 15 psig
(controls).

Pressure capability = 16 psig if S,. is used with ASHSD results.
ASME Level C stress intensity limit, Stabii‘ty check not required.

ASHSD results to ?ive pressure limit as 30 ps g, Level C, controlled by
torispherical shell (knuckle).

Lower Portion of Containment Shell

Lower 25 feet of steel shell backed by 5 feet of reinforced concrete,
connected to a 3-foot thick reinforced concrete shield building (8 feet
total concrete).

Hoop stress in cconatainment shell (derived as if shell were two layers
of steel - containment shell layer and reinforcing steel layer).

Using ASME, Level A limits ?1ves pressure capability of 75 psig, as
controlled by inner laysr of steel (containment shell).

Asng. Level C limit is 141 psig, controlled by containment shell at
yield.



118

Containment Anchorage System

Anchor bolts allowable stress is 0.5 Sy1t for Level A. Total bolt area
times allowable stress gives Level A pressure as 62 psiq.

Level C (bolts at yield) pressure is 104 psig.

Concrete allowable bearing stress for factored load category from CC.
3421-9, ASME Section III, Division 2. Allowable concrete stress times
total bearing plate area gives the containment anchorage capability as
governed by concrete bearing stress to be 72 psig.

For service load cateqgory, allowable is 35% of this or 25 psig.

Cracking may result in welds between basemat liner and containment
shell but no substantial drainage of pool water will occur.

Drywell Wall and Root Slab

External pressure loads <beyond scope of this review>.

Thick wall cylinder stresses with concrete stress limited to 0.5 f. for
service category loads and 0.6 fe for factored category loads (ASME

Section III, Division 2, CC. 3431-1). Gives limits of 136 and 272
psig, respectively.

Slab modelled as rectangular plate with three edges built in and fourth
free. Used linear plate theory to find maximum moment which is set
equal to ultimate moment capacity of slab. Pressure found as 163 psi.

Straight line theory of stress and strain for slab moment [CC. 3500,
8] gives service load category pressure of 67 psig and factored loads
category pressure of 112 psiq.

Slab shear checked by [CC 3521.2, 8]. Gives factored load capacity of
111 psig and 51 psig for service load category.

Drywell Head

External pressure <beyond scope of this review>.

ASHSD axisymmetric shell analysis - Level A stress intensity limit
gives 116 psig capacity and 160 psig for Level C.

ASME buckling capacity, Level A, is 178 psig for the head portion and
75 psig for the cylindrical skirt.

Possible Failure Modes of Containment Vessel Shell

Containment vessel limited by structural integrity of torispherical
dome (see previous analysis).
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Axisymmetric, plastic yielding and asymmetric buckling are possible
failure modes.

Plastic yielding - use average of upper bound and lower bound solution
obtained by Shield and Drucker corresponding to a limit mechanism (some
details given but not reproduced here). Limit pressure found by
numerical iteration to be 38 psig (using Sy corresponding to 80°F
temperature increase).

Asymmetric buckling - gives 61 psig, therefore yielding controls.
Probability of fracture at design pressure is near zero since
containment requiremenis for material design, fabrication, examination,
inspection, and testing for metal containments have been met.

"Unzipping" will occur because of welding pattern and stiffener
locations <no details given>.

Cracking may occur on knuckle region of pressures beyond calculated
pressure capacity but will be arrested by welds or stiffeners. DOynamic
pressurization cracking may not be arrested.

Probability of Loss of Containment Integrity

Knuckle of torispherical head controls. With actual (estimated) yield
stress, mean containment capability is 51 psig for plastic yield.

Yield may not cause loss of integrity. Loss of integrity will occur
when ultimate tensile strength is reached or a crack is developed.

Using actual properties for ultimate tensile strength, mean pressure at
ultimate is 69 psig.

The probability of cracking is assumed to vary linearly between S and
Su1t+ (Zero at 51 psig and one at 69 psig).

For 50% failure probabilily, containment dome capaci'y is 59 psig.
Conclusions

Loss of containment integrity would occur in torispherical dome, with
gradual depressurization.

Other portions will remain intact.

1.8 Buckling of Heads (by Los Alamos) [1.8-1]
Objective

Conduct experiments to determine margin-to-failure of 2:1 torispherical
and ellipsoidal heads under internal pressure.
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Preliminary Analytical Modeling

BOSORS finite difference program for buckling at axisymmetric shells.
Analytical Results

As specified geometry and material properties head (plastic) buckling
predicted between 56 and 58 psi (n = 37).

Imperfections have small effect, as does strain hardening, in this
particular case.

BOSORS applied to actual as-built model with corrections to account for
plastic strain during spinning. Buckling predicted between 54 and 56
psi.

Experimental Techniques

<Beyond scope of this review.>

Experimental Results

Oniy two stress-relieved heads have been tested. Buckling occurred at
46 psi and 64 (si with n between 12 and 15 ( t16% from analytical).

As pressures increased into post-buckling regime, buckles deepened but
never became sharp. Cracks occurred in expoxy bonding head to support
ring at 50 and 100 psi, but no leakage of head material.

1.9 Ultimate Internal Pressure Capacity of Reinforced Concrete MARK
TTT Containment (by Bechtel) L1.9-1]

Objective
Ultimate capacity of BWR Mark III containment.

Containment Description

BWR, Mark III, concrete (see Fig. 1.9-1).

Finite Element Analysis

FINEL - proprietary computer rode.

Axisymmetric model (neglect all penetrations because adequately
reinforced.)

Concrete tension cracking and steel yielding are included.
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Quadrilateral elements are used for concrete and liner. Unidirectional
elements are used for reinforcing steel.

Minimum specified material properties are used.
Convergence is based on small change in strain between two cycles.

Internal pressure is troated as quasi-static load and incrementally
after initial weight loads.

Analysis Results

Ultimate pressure coresponds to general y‘elding state.

Critical section was found to be in the cylinder near the springline
where liner yields first followed by inner hoop rebars and then outer
hoop steel.

Ultimate pressure was found to be 56 psig.

Using actual material strength, the mean ultimate capacity is 67 psig.
The lower and upper bounds are 62 and 70 psig, respectively.

1.10 Leakage Through Electrical Penetrations (by Sandia) [1.10-1]
Objective

Assess potential leakage of electrical penetration assemblies and
recommend test program.

Background and History

Electrical penetrations have evolved into more reliable. Leakage has
been detected in 0.42% of the installed electrical penetrations better
than other penetration types.

Existing Capabilities

Five test apply to sevire accidents:
e Conax - 1100°F, no leakage;
e 0.G. 0'Brian - 280 psi at 382°F and 550°F, no leakage;
e Viking - 500°F, no leakage;
® Westinghouse - 1090°C, integrity maintained.
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Generally, unlikely to leak at 350°F and 100 to 120 psig.

Penetration Failure Modes - Leakage

High temperature in seal materials may reduce material properties which
may promote leaking.

Organic seals (plastic, rubber) - susceptible to heat.

Inorganic seals (glass, ceramics) - good heat resistance.

Metal seals - mechanical and melted.

Structural interaction - leakage induced by deformation of supporting
structure, especially impor.. * for large penetration (personnel locks
and equipment hatches) which were not covered in this work., ASME
design factor of 3 on ultimate tensile stress.

Leakage by two methods.

e Through the seal - permeation, function of diffusion and
solubility of gas in seal material, affected by temperature;

e Past the seal - "through a clear passage", depends on creep,
temperature.

Theoretical prediction unreliable.

Postulated Failure Modes in Generic Containments

Large dry - Bellefonte:

e Ultimate capacity of containment building is 139 psig;

e 42 Conax and 27 Westinghouse electrical penetrations;

e Potential for iTeaks is extremely low because massive concrete
wall acts as heat sink to keep outside below temperature
limits.

Ice Condenser - Watts Bar

e Ultimate capacity of shell between 120 and 170 psig but
equipment hatch predicted to fail at 140 psig;

e Predicted containment and penetration temperature is 340°F.
Leakage potential relatively small since electrical penetration
qualified to 340°F,

Mark [ BWR - Browns Ferry

e (Containment failure pressure estimated at 160 psig;
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e High temperatures in accident scenarios.
Another source predicts threshold leaking at 400°F and gross leaking at
500°F. Current work questions assumptions on actual thermal response -
find temperatures in range of 150°F to 400°F.

No failure of electrical penetration since timperatures less than
350°F. Equipment hatch seal is a potential leakage source.

Recommendation for Testing

Recommend testing 6 electrical penetration designs and continue work on
containment integrity (temperature effects).

1.11 Post-tension Concrete 3-D Analysis [1.11-1]
Objective

Develop and demonstrate modeling techniques for determining ultirate
internal pressure capacity for post-tensioned containment.

Containment Building Description

Post-tensioned reinforced concrete (Fig. 1.11-1).
Nominal material properties.

Failure Criteria

Tendons reach ultimate stress.

Structural Model

Three dimensional finite element model of dome (30 degree section with
synmetry boundary conditions (Fig., 1.11-2)).

No penetrations.
ADINA program with 3-D solid elements

Stiffness reduction after cracking: 0.001 for normal stiffness and 0.5
for shear,

Cylinder tendons - elastic plastic trusses with inftial strain
constrained to mid-section of concrete.

Dome tendons - three separate tendon sets modelled with special
uniaxial 3-D shell elements constrained to concrete,
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Reinforcing steel modelled by truss elements constrained to concrete.
Liner modelled as elastic-plastic 3-D shell constrained to concrete.
Symmetry boundary conditions.

Applied Loads

Initial prestress followed by gravity load followed by pressure
increments.

Pressure incremented until "solution appeared to become unreliable" at
100 psi.

Pressure (psi) Notes
73 Liner yield
85 Concrete cracked.
90 First rebar yield.
98 Concrete crushing.
99 Ties in ring beam yield.

Tendon yield.
Conclusions
Three-dimensional analysis important. Concrete cracking in ring beam
appeared to be accentuated by unsymmetrical anchorage of post-
tensioning.

At 99 psi, ring beam totally crushed or cracked by tendons only 25% of
the way from yield to ultimate. Tendons would probably pull out.

Need finer mesh near ring,

2. Work Conducted in Canada

2.1 Behavior of Prestressed Containment Under Over-Pressure Conditions

Objective [2.1-1]

Experimenta! and analytical program to investigate the behavior of
prestressed containment under over-pressure conditions.

Test Mode! [2.1-2]

1:14 scale prestressed model of the prototype vessel, Figs. 2.1-1.
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Post-Tensioning and Instrumentation

<Beyond the scope of this review.>

Testing
Water used to develop the internal pressure of the test structure.

Test was accomplished in several stages.

Observed Behavior and Mode of Failure

Pressure (psig) Notes

40 First meridional and hoop.

80 Extensive cracks and bulging of
cylinder walls.

130 Crack pattern is shown in
Figs. 2.1-2, 2.1-3

142-145 Vertical tendons and one hori-

zontal ring beam tendons
fractured.

159 One vertical tendon and one

horizontal tendon at midhei?ht
fractured resulting in mode
failure (Fig. 2.1-4).

Buttresses provide significant stiffening to outward movement and
influence crack pattern [2.1-5].

Analytical Investigation of the Tested Model [2.1-3]

Analysis of the tested model utilizing inelastic finite difference
technique using BOSORS computer code.

Idealization of the shell structure using a series of segments joined
with or without eccentric links.

Two analytical models referred to as Models A and B were considered.
Model A
Elastic-perfectly plastic properties for the reinforcement.

Piecewise linear approximation of the prestressed stress-strain
relation found from test,



Figure 2.1~2 Cylinder Wall Cracking at 130 psig
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Equivalent external pressure used to simulate prestressing effect.
Concrete properties [2.1-4]:
e Based on test results of large scale wall segments;

e Tension cutoff would tend to overstimate strains and
displacements;

e Equivalent stress-strain relation is given in Fig. 2.1-5(a)
(includes degrading stiffness);

e Concrete cracking strength equal 50% of a 6 inches split
cylinder tensile strength,

Numerical instability at pressure of 108 psi.
Mode! B
Modification of Model A.

Sudden termination of dowels produced cracking and stress concentration
problem.

Tapering the effective area of the dowels over their development length
would be more realistic to model the development of the dowels.

One continuous reference surface used on the model to avoid eccentric
connections between the segments.

Concrete stress-strain is shown in Fig., 2.1-5(b)
Rebars and tendons properties were taken as in Model A,

Comparison of Analytical and Experimental Behavior - Model B

Measured results agree with those predicted by the BOSORS analysis.
The analysis became unstable at pressure = 133.75 psig.

Initiation and distribution of cracking from BOSOR appears to
correspond resonably with test observations.

At 133.75 psig internal pressure - the stresses in the wall tendons
were 90% (hoop), 93% (vertical) and in the dome was 95%.

2.2 Cracking of Prestressed Concrete Containments Due to Internal
Pressure IZ.ZJI]

Objective

Study (analytical and experimental) the development of cracking, crack



134

1.0
ol w 0.8 |
LR
Y
a8
ol® 0.6
4
“ilo
8l s 0.4 H
>
o]
o.z
0.0 L L 1
0 2 3 4x10™
Strain, ¢

Figure 2.1-5

Effective Tensile Stress-Strain Relationship
Used BOSORS




135

width and leakage through cracks in an overpressurized prestress
vessel.

Wall Segment Tests

1:4 scale wall segments represent yarious locations in a vessel.
Loads applied by pulling on the reinforcement and prestressing.

Determination of Crack Spacings

Cracks coincide with reinforcing bar locations.
Crack spacing is independent of the concrete cover.

turface cracks follow transverse bars if these bars 2re spaced at
between 0.5 to 1.0 %imes the expected crack spacing.

Crack propagation and rules for computing crack spacing.

Computed Mean Crack Width

Outlined procedure to compute crack widths.
Comparison of Computed and Measured Crack Widths

Mean of measured to computed values = 1,07 with a coefficient of
variation = 0,347,

Application of Cracking Analysis

Outlined procedure to determine crack width of a prototype containment.

3. Work Conducted in Japan

3.1. Behavior of Reinforced Concrete Containment Models Under Thermal
Gradient and Internal Pressure [3.1-1]

Objective

Experimental study to investigate the effect of thermal gradient on 2
containment ultimate strength capacity.

Test Models

Shape, dimensions, reinforcement, (Fig. 3.1-1).
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Figure 3.1-1 Test Model and Reinforcing Arrangement
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Test Method
Equipment, proc2dure and method of measurement.
Two models under:
e Internal presiure;
e Internal pressure plus temperature gradient through wall.

Test Results and Considerations

Model 1 - small cracks at 3.5 kg/cm?, hoop reinforcement yield at 7
kg/cm?2, failed by pur:hing shear around hole at top of dome.

Model 2 developed cr »xs while thermal cycling. Same failure mode.
Splitting tensile strength can be used for membrane cracking.
FIP-CE8 Model Code accurately predicts crack patterns.

Initial rigidity reduced in Model 2 because of thermal cracking.

Approximate hand methods proposed for calculating thermal forces in
cracked structure.

Conclusions

The proposed method to calculate the thermal stress showed good
agreement with test results.

Thermal loads raduce the section effective stiffness because of its
self-relieving characteristics.

Thermal effects play a negligible role in containment ultimate
strength.

3.2 An Experimental and Analytical Study on Radial Shear of Reinforced
Containment Under Pressure and Thermal Effects | 3.2-1]

Objective

Experimental study to estimate the radial shear of shell wall at the
junction of base mate subjected to pressure and thermal effects.

Test Model

1:12 ;cale models of prototype reinforced concrete containment (Fig.
3:2‘1 .
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Figure 3,2.1 Test Model and Arrangement
of Reinforcement
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Three types differ in the vertical and circumferential reinforcement
ratio.

Test Method
Equipment <heyond the scope of this review>,

Experimental Results

Concrete cracking - crack pattern and propagation history described.
Temperature distribution given.
Hoop force distribution:

e Yielding of hoop rebars started at the top of the wall;

e Hoop force distributions are similar in both pressure and
pressure plus thermal loading cases.

Ultimate strength and failure modes:

e Cracks in the inner surface followed by yielding of the
vertical steel at same location;

e Theoretical shear strength calculated is higher than
experimental results.

Transition of base shear stresses:

e Shear stress increases monotonically from zero up to the yield
pressure of the circumferential rebars;

e Rapid increase in the base shear after yielding of all hoop
rebars;

e Thermal component of the base shear decrease with crack
formation.

Nonlinear Axisymmetric Finite Element Analysis

Finite element model:
e Incremental loading;
e Concrete cracking with account of tensile stress between

cracks. Degrading concrete strength after cracking is
included;
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e Bi-linear stress-strain relation for rebars;

e Vertical bars simulated with thin plate elements. Solid
elements for concrete.

Cracking caused some irregularities in numerical solutions.
Conclusions

Influence of residual shear stresses on ultimate strength and failure
mode was not observed.

Nonlinear finite element results indicated good agreement with test
results,

3.3 Design Method of Shell Wall End of Reinforced Concrete Containment
VesseT (RCCV) Against Radial Shear |3.3-1]

Objective

Experimental investigation to propose a reasonable design method for
the shear reinforcement at wall basemat junction in MARK III
containments.

Model

1:12 scale model (Fig. 3.3-1) simulating interral pressurization.

Experimental Results

Concrete cracking and deflection:
e Vertical cracks occurred alonqg vertical rebars;

. Ho;:zonta‘ cracks (by membrane tension) appeared near the model
wall top.

Ultimate strength and failure modes:
e Reinforcement yield first at walli/base juncture due to bending.
Then yielding of hoop bars progressing slowly downward. Agreed
with hand calculations;

e Ductile behavior in the ultimate state due to the contribution
of circumferential rebars;

e Shear reinforcement has little effect on the ultimate
pressure;
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