NUREG/CR—4913
SAND87 —0891

R1 and RD

Printed May 1987

Round-Robin Pretest Analyses of
a 1:6-Scale Reinforced Concrete
Containment Model Subject to
Static Internal Pressurization

David B. Clauss

Prepared by

Sandia National l.aboratories

Albuguergue, New Mexico 87185 and Livermore, California 94550
for the United States Department of Energy

under Contract DE-AC04-76DP00789

When printing a copy of any digitized SAND
Report, you are required to update the

Prepared for markings to current standards.
U. S. NUCLEAR REGULATORY COMMISSION

SF2900Q(8-81)



NOTICE

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United
States Government nor any agency thereof, or any of their em-
ployees, makes any warranty, expressed or implied, or assumes
any legal liability or responsibility for any third party’s use, or the
results of such use, of any information, apparatus product or
process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights.

Available from

Superintendent of Documents
U.S. Government Printing Office
Post Office Box 37082
Washington, D.C. 20013-7082
and

National Technical Information Service
Springfield, VA 22161



NUREG/CR-4913
SAND87-0891
R1 and RD

ROUND-ROBIN PRETEST ANALYSES
OF A 1:6~SCALE REINFORCED CONCRETE CONTAINMENT MODEL
SUBJECT TO STATIC INTERNAL PRESSURIZATION

Edited by
David B. Clauss

May 1987

Sandia National Laboratories
Albuquerque, NM 87185
Operated by
Sandia Corporation
for the
U.S. Department of Energy

Prepared for
Division of Engineering Technology
Office of Nuclear Regulatory Research
US Nuclear Regulatory Commission
Washington, DC 20555
Under Memorandum of Understanding DOE 50-550-75
NRC FIN No. A1401



ABSTRACT

Analyses of a l:6-scale reinforced concrete containment model that wiil be
tested to failure at Sandia National Laboratories in the spring of 1987 were
conducted by the following organizations in the United States and Europe:

Sandia National Laboratories (USA)

Argonne National Laboratory (USA)

Electric Power Research Institute (USA)

Commissariat a L'Energie Atomique (France)

HM Nuclear Installations Irspectorate (U.K.)

Comitato Nazionale per la ricerca e per lo sviluppo dell'Energia
Nucleare e delle Energie Alternative (Italy)

U.K. Atomic Energy Authority, Safety and Reliability Directorate (U.K.)

Gesellschaft fuer Reaktorsicherheit (FRG)

Brookhaven National Laboratory (USA)

Central Electricity Generating Board (U.K.)

Each organization was supplied with a standard information package, which
included construction drawings and actual material properties for most of
the materials used in the model. Each organization worked independently

using their own analytical methods.

This report includes descriptions of the various analytical approaches and
pretest predictions submitted by each organization. Significant milestones
that occur with increasing pressure, such as damage to the concrete
(cracking and crushing) and yielding of the steel components, and the
failure pressure (capacity) and failure mechanism are described. Analytical
predictions for pressure histories of strain in the 1iner and rebar and
displacements are compared at locations where experimental results will be
available after the test. Thus, these predictions can be compared to one
another and to experimental results after the test.
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1. EXECUTIVE SUMMARY

Testing and analysis of scale models of containment buildings that are
pressurized to failure are being conducted at Sandia National Laboratories
as part of the Containment Integrity Programs sponsored by the U.S. Nuclear
Regulatory Commission (NRC). The overall objective of the programs is to
develop test validated methods that can be used to predict the performance
of light water reactor containment buildings subject to loads beyond the
design basis. Five scale steel containment models have already been tested;
as a result, analytical methods appropriate to steel containment buildings
were validated. Currently, final preparations for testing a l:6-scale
reinforced concrete containment model are being completed.

Pretest analyses of the l:6-scale reinforced concrete model containment
model have been conducted by a number of organizations in the United States
and Europe in order to predict the response and failure of the model caused
by static internal pressurization. The organizations that have participated
in the pretest analysis and have submitted descriptions of their analysis
and results are listed below:

Sandia National Laboratories (SNL), United States

Argonne National Laboratory (ANL), United States

Electric Power Research Institute (EPRI), United States

Commissariat a L'Energie Atomique (CEA), France

HM Nuclear Installations Inspectorate (NII), United Kingdom

Comitato Nazionale per la ricerca e per lo sviluppo dell'Energia
Nucleare e delle Energie Alternative (ENEA-DISP), Italy

U.K. Atomic Energy Authority - Safety and Reliability Directorate (SRD)

Gesellschaft fuer Reaktorsicherheit (GRS), Federal Republic of Germany

Brookhaven National Laboratory (BNL), United States

Central Electricity Generating Board (CEGB), United Kingdom

The model will be pressurized to failure using nitrogen gas at ambient
temperature in the spring of 1987 at SNL. Figure 1.1 is a photograph of the
model and the test site.

SNL and NRC invited organizations to participate in the pretest analysis
beginning in early 1986; the analytical effort was coordinated by SNL. SNL
has attempted to encourage independent modelling efforts while trying to
maintain consistent input. Each organization was supplied with the same
basic information, which included construction drawings, specifications, and
as—measured material properties.

Several benefits were expected from the round-robin analysis. First,
because of the large number of analytical approaches and interpretations, a
greater number of potential 1imit states have been recognized. As a result,
the instrumentation plan for the model is more thorough and SNL's ability to
anticipate and respond to events during the high pressure test has been
enhanced. Second, a measure of the uncertainty in pretest predictions will
be obtained by comparisons of different analyses as well as comparisons
between analytical and experimental results. Third, a large number of
state-of-the-art finite eiement codes have been applied to the problem,
including ABAQUS, ADINA, CASTEM, NEPTUNE, NFAP, PAFEC, and TEMP-STRESS,
which will make it possible to evaluate the suitability of these codes for
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nonlinear analysis of reinforced concrete structures. Finally, the round-
robin exercise has led to greater recognition of the importance of
containment performance and reliable prediction techniques; it has also
facilitated the exchange of information on these and other related topics.

This report describes the pretest analyses and compares the results produced
by the participating organizations. Background information on the
containment integrity programs and on the scale model analyses is given in
Section 2. The geometry and material properties of the reinforced concrete
containment model are discussed in Section 3. The heart of the report is
contained in Section 4, which consists of subsections written by each
organization participating in the round robin. These subsections describe
the analytical approach, results, and conclusions reached by each group
regarding the behavior of the model.

In addition, each organization was asked to submit results at certain
locations for response measures, such as strain and displacement, as a
function of pressure. These are referred to as the standard plots, and they
appear in Appendix A. The locations specified in the standard plots
correspond to locations where instrumentation was placed to enable
comparisons of different analyses with each other and directly with the
experimental data.

At this time, comments on the comparison between different analyses are
limited primarily to observations. A true evaluation of the accuracy of the
analyses can be made only in light of the experimental results. As
discussed later in this report, SNL and, no doubt, many or most of the other
organizations will follow through with posttest analyses and assessments of
the strengths and weaknesses of the different analytical approaches that
have been taken.

The predicted pressure levels at which certain damage mechanisms initiate in
areas characterized by membrane behavior (global response) are shown in
Table 1.1. Hoop cracking refers to cracks extending in the meridional
direction, i.e., cracks that result from circumferential (hoop) stress.
Similarly, meridional cracking implies cracks that 1ie in a plane
perpendicular to the surface, i.e., cracks that are due to meridional
stress. Although there are differences in the predicted pressure levels at
which cracking initiates, all of the analyses predict widespread cracking
before the attainment of any limit states. Also, all organizations expect
hoop cracking in the cylinder to begin below or near the model design
pressure of 46 psig (0.317 MPa). It should be noted that there are
significant variations in the concrete constitutive models used by different
organizations; in a few cases, cracking was not explicitly modelled.

The initiation of general yielding of the steel liner is predicted over a
fairly wide range of pressure, from 82 to 115 psig (.565 to .793 MPa). The
variation is at least partly attributable to differences in the analytical
models of the liner; some of the models do not treat the biaxial state of
stress in the liner because the hoop and meridional stiffness are
represented with separate eiements. The yield pressure calculated based on
a uniaxial state of stress may be 15% lower than that calculated using the
von Mises yield criterion for a biaxial state of stress in which the
principal stresses are both tensile. A second difficulty is introduced by
the concrete, which has cracked but probably still retains some tensile load
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carrying capability in the pressure range over which liner yielding is
predicted. There is great uncertainty and thus wide differences in the
analytical modelling of how the tensile capability of the concrete decreases
after cracking. Clearly, the calcuiated liner yield pressure will depend on
how much tensile load carrying capability the concrete is allowed to retain
in the analytical model after cracking, and the value of strain at which the
tensile load carrying capability of the concrete is assumed to go to zero.

Table 1.1
Pressure History Milestones (Global Response)

Pressure

psig

MPa
Initiation of: SNL  ANL EPRI CEA  NII® ENEA SRD GRS  BNL CEGB
Hoop Cracking 30 40 40 43 53 32 28 40 40 50
(Cylinder) 0.21 0.28 0.28 0.30 0.36 0.22 0.19 0.28 0.28 0.34
Hoop Cracking 40 40 80 43 87 34 32 43 50 53
(Dome) 0.28 0.28 0.55 0.30 0.60 0.24 0.22 0.30 0.34 0.36
Meridional Cracking 35 40 100 73 87 32 71 75 NR 75
(Cylinder) 0.24 0.28 0.69 0.50 0.60 0.22 0.49 0.52 0.52
Meridional Cracking 40 40 80 73 87 34 33 43 NR 53
(Dome) 0.28 0.28 0.55 0.50 0.60 0.24 0.22 0.30 0.36
Liner Yielding 115 100 95 87 116 92 110 NR 104 82
{Cylinder) 0.79 0.69 0.66 0.60 0.80 0.63 0.76 0.72 0.56
Hoop Rebar 130 120 120 130 130 120 138 120b 124 124
Yielding 0.90 0.83 0.83 0.90 0.90 0.83 0.95 0.83 0.85 0.85
Meridional Rebar 135 145 135 135b NR 129 174°¢ 145b NR 142
Yielding 0.93 1.00 0.93 0.93 0.89 1.20 1.00 0.98
Notes:

1. Circumferential (hoop) stresses are the driving force for hoop cracking;
Meridional stresses are the driving force for meridional cracking.

a. Since NII conducted analysis only at 53, 87, 116, 145, and 174 psi (0.37
0.6, 0.8, 1.0, and 1.2 MPa), the reported values do not necessarily
reflect initiation, but only the lowest pressure at which the event was
detected for which calculations were made.

b. Editor's estimate.

€. Results of hand calculation.

NR = not reported
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In contrast to those for the liner, the calculations for initiation of
general yielding in the hoop rebar (deformed reinforcing steel) produce
quite similar results, with most predictions falling in a range between 120
and 130 psig (0.827 and 0.896 MPa). With the exception of SRD, which
reported results from a hand calculation, the results for meridional rebar
yielding are also quite similar. (A number of organizations did not
calculate a pressure at which meridional rebars would begin to yield because
they predicted failure at a lower pressure.) Since the rebars are
essentially uniaxial load carrying members, they are much simpler to model
analytically. Furthermore, in the pressure ranges for which general
yielding of the rebars begins, nearly all of the analytical models assume
that the concrete cannot carry any tensile load. From this standpoint, the
agreement is not surprising.

The radial displacement of the cylinder near midheight away from
penetrations is shown in Figure 1.2 as a function of pressure. Figure 1.2a
shows the details of the response at low pressure; hoop cracking in the
concrete causes a sudden increase in displacement with 1ittle or no increase
in pressure. Some of the calculations did not explicitly model concrete
cracking (e.g., SNL and NII) and thus a sudden increase in displacement is
not observed. The onset of rapidly increasing radial displacement seen in
Figure 1.2b corresponds to general yielding of the wall, including both hoop
and seismic rebars. The vertical displacement of the cylinder at midheight
relative to the base of the cylinder (Figure 1.3) does not exhibit the
single sudden increase that characterizes the radial displacement. The
difference is due to the fact that meridional cracks develop over a
relatively wide pressure range, whereas the hoop cracks occur almost
simultaneously throughout the cylinder. Note also that the magnitude of the
radial displacement is significantly greater than the vertical displacement,
even after general yielding.

While global response is a useful and interesting measure of behavior, there
is the possibility that local response may govern failure. For instance,
the liner is subject to local strain concentrations at discontinuities,
which may result in small tears in the liner and loss of integrity. This
hypothesis has been considered in some depth by EPRI and to a lesser extent
by several other organizations including SNL. As another example, the shear
strength of the wall may be exceeded due to localized shear forces and
bending moments, which predominantly occur at the basemat cylinder wall
junction.

Milestones in the local response at the basemat cylinder junction are
recorded in Table 1.2. Meridional cracking of the concrete on the inside
face is expected at very low pressure and should be the first part of the
model to experience damage. The meridional rebar at the junction yields
before general yielding of the hoop rebar. There was considerable
difference in the predictions with regard to basemat uplift. About half the
analysts calculated uplift in excess of 1/2 inch (12.7 mm) as indicated in
Table 1.2; the remainder did not predict significant uplift (see also Figure
A.1). Many analysts predicted crushing of the concrete on the outer face of
the wall, which significantly reduces the shear and moment resistance.

The "best estimate" capacity of the model and the 1imit state mechanism
predicted by each organization are compared in Table 1.3. The predicted
capacity varies from 128 to 190 psig (0.800 to 1.310 MPa), which is
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Table 1.2
Milestones in Local Response at Basemat Cylinder Junction

Pressure

psig

MPa
Initiation of: SNL ANL EPRI CEA aNII ENEA SRD GRS BNL CEGB
Meridional NR 25 30 29 53 18 NR 29 30 20
Cracking 0.17 0.21 0.20 0.37 0.12 0.20 0.21 0.14
Liner NR 105 60 NR 110b 92 NR NR NR 127
Yielding 0.72 0.41 0.76 0.63 0.88
Meridional Rebar 127 135 130 NR g2 133 NR 130 104 140
Yielding 0.88 0.93 0.90 0.63 0.92 0.90 0.72 0.97
Uplift = 0.5 inch NE 157 129 111 NE NR 132 117 NE NE

(12.7 mm) 1.08 0.89 0.77 0.91 0.81

Crushing 145 140 140 NR NR 138 NR 116 NR 159
1.00 0.97 0.97 0.95 0.80 1.10

Notes:

a. Since NIT conducted analysis only at 53, 87, 116, 145, and 174 psi (0.37,
0.6, 0.8, 1.0, and 1.2 MPa), the reported values do not necessarily
reflect initiation, but only the lowest pressure at which the event was
detected for which calculations were made.

b. NII predicts that the restraint to the liner at the wall base is

insufficient to achieve the full yield stress and thus the liner is

expected to detach itself at this point below 110 psi (0.76 MPa).
not reported
uplift was less than 0.5 inches over the pressure range analyzed

NR
NE

approximately 2.8 to 4.1 times the design pressure. (As described on page
251, NII's prediction is conservative and perhaps should not be viewed in
the same 1ight as the other calculations.) Seven of the ten organizations
identified the basemat cylinder junction as a location where failure was
1ikely to occur, but even among those, there were wide variations in the
predicted capacity and 1imit mechanism. Failure at the basemat cylinder
junction was ascribed to shear, flexure, or liner strain limits. Several
groups also calculated the pressure at which the hoop rebar would fail; BNL
and CEA defined this as the point at which gross yielding or rapidly
increasing displacements began; SNL, ANL, and GRS correlated failure with
the ultimate strength of a rebar splice. Clearly, there are significant
differences in the failure criteria that were applied; a consensus approach
to the use and interpretation of calculated response measures (displacement,
strain, force, moment, stress) has not emerged.

Each organization was also asked to indicate the maximum pressure at which
they had high confidence the containment model would not fail (in contrast,

—5-



Table 1.3 represents "best estimate" values for failure). Of the seven
organizations that responded to this inquiry, the values ranged from 92 to
160 psig (0.634 to 1.103 MPa) or 2.0 to about 3.5 times design pressure.
(The reported values were 92, 100, 105, 127, 135, 138, and 160 psig

(0.63, 0.69, 0.72, 0.88, 0.93, 0.95, and 1.10 MPa)). It is interesting that
some organizations had high confidence that the containment model would not
fail at pressure levels greater than the best estimate failure capacity made
by others. Also, judging from the range of values reported, the uncertainty
in the maximum pressure at which the model is not expected to fail is nearly
the same as the uncertainty in the "best estimate" for capacity.

A definitive assessment of state—of-the-art computational methods for
predicting performance of LWR reinforced concrete containment builidings
loaded to failure is premature. Nevertheless, a few tentative observations
may be made at this time. Although existing approaches may not adequately
model tensile cracking, this is not likely to be critical as the 1limit state
is approached. Near the 1imit state, tensile loads are carried
predominantly by steel elements, which by consequence govern the global
response. However, given the apparent importance of the basemat cylinder
junction, it may be critical to accurately model shear and compression
resistance of the concrete, particularly after damage has occurred. The
possibility of local liner failure is recognized as a major uncertainty in
the analysis by nearly everyone. There is a strong need for test validated
failure criteria. To be of general use, these criteria must be explicit
expressions in terms of parameters that can be calculated with state-of-the-
art computational tools. Criteria that are based on the analyst’'s
experience or, worse still, Tack of convergence in a finite element program
should not be accepted.

A more thorough evaluation of analytical methods will be made after testing
of the model is completed and the pretest predictions and experimental
results can be compared. SNL plans to publish a second NUREG report that
will conclude the work on the reinforced concrete scale model. The
organizations participating in the round-robin analysis will again be
invited to write sections for this report, which would describe any
additional analyses they might choose to conduct and their assessment of
analytical methods, based on comparisons with the experimental results. It
is expected that many of the organizations will conduct posttest analyses to
gain additional insight into the actual fajlure mechanism realized from high
-pressure testing of the scale model.

Research into the behavior of reinforced concrete containment structures
should not end with the scale model. Variations in the designs of actual
reinforced concrete containment buildings implies that variations in the
behavior and the realization of the other potential 1imit states are to be
expected. The need for developing test validated methods that can be used
to predict containment performance on a case-by-case basis is founded on
this jdea. At a minimum, it would appear to be necessary to conduct
separate effects tests to study potential 1imit states other than the one
realized in the testing of the scale model and to propose applicable, test
validated failure criteria. In addition, the effects of elevated
temperature should be investigated by testing and/or analysis.



Oorg.
Code

SNL

ANL

EPRI

CEA

NIT*

ENEA

SRD

GRS

BNL

CEGB

Table 1.3

Failure Predictions for the 1:6-Scale Containment Model

Capacity
psig (MPa)
168 (1.18)

180-190 (1.24-1.31)

140-150 (0.97-1.03)

138

130

161-184 (1.11-1.27)

164

167-174 (1.15-1.20)
174-189 (1.20-1.30)

128

160

(0.95)

(0.90)

{1:23)

(0.88)

(1.10)

Limit Mechanism

Flexural failure at the cylinder-basemat
juncture brought on by extensive crushing
of concrete.

Either (1) failure of a hoop rebar splice
near midheight, (2) failure of a weld in
the liner near the basemat, or (3) failure
of the liner just above the knuckle.

Liner tearing at the connection of the
liner to the wall-basemat juncture knuckle,
triggered by basemat bending failure.

Plasticity of rebars corresponding to
rapidly increasing displacements of the
structure.

Transverse shear failure of cylinder just
above the shear reinforcement (some
probability for local tearing of liner
around studs).

Failure at the base of the cylinder caused
by combined effect of bending, tension, and
shear.

Rebar at the pole of the basemat exceeds
its ultimate strength.

Failure at cylinder-basemat intersection.
Failure of hoop reinforcement or tearing of
liner.

Flexural/shear failure at the wall-basemat
junction or gross yielding of hoop rebars.

Flexural failure at the wall-basemat
junction.

* Lowest bound of estimates (see page 251)
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Figure 1.1 1:6-Scale Reinforced Concrete Containment Model
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2. INTRODUCTION
2.1 Background

In a light water reactor (LWR) nuclear power plant, the containment buiiding
is the last engineered barrier to the release of radioactivity. Thus, the
performance of the containment building significantly affects the safety of
a nuclear power plant. In the event of a severe or degraded core (Class 9)
accident, the containment building may be subject to internal pressure and
temperature levels much greater than the design basis. Knowledge of the
performance of the containment building under these conditions is crucial to
reliable emergency preparedness, accident mitigation, and risk assessment.

The U.S. Nuclear Regulatory Commission (NRC) has established a set of
programs with the ultimate objective of identifying methods that can be used
to predict the performance of LWR containment buildings subject to loads
beyond the design basis. The programs are known collectively as the
Containment Integrity Programs; the objectives and organization of the
individual programs are described in [2.1]. The programs are managed by the
Containment Integrity Division at Sandia National Laboratories (SNL).

One indicator of containment building performance is damage, such as
cracking or crushing of concrete and yielding of steel. However, the final
measure of performance is failure, which is most logically defined on a
functional basis. On this basis, failure must be defined as any event that
leads to a significant release of radicactive material to outside the
containment boundary. A release may be considered significant when it has a
measurable effect on safety, which is generally considered to occur if
leakage is on the order of 10% volume per day or greater. A reliable
methodology for predicting containment performance must consider all
potential failure mechanisms, including, for example, failure to isolate,
Teakage past the sealing surface of penetrations, and tearing or other
material failures of the containment shell. Furthermore, analytical methods
should be validated by relevant experimental data.

Thus, an important part of the Containment Integrity Programs is to conduct
experiments that can be used to validate analytical methods. In fact there
is a symbiotic relationship between testing and analysis in these programs:
testing is used to validate analytical methods and analysis is used to help
plan the tests. An experimental data base that can be used to validate
methods for predicting containment performance up to and including failure
is being developed through tests conducted on scale models of containment
buildings, penetrations, and seals and gaskets.

Five steel containment scale models have already been pressurized to
failure, four of 1:32-scale [2.2] and one of 1:8-scale [2.3,2.4]. Methods
for predicting the behavior of steel containment buildings have been
identified and validated using this experimental data base [2.5, 2.6]. The
tests and analysis indicate that the capacity of steel containments is
significantly greater than their design pressure, but that catastrophic
rupture is possible unless preceded by leakage from penetrations or valves
[2.6]. The leakage potential of penetrations is being investigated through
tests on seals and gaskets, penetrations, and valves [2.7-2.9]. Detailed
representations of equipment hatches, including pressure seating and
pressure unseating designs, have been included in the scale models. A full
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size personnel airlock will be tested under internal pressure at elevated
temperatures in mid-1987 [2.10].

Currently, final preparations are being made to test a l:6-scale model of a
reinforced concrete containment building by statically pressurizing the
model to failure with nitrogen gas. The experiment is expected to provide a
large data base that can be be used to validate analytical models. SNL's
previous experience has been that pretest analyses are useful in that

(1) they enable insights that can be used to help plan instrumentation and
to help run the test, and (2) "blind" predictions are generated for the
model behavior, which can be used to assess the uncertainties in the
analytical methods.

Two points need to be made concerning the conduct of the test. First, it
must be noted that the containment model may be subject to several cycles of
loading from ambient to low pressure (up to 1.15 x design pressure, Pd) in

order to perform a Structural Integrity Test (SIT), an Integrated Leak Rate
Test (ILRT), and other system checkouts. Second, the high pressure test
(test to failure) will occur over a two to three day period. During the
high pressure test, pressure may be held constant for up to several hours in
order to conduct ILRTs. In general, the analyses do not account for the
effects of low pressure cycling or time dependent effects during high
pressure testing.

2.2 Round-Robin Analysis

A significant effort was made to identify organizations that would
collaborate with SNL to make pretest predictions. Although the absence of
funding would appear to have been a major obstacle to this pursuit, the
response was enthusiastic. A number of organizations welcomed the
invitation to participate in the analysis of the model as a unique
opportunity to evaluate their analytical methods. The organizations
participating in the analysis round robin are listed below:

Sandia National Laboratories (SNL), USA

Argonne National Laboratory (ANL), USA

Electric Power Research Institute (EPRI), USA

Commissariat a L'Energie Atomique (CEA), France

HM Nuclear Installations Inspectorate (NII), UK

Comitato Nazionale per la ricerca e per lo sviluppo dell'Energia
Nucleare e delle Energie Alternative (ENEA-DISP), Italy

UK Atomic Energy Authority, Safety and Reliability Directorate (SRD), UK

Gesellschaft fuer Reaktorsicherheit (GRS), FRG

Brookhaven National Laboratory (BNL), USA

Central Electricity Generating Board (CEGB), UK

These organizations represent a diverse range of interests, from regulators
to industry. Except for BNL and SNL, none of the organizations received
funding from the NRC. An exception was made for BNL because of interest in
assessing the NFAP code, which has been used frequently by NRC to calculate
the capability of concrete containment buildings.

Each participant was supplied with the same information for analyzing the
model, which included construction drawings by United Engineers and
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Constructors and Chicago Bridge and Iron (for the liner and penetrations),
specifications, as-measured material properties, and photographs of the
model in various stages of construction. SNL attempted to encourage
independent modeliing and analysis efforts; however, consistency in the
basic inputs was desirable. For this reason, standard material properties
were supplied as given in Section 3.2. Of course, each organization has a
unique perspective; as a result, objectives were not always alike and
different analytical approaches were adopted.

SNL made two important requests of the participating organizations. First,
each group was asked to write a section for this pretest analysis report
describing their analytical methods, assumptions, material modeis, results,
and predictions for the model behavior. A limit of forty pages was
suggested and drafts were requested by February 1, 1987. Second, each group
was asked to generate "standard" plots of response quantities such as strain
or displacement as a function of pressure or position. The standard plots
were chosen to correspond to instrumented locations, such that comparisons
between the different analyses as well as with measured response would be
facilitated. These plots, which appear in Appendix A, were also due
February 1. Other coordination activities are also planned, including a
posttest meeting of analysts at SNL, special sessions at the 9th
International Conference on Structural Mechanics in Reactor Technology, and
a final NUREG report, which will include comparisons of analytical and
experimental results, posttest analyses, and evaluations of analytical
methods.

It should be noted that some organizations became involved after the initial
information package was sent out, and thus they had less calendar time to
complete their analyses. The order in which the organizations appear in
tables and other lists represents the order in which they joined the round-
robin analysis effort. Also, the resources, budget, and manpower available
to this task appear to have varied widely among the participating
organizations.

2.3 Organization of the Report

This report consists of four major sections. The Executive Summary is a
brief synopsis of the entire report, including observations on the
comparisons between the different analyses. No attempt has been made to
judge the analyses at this point; this will be done at a later stage when
the experimental results can be used as a yardstick. In the second section
of this report, background information on containment integrity research and
the coordination of the round-robin analysis is presented. The geometry of
the 1:6-scale reinforced concrete model and as—measured material properties
are described in Section 3. These three sections were written by the editor
of this report and may not reflect the opinions or beliefs of other
participants in the round-robin analysis.

Section 4 is composed of subsections submitted by each organization
participating in the analysis. The authors are listed at the beginning of
each major subsection. Each subsection begins with a brief one-page
synopsis, followed by an in-depth discussion of the analytical approach,
modelling considerations, failure criteria, results and predictions for
failure.
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The standard plots referred to in Section 2.2 appear in Appendix A. Each
organization supplied SNL with a magnetic computer tape with their plot data
in a standard format. SNL converted these tapes into a neutral file format
that could be used by the GRAFAID code [2.11] so that the results from each
organization for a given curve could be combined, thereby simplifying
comparisons of the different analyses. Most of the organizations did not
provide data for all plot quantitities; some of the requested data was
beyond the scope of the analyses. It is left to the reader to note
differences in the analytical results and to draw whatever inferences are to
be made.

The remaining appendices provide supplementary information for the analyses
described in Section 4.

Throughout this report, gage pressure is used for internal pressure in the
containment model unless specifically noted otherwise.

2.4 Posttest Plans

While much has been learned from the pretest analyses of the scale model,
there will undoubtedly be some unexpected local behaviors observed during
the course of the test. Posttest analyses may be needed to understand such
behaviors and to provide additional insight into the realized 1imit state of
the containment model. The strengths and weaknesses of analytical methods
can then be assessed in light of the experimental data. SNL intends to
prepare a NUREG report that will describe the posttest investigations; it is
hoped that the organizations that have participated in the pretest analysis
will also provide input for this report.

The NRC's ultimate goal in the Containment Integrity Programs is to have
validated methods that can be used to reliably predict the performance of
containment buildings subject to loads beyond the design basis. Thus, it
will be necessary to provide guidelines for the application of the methods
validated for the scale model to actual reinforced concrete containment
structures. Most likely, this will require the study of other potential
1imit states; additional criteria for evaluating limit states not realized
in the scale model test will have to be proposed and validated. The effects
of elevated temperature in conjunction with internal pressure must also be
considered.
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3. DESCRIPTION OF THE 1:6-SCALE REINFORCED CONCRETE CONTAINMENT MODEL

This section describes the geometry and material properties of the 1l:6-scale
model. It is not intended that all of the details of the model be described
here, rather, the intent is to give the flavor of the features that are
significant to a structural analysis. For a description of the design and
construction of the model, the reader is referred to [3.1,3.2]. The actual
construction drawings [3.3,3.4] are available from SNL and will appear later
in [3.5].

3.1 Geometry

A schematic of the 1:6-scale model, which was fabricated by United Engineers
and Constructors, Inc. to a design pressure of 46 psi (0.317 MPa), is shown
in elevation view in Figure 3.1. The model consists of a basemat that is
300 inches (7620 mm) in diameter and 40 inches (1016 mm) thick and a
cylinder and dome, both with an inside diameter of 264 inches (6706 mm) and
having thicknesses of 9-3/4 and 7 inches (248 and 178 mm), respectively. A
number of penetrations are found in the cylinder, including equipment
hatches, personnel airlock representations, and piping clusters. A steel
liner is used to provide a leak-tight pressure boundary; the liner thickness
is 1/16 inch (1.59 mm) along the basemat and cylinder and 1/12 inch (2.11
mm) along the dome. Before the basemat liner was installed, a 3 inch (76
mm) thick concrete leveling course was placed on top of the basemat from the
center out to the cylinder wall. (Effectively, the basemat is 43 inches
(1092 mm) thick, except for that portion outside of the cylinder wall, which
is 40 inches (1016 mm) thick). The model sits atop a "mudmat", which is
used to provide a moisture barrier between the soil and the model basemat,
that is 492 inches (12497 mm) in diameter and has a minimum thickness of 6
inches (152 mm). The soil is described as silty clay with sand. Based on
bearing plate tests, an average soil modulus of 390 ksf/ft* (61.26 MPa/m)
was recommended by Western Technologies. It should be noted that this
recommended value includes typical soil factors of safety that may not be
appropriate for analytical models used to predict failure; for details of
the soil tests the reader is referred to [3.6].

The reinforcing steel in the basemat consists of the following: (1) on the
lower face, a rectangular grid of #6 rebar** on 4 inch (102 mm) centers,
(2) on the upper face, a rectangular grid of #5 rebar on 6 inch (152 mm)
centers, #5 rebars in the radial direction, and #6 rebars in the
circumferential direction, and (3) shear ties through the thickness of the
basemat of #3 rebar. A typical cross section is shown in Figure 3.2. At
the basemat cylinder junction, additional layers of reinforcement are used,
including shear ties, diagonal bars (layer 11), and an additional layer of
meridional bars (layer 10), to carry the high shear forces and bending
moments. Figure 3.3 is a photograph of the model taken during construction
that shows some of the reinforcement in the basemat and at the cylinder
basemat junction.

* 1 ksf = 1000 1b/ft?
** A #6 rebar has a nominal diameter of 6/8 inch (19 mm); the size
designation indicates the nominal diameter in eighths of an inch
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A typical cross section of the cylinder wall in the free-field (away from
penetrations) is depicted in Figure 3.4. There are eight layers of
reinforcement steel, including four layers of #4 rebar spaced at 4.5 inches
(114 mm) in the hoop direction, two layers of #4 rebar spaced at 4.5 inches
(114 mm) in the meridional direction, and two layers of orthogonal #4 rebar
spaced at 6.25 inches (159 mm) and inclined at 45 degrees.

The wall thickness tapers from 9-3/4 to 7 inches (248 to 174 mm) beginning
from the springline over an arc length of roughly 26 inches (660 mm). The
diagonal (seismic) bars are terminated in the dome at an elevation of 30'-
10". Half of the meridional bars are terminated at elevation 34'-10" as
shown in Figure 3.5. The dome apex plates can also be seen in Figure 3.5.
Half of the meridional rebars above elevation 34'-10" are tied into the dome
apex plates.

The reinforcement patterns around the major penetrations are very complex
and can be fully described only by reference to the construction drawings.
Figures 3.6 and 3.7 are photographs of the reinforcement around equipment
hatches A and B, which are typical of most penetrations. Reinforcement
layers 1 through 8 are ‘'bent' around the major penetrations, as shown in
Figures 3.8 through 3.13. Additional layers of reinforcement around
penetrations, such as 'sun ray' (projecting radially outward from
penetration) bars, circular bars around the penetration, and shear ties, can
be seen in Figures 3.6, 3.7, and 3.14.

The reinforcement in the mudmat consists of a rectangular pattern of #5 bars
on 12 inch (305 mm) centers located approximately 2.5 inches (64 mm) below
the top of the mudmat. A parafin based curing compound was sprayed on the
mudmat, which was finished with a steel trowel, before the concrete for the
basemat was placed. As a result, the bond between the concrete in the
mudmat and basemat is expected to be negligible. Within a radius of 54
inches (1.37 m) of the center of the mudmat, a number of keyways were formed
with matching keys in the basemat. This was intended to prevent the basemat
from sliding relative to the mudmat. Although some analysts included the
mudmat in their finite element models, SNL considers the structural coupling
between the basemat and the mudmat to be insignificant.

The basemat liner is covered by a circular slab of concrete consisting of a
3 inch (7.6 mm) protective layer and a 12 inch (30.5 mm) pad for the model
internal structure that is roughly 230 inches (5840 mm) in diameter. The
basemat Tiner is not anchored to the concrete in the basemat or to the
protective course above it. The basemat liner is welded to a quarter pipe
section, referred to hereafter as the knuckle. The details of the
attachment of the liner to the knuckle are shown in Figure 3.15. Note that
the diameter of the top protective course and pad of concrete is less than
that of the cylinder, and thus the inside surface of the knuckle is not
supported by concrete.

A stretch out of the cylinder liner is shown in Figure 3.16, which also
shows the layout of the penetrations in the model. The cylinder liner is
anchored to the concrete by means of headed studs; the type and spacing of
these studs varies. The first row of studs is approximately 0.8 inches
(20.3 mm) above the top of the knuckle, and for elevations up to 6'-6", 1/2
inch (12.7 mm) long headed studs are used with a spacing of 2 by 2 inches
(51 by 51 mm) up to elevation 5'-2" and 4 by 4 inches (102 by 102 mm)
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between elevation 5'-2" and 6'-6". Above elevation 6'-6", 3/4 inch (19 mm)
long headed studs were used with 2 by 2 inch (51 by 51 mm) spacing near
penetrations and 6 by 6 inch (152 by 152 mm) spacing elsewhere. Figures
3.17 and 3.18 are photographs of the liner with studs attached near the base
of the cylinder (including the transition regions at elevations 5'-2" and
6'-6") and near personnel airlock A, respectively. Around penetrations,
thickened sections of the liner (3/16 inch, 4.76 mm) were used (see Figure
3.16). In the dome, the studs were uniformly spaced at 8 by 8 inches (203
by 203 mm). It should be noted that the cylinder liner was elastically
formed whereas the dome section of the liner was dished by a pressing
operation.

3.2 As-Measured Material Properties

A1l materials used in constructing the model have mechanical properties that
are the same, or as nearly the same as possible as those used in actual
reinforced concrete containment buildings. Reference stress-strain curves
were derived based on actual measurements of the properties of the most
widely used materials in the model, including the 1/16 and 1/12 inch (1.59
and 2.11 mm) thick liner material, the #4 rebar, and various 1ifts of the
concrete.

The concrete used in the scale model was composed of well-rounded coarse
aggregate with a nominal maximum size of 3/8 inch (9.5 mm). High-range
water reducers (superplasticizers) were used with a water/cement ratio of
0.53. The concrete was centrally batched and hauled into the test site,
which resulted in a consistent, high quality mix. In order to test the
properties, 15 concrete cylinders were poured from each 1ift of the model
(there were a total of 11 1ifts; 1 for the basemat, 6 for the cylinder, and
4 for the dome). Direct tension, split cylinder, and compression tests have
been run on specimens from each 1ift aged for 28 days, 4 months, or 6
months. Material properties of the concrete will also be measured at the
time of high pressure testing. Standard cylinders were used in the split
cylinder and compression tests; the direct tension tests were conducted with
a dog-bone specimen developed by United Engineers. Based on the tests, it
was felt that the variation in the properties between the different 1ifts
was negligible (the data were within normal statistical limits fro a single
1ift of concrete). Thus, SNL has recommended a single stress—strain curve,
as given in Table 3.1, to represent the concrete for the entire model. The
recommended curve is based on extrapolation of strength values out to the
expected time of high pressure testing. The compressive strength is
estimated at 6.8 ksi (46.9 MPa). The tensile response is assumed to be
linear up to the ultimate tensile strength, which was estimated at 0.5 ksi*
(3.45 MPa).

Unijaxial tensile tests were conducted on the Tiner materials and the #4
rebar. Average results of these tests (the recommended values) are
presented in Tables 3.2 through 3.4. For a given material, the measured
properties were very consistent for the number of tensile coupons tested.
The stress—strain curve for the #4 rebar is based on the nominal cross-—

sectional area, which is 0.2 1n2 (129 mmz). For the liner materials, the

* 1 ksi = 1000 psi

-17-



stress-strain curve is based on the actual cross—sectional area of the
tensile coupons; thus, the actual thickness of the liner should be used in
an analytical model. However, the difference between the nominal
thicknesses and the average actual thicknesses of the liner materials is
small, as indicated by Table 3.5. Therefore, the anailytical results should
not be particularly sensitive to this factor, especially since the liner
represents less than 20% of the total strength of the containment model
wall. Because the #4 rebar is predominant in the model, it was the only
size rebar for which a complete stress—strain curve was made available. It
was recommended that this stress—strain curve (see Table 3.4) be used for
all the reinforcing steel in the model; however, mill properties for each
size of rebar used in the model were also made available to the analysts.
The mill properties and nominal cross—sectional areas for the rebars used in
the model are presented in Table 3.6. Note that the properties in Table 3.4
reflect a reduction in the ultimate strength caused by splices.
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Table 3.1 - Concrete Material Properties

Elastic Constants
Young's modulus — 4800 ksi (33100 MPa)
Poisson's ratio - 0.2
Ultimate Tensile Strength — 500 psi (3.45 MPa)

Unconfined Compressive Stress-strain Curve

Engineering Stress Engineering
(ksi) (MPa) Strain
1.0 6.9 0.00021
2.0 13.8 0.00045
3.0 20.7 0.00072
3.9 26.9 0.00100
5.0 34.5 0.00140
6.8 46.9 0.00200
6.8 46.9 0.00230
0.0 0.0 0.00600

Table 3.2 — Cylinder and Basemat Liner Properties

Elastic Constants:
Modulus - 30000 ksi (207000 MPa)
Poisson's ratio - 0.3
Yield stress — 50.2 ksi (346 MPa)

Engineering Stress—-strain curve

Engineering Stress Plastic
(ksi) (MPa) Strain
50.2 346 0.
50.2 346 0.0157
59.0 407 0.0308
66.0 455 0.0696
68.0 469 0.0937
70.0 482 0.1620

Table 3.3 — Dome Liner Properties

Elastic Constants:
Modulus — 30000 ksi (207000 MPa)
Poisson's ratio - 0.3
Yield stress — 51.4 ksi (354 MPa)

Engineering Stress—strain curve

Engineering Stress Plastic
(ksi) (MPa) Strain
51.4 354 0.
61.1 421 0.0230
66.9 461 0.0478
70.5 486 0.0977
71.0 489 0.1476

—19-



Table 3.4 - Rebar Material Properties

Elastic Constants:
Modulus - 31000 ksi (214000 MPa)
Poisson's ratio - 0.3
Yield stress — 66.6 ksi (459 MPa)

Engineering Stress-strain curve

Engineering Stress Plastic
(ksi) (MPa) Strain
66.6 459 0.
73.3 505 0.0094
85.6 590 0.0200
99.0 682 0.0430

Table 3.5 - Liner Thicknesses

Cylinder and Basemat Liner:
Nominal Thickness — 1/16 inch (1.59 mm)
Actual Thickness — 0.068 inch (1.73 mm)

Dome Liner:

Nominal Thickness — 1/12 inch (2.12 mm)
Actual Thickness — 0.090 inch (2.29 mm)

Table 3.6 — Mill Properties for Reinforcing Bar

Nominal
Bar Area Yield Strength Ulitimate Strength Elongation
Size  (in%) (mm°)  (ksi) (MPa) (ksi) (MPa) (in/in)
6 mm 0.04 28 72.2 497 100.9 695 0.27
6 mm 0.04 28 69.9 482 99.0 682 0.23
#3 0.11 71 68.0 469 103.0 710 0.15
#4 0.20 129 68.0 469 105.0 723 0.14
#5 0.31 198 66.5 458 94.0 648 0.15
#6 0.44 285 64.8 447 103.0 710 0.14
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Figure 3.3 Photograph During Construction of Basemat Cylinder Junction

i




REINFORCING BAR DETAILS
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Figure 3.4 Reinforcement in the Cylinder (Free-field)
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Figure 3.5 Photograph During Construction of Reinforcement in the Dome
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Photograph of Reinforcement Around Equipment Hatch A



0 7

.
Y

0.
.

7
//,,////r//,

Figure 3.7 Photograph of Reinforcement Around Equipment Hatch B
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Figure 3.18 Stud Pattern Around Personnel Airlock A




4. PRETEST ANALYSES

Each organization participating in the round-robin analysis contributed a
section to this report; the order of presentation corresponds to the order
in which the organizations formally joined into a cooperative agreement to
conduct analyses and exchange information with the NRC. It is noted again
that, with the exception of SNL and BNL, these analyses were not funded by
the NRC. It is to be expected that the manpower, time, and resources
brought to bear on this problem by each organization were not identical and
may have differed considerably. SNL and NRC are grateful for the enthusiasm
and cooperation demonstrated by the organizations that have volunteered
their manpower and resources for the round-robin analysis.

In general, finite element approaches were used to calculate the model
response, although some organizations supplement their finite element
analyses with hand calculations or other simplified approaches. As part of
their section, each organization was asked to prepare a brief summary of
their analytical approach. In general, this summary appears at the
beginning of each subsection. A list of the primary analytical codes used
by each organization follows:

SNL — ABAQUS (2-D)

ANL — TEMP-STRESS, NEPTUNE (2-D, 3-D)

EPRI — ABAQUS (2-D, 3-D)

CEA — CASTEM (2-D)

NII ~ PAFEC (2-D, 3-D)

ENEA - ADINA (2-D)

SRD - ABAQUS (2-D)

GRS — ADINA (2-D)

BNL — NFAP (2-D)

CEGB ~ ADINA-TW (2-D nonlinear), PAFEC (2-D, 3-D linear)

Results of the analyses are described in the following sections and are
compared in the Executive Summary and Appendix A.
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4.1 Sandia National Laboratories

This section was written by J. R. Weatherby of the Engineering Analysis
Department at Sandia National Laboratories (SNL).

4.1.1 Summary

A serijes of structural analyses was conducted at SNL to predict the
structural response, failure pressure, and failure mode of the l:6-scale
containment model. This section of the report summarizes the methods,
results, and conclusions of the SNL structural study.

The major objective of SNL's in-house pretest analysis effort was to
evaluate the ability of existing, commercially available finite element
codes to model the structural response of a reinforced concrete containment
building subject to high internal pressure. For this reason, no attempts
were made to develop new capabilities in this area. The ABAQUS general
purpose finite element code [4.1.1], version 4-5-171 was used in all
numerical calculations. This particular code was chosen because it is
representative of the state of the art in commercially available finite
element programs.

The scope of the analytical effort consisted of nonlinear axisymmetric
finite element shell and continuum analyses of the containment structure. A
nonlinear membrane analysis of the cylinder wall was also conducted and
compared with the finite element model predictions. Table 4.1.1 contains a
synopsis of the important results from these analyses.

A1l of the models considered are limited in that they do not provide
information about the state of stress and deformation in the vicinity of
equipment hatches and other penetrations that are present in the actual l:6-
scale model. While some of these penetrations are considered potential
failure sites, there was not sufficient time to examine these regions.

4.1.2 Material Models

In order to predict the response of the containment building at high
internal pressures, material models were introduced to describe the behavior
of the liner, concrete, and steel reinforcement well beyond the elastic
1imit. Because geometric nonlinear effects are not considered in any of the
analyses to be presented, engineering stress and strain measures are used
exclusively in the definition of material properties. In the finite element
calculations presented here, the post-yield stress-strain behavior of the
1iner and reinforcing steel have been represented through the use of a

von Mises yield function together with isotropic hardening and an associated
plastic flow rule. Elastic constants and points from the piecewise linear
stress—plastic strain curves used in the analyses are listed in Tables 4.1.2
through 4.1.4 for the liner and rebar. These values were obtained by
averaging results from a number of uniaxial tensile tests that were
conducted on samples of the liner material and #4 rebar.

The standard concrete constitutive model supplied with the ABAQUS code was

used in all finite element analyses. A complete description of the model is
given in the ABAQUS Theoretical Manual [4.1.1]. This material model is
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Analytical Methods

Constitutive Models

Failure Criterion

Predicted Failure

Mode

Predicted Capacity

Pressure

30-35 psi
(.21-.24 MPa)

35-40 psi
(.24-.28 MPa)

40-45 psi
(.28-.31 MPa)

100-120 psi
(.69-.83 MPa)

115 psi
(.79 MPa)

130 psi
(.90 MPa)

135-140 psi
(.93-.97 MPa)

170 psi
(1.17 MPa)

190 psi
(1.31 MPa)

Table 4.1.1 Analysis Summary

nonlinear axisymmetric finite element shell and
continuum models; nonlinear membrane analysis.

Concrete: elastic/plastic material with Chen and Chen
yield surface and associated flow rule.

Liner: elastic/plastic material with von Mises
yield surface, associated flow rule, and
isotropic hardening.

Rebar: piecewise linear uniaxial stress—-strain

curves.
Lack of convergence in finite element solution and
evidence of concrete crushing imply structural
instability.

Structural instability due to crushing failure of
concrete on the outside of the cylinder wall near the
basemat cylinder junction.

170 psig (1.17 MPa)

Event

Hoop strain at the midthickness of the cylinder exceeds the
cracking strain* of the concrete.

Meridional strain at the midthickness of the cylinder
exceeds the cracking strain* of the concrete.

Hoop and meridional strains at the midthickness of the dome
exceed the cracking strain* of the concrete.

Hoop and meridional strains along the lower surface of the
basemat exceed the cracking strain* of the concrete.

Liner yields in the cylinder midsection.

Hoop bars yield in the cylinder midsection.

Seismic and meridional bars yield in the cylinder midsection.
Concrete above the cylinder basemat junction crushes leading

to numerical instability in the finite element model.

Hoop bars reach ultimate stress at the cylinder midheight.

* The cracking strain for the concrete is taken to be the strain level at
maximum load in a uniaxial tensile test.
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Table 4.1.2
Material Properties for Cylinder and Basemat Liner

Engineering stress Plastic
{ksi) (MPa) strain
50.2 346 0.
50.2 346 .0157
59.0 407 .0308
66.0 455 .0696
68.0 469 .0937
70.0 483 .1620

30000 ksi (207000 MPa)
0.3

50.2 ksi (346 MPa)
.0625 inches (1.59 mm)

Young's modulus
Poisson's ratio
Yield strength
Thickness

Table 4.1.3
Material Properties for Dome Liner
Engineering stress Plastic
(ksi) (MPa) strain
51.4 354 0.
61.1 421 .0230
66.9 461 .0478
70.5 486 .0977
71.0 490 .1476

0000 ksi (207000 MPa)
.3

1.4 ksi (354 MPa)
.0833 inches (2.12 mm)

Young's modulus
Poisson's ratio
Yield strength

Thickness

o nn
o W

Table 4.1.4
Rebar Material Properties Based on Nominal Cross-sectional Areas
Engineering stress Plastic
{ksi) (MPa) strain
66.6 459 0.
73.3 505 .0094
85.6 590 .0200
99.0 683 .0430

31000 ksi (214000 MPa)
0.3
66.6 ksi (459 MPa)

Young's modulus
Poisson's ratio
Yield strength
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capable of representing yielding, crushing, and cracking of the concrete and
is an extension of the constitutive theory developed by Chen and Chen
[4.1.2]. The theory defines two surfaces in stress space: a yield surface
that surrounds the region of linearly elastic response, and a failure
surface where cracking or crushing occurs. Between the yield and failure
surfaces, the material is assumed to deform according to an associated
plastic flow rule with isotropic strain hardening. After cracking or
crushing, the concrete softens with increasing deformation finally losing
all strength once a critical strain level is reached.

Numerical problems frequently arise once cracking takes place in a finite
element solution. Previous work [4.1.3] indicated that after cracking
occurs there are certain pressure ranges where the iterative procedure in
the ABAQUS program fails to converge, leaving unacceptably large force
imbalances in the structural model. To avoid these numerical difficulties,
cracking was prevented by supplying the uniaxial stress-strain curves shown
in Figure 4.1.1 as input to the concrete model. Here, the softening
behavior caused by cracking and crushing has been eliminated by using a very
large value for the plastic strains corresponding to the ultimate tensile
and ultimate compressive stresses. Two stress—-strain curves have been
defined in order to mode) the response at both low strain levels (Curve A)
and high strain levels (Curve B). One set of finite element analyses was
conducted using Curve A for the concrete in the dome and cylinder; a second
set of analyses was conducted using Curve B for the concrete in the dome and
cylinder. The reasoning behind this approach will be discussed iater.

Table 4.1.5 lists the remaining material constants required by the ABAQUS
constitutive routine for concrete models A and B. No bjaxial compression
data was available so the default values supplied in the ABAQUS code were
used for those parameters related to the biaxial compressive sirength of the
concrete.

4.1.3 Failure Criteria

Realistic failure criteria must be adopted for all potential failure
mechanisms in order to predict the ultimate pressure capacity of the
containment. Faijlure is defined as any event that results in significant
leakage. A high degree of uncertainty exists in selecting these criteria
since, in many cases, the criteria are based on failure points observed in
simple uniaxial tension and compression tests and applied to locations in
the structure that are subject to more complex multjaxial loading
conditions.

Except for regions where a large transverse shear force is present, the
steel reinforcing bars are primarily in a state of uniaxial tension. Under
these l1oading conditions, the reinforcing bars are assumed to fail at a
tensile stress level of 99 ksi (680 MPa). This value is based on results of
tensile tests on spliced rebar specimens similar to those used in the
construction of the containment model. The nominal cross-sectional area of
the rebar specimens was used to convert from the failure load to the
ultimate stress. Nominal cross—sectional areas for each type of rebar in
the containment model are Tisted in Table 4.1.6. These areas were used in
all of the analyses to be presented.
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Table 4.1.5

Material Parameters Used with the Concrete Constitutive Model in ABAQUS

Parameter Description

Young's modulus

Poisson's ratio

Ratio of each non-zero stress component at failure
under biaxial compression to the stress magnitude
at failure under uniaxial compression.

Ratio of the stress at failure under uniaxial
tension to the stress at failure under uniaxial
compression.

Ratjo of the magnitude of a component of plastic
strain at failure under biaxial compression to the
plastic strain at failure under uniaxial compression.

Ratio of the magnitude of plastic strain at failure
under uniaxial tension to the plastic strain at
failure under uniaxial compression.

Notes:

1 corresponds to Curve A in Figure 4.1.1
2 corresponds to Curve B in Figure 4.1.1
* default value in ABAQUS

Model Al Model BZ
4800 ksi 4800 ksi
33000 MPa 33000 MPa

0.2 0.2

1.16* 1.16*

0735 .00147

].28% 1.28%

1. ]

Table 4.1.6
Nominal Cross-sectional Areas of Reinforcing Bars in the Containment Model
Area
Bar Size iﬂz g@z
#2 .05 32
#3 .11 71
#4 .20 129
#5 .31 200
#6 .44 280
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The failure criterion used for the stee)l liner is based on equivalent
plastic strain. The equivalent plastic strain, ?p, is defined as

; 2
& = ; (%Eéfjefj) dt (4.1.1)
1,7

where
€;; = plastic strain rate.

Failure is assumed to occur when the equivalent plastic strain reaches the
level of equivalent plastic strain at maximum load in a uniaxial tensile
test. This value is approximately 15% for both the 1/12th-inch and 1/16th-
inch thick liners.

Another possible type of material failure is concrete crushing, which can
occur in regions of high compressive stresses brought about by bending. As
discussed previously, the response of the concrete is assumed to be almost
perfectly plastic after the compressive yield stress is reached so that the
compressive yield and failure surfaces virtually coincide in stress space.
In order to determine if the stress state lies on or near the compressive
yield or failure surface, the crushing parameter, y, is introduced. This
parameter was derived from the description of the concrete constitutive
model given in the ABAQUS Theoretical Manual and is based on the assumption
that the compressive yield strength is equal to the compressive ultimate
strength. The crushing parameter, y, is defined by the relation

— %qz - ﬂci’ 4
2 + B.p (4.1.2)
where 2
‘ 2fc' - 4fbc
1_2 — fc,fbc(zféﬁfbc)
¢ 3(2fbc - fé)
) 1
q¢ = von Mises stress = % ((01 — 03)* + (03 — 03)% + (03 — 01)2) 2
p = -equivalent pressure = ‘%(01 + 03 + 03)
I = uniaxial compressive strength
Je = biaxial compressive strength
01,02,03 = principal stresses

When ¢ < 1, the stress state lies inside of the compressive failure
envelope; and when ¢ = 1, the stress state lies on the compressive failure
surface and crushing is said to occur.

The first incidence of crushing is not considered to indicate failure of the
containment structure; however, because of crushing, a 1imit point may exist
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beyond which deformations become very large with Tittle or no increase in
internal pressure. When such a condition develops, it is considered to be
an indication that the containment structure is very near failure. Many
times numerical solutions cannot be obtained beyond such a 1imit point so
that other factors must be considered to help determine if instability in a
numerical analysis is caused by the existence of a true limit point.

One of the most difficult modes of failure to evaluate in a reinforced
concrete structure is failure brought about by shearing forces acting
perpendicular to the reinforcement direction. 1In the cylinder and dome,
these shearing forces act perpendicular to the surface of the shell in the
radial direction and, hence, are referred to as radial shear forces. When a
crack develops through the concrete wall, the shear load is carried by
friction and aggregate interiock across the crack surfaces, and by dowel
action of the reinforcing bars that span the crack plane. The models used
to represent the rebar and concrete are too simplified to directly evaluate
the potential for shear failure based solely on the fajlure criteria for the
concrete and steel discussed previously. For this reason, empirical
criteria were adopted to estimate the shear strength of a section under the
combined action of radial shear and membrane tension. Results of "push-off"
tests presented in [4.1.4] indicate that the ultimate shear strength of a
reinforced concrete section falls within the range

1.9/?2 <7< 17/?2 (4.1.3)
where

T, = ultimate shear strength, psi.

fé = Uultimate compressive strength of concrete, psi.

Between these 1imits, the ultimate shear strength is assumed to be given by
the retation

T, = [.013(pfy -0,) + 1.9]¢?€ (4.1.4)
where

¢ = meridional reinforcement ratio = As/Ag

fy = tensile yield strength of steel, psi

o, = Pm/Ag

As = area of steel in meridional direction, 1n2

Ag = gross area of containment wall in meridional direction, 1n2

P = force in meridional direction, 1b.

The area of the liner is not included in calculating As or Ag; likewise, the
meridional force carried by the liner is not included in Pm' A second

criterion based on the shear~friction model [4.1.5] was also used to
estimate the uitimate shear strength between the limits in Equation (4.1.3).
The shear-friction model assumes that the shear strength varies according to
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r =pf -0 . (4.1.5)

Shear fajlure is assumed to occur when the applied shear force, V, is such
that

VIR > T, (4.1.6)

4.1.4 Nonlinear Membrane Analysis

Before proceeding into a discussion of the finite element results, a
simplified nonlinear membrane analysis of the cylinder wall will be
presented. The results of this analysis serve as a check on the finite
element calculations and also provide an upper bound on the strength of the
containment structure. Figure 4.1.2 illustrates the idealized membrane
model, which is used to represent a section of the cylinder wall. In this
analysis, the hoop and meridional strains are assumed to be uniform through
the thickness of the cylinder wall. Bending resulting from the shear forces
and moments at the springline and basemat cylinder junction are ignored so
that the analysis is expected to be most accurate near the midheight of the
cylinder, far away from penetrations and other discontinuities. Small
stress and strain measures are used in the analysis.

The loading on the cylinder consists of an internal pressure, p, and a
vertical load, W, caused by the weight of the structure. To simulate
conditions at the midheight of the cylinder, W is set equal to the weight of
the dome plus one-half the weight of the cylinder. The internal pressure
generates a force per unit length of pR in the hoop direction and pR/2 in
the meridional direction (R = the cylinder radius); the weight contributes a
force per unit length of W/(2#R) in the meridional direction.

Because of the low tensile strength of the concrete (500 psi), the tension
carrying capacity of the concrete is ignored, and the applied forces are
assumed to be carried in the liner and rebar. The reinforcement in the wall
of the cylinder is composed of #4 steel bars running in the hoop and
meridional directions and #4 seismic bars that run at angles of¥45 degrees
to the meridional direction. £Each layer of reinforcement is assumed to
carry load only along the direction of reinforcement. The liner is in a
state of biaxial stress and carries a share of the applied load in both the
meridional and hoop directions.

By transforming the uniaxial stress state in each reinforcement layer into
components in the hoop and meridional directions, the equilibrium equations
for the membrane analysis can be written as

h
ohshnhA + O.SUSSSHSA + t]o] = pR , (4.1.7)
m
amsmnmA + O.SGSsSnSA + t1o1 = pR/2 - W/27R (4.1.8)
where
Ops Ogs Op = axial stresses in the hoop, seismic, and meridional bars,
nh, ns, nm = number of layers of hoop, seismic, and meridional bars,
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Spo Sg» Sp = number of bars per unit length in the direction perpendicular
to the bar for the hoop, seismic, and meridional bars,

0ys 04 = liner stresses in the hoop and meridional directions,

t] = liner thickness,

A = cross-sectional area of each bar, and

R = cylinder radius.

Stress-strain equations must be introduced to solve Equations (4.1.7) and
(4.1.8). The stress in each rebar layer is expressed in terms of the hoop
and meridional strains through the relations

o, = fcn(eh) ,
0y = fcn(em) R
o, = fcn(es) ,
where
€ €m = hoop and meridional strains, respectively,
€ = (eh + em)/Z = strain in the direction of the seismic bars, and

fen = uniaxial stress—strain curve for a single rebar.

Since the liner is in a state of biaxial tension, the stress-strain
equations with plastic deformation are more complicated than those for the
uniaxial stress state existing in the rebar layers. To simplify the
analysis, the liner was assumed to be a linearly hardening material, and a
radial return algorithm [4.1.6] was used to integrate the rate constitutive
equations for the liner.

The equilibrium eguations represent a nonlinear system of equations with two
unknowns: €h and € A short computer program was written to solve the

system of equations using a modified Newton method. The solution was
obtained over a range of internal pressure varying from 5 to 191 psig (.034-
1.32 MPa) by incrementally increasing the pressure in steps of 2 psig (.014
MPa). Equilibrium iterations were continued during each pressure step until

the norm of the out-of-balance forces was less than 1 x 10_5 of the norm of
the applied forces.

Material properties used for the rebar are the same as those listed in Table
4,1.4. The yield and ultimate strength of the reinforcing steel were taken
to be 66.6 ksi (459 MPa) and 99 ksi (683 MPa) based on a nominal cross-—

sectional area of .20 1n2 (129 mmz). Between yield and ultimate, a

piecewise-linear stress—strain curve was used for the rebar. The liner was
treated as a linearly hardening material with an initial modulus of 30000
ksi (210000 MPa), a yield strength of 50.2 ksi (346 MPa), a hardening
modulus of 256 ksi (1770 MPa), and a thickness of .0625 inches (1.59 mm).
Figure 4.1.3 shows a plot of the stresses in the liner and reinforcement as
a function of pressure as predicted by the membrane analysis.

These results were generated with a deadweight load of .221 x 106 1b applied
in the meridional direction to account for the weight of the containment
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structure above the midheight of the cylinder. The analysis predicts that
liner yielding occurs at a pressure of 95 psig (.66 MPa). Yielding of the
hoop bars occurs at an internal pressure of 129 psig (.89 MPa), followed by
yielding of the seismic reinforcement at 135 psig (.93 MPa), and yielding of
the meridional bars at 149 psig (1.03 MPa). The ultimate strength of the
hoop bars is reached at a pressure of 191 psig (1.32 MPa). These results
are relatively insensitive to vertical position in the cylinder since the
weight of the structure above the cylinder midheight accounts for only 2% of
the total meridional force at 190 psig (1.3 MPa) internal pressure.

4.1.5 Finite Element Shel) Analyses

The nonlinear membrane analysis presented in the previous section provides
considerable insight into the containment response at the midheight of the
cylinder; however, it gives no information about stresses in the dome or in
the region near the base of the cylinder where a significant meridional
bending moment and radial shear force exist. To evaluate the containment
response in these locations, nonlinear finite element shell analyses were
conducted using the ABAQUS finite element code. Only material nonlinear
effects were considered in these analyses; geometric nonlinearities were
neglected.

An axisymmetric finite element model of the containment structure was
constructed using two-noded, thick-shell elements for the basemat, dome, and
cylinder. The concrete, liner, rebar, and dome plates are all represented.
The generalized force—-moment strain-curvature relations for the shell are
obtained by using Simpson's rule to integrate the stresses through the
thickness of the shell. In these analyses, nine integration points were
used through the thickness of the concrete layer, and five integration
points were used through the liner thickness. Single-point integration was
used along the length of each shell element to evaluate the element's
contribution to nodal forces and moments. A model for the soil that
supports the basemat was not included in the analyses; instead, the basemat
is assumed to rest on a rigid surface. Gap elements are used between the
basemat and the rigid surface to allow for basemat uplift.

The layered shell and rebar options in the ABAQUS code were used to place
the liner and rebar at the appropriate locations through the thickness of
the shell. Each layer of steel reinforcement is represented by an
orthotropic layer that carries load only in the direction of the
reinforcement. The rebar option was used to represent the seismic as well
as the hoop and meridional reinforcement. Problems were encountered when
the rebar, liner, and concrete were all placed in a single layered-shell
element. These problems were circumvented by overlaying three separate
shell elements at each location in the model. One of these elements
contained the rebar layers; a second element contained the steel liner; and
a third element was used for the concrete. Nominai values were used for the
thickness of the dome, cylinder, and basemat liners. These values are
listed in Tables 4.1.2 and 4.1.3. The cross—sectional areas used for the
reinforcing bars are listed in Table 4.1.6. To account for the reduced
shear stiffness of the concrete after cracking, the transverse shear
stiffness of the concrete shell elements was set equal to Gt/6, where G and
t are the shear modulus and concrete thickness, respectively. This value is
equal to 20% of the default value used in ABAQUS. The liner and rebar
elements were given a very low transverse shear stiffness (.01 1b/in).
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Figure 4.1.4 shows an outline of the shell model used in the analyses. This
model contains a total of 92 nodes. The base of the cylinder has been
offset from the centerline of the basemat by 20 inches to account for the
thickness of the basemat. A multipoint constraint is used to force slope
and displacement continuity at the cylinder basemat junction. Table 4.1.7
lists the element length and containment thickness in each region of the
model. Given that the element length is in all cases less than the shell
thickness, further mesh refinement would not be expected to yield a more
accurate prediction for the response of the structure.

Two separate analyses were conducted using the finite element model shown in
Figure 4.1.4. In the first analysis, Curve A of Figure 4.1.1 (500 psi
tensile yield strength) was used as the uniaxial stress—strain curve for the
concrete at all locations in the containment structure. This analysis will
be referred to as Model 1. 1In Model 2 the uniaxial stress-strain curve
described by Curve B in Figure 4.1.1 (10 psi tensile yield strength) was
used for the concrete in the dome and cylinder, and Curve A was again used
for the concrete in the basemat.

Two analyses were used rather than a single analysis in order to provide a
bound on the response of the containment structure and to obtain more
realistic results at both low and high pressures. At very low pressures,
before concrete cracking occurs in the actual containment, Model 1 will give
a more accurate prediction of structural response than Model 2. After
cracking occurs, panel tests suggest that the concrete will continue to
contribute significantly to the overall stiffness of the structure [4.1.7].
These tests indicate that the stiffening effect of the cracked concrete
decreases with increasing strain and finally vanishes as the strains
approach the yield strain of the rebar. For this reason, the Model 1
results are expected to remain the most accurate of the two sets of results
until both the meridional and hoop strains reach a level equal to half of
the rebar yield strain over a significantly large region in the cylinder and
dome. Model 2 will become more accurate as the reinforcement approaches
yield in the dome and cylinder.

In both finite element analyses, the dead load caused by the weight of the
structure was applied in the first step. The internal pressure was then
increased using automatic load incrementation. Equilibrium iterations were
continued within each load step until the force imbalance at every node was
less than the convergence tolerance. Table 4.1.8 shows the convergence
tolerance and maximum pressure step size allowed within each pressure range.
Equilibrium iterations were continued within each load step until the
maximum force residual was less than the specified convergence tolerance.
Convergence was achieved in each step of the analysis up to pressures of 190
psig (1.3 MPa) and 168 psig (1.16 MPa) for Model 1 and Model 2,
respectively. Convergence could not be obtained beyond these pressures in
either model, and in both cases the node with the largest force imbalance
was the first node above the cylinder basemat junction. Further
investigation revealed that in each case the concrete had crushed on the
outside of the cylinder in the first element above the basemat. This is
believed to be the event that prevented convergence at higher pressures.

Deformed shape ptots at maximum pressure are shown in Figures 4.1.5 and
4.1.6 for Models 1 and 2, respectively. Note that the presence of
meridional curvature in the midsection of the cylinder violates the no-
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bending assumption made in the nonlinear membrane analysis. Figure 4.1.7
shows the radial displacement at the midheight of the cylinder as predicted
by the membrane and finite element analyses. As expected, the membrane
analysis closely agrees with the results from Model 2, which uses a tensile
yield strength of 10 psi (.07 MPa) for the concrete in the dome and
cylinder. The stiffer response of Model 2 is probably attributable to
meridional bending, which increases the stress in the seismic bars above the
values predicted by the membrane analysis. In Figure 4.1.8 basemat uplift
is plotted as a function of pressure for a point directly beneath the
cylinder wall. The displacement predictions from Models 1 and 2 are very
close at this location because both analyses use the same concrete model
(Curve A) in the basemat. Figure 4.1.9 shows the vertical displacement of
the dome apex as a function of pressure. Both models predict that the apex
of the dome moves continuously upward in contrast to results from one of the
earlier analyses reported in [4.1.3] where the dome apex moved downward with
increasing pressure. Concrete cracking was not suppressed in this earlier
analysis, and, as a result, a convergent numerical solution was not obtained
in most Toad steps. Given the results from Models 1 and 2, it appears that
the downward displacement reported in [4.1.3] was caused by large residual
(out-of-balance) forces in the finite element model and does not represent a
physically real phenomenon.

Even though cracking was suppressed in the analysis, concrete cracking can
be traced approximately by examining the strains in Model 1 and comparing
them to the strain level at which cracking occurs in direct tension tests
(approximately .01%). This approach is very approximate and is not expected
to yield results that are as accurate as those obtained by a true cracking
analysis. Figures 4.1.10 through 4.1.13 show the hoop and meridional
strains at the centerline of the cylinder and dome and along the lower
surface of the basemat. In these Figures, the coordinate s, defined in
Figure 4.1.4, has been used to identify position within the model; $=5

corresponds to the basemat cylinder junction. This data was used to
determine the cracking sequence, which is listed in Table 4.1.1.

The midthickness strains can also be examined to estimate the pressure level
at which the results from Model 2 become more representative of the actual
containment response than the results from Model 1. It is assumed that the
load carried by the concrete decreases linearly with increasing strain after
cracking and finally vanishes when the hoop and meridional strains exceed a
value of .2%, which is the yield strain of the reinforcing steel. Figures
4.1.14 and 4.1.15 show the meridional and hoop strains in the dome and
cylinder wall for the pressure range 80-140 psig (.55-.97 MPa). From these
Figures it can be seen that by 120 psig (.83 MPa) the strain in both the
meridional and hoop directions has reached a level close to .1% over much
of the dome and cylinder. By the time this strain level is reached, the
average stress carried by the concrete in both directions will have dropped
to a value equal to half of the concrete tensile strength (provided the
average stress in the concrete decreases linearly as assumed). For this
reason, 120 psig (.83 MPa) is chosen as the cutoff above which the results
from Model 2 are thought to best approximate the structural response.

Figures 4.1.16 through 4.1.19 show the stresses in reinforcement layers 1,

2, 5, and 8 as a function of position in the cylinder and dome regions for
internal pressures ranging from 130-168 psig (.90-1.16 MPa). These plots
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were made from the results of the Model 2 analysis, which is believed to be
the most accurate of the two analyses in this pressure range. The sudden
stress jumps seen in these plots are caused by rebar terminations in the
structure. The actual stress distribution would be expected to be smoother
as it takes a finite distance to transfer load into a bar. At 168 psig
(1.16 MPa) the most highly stressed bars in the structure are the hoop bars
in the cylinder midsection. Bending at the basemat cylinder junction also
produces high stresses in the Layer 2 meridional bars, and until 140 psig
(.96 MPa) the maximum stress in the meridional reinforcement occurs at this
tocation. The termination of Layer 2 and Layer 5 meridional bars adjacent
to the dome plates was not incliuded in the finite element model making the
reinforcement at this point in the model twice as dense as that in the
actual structure. The stresses in the meridional bars at this location can
be estimated by multiplying the predicted stresses by a factor of two.
Performing this calculation shows the inside meridional bars near the dome
plates are at a stress level of approximately 86 ksi (593 MPa) at 168 psig
(1.16 MPa) internal pressure.

The highest strains in the liner and reinforcement are found at the
midsection of the cylinder. Yielding of the liner and reinforcement at this
location is summarized in Table 4.1.9 for the two shell models and for the
membrane analysis. In Model 2 the liner, hoop bars, and seismic bars yield
at pressures very close to those predicted by the membrane analysis. There
is a slightly larger discrepancy (12 psi (.08 MPa) or 9%) between the two
analyses with regard to yielding of the meridional reinforcement. Figures
4,1.20 and 4.1.21 contain plots of the strains in rebar layers 2, 3, 5, and
8 as a function of pressure at an elevation of 13'-9", 12 inches (300 mm)
above the cylinder midheight. Note that bending develops after yielding of
the meridional bars as evidenced by the different strain levels in the Layer
2 and Layer 5 meridional reinforcement. The strain level in all rebar
layers remain well below the value of 4.6% necessary to cause failure of the
rebar splices (4.6% is the strain that corresponds to the 99 ksi (683 MPa)
strength of the spliced bars).

Figure 4.1.22 contains history plots of the equivalent plastic strain in the
1iner as a function of pressure at the midheight of the cylinder. Each
point in this figure should be interpreted as an average value of plastic
strain since strain concentrations brought on by cracks in the concrete wall
are not accounted for in the analysis. Uniaxial tensile tests of the liner
material show that the equivalent plastic strain reaches 15% at the ultimate
stress. The average value of plastic strain in the liner remains well below
this level; however, this does not rule out the possibility of liner tearing
caused by strain concentrations in the vicinity of cracks in the concrete
wall. In addition, there is reason to question the use of a maximum
equivalent plastic strain obtained from uniaxial tensile tests as a
criterion for predicting liner tearing under biaxial loading conditions.

Figures 4.1.23, 4.1.24, and 4.1.25 show the distribution of the radial shear
force, the meridional moment, and hoop membrane force at 140 psig (.97 MPa)
internal pressure. As expected, the largest value of the hoop membrane
force is reached in the central region of the cylinder where it is
approximately equal to pR. The largest value of the meridional moment
occurs at the intersection of the basemat and cylinder. The average
transverse shear stress, obtained by dividing the shear force in Figure
4.1.23 by the shell thickness, also reaches a maximum value just above the
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Table 4.1.7

Lengths and Thicknesses of Shell Elements Used
in Each Region of the Finite Element Mesh in Models 1 and 2

location Element Length Shell Thickness

basemat 6.84 inches 43 inches
(174 mm) (1090 mm)

cylinder 6.68 inches 9.75 inches
(461 mm) (248 mm)

dome 6.91 inches 7 inches
(176 mm) (178 mm)

Table 4.1.8

Maximum and Minimum Step Sizes and

Convergence Tolerances Specified for the Model 1 and 2 Analyses

Pressure
Range

0-50 psi
(0~.345 MPa)

50-100 psi
(.345-.689 MPa)

100-150 psi
(.689-1.03 MPa)

> 150 psi
(> 1.03 MPa)

Minimum
Pressure Step

Maximum
Pressure Step

5. psi .5 psi
{.0345 MPa) (.00345 MPa)
5. psi .5 psi
(.0345 MPa) (.00345 MpPa)
5. psi .5 psi
(.0345 MPa) (.00345 MPa)
.5 psi .005 psi

(.00345 MPa) (.0000345 MPa)

Table 4.1.9

Convergence

Tolerance

625 1b.
(2780 N)

1250 1b.
(5560 N)

1875 1b.
(8340 N)

2500 1b.
(11100 N)

Pressures at Which Yielding Occurs in the Liner and Reinforcement at the
Midheight of the Cylinder in the Model 1, Model 2, and Membrane Analyses

Event

liner yields

hoop bars yield

seismic bars yield

meridional bars yield

Model 1

115 psi
(.793 MPa)

152 psi
(1.05 MPa)

158 psi
(1.09 MPa)

162 psi
(1.12 MPa)

Model 2

90 psi
(.621 MPa)

130 psi
(.896 MPa)

135 psi
(.931 MPa)

137 psi
(.945 MPa.)
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Membrane Analysis

95 psi
(.655 MPa)

129 psi
(.889 MPa)

135 psi
(.931 MPa)

149 psi
(1.03 MPa)



basemat cylinder junction. Other peaks in the shear stress are present at
the springline and near the dome apex, adjacent to the dome plates.

Figures 4.1.26 through 4.1.28 show plots of the radial shear force as a
function of pressure at three critical locations: the cylinder basemat
junction, the springline, and the edge of the dome plates. Equations
(4.1.4) and (4.1.5) were used to determine the potential for shear failure
in these regions at 168 psig (1.16 MPa) internal pressure. At this
pressure, all meridional bars near the dome plates and all meridional and
seismic bars at the springline are above yield, so that the shear strength
at these locations corresponds to the lower extreme (1.9V?z) of the range in

Equation (4.1.3). The results of the strength calculations are listed in
Table 4.1.10 and compared to the predicted levels of shear stress from the
finite element results of Model 2. Based on this comparison, it appears that
a shear failure is not 1ikely to occur at either the top or the base of the
cylinder. There appears to be a much higher probability of shear failure at
the edge of the dome plate at this pressure.

As mentioned earltier, the final failure or lack of convergence beyond the
loads reported here is believed to be caused by crushing of the concrete on
the outside of the cylinder combined with yielding of the meridional
reinforcement in the first element above the basemat. Crushing is brought
about by the large meridional bending moment that develops at the cylinder
basemat junction. Figure 4.1.29 shows the bending moment at this location
as a function of pressure for both shell models. In Figure 4.1.30, the
crushing parameter, y, (see Equation (4.1.2)) at the base of the cylinder is
plotted as a function of pressure for Models 1 and 2. Crushing begins in
Model 1 at a pressure of 167 psig (1.15 MPa) and in Model 2 at a pressure of
145 psig (1 MPa). In both models, the pressure level where a convergent
solution can no longer be obtained is approximately 25 psi (.17 MPa) higher
than the point at which crushing is initiated. The strains in the
meridional and seismic bars at the cylinder/basemat junction are plotted as
a function of pressure in Figures 4.1.31 and 4.1.32 for Models 1 and 2,
respectively. The inside meridional reinforcement at this location reaches
yield at an internal pressure of 147 psig (1.01 MPa) in Model 1 and 127
psig (.875 MPa) in Model 2.

4.1.6 Finite Element Analyses with a Continuum Basemat

Because the thickness of the basemat is large relative to its diameter,
there is reason to question the use of shell theory in this region of the
structure. To investigate this question, a second set of finite element
analyses was made using a continuum representation for the basemat and lower
cylinder wall regions. As will be seen, the results of these analyses are
in reasonable agreement with results from the shell models discussed in the
previous section.

The finite element mesh that was used in this set of axisymmetric analyses
is shown in Figure 4.1.33. This model contains a total of 461 nodes.
Eight-noded, quadrilateral continuum elements were used to model the basemat
and cylinder wall up to an elevation of 75 inches where the Layer 10
meridional reinforcement is terminated. In this region, the steel liner is
modelled with three-noded axisymmetric shell elements that are attached
along the inside surface of the containment model. At elevations above the
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point where the Layer 10 reinforcement is terminated, the containment wall
and liner are modelled with two-noded, thick-shell elements. As in the
previous shell analyses, three separate shell elements are used at each
location in the upper cylinder and dome regions: one for the liner, one for
the concrete, and one that contains the rebar layers. The rebar option in
the ABAQUS computer code was again used to represent the reinforcement in
both the continuum and shell sections of the model. The #2 and #3 shear
ties below elevation 75 inches (191 cm) are also included in the model. Gap
elements were placed along the lower surface of the basemat to allow for
uplift of the basemat from a rigid foundation.

Four—point Gaussian quadrature was used to integrate the continuum elements.
The two—noded shell elements were integrated using five integration points
through the thickness and one point along the length of the shell. Three-
noded shell elements were integrated with five integration points through
the thickness and two integration points along the length of the shell.

The shell and continuum regions of the finite element model are joined
together through the use of multipoint constraints in the ABAQUS program.
Nodes along the upper edge of the continuum region are constrained to move
so that the deformed section remains plane and does not warp. The rotation
of this plane is forced to remain equal to the rotation of the first node at
the lower edge of the shell region. Also, the displacement of the first
node at the base of the shell section is tied to the displacement of the
center node on the upper edge of the continuum region.

As in the previous section, two separate analyses were conducted using the
same finite element mesh (Figure 4.1.33) but with different constitutive
models for the concrete. 1In one analysis, Curve A of Figure 4.1.1 (500 psi
tensile yield strength) was used as the uniaxial stress—strain curve for the
concrete at all locations in the structure. This analysis is referred to as
Model 3. In Model 4, Curve B of Figure 4.1.1 was used for the concrete in
the dome and cylinder, and Curve A was again used for the concrete in the
basemat. As before, the shear rigidity of the concrete shell elements was
reduced to 20% of the default value to account for loss of shear stiffness
due to cracking. To determine the effects of the finite element modelling
assumptions (shell versus continuum), the results from Model 3 should be
compared to the results from Model 1 and, 1ikewise, the Model 4 results
should be compared against the results from Model 2.

The ioading procedure described for Models 1 and 2 was also followed for
applying loads in Models 3 and 4. Table 4.1.11 lists the convergence
tolerances along with the maximum and minimum pressure step sizes allowed
within each pressure range. Convergence was achieved in each step of the
analysis up to pressures of 188 psig (1.3 MPa) and 166 psig (1.14 MPa) for
Models 3 and 4, respectively. The Model 3 analysis was not terminated
because of lack of convergence; however, convergence could not be obtained
beyond an internal pressure of 166 psig (1.14 MPa) in Model 4. At this
pressure, the largest force residuals in Model 4 occurred at nodes located
near the base of the cylinder, on the outer surface of the containment wall.
Further examination revealed that the concrete at this location was rapidly
approaching the crushing point just prior to 166 psig (1.14 MPa). As in
Models 1 and 2, it is believed that the lack of convergence at higher
pressures was caused by crushing of the concrete just above the basemat
cylinder junction.

—55—



Table 4.1.10

Comparison of Shear Stress from Model 2 Analysis
to Shear Strength at 170 psi (1.2 MPa) Internal Pressure

Location

cylinder at springline

dome at outer edge

of dome plate

cylinder at cylinder
basemat junction

Shear Strength, 7

u

Equation 4.1.5

1) i .1.4
/A Equation 4.1
78 psi 157 psi
(.538 MPa) (1.08 MPa)
128 psi 157 psi
(.883 MPa) (1.08 MPa.)
400 psi 1290 psi
(2.75 MPa) (8.89 MPa)
Table 4.1.11

Maximum and Minimum Step Sizes and

157 psi
(1.08 MPa)

157psi
(1.08 MPa)

685 psi
(4.72 MPa)

Convergence Tolerances Specified for the Model 3 and 4 Analyses

Pressure

Range

0-50 psi
(0-.345 MPa)

50-100 psi
(.345-.689 MPa)

100-150 psi
(.689-1.03 MPa)

> 150 psi
(> 1.03 MPa)

Maximum
Pressure Step

2.5 psi
(.0173 MPa)

2.5 psi
(.0173 MPa)

2.5 psi
(.0173 MPa)

2.5 psi
(.0173 MPa)
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Minimum
Pressure Step

.1 psi
(.000689 MPa)

.1 psi
(.000689 MPa)

.1 psi
(.000689 MPa)

.005 psi
(.0000345 MPa)

Convergence
Tolerance

312 1b.
(1390 N)

625 1b.
(2780 N)

1250 1b.
(5560 N)

1875 1b.
(8340 N)



Before comparing the results from Models 3 and 4 to those obtained from
Models 1 and 2, one fact should be noted. The equivalent nodal forces for
axisymmetric shell elements subject to a pressure loading are evaluated
based on the radial position of the centerline of the shell, whereas for
continuum elements the equivalent nodal forces are calculated based on the
radial position of the element face to which the pressure is applied. The
latter method is the correct way to calculate nodal forces. As a
consequence of this difference, a pressure p applied to the inside of the
9.75 inch thick continuum cylinder wall is equivalent to a pressure of .96p
applied to the inside of the shell cylinder of the same thickness. In
Models 3 and 4, the pressure applied in the shell region was reduced by 4%
retative to that applied in the continuum region to account for this
discrepancy; however, no adjustment was made in the Model 1 and 2 analyses.
This discrepancy accounts for much of the difference in predicted response
between the full shell analyses and the corresponding shell/continuum
analyses.

Figure 4.1.34 shows the history of radial displacement at the upper
termination of the Layer 10 reinforcement (elevation 75 inches (190 cm.)) as
predicted by Models 1 through 4. In comparing these curves, recall that the
same concrete properties are used in Models 1 and 3, and that a second set
of concrete properties are used in Models 2 and 4. The curves from the
continuum/shell analyses are shifted to the right of the curves from the
corresponding full shell analyses. As discussed previously, a 4% pressure
shift can be accounted for by the different methods used to calculate
equivalent nodal forces from the applied pressure loading. This shift
accounts for most of the difference in predicted displacement.

The basemat uplift beneath the cylinder wall is plotted as a function of
pressure in Figure 4.1.35 for Models 3 and 4. These predictions are in
close agreement with results from the corresponding full shell analyses
presented in Figure 4.1.8. Figure 4.1.36 shows the radial shear force as a
function of pressure at a location just above the cylinder basemat junction.
These results are also in good agreement with the shear forces calculated at
this location in the full shell models (see Figure 4.1.26). Figures 4.1.37
and 4.1.38 contain history plots of the strain in the meridional and seismic
reinforcement at the base of the cylinder. In general, the strains in these
layers are somewhat lower than the strains at the same location in the full
shell models (see Figures 4.1.31 and 4.1.32). This is because a rigid
connection is assumed to exist between the centerline of the basemat and the
edge of the cylinder in the full shell models. In contrast, this connection
is not perfectly rigid in the continuum analyses of this region. The end
result is that less bending is induced at the base of the cylinder in Models
3 and 4 leading to tower strains in the meridional and seismic
reinforcement. Also, the shear ties which are included in the Model 3 and
Model 4 analyses carry part of the meridional load, thus reducing the strain
levels in the meridional and seismic reinforcement below the levels seen in
the Model 1 and Model 2 analyses where the shear ties were not modelled.

Crushing above the cylinder basemat junction is believed to be the cause for
the lack of convergence seen in the Model 4 analysis above 166 psig (1.14
MPa) internal pressure. Figure 4.1.39 shows the crushing parameter
(Equation (4.1.2)) at this location as a function of internal pressure for
both Models 3 and 4. The value of the crushing parameter at a given
pressure level is consistently lower in each continuum/shell analysis as
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compared to the corresponding full shell analysis (see Figure 4.1.30). The
reduction in the crushing loads is again brought about by the more flexible
connection between the basemat and cylinder in the continuum models as
compared to the rigid basemat—-to-cylinder connection used in the shell
models of this area. Even though the history of the crushing parameter is
considerably different, Models 2 and 4 become numerically unstable at
virtually the same pressure level.

4.1.7 Standard Plots of the Structural Response

One of the objectives in the pretest analysis phase of this project was to
provide strain and disptacement predictions for instrumented locations
throughout the containment structure. These predictions are contained in
Appendix A of this report. Since analyses were conducted using a variety of
models, a choice had to be made as to which set of results was most
representative of the actual containment response. For the pressure range
from 0-120 psig (0-.83 MPa), all of the predictions reported in Appendix A
were taken from results of the Model 1 analysis (shell model) with the
exception of plots 2 and 11, which were taken from results generated by the
Model 3 analysis (shell/continuum model). Plots 2 and 11 contain history
plots of the strains and deformations in the region near the basemat
cylinder junction. Above 120 psig (.83 MPa), the predictions reported in
Appendix A were taken from the Model 2 analysis for all plots except plots 2
and 11, which were taken from the results of Model 4. The 120 psig (.83
MPa) cutoff was established based on observations of the strain levels in
the dome and cylinder regions (see Figures 4.1.14 and 4.1.15). At this
pressure level, both the meridional and hoop strains in the dome and
cylinder regions are large enough so that the contribution of the concrete
to the total tension stiffness in these regions is considered to be
negligible.

4.1.8 Conclusion

Nonlinear axisymmetric membrane, shell, and continuum analyses of the 1:6-
scale containment model have been presented along with descriptions of the
material models and failure criteria used for the different elements of the
structure. Table 4.1.1 summarizes the expected history of events based on
the analytical resuilts.

The nonlinear membrane analysis gives an upper bound of 192 psig (1.32 MPa)
for the failure pressure of the containment structure. Results from the
membrane analysis are in close agreement with finite element predictions
with regard to radial expansion, rebar yielding, and liner yielding near the
midheight of the cylinder.

Separate finite element analyses were conducted using two sets of concrete
material properties to obtain results both at lower pressures, where the
concrete contributes significantly to the overall stiffness of the structure
under tensile loading, and at higher pressures, where the concrete in the
dome and cylinder is so heavily damaged that it contributes little to the
overall structural stiffness in tension. On the basis of these
calculations, strain and displacement predictions were made for points
corresponding to instrumented locations in the l:6-scale model (see Appendix
A).
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The finite element results from Models 2 and 4 suggest that a 1imit point is
reached at an internal pressure of approximately 170 psig (1.17 MPa) due to
concrete crushing at the base of the cylinder. Convergent numerical
solutions could not be obtained for higher internal pressures. It is
speculated that beyond this point, the base of the cylinder will undergo
large rotations resulting in failure of the meridional bars or leakage
because of liner tearing at this location. The possibility exists, however,
that a plastic hinge forms at this location, and the section continues to
carry load beyond the 170 psig pressure level. In this event, the next most
probable failure modes appear to be failure of the hoop reinforcement near
the midheight of the containment at approximately 190 psig or a shear
failure adjacent to the dome plates. Further analysis is necessary to
evaluate the potential for failure around the equipment hatches and
constrained penetrations.
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Figure 4.1.5 Deformed shape plot of Model 1 at 191 psi (1.32 MPa)
(displacements multiplied by a factor of 10)
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Figure 4.1.6 Deformed shape plot of Model 2 at 168 psi (1.16 MPa)
(displacements multipiied by a factor of 10)
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Figure 4.1.17 Stresses in the Layer 2 meridional reinforcement (Model 2)
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Figure 4.1.18 Stresses in the Layer 5 meridional reinforcement (Model 2)
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Figure 4.1.32 Model 2 results for rebar strains vs. pressure 3 inches
(80 mm) above the base of the cylinder
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Figure 4.1.37 Model 3 results for rebar strains vs. pressure 1 inch (25 mm)
above the base of the cylinder
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4.2 Argonne National Laboratory

The authors of this section are P. A. Pfeiffer, R. F. Kulak, J. M. Kennedy,
A. H. Marchertas, and C. Fiala of the Reactor Analysis and Safety Division
at Argonne National Laboratory.

4.2.]1 Summary

Pretest predictions were made by the Reactor Analysis and Safety Division of
Argonne National Laboratory for the response of the 1:6-scale reinforced
concrete model to be tested by SNL. For this purpose a series of
axisymmetric models were studied with the two-dimensional computer program
TEMP-STRESS and a three-dimensional circumferential segment model with the
program NEPTUNE.

In both computer programs, both geometric and material nonlinearities were
fully treated. The rebars were included in the models by a homogenization
approach which accounts for their area, direction and elastic—-plastic
properties. The concrete constitutive model is based on a von Mises yield
condition and an associated flow law; cracking is treated. The strength
capacity is characterized by a four—parameter failure surface, and after
failure an element-size-independent approach is used.

Solutions to the nonlinear equations which govern the systems in both TEMP-
STRESS and NEPTUNE are obtained by dynamic relaxation. The load is applied
incrementally, and iterations are continued until equilibrium is reached
within a specified tolerance before proceeding to the next load increment.

Three axisymmetric models were analyzed. The first was a simplified model,
which only represented the cylindrical and spherical containment shell and
omitted the basemat. The latter was included in the two more compliex
models. The complex models also included representations of the foundation
and sliding interfaces, which permitted separation and sliding between
components of the basemat and the basemat and foundation.

The 1:6-scale concrete containment model contains several large
penetrations, such as an equipment hatch and personnel airlock, that wiil
cause deviations from a pure axisymmetric response and may decrease the
capacity of the containment. In order to predict the behavior near these
regions, a nominal 50 degree circumferential segment of the model was
developed. The segment includes the cylinder from the basemat to the
springline and dome. The cylinder portion contains one-half of the
penetration opening for Equipment Hatch B. The basemat was not included in
this model; thus, its effects on the cylinder at the cylinder-basemat
junction are not taken into account.

The two-dimensional models all predict similar sequences of initial damage:
meridional cracking commences at base of vessel at 25 psig (0.172 MPa);
yielding of the liner begins at the midpoint of the cylinder at 100 psig
(0.690 MPa) and propagates up and down; yielding of the hoop reinforcement
starts at 120-125 psig (0.827-0.862 MPa). The sequence of damage milestones
and pressure levels predicted by the three-dimensional analysis agrees with
the two-dimensional results. A dimple deformation pattern occurred in the
region of the boss, indicating additional bending strains.

-82-



The three two-dimensional models all indicate failure at 185-190 psig
(1.276-1.310 MPa). However, the three models predict three different
failure mechanisms: (1) hoop failure of the vessel at midheight following
failure of a splice in this area, (2) failure of a weld in the liner near
the basemat due to excessive strains, and (3) failure of -the liner just
above the knuckle due to compression failure of the concrete. In reality,
simultaneous failure in more than one mechanism is unlikely since the onset
of failure in any one mechanism will reduce the pressure and therefore
reduce the stress on other possible sites of failure.

The three-dimensional model predicts failure at an internal pressure of 180-
185 psig (1.241-1.276 MPa) when the splices of the hoop rebars fail just
above the cylinder midheight in a region away from the equipment hatch
opening.

4.2.2 Introduction

Prediction of the response of the l:6-scale reinforced concrete containment
model in this section was prepared by the staff of the RAS Engineering
Mechanics Program of Argonne National Laboratory (ANL). The computer
programs used to arrive at the final results have been fully developed at
ANL. The two-dimensional code TEMP-STRESS [4.2.1-4.2.5] has been developed
at ANL for stress analysis of plane and axisymmetric 2-D reinforced
structures under various thermal conditions. The NEPTUNE [4.2.6-4.2.8] code
was primarily intended for 3-D fluid structure interaction problems. Both
programs are applicable to a wide variety of nonlinear problems, and are
utilized in the present study to predict the response of the reinforced
containment model to internal pressurization. The comparison of these
pretest computations with test data on the containment model wiil provide a
unique opportunity to test the validity of the respective codes to predict
failure modes.

The analytical approaches in TEMP-STRESS and NEPTUNE are similar. Both
codes are based on the explicit temporal integration coupled with dynamic
relaxation. This enables the codes to be used for static as well as dynamic
problems. The choice of the integration scheme was primarily dictated by
the highly nonlinear concrete behavior and the relative ease of accounting
for nonlinearity in this type of algorithm, and the fact that, although
within each load step this procedure introduces some dynamic response,

4.2.3 Numerical Method
4.2.3.1 General Finite Element Equations
The explicit time integration scheme is used in the TEMP-STRESS and NEPTUNE

codes. The numerical algorithm for the explicit time integration is based
on the solution of the following equation of motion:

[M1{d} = {F&Xt} — (FiNty _ (fpdampy  cpOravy (4.2.1)
where [M] is the lumped mass matrix, {d} is the column matrix of nodal

displacements (where the superposed dot indicates time derivatives), {F} is
the column matrix of mechanical forces (internal, external, damping, or
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gravity). The internal forces are element-dependent and may be expressed
as follows:

(F'" = g, 81" (odav (4.2.2)

where V is the volume of the element and {0} is the element stress matrix.
The [B] matrix relates the velocity strain {e} of the element to the nodal

velocities {é] as

(e} = [B]{d}) . (4.2.3)

The damping force is introduced into the equations of motion to facilitate
the dynamic relaxation. The particular form used is given by

(0]
max

28 .
damp, _ 1
{F93TP} —<—— [K] + 2B, wp.p [M]> @y (4.2.4)
where the first term pertains to the stiffness—proportional damping and the
second term refers to the mass—proportional damping; Bl and ﬁz are the
damping ratios for the highest and lowest mesh frequency, respectively; Oax

and o are the maximum and minimum circular frequencies of the mesh,

min
respectively. The stiffness matrix [K] approximates the model stiffnesses;
i.e., nodal stiffness of the j-th degree of freedom, Kj’ is given as

int
K. =] AF, " "/Ad, . 4.2.5
J | J J | ( )

The minimum circular frequency is computed from an approximate Rayleigh

min
quotient, and the maximum frequency Opax is related to the critical time

step for the mesh as follows:

N N '
2 2 . 2
“min © \/CEI KIdI/ Iil MIdI’ “max © At (4.2.6)

where N is the total number of degrees of freedom and At is the critical
time step of the mesh.

4.2.3.2 Explicit Temporal Integration

In order to take advantage of the explicit formulation, the following
difference form of Eq. (4.2.1) is utilized:
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[M]{a}i - {Fext}i _ {Fint}i + {Fgrav}i _ Zﬁllwmax [K]{a}i-l/z
—262mm1.n[M]“{c.i}1 , (4.2.7)
where
(@) = mr (10} - (@) = (@ TVE L Ayt (4.2.8)

By substituting Egq. (4.2.8) into Eq. (4.2.7) and solving for acceleration,
we get

.. -1 . . . .
{d}1 - +[z%32wm1n <{Fext}1 _ {F1nt}1 + {Fgrav}1 _ (Zﬁl/wmax [K]
- 280 [M]){é}"‘m) . (4.2.9)

The velocities and displacements are integrated by the central difference
equations as follows:

A 1+1/2 ai-1/2

{d} = {d} + At(.ci}j , (4.2.10)

}1+1 i “i+1/2

{d {d}' + At {d} ) (4.2.11)

4.2.3.3 Dynamic Relaxation

In the computer code the external load {FeXt} in Eq. (4.2.1) is prescribed

by input. To facilitate the dynamic relaxation procedure, this loading is
applied incrementally, i.e. in load steps of specified magnitude. Hence, 1in
the dynamic relaxation procedure, for each of the load increments the
structure responds dynamically and then approaches static equilibrium
asymptotically, as shown in Figure 4.2.1. Thus, there may be some slight
deviations between a purely static solution in path dependent materials, but
there is no consistent drift from equilibrium. We have chosen load
increments which are sufficiently small so that the effects of the
intermediate dynamic responses appear to be negligible.

Equilibrium of the system is checked by means of two criteria. One of the
criteria makes a comparison of the unbalanced force with the internal force,
while in the other criterion the displacements are compared at successive
iteration steps. The criteria are expressed in mathematical terms as
follows:

N . N ‘
100 \/z (FSX* - FI")?/ z (FF92 <o (4.2.12)
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and

N . N
100 ( £ d,At/ Z d,) < ¢ R (4.2.13)
1 I’ = "d
I=1 I=1
where €r and €4 are the force and dispiacement tolerances in percent. For
q= 0.1 with Bl =0 and 32 = 90 percent. The
sequence of computations using dynamic relaxation is shown in Figure 4.2.2.

this calculation, € = 2 and e

4.2.4 Material Models

Both the steel and the concrete are modeled as nonlinear materials. The
constitutive equations for these materials are based on an elastic-plastic
Taw with initial yielding and the subsequent loading surface described by
the von Mises condition. An associated flow rule is used.

The uniaxjal strength data for the materials is given in Tables 4.2.1-4.2.4;
except for minor alterations, it corresponds to that recommended by SNL.

The rebar material properties are modified to take into account the strength
of the splices. Wherever mechanical splices are located, the strength of
the rebar is assumed to be the average holding strength of the splice. The
average strength capacity of the splice is taken to be 99 ksi (683 MPa).

The stress-strain data for the rebar differs slightly from the data
recommended by SNL. Instead of 73.3 ksi (505 MPa) for the second value in
Table 4.2.2, we use 75.0 ksi (517 MPa), and 50.25 ksi (306 MPa) is used
instead of 50.0 ksi (346 MPa) in Table 4.2.3. This is done to assure that
the hardening slopes in the plastic region increase monotonically with
strain. The constitutive equations use isotropic hardening.

The strength capacity of the concrete in multiaxial stress space is
characterized by the so-called Hsieh-Ting-Chen [4.2.9] four parameter
failure surface. The concrete response after failure is simulated using the
element-size-independent cracking criterion established by Bazant and Oh
[4.2.10]. 1In the uniaxial stress-strain relationship, a linear reduction of
strength is specified from the ultimate stress down to zero. The maximum
strain in tension (where the stress is specified as zero) for the solutions
described in this report is 0.0007 in/in. The input data required to define
the failure surface is given in Table 4.2.5.

4.2.5 Axisymmetric Simulation

TEMP-STRESS is a 2-D code for the stress analysis of plane and axisymmetric
reinforced/prestressed concrete problems. Elements available for
representing the materials are a quadrilateral continuum element with one
point integration and a flexural element with two-point integration along
its length and an arbitrary number of integration points through the depth.

The rebars are modeled by what is known as "homogenization": the stress-
strain law of the rebars is embedded in the stress—strain law of the
elements. This approach can account for the direction, the position, and
the percentage of reinforcement. The rebars are assumed to remain rigidly
bonded to the concrete; debonding of rebars and concrete is not considered.
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Table 4.2.1 Concrete Material Properties

Elastic Constants
Young's Modulus — 4800 ksi (33100 MPa)
Poisson's ratio — 0.2
Ultimate Tensile Strength — 500 psi (3.45 MPa)

Engineering Stress

(ksi) (MPa) Engineering Strain
1.0 6.9 0.00021
2.0 13.8 0.00045
3.0 20.7 0.00072
4.0 26.9 0.00100
5.0 34.5 0.00140
6.8 46.9 0.00200
6.8 46.9 0.00230
0.0 0.0 0.00600

Table 4.2.2 Rebar Material Properties

Elastic Constants
Modulus — 31000 ksi (214000 MPa)
Poisson's ratio — 0.3

Engineering Stress

(ksi) (MPa) Engineering Strain
66.6 459 0.00215
76.0% 524 0.01176
85.6 590 0.02276
99.0 682 0.04619
105.0** 724%% 0.0650%*
107.0%* 738** 0.0950**

Table 4.2.3 Cylinder and Basemat Liner Material Properties

Elastic Constants
Modulus - 30000 ksi (207000 MPa)
Poisson's ratio - 0.3

Engineering Stress

(ksi) (MPa) Engineering Strain
50.2 346 0.00167
50.25* 346 0.01738
59.0 407 0.03277
66.0 455 0.07180
€8.0 469 0.09597
70.0 482 0.16433

*Yalue changed from that supplied by SNL.
**Estimated from Stress—Strain Data Supplied by SNL.
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Table 4.2.4 Dome Liner Material Properties

Elastic Constants
Modulus - 30000 ksi (207000 MPa)
Poisson's ratio - 0.3

Engineering Stress

(ksi) (MPa) Engineering Strain
51.4 354 0.00171
61.1 421 0.02500
66.9 461 0.05000
70.5 486 0.10000
71.0 489 0.15000

Table 4.2.5 Parameters Defining the Failure Surface of Concrete

Definition Value
1. Ultimate tensile strength, f£ 0.07535 fé*
2. Equal biaxial compression, ch 1.15 fé
3&%4. Confined triaxial compression, fbc 0.8 fé

(feo > The) » Tee 4.2 1

*fé is the maximum uniaxial strength of concrete in compression.

Reinforcement in the continuum element can be specified in the hoop
direction and arbitrary orthogonal directions in the r-z or the x-y plane.
The reinforcement arrangement in the continuum element is shown in Figure
4.2.3. In the flexural element, reinforcement can be specified at arbitrary
layers measured from the neutral axis and spanning from the axial
(meridional) direction through the hoop direction. Inclined reinforcement
through the depth of the cross-section, representing the connecting ties,
can also be treated. Reinforcement options in the flexural element are
shown in Figure 4.2.4.

The elements account for the cracking in the concrete. A total of three
orthogonal cracks may coexist at the centroid of the axisymmetric continuum
elements: one crack in the hoop direction and two orthogonal cracks in the
r-z plane. Similarly, two orthogonal cracks may occur in the axisymmetric
shell element at each integration point: one crack in the hoop direction
and one crack in the meridional direction.

—-88—



In addition to that specified within the concrete elements, reinforcement
can also be modeled by means of discrete rod and ring elements. The
combination of homogenized and discrete elements can thus be used to
represent the details of reinforcement in the containment test structure.

4.2.5.1 Finite Element Models and Results

The finite element models, which were utilized to predict the response of
the test structure under internal pressurization, varied in complexity.
Generally, the first model was simple, simulating the general global
behavior of the containment shell. The subsequent models, which increased
in complexity, revealed additional information.

The first finite element model consists only of the axisymmetric cylindrical
vessel and a spherical dome. This model is intended to provide an
understanding of the global deformation of the containment wall during
pressurization. The next finite element model also includes a simple model
of the concrete slab to which the vessel is attached. This model provides
an estimate of the up-1ift during the test. Details of the junction between
the test vessel and the slab are represented by still another finite element
model. This model gives a refined picture of the liner response at the
vessel base.

4.2.5.1.1 Reinforced Shell Mode]

The purpose of the simplified reinforced shell model, which is composed only
of axisymmetric reinforced shell elements, is to portray the global response
of the vessel. It is shown in Figure 4.2.5. This model consists of 31
reinforced concrete shell elements: eleven of them representing the 7

inch (178 mm) thick spherical dome, one element representing the transition
from the dome to the cylinder, and eighteen elements representing the 9-3/4
inch (248 mm) thick cylinder. A liner on the inside surface of the vessel
is made up of steel shell elements. The liner elements, which are offset
from the reinforced concrete elements, have different thicknesses and
material properties in the dome and in the cylinder. The thickness of the
liner in the dome (used in the finite element model) is 0.09 inch (2.29 mm)
and that in the cylinder and base is 0.068 inch (1.73 mm).

The modeling of the reinforcement closely corresponds to the structural
specifications of the containment structure. The number of reinforcement
layers ranges from four in the spherical dome to ten layers at the base of
the cylinder. Fourteen different combinations of reinforcements are used
within the flexural elements. The nominal cross-sectional dimensions of the
reinforcement bars are used in the model.

Pressurization of the shell model is imposed by monotonically increasing the
internal Toading in 5 psig (0.0345 MPa) increments. The important
milestones in the response of the model are shown in Table 4.2.6. It is
observed that up to 25 psig (0.172 MPa) the behavior of the vessel is
entirely elastic. At internal pressures 25-40 psig (0.172-0.276 MPa)
meridional cracking at the base of the vessel propagates from the inside of
the vessel to the neutral surface. The onset of hoop and meridional
cracking in the cylinder above 40 psig (0.276 MPa) is followed by hoop and
meridional cracking in the dome. Hoop and meridional cracking are basically
completed at 90 and 115 psig (0.621 and 0.793 MPa), respectively.
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Yielding of the liner is observed to start at about 100 psig (0.689 MPa) at
mid-cylinder height, propagates along the cylinder and, finally reaches the
base at about 105 psig (0.724 MPa). The yielding of hoop reinforcement on
the inside of the concrete vessel begins at about 120-125 psig (0.827-0.862
MPa). Failure of hoop reinforcement is governed by the strength of the
splices; this stress 1imit of the splices of 99 ksi (683 MPa) is reached at
an internal pressure of about 185-190 psig (1.276-1.310 MPa). Failure of
the hoop reinforcement was found to cause catastrophic failure of the liner
and rupture; in subsequent analyses the failure was not modeled, but instead
the attainment of the ultimate stress for the splices was considered to
constitute failure of the vessel. The deformed configuration of the vessel,
before impending failure, is shown in Figure 4.2.6 with no magnification.

This model provides information on the response of the containment vessel
relative to the vertical displacement of the cylinder base. Deformation of
the vessel, as well as the strains in the liner and the rebars are obtained
for internal pressures ranging from 5 psig (0.0345 MPa) up to about 185 psig
(1.276 MPa). Maximum vertical displacement at the dome apex before
impending failure of the hoop splices is 2.2 inches (56 mm); the
corresponding vertical and horizontal displacements at the vessel springline
are 2.6 inches (66 mm) and 2.4 inches (61 mm). The maximum radial
deformation at midheight of the cylinder at the same instant is 5.7 inches
(145 mm) and the respective strain in the liner is 0.043 in/in.
Displacements and strains for the model are given in Figures 4.2.7 through
4.2.20.

Table 4.2.6 Response of Shell to Pressurization

Pressure
psig MPa Response
0-25 0-0.172 Elastic behavior.
25-40 0.172-0.276 Meridional cracking on inside base of
vessel.
40-90 0.276-0.621 Hoop cracking in cylinder and hoop/
meridional cracking of the dome.
40-115 0.276-0.793 Meridional cracking in the cylinder.
95-110 0.655-0.758 Yielding of liner begins and spreads
along cylinder.
100-105 0.689-0.724 Yielding of liner at the base.
120-125 0.827-0.862 Yielding of hoop reinforcement starts.
185-190 1.276-1.310 The ultimate strength of the splice is

reached in the cylinder (at point A in
Figure 4.2.6) leading to failure of the
liner.
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4.2.5.1.2 Reinforced Shell with Slab Model

The purpose of this finite element model is to estimate the possible
vertical uplift of the base of the vessel during internal pressurization and
to provide information on the effect of the slab on the failure mode. This
model is an extension of that described in Section 4.2.5.1.1. The
previously described vessel model is connected to a model of the slab
consisting of reinforced axisymmetric continuum elements. The finite
element model is shown in Figure 4.2.21. Note that the gap in the basemat
at the line of symmetry represents the void that was indicated in drawing
No. 7847-F-1204. The bottom of the slab rests on a soil foundation that is
modeled by a layer of elastic continuum elements for which an elastic
modulus of 350 psi (2.41 MPa) and a depth of 10 inches (254 mm) were used.
A frictionless sliding interface is used between the elastic foundation and
the slab so that uplift of the slab can be modeled. Also, a no-tension
constitutive model was used for the soil, so it does not resist the slab
from uplifting.

The model of the slab also includes a frictionless interface between the
embedded liner and the concrete above the liner. This is done to simulate
the effect of steel/concrete interaction during the flexural deformation of
the stab. It was felt that the slider would simulate the actual role of the
concrete above the liner better than a rigid connection. With a rigid
connection, the flexural stiffness of the bottom slab is very large whereas
the absence of a shear transfer mechanism between the liner and the
superposed concrete prevents it from contributing substantially to the
flexural capacity of the slab.

Reinforcement of the slab was estimated from the supplied structural
drawings. Very little reinforcement was placed in the concrete of the slab
above the liner, so it was neglected in the analytical model. In the vessel
portion of this model the splices are used to connect individual lengths of
reinforcing bars. The strength of the rebars in that part of the model is,
therefore, limited by the ultimate strength of the splices. In the slab
portion of this model splices are not used so that the full strength of the
rebars should be utilized. The strength of the rebars in the slab is
specified at their ultimate limit, as indicated in Table 4.2.2. This also
enables us to observe other probable failure mechanisms of this model. Of
particular concern are the meridional reinforcing bars and the liner on the
bottom corner of the vessel. Because of the possibility of the slab to move
upward, the angular deformation at the cylinder-siab intersection could be
greater than in the previous shell model with fixed support. This would
increase the stress at the junction over what is predicted by the simplified
model.

Because of the elastic support below the bottom slab, the effect of the
weight of the structure had to be accounted for first. This is accomplished
by subjecting the finite element model to the weight of the structure prior
to initiating the internal pressure. This solution provides the settlement
(approximately a 0.26 inch (6.6 mm) translation downward), i.e. the original
vertical displacement, before internal pressure is applied. As before,
internal pressurization is applied in 5 psig (0.0345 MPa) load increments.

The response of the shell portion of this model to internal pressurization
is similar to the results obtained with the previous model. Stress and
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strain results for both models are similar in the shell, except near the
bottom support. The sequence of cracking of the concrete, the yielding of
the liner and reinforcement in the shell for this model is nearly the same
as the information depicted in Table 4.2.6. Radial deformation of the shell
is different from previous results near the junction of the cylinder and the
slab (see Figures 4.2.22 and 4.2.23). The vertical displacement of the dome
is larger than before, reflecting the uplift of the slab which was 1.2
inches (31 mm) before impending failure (see Figure 4.2.24). Maximum
vertical displacement at the dome apex before impending failure of the hoop
splices is 2.4 inches (61 mm), the corresponding vertical and horizontal
displacements at the vessel spring 1ine are 2.8 inches (72 mm) and 2.5
inches (64 mm). The maximum radial deformation at midheight of the cylinder
at the same instant is 6.0 inches (152 mm) and the respective strain in the
Tiner is 0.045 in/in.

The mode of failure predicted by this model is also similar fto that of the
previous model. We considered failure to have occurred when the stresses in
the rebars exceeded the nominal strength of the splices. Failure occurred
in the hoop rebars at the midheight of the cylinder, leading to rupture of
the 1iner at 185-190 psig (1.276-1.310 MPa}.

Since modeling the curvature of the liner at the corner would entail a
prohibitively refined model, hand calculations were made to estimate the
strains in the corner using the relative rotations between the horizontal
and vertical section of the iiner and data on its radius of curvature.
These hand calculations indicate that maximum strains would be on the order
of 3.6 percent when failure occurs at the midheight of the cylinder, no
failure would occur due to the rotation of the liner at the corner. While
an unwelded corner should experience no difficulties at these nominal
strains, because of the presence of difficult welds and inherent stress
concentrations in this area, failure could possibly occur there.

4.2.5.1.3 Detailed Refined Model of the Sheli/Slab Junction

This finite element model was used to reveal more detailed information on
the behavior of shell/slab junction during pressurization. Reinforced
axisymmetric continuum elements in this model represent not only the slab,
but also part of the shell, as shown in Figure 4.2.25. As was the case in
the preceding model, the siab rests on an elastic foundation (soil). Again,
frictionless sliding is provided between the nodes of the elastic foundation
and the bottom of the slab and also between the embedded liner and the
surrounding concrete.

As displayed in Figure 4.2.25, a rigid interconnection is used to model the
interaction between large and small elements. The joint between the
continuum and flexural elements in the wall of the shell assumes that plane
sections remain plane.

The reinforcement in these additional continuum elements is modeled by
smearing the respective steel rebars over the continuum elements. The
reinforcement in the hoop, radial and axial directions is estimated from the
supplied structural drawings.

The settiement of the model into the elastic foundation is first obtained
when the weight of the structure is imposed on the finite eiement model.
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Subsequent internal pressurization is obtained by load increments as in the
previous models.

The refined finite element model of the shell/slab junction indicates a
different mode of failure, which is near the junction. Because of the
detailed modeling of concrete, reinforcement and the liner at the junction,
the model was able to capture the high shear force that develops between the
basemat and the wall. The previous models could not capture this behavior
because the shell element that was utilized is formulated under the
assumption that through-the-thickness stresses are neglected.

The start of failure at the junction takes place at about 140 psig (0.965
MPa) internal pressure; at this pressure, two to three rows of concrete fail
in compression in the radial direction. These elements are located between
the knuckle of the liner (inside of vessel) and the top of the outer
basemat, see Figure 4.2.25. After the concrete fails in compression, the
rebar shear ties at these locations fail in tension, and about 40 percent of
the meridional reinforcement also fail in tension. As the internal pressure
increases, the meridional reinforcement layer nearest the liner is stressed
the highest, and at around 185 psig (1.276 MPa) this layer fails in tension,
and then the liner rips open just above the knuckle due to the meridional
tension. At this pressure, the failure mode observed in the previous models
at the midheight cylinder could also occur in this model.

The important milestones of the response of this model with respect to
internal pressure are outlined in Table 4.2.7. It is observed that the
initial response regarding the cracking of concrete and the initiation of
yielding do not differ appreciably from the results shown in Table 4.2.6.

4.2.6 Three-Dimensional Simulation

NEPTUNE is a three-dimensional finite element program that was developed to
simulate the response of reactor components in three-dimensional space to
design basis and beyond-design-basis loads. The code has evolved over the
years to address the then current safety issues. Since the code was
developed to solve a variety of problems, the current version is a general
purpose three-dimensional finite element code primarily suited for nonlinear
problems. The code is capable of treating problems that involve: (1) plate
and/or shell structures, (2) fluids, (3) continua, (4) fluid-structure
interaction, (5) media-structure interaction, (6) contact mechanics, and (7)
silent boundaries. An important feature of NEPTUNE is its ability to handle
nonlinear problems, which often occur during beyond-design basis loads. The
element formulations can properly treat large deformations (geometric
nonlinearities), and the rate-type material models can handle large material
strains (material nonlinearities). Explicit solution algorithms are used to
economically solve short duration transient problems. An extensive element
library is provided to model bars, plates, shells, solids, fluids, rigid
bodies, rigid links, interfaces, and silent boundaries.

In order to use the code for the simulation of the containment model, it was
necessary to develop: (1) a static analysis capability, and (2) a shell
element that can model reinforced concrete. The dynamic relaxation (DR)
method was chosen to perform static analysis because of its (1)
architecture, which is similar to the existing explicit time integration
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Table 4.2.7 Response of Refined Model of Shell/Slab Junction to Pressurization

Pressure
psig MPa Response
0-25 0-0.172 Elastic behavior.
25-40 0.172-0.276 Meridional cracking on inside base of
vessel. ‘
40-90 0.276-0.621 Hoop cracking in cylinder and hoop/
meridional cracking of the dome.
40-115 0.276-0.793 Meridional cracking in the cylinder.
95-110 0.655-0.758 Yielding of liner begins and spreads
along cylinder.
100-105 0.689-0.724 Yielding of liner at the base.
120-125 0.827-0.862 Yielding of hoop reinforcement starts.
135-140 0.931-0.965 Radial compressive crushing of concrete
at junction of wall and basemat. Partial
fracture of some meridional and shear tie
rebar.
185-190 1.276-1.310 Complete junction failure, liner rips

just above knuckle location.

scheme, (2) robustness, and (3) small core requirements (i.e. relative to
implicit solvers).

To simulate the response of the l:6-scale concrete containment model, 1t was
necessary to use a plate etement that would represent the behavior of
reinforced concrete with a steel liner on one of its outer surfaces. A thin
plate element, which existed in NEPTUNE, has some of the features needed to
properly simulate the mechanics of the response of the containment during
pressurization. The plate element is a bilinear four-node quadrilateral
[4.2.11] that is based upon a velocity-strain formulation and a one-point
quadrature rule in the plane of the element and a five-point quadrature rule
through the depth. It can treat problems characterized by large
deformations and finite strains. For this analysis, this plate element was
enhanced with a material model for concrete, a representation for
reinforcing bars, and a liner model that accounts for its membrane response.

The material model for concrete is identical to the model used in TEMP-
STRESS. Some changes to the TEMP-STRESS coding were required, however, in
order to make the TEMP-STRESS concrete module compatible with the NEPTUNE
coding. Within each of the five through-the-depth layers of the element,
cracking is simulated by a smeared cracking model that allows two orthogonal
cracks perpendicular to the depth direction to develop. The remaining
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details of the concrete model were previously given in Section 4.2.4 and
will not be repeated here.

The rebars are represented in the element by discrete layers of smeared
reinforcing steel. Within the element, individual layers are used to
represent corresponding layers of actual reinforcement. The following
geometric information is required for each layer of rebars: Tlocation in the
depth of the cross-section relative to the centroidal plane, orientation of
the bars relative to side one of the element, true cross—sectional area of
the bars, and spacing between bars. The stress state in the bars is assumed
to be uniaxial. The uniaxial stress state is rotated into a two dimensional
stress state in the quadrilateral element coordinate system; bending of the
bars is not considered. The reinforcement is assumed to lie along a
straight line within each layer of an element. Regions in which the
reinforcement follows a curved line are approximated by specifying different
bar orientations from element to element. The reinforcement is taken to be
rigidly bonded to the concrete throughout the simulation, thus debonding of
rebars and concrete cannot occur. Reinforcements through the depth of the
cross-section, such as connecting ties, cannot be treated. A uniaxial
elasto-plastic strain hardening material model is used to represent the
response of the rebars. The rebars are assumed to rupture when the
predicted axial strain exceeds the ultimate strain value, as given in

Table 4.2.2.

The final ingredient that was added to the original plate element was an
additional layer positioned outside of the existing inside surface layer of
concrete for capturing the membrane response of the liner. A two-
dimensional elasto-plastic strain hardening material model with the von
Mises yield criterion is used to represent the liner steel. Ffailure of the
liner is assumed to occur when the calculated equivalent true-strain exceeds
the value for the ultimate strain given in Tables 4.2.3 and 4.2.4.

A small set of test problems were successfully run to verify the developed
methodology and its implementation in the code. However, a larger problem
set needs to be exercised before complete confidence is gained. Also,
longer than expected CPU times were noted when large parts of the structure
behave plastically. Changes in the method that should reduce CPU times are
being implemented into the code.

4.2.6.1 Finite Element Model

The 1:6-scale concrete containment model contains several large
penetrations, such as an equipment hatch and personnel lock, that will cause
deviations from a pure axisymmetric response and may decrease the capacity
of the containment. In order to predict the behavior near these regions, a
nominal 50 degree circumferential segment of the model was developed (Figure
4.2.26). The segment includes the cylinder from the basemat to the
springline and the dome. The cylinder portion contains one-half of the
penetration opening for Equipment Hatch B. The basemat was not included in
this model; thus, its effects on the cylinder at the cylinder-basemat
junction are not taken into account.

The model consists of 266 quadrilateral plate elements and 305 nodes with
1830 degrees of freedom. The elements are 7 inches (178 mm) thick in the
spherical dome with a 1/12 inch (2.12 mm) thick liner added to the inside



surface and 9-3/4 inch (248 mm) thick in the cylinder with a 0.068 inch
(1.73 mm) thick liner. The elements in the region of the boss are 21 inches
(533 mm) thick, and those in the transition region are 15-3/8 inches (391
mm); both have a 0.068 inch (1.73 mm) liner on the inside surface.

The topology of the reinforcement was specified for each element by
prescribing the location of each layer in the depth direction and the
orientation relative to side one of the element. The circumferential,
meridional, and seismic rebar topology is captured fairly accurately in
regions remote from the penetration. The curved shape of the rebars near
the penetration is approximated by straight bars within each element, but
the orientation of the bars from small groups of contiguous elements to
small groups of contiguous elements is varied to globally capture the curved
shape. The number of layers of bars in each element correspond to the
specifications. The extra reinforcement that forms a cage around the
penetration opening is also taken into account as are the sun-ray bars. The
ties in the depth direction are not treated. Rebar layers 10 and 11, which
are located at the cylinder-—basemat juncture, are accounted for in the
model. Nominal values of the rebar areas were used in the analysis. It is
assumed that the development length of the rebars is maintained throughout
the Toading. The apex plates, which anchor the rebars in the dome, are
modelled by overlaying two quadrilateral plate elements, which have only
steel material properties specified, onto another quadrilateral plate
element, which has only concrete material properties specified.

The model is subjected to a fixed boundary condition (no translations or
rotations allowed) at the base of the cylinder. Symmetry conditions are
enforced on the nodes that lie in each of the two vertical symmetry planes;
the first plane contains the meridional edge of the model with the
penetration opening, and the second plane contains the other meridional
edge. The symmetry boundary condition is a rolier condition in which motion
(translational and rotational) is only allowed in the symmetry plane. The
apex node is only permitted to move in the vertical direction; no rotations
are allowed.

The load is a pressure incrementally applied to the inside surface of the
containment and a line load, which is equivalent to the pressure l1oad on the
hatch cover, applied in the radial direction to the edge of the penetration
opening in the updated geometry. A pressure of 20 psig (0.138 MPa) is
applied in the first load step, and 5 psig (0.034 MPa) increments are used
thereafter.

The numerical simulation was performed on an IBM 3033 computer, which is not
a supercomputer. The containment model required 2.2 megabytes of core and
about 6 hours of CPU to reach failure. Note, a recent computer benchmark
study conducted by ANL's Computer Service Division indicated that the
NEPTUNE code runs eight times faster on a CRAY. Thus, this problem would
require about 45 minutes on a CRAY. The 6 hour CPU requirement imposes
severe limitations on turnaround because of the pricing factor that is
applied to computer cost. Since limited in-house funds were used, most of
the computations were performed during weekends at which highly reduced
rates were in effect. Therefore, a considerable amount of real time was
required to perform the tasks of debugging, model evolution, model
verification, and postprocessing.
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4.2.6.2

Results

The model was pressurized incrementally up to failure, which occurred at 180
The response milestones are listed in Table 4.2.8. All
materials in the model behaved elastically up to 25 psig (0.172 MPa).
Cracking at the inner diameter of the boss at the 6 and 12 o'clock positions
began at the pressure of 30 psig (0.207 MPa). Meridional cracks also formed

psig (1.241 MPa).

at the base of the cylinder.

It was noted that the radial displacements of

the cylinder near the region of the boss and including the boss were less

than those further away.

This deformation pattern formed an inward dimple.

Beginning at 40 psig (0.276 MPa), extensive cracking occurred in the boss,

cylinder, and dome.
psig (0.586 MPa).

psig
25
30

40

85

125
145
180

The liner material begins to behave pltastically at 85

Stress in the hoop reinforcement reached the yield value
at 125 psig (0.862 MPa), and the meridional rebars were stressed to yield at
145 psig (1.000 MPa).

Displacements and strains for the model are given in
Figures 4.2.27 through 4.2.31.

Table 4.2.9 Response of Three-Dimensional Model to Pressurization

Pressure

MPa

0.172

0.207

0.276

0.586

0.862
1.000
1.241

Response

Elastic behavior.

Cracking at 6 and 12 o'clock positions of
boss; meridional cracking at base of
cylinder.

Extensive cracking in boss, cylinder, and
dome.

Liner material begins to behave
plastically.

Hoop rebars behave plastically.
Meridional rebars behave plastically.
Final pressure at which equilibrium was
obtained. A splice in a layer 6 (hoop)
rebar failed at point A shown in Figure

4.2.26 when 185 psig of pressure was
applied.
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4.2.7 Conclusions

The three TEMP-STRESS models indicate rather similar levels of failure
pressure, all of which 1ie in the range of 185-190 psi (1.276-1.310 MPa).
However, the three models predict distinctly different failure mechanisms at
these pressures. It appears from these studies that the failure modes in an
analytical model would occur almost simultaneously. However, in reality a
simultaneous occurrence of several failure mechanisms is not likely since
the onset of failure will reduce the pressure and therefore reduce the
stress on the other possible sites of failures. Therefore, it is impossible
to predict which failure mechanism will occur; we predict one of the
following three mechanisms:

1) Hoop failure of the vessel at the midheight, point A in Figure
4.2.6, following the fajlure of the splice in this area.

2) Failure of a weld in the liner near the basemat due to excessive
strain.

3) Failure of the liner just above the knuckle due to compressive
failure of the concrete.

The response of the three-dimensional model was qualitatively similar to the
two—dimensional shell model. Furthermore, the sequence of damage milestones
occurred at pressures that agreed qualitatively with the two-dimensional
results. However, a dimple deformation pattern occurred in the region of
the boss indicating bending deformations. The three-dimensional model
predicts failure at an internal pressure between 180-185 psig (1.241-1.276
MPa) when the splices in layer 6 fail just above cylinder midheight in a
region away from the equipment hatch opening. Note, if the development
Tength of either the sun ray rebars in the boss area or the layer 10 and 11
rebars near the basemat is not maintained, then these areas could weaken and
become potential failure sites.

It is our conclusion that the test model has been properly designed, with
full understanding of basic design requirements and it possesses no weak
components that would fail prematurely. Thus, the test model is equally
strong in all of its weakest links and the failure mode is difficult to
predict.
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Start

l - Element Strains Constitutive
S Element Stresses Models
I
E Nodal Forces
A
D Internal Eq. (4.2.2)
Y

I External (Input)
S T
T E Damping Eq. (4.2.4)
A R
T A Gravity (Input)
E T

I Nodal "Acceleration" Eq. (4.2.9)
S 0
0 N Nodal "Velocity" Eq. (4.2.10)
L
U Nodal Displacement Eg. (4.2.11)
T
I Test End of Transient Solution
0
N Time Increment (t = t + At¥)

Test Equilibrium Egs. (4.2.12-4.2.13)
Load Increment (L = [ + AL)

End

*For problems involving dynamic relaxation At is used as an iteration parameter,
not a time increment.

Figure 4.2.2 Sequence of Calculations Using Dynamic Relaxation
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4.3 Electric Power Research Institute

Section 4.3 was prepared by ANATECH International Corporation. The
principal investigators were R. A. Dameron, R. S. Dunham, Y. R. Rashid, and
M. F. Sullaway. The work was conducted for the Nuclear Pawer Division of
the Electric Power Research Institute, where the project manager was H. T.
Tang.

4.3.1 Summary

This report presents the results of pretest analyses of the structural
behavior of the Sandia 1:6 Scale Reinforced Concrete Containment Model.

This work is part of EPRI's ongoing research to develop test-validated
methodology for the prediction of the overpressure behavior of concrete
containments. Table 4.3.1 is a summary outlining the predictions, which was
requested by SNL.

The approach taken for the 1:6 scale model was first to conduct global
axisymmetric analyses to identify critical regions, then to analyze these
regions separately in detailed 2-D axisymmetric and r-6 geometries, and
finally to select the most 1ikely failure locations and perform detailed
local 3-D analyses. In extending the current analysis capabilities to 3-D,
many valuable automated procedures were developed for grid generation,
postprocessing of results, automated rebar generation, and application of
large sets of displacement boundary conditions to the edges of local models.

The 2-D analysis series show that liner strain concentrations are located at
the wall basemat juncture, at the springline where l1iner thickness
transition occurs, and near each penetration where the rigid-inclusion
effect of the over-reinforced penetration causes severe localized liner
strain. The axisymmetric analyses also show that large bending moments are
induced in the basemat and that at high pressures a plastic moment hinge
forms followed by significant basemat 1iftoff. The 2-D analysis series thus
enabled a preliminary ranking of these potential fajlure locations and
established the framework for the 3-D analysis series. The 3-D series
focussed on three-dimensional effects which could not be simulated through
axisymmetric or plane analysis, particulariy the interaction of hoop and
meridional deformations around penetrations. In the local 3-D models hatch
deformations and displacement gradients were calculated, and detailed liner
strain profiles were developed, thus forming a basis for failure
predictions.

The structural failure mode that is predicted to occur first is the rupture
of the liner seam at the wail-basemat juncture. This failure mode is driven
in part by the failure of the basemat in bending due to the yielding of the
basemat bottom bars at 135 psi (.93 MPa). At 140 psi (.97 MPa), the
effective liner strains at the juncture reach 6 percent. Between 140 and
160 psi (.97 and 1.10 MPa), the effective strain at this location grows to
16 percent, which is the ductility limit of the material. Over the same
pressure range, basemat edge 1iftoff exceeds one inch, which is probably
larger than is possible without depressurization. Thus, failure is expected
to occur between 140 and 150 psi (.97 and 1.03 MPa) at the basemat juncture.
Failure at this location is also linked to the behavior of the liner
anchorage, and this is discussed in the report. While the basemat juncture
is predicted to be the first leakage location, at 150 psi (1.03 MPa) many
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Table 4.3.1 Summary Table

Item Description

Analytical Method ABAQUS [4.3.3] with small displacement theory.
Constitutive Steel: ABAQUS nonlinear isotropic material with stress-
Models strain curves as provided by SNL.

Concrete: Subroutine UMAT [4.3.2, 4.3.4] with integration
point tensile cracking and shear retention. Compressive
plasticity with no strain softening for 2-D analysis but
with strain softening for 3-D analyses.

Model Series of 2-D axisymmetric and r-@ analyses for locating

Geometries and ranking failure locations. Detailed axisymmetric
analysis for final wall-basemat juncture prediction. Global
and local 3-D analyses of wall, dome and major penetrations.
Rebar modeled as tension-compression subelements. Concrete
was modeled with quadratic continuum elements. The liner
was modeled with quadratic continuum elements in areas of
local interest and with shell elements elsewhere.

Failure Criterion Large localized liner strain causing liner rupture and
leakage. Effective (von Mises) strain of 15 percent was
reached at one location at 160 psi (1.10 MPa) which is the
material ductility limit. However, correlation with
previous tests [4.3.2] shows that at stiffness
discontinuities strains may be locally amplified and the
ductility at welded seams is probably reduced [4.3.9], thus
liner rupture is predicted at calculated effective strains
of 6 percent to 8 percent.

Predicted Failure Liner tearing at the connection of the liner to the wall-
Mode basemat juncture knuckle. Liner tearing mechanism is
triggered by basemat bending failure.

Predicted Failure Between 140 and 150 psi (0.9 to 1.03 MPa).
Pressure

local areas near the hatches and the penetrations sustain maximum principal
strains ranging from 3 percent to 6 percent. If leakage is delayed at the
basemat juncture, failure is predicted at the 3 o'clock or 9 o'clock
position in the 1/16" (1.59 mm) liner material next to the 3/16" (4.76 mm)
reinforced liner around a penetration. The penetrations are ranked from
highest failure potential to lowest as follows: the 8" constrained
penetrations, 4" pressure nozzle connection, Equipment Hatch A, Equipment
Hatch B, personnel airlocks at 90° and 270°, respectively, and finally, the
small penetrations.

4.3.2 Introduction and Scope of Work

This report describes analyses performed for the SNL 1:6 Scale Reinforced
Concrete Containment Model, using methods developed by ANATECH as part of
EPRI sponsored research to predict the overpressure behavior of concrete
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containments. As one of the many pretest analysis teams, we have followed
guidelines set forth by SNL regarding the content and organization of this
report. Thus, we begin by describing in Section 4.3.3 the analytical
approach, including finite element modeling, material representation,
loading and boundary conditions. In Sections 4.3.4 and 4.3.5 we present the
results of two- and three-dimensional analyses, respectively. The 2-D
analyses were carried out in r-z and r-6 geometries to make specific
predictions of the parts of the response that are predominantly two-
dimensional. Detailed discussion of the results are presented in Section
4.3.6, and conclusions are given in Section 4.3.7. Many specific
illustrations are included in the main text as supporting material, but the
bulk of the analysis results are in the form of standardized plots, as
requested by SNL, and are included in Appendix A.

The scope of this phase of the current research encompasses the application
of analysis tools that have been developed in the past few years [4.3.1] to
the response analysis and failure prediction of the 1:6 Scale Model. Prior
to the present work, these tools have been used for the analysis of
prototypical reinforced and prestressed concrete containments [4.3.2] and
structural specimens. The present analysis is the first application of
these techniques to an as-built containment model structure.

Pretest predictions of containment structural response require very detailed
calculations for many discontinuity regions. However, because of
computational Timitations, it is impossible to calculate an accurate
response at all of the points of strain concentration in a single model.
Therefore, it was necessary to perform scoping analyses to identify high
strain locations which were then analyzed in greater detail in separate 3-D
models. This required the development of & 3-D concrete constitutive model,
the implementation of this model in the ABAQUS code, and the development of
extensive pre- and postprocessing capabilities to handle the large volume of
output data generated. The computations were carried out on a VAX 11/750.
It is significant to point out that the computer run times were measured in
days and weeks, which was important in choosing grid sizes, optimizing
solution wave fronts and selecting load steps.

The familiar notion that concrete containments leak before they burst
catastrophically under excess pressure will soon be put to the test in the
1:6 scale model. This failure mode is caused by localized dislocation
motion near stiffness discontinuities and at major cracks. Liner concrete
interaction in the presence of positive anchorage is the primary mechanism
of this failure mode. As will be shown in this report, the present analysis
identifies a number of such mechanisms in the 1:6 scale model, particularly
in the wall-basemat juncture area where liner connection, liner-welded stud
anchorage design, and basemat bottom reinforcing design play major roles in
the failure of the structure.

4.3.3 Analytical Approach

Under extreme loading conditions resulting from overpressure, concrete
containment buildings become tension structures and develop numerous
discontinuities that are potential leakage locations. To accurately predict
this type of behavior and related failure modes it is essential that
concrete constitutive behavior be accurately modeled and that an analysis
methodology is used which has been experimentally verified for similar
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engineering structures. This section describes the analysis approach used
for the 1:6 scale model.

4.3.3.1 Computer Code and Analysis Options Invoked

ABAQUS-EPGEN, version 4-5-171 released in July 1985 [4.3.3], was used for
all of the analyses described herein. ABAQUS-EPGEN is a well-established
general purpose finite element code and provides extensive modeling
capabilities for a very large class of engineering structures subjected to
static or dynamic loadings. The code can treat material nonlinearities and
large displacement/ large strain geometric nonlinearities. A constitutive
model for concrete was developed and implemented for use with the code
[4.3.2] as part of EPRI's containment research program. The code and the
constitutive model have been applied extensively to reinforced and
prestressed concrete containment structures and full scale structural
specimen tests. As a part of its concrete analysis capabilities, the code
includes an extensive user-oriented input scheme to permit the convenient
utilization of concrete structural modeling. This is described in detail in
Reference [4.3.3]. The two most helpful user features for these problems
are the option to call a user written SUBROUTINE UMAT for a user supplied
general constitutive model and the provision for a rebar sub-element, which
allows the definition of a concrete element with rebars positioned anywhere
in the element. Small displacement theory was used throughout the analyses,
j.e., no geometric nonlinearities were included. The UMAT constitutive
model developed by ANATECH is described later in this section.

Varying loads and varying displacement boundary conditions were applied.
Load increments are fixed by the user and can be changed in a RESTART run.
The number of iteration cycles performed at each load increment to handle
material nonlinearities is preset by the user. For the current analyses,
the number of cycles was set by trial-and-error based on experience in
performing dozens of analyses with similar geometries. Selecting this
parameter is very important for this type of analysis as a means of
conserving computation time.

Solution convergence measure in ABAQUS is a force-based criterion and is
controlled by a user specified residual force tolerance. It should be
noted, however, that in concrete analysis, failure to meet the ABAQUS force
convergence criterion does not necessarily imply inaccurate solution. Large
force residuals are attributed to the fact that in partially cracked
elements the stresses are discontinuocus as are the nodal point forces which
are computed from the element stresses; however, the displacement field is
continuous. Thus a more appropriate convergence measure for concrete
analysis would be a displacement-based criterion which is not available in
ABAQUS rather than a force-based criterion. Therefore, we relied on
experience and other checks which were routinely made to ensure solution
quality. For example, overall equilibrium must be satisfied by ensuring
that the sum of the external loads and reaction forces on the structure is
zero or small. Another check which becomes intuitive after performing many
such analyses is that if load increments are too large or the solution is
divergent, force residuals grow without bound on subsequent iterations
within the same load increment. If this situation occurs it shows up
immediately and can usually be traced to a grid error or excessively large
load steps.
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The ABAQUS solution algorithm to solve the nonlinear equations is a full
Newton method where the stiffness matrix and the unbalanced forces are
recalculated at the end of every iteration. Generally, a minimum of three
iterations were used in each load step.

4.3.3.2 Material Properties and Constitutive Modeling

Material properties for all the analyses are consistent with the
standardized properties provided by SNL. Steel properties were modeled with
ABAQUS isotropic material with the stress-strain data points identical to
the tables provided by SNL in [4.3.10]; #4 bar properties reported by SNL
were used for all rebars. Nominal rebar sizes and liner thicknesses were
used as follows.

#3 bars: Area = 0.110 1n2 (71 mmz)

#4 bars: Area 0.200 in% (129 mm?)
#5 bars: Area = 0.310 in® (200 mm?)
#6 bars: Area = 0.440 in? (284 mm?)
1/16" Liner: Thickness = 0.0625 in (1.59 mm)
3/16" Liner: Thickness = 0.188 in (4.78 mm)
1/12" Liner: Thickness = 0.0833 in (2.12 mm)

The same concrete cracking model and cracking properties used in previous
containment analyses were used in the 1:6 scale model! analysis. A concrete
constitutive model with modified Drucker-Prager yield surface was
incorporated in the latest version of the user routine UMAT developed by
ANATECH. Detailed descriptions of earlier versions of UMAT may be found in
[4.3.2] and [4.3.4]. The cracking algorithms of the current UMAT are the
same as in earlier versions. The newer version includes compressive
plasticity as well as creep and aging capabilities; however, no creep or
aging was used for the 1:6 scale model. Detailed description of UMAT is
beyond the scope of this report, but it is appropriate to describe a few of
its main features as they pertain to the present analysis. The plain
concrete model accounts for compressive plasticity and tensile cracking
(i.e., cracking smeared over the integration points) with post-cracking
shear retention [4.3.5]. For the 1:6 scale mode]l the shear retention term
is quite important, especially in the local region of the base of the
cylinder where large shear transfer occurs coupled with major cracking.
However, tension stiffening which is included in some cracking models
[4.3.5] seems to be of little importance because containment structures are
practically pure tension structures; after cracking, the effective tension
carrying area in a typical wall section immediately drops to the area of the
steel elements. Consequently, the strain in the wall across a crack
immediately jumps by an order of magnitude, making any reasonable level of
tension stiffening negligible. The ABAQUS-EPGEN code interfaces to UMAT in
the following manner. During any load increment (i.e., an equilibrium
iteration), the code passes to the subroutine: the total stresses at the
end of the previous increment, on—l; the total strains at the end of the

previous increment, ¢ the incremental strains in the current increment,

n-1°
Aen (these are always zero at the start of an increment); the cracking

status variables at the end of the previous increment; and general control
information such as time, temperature, material properties, etc. The
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subroutine then computes and passes back to the main code: the total

stresses at the current state, Ops and the current cracking status

variables.

For the 1:6 scale model the concrete tensile properties input to UMAT are:
E = 4800 ksi (33100 MPa)
Poisson's Ratio = 0.2
Ultimate Tensile Strength
Ultimate Cracking Strain

= 500 psi (3.45 MPa)

= 104 microns

Two distinct models for compressive plasticity were used. A compressive
plasticity model with no strain softening was used for all of the 2-D
scoping studies and the final axisymmetric and r-8 analyses. When the 3-D
analysis series was started a stress—strain curve with strain softening was
introduced. In the non-softening model, the rising portion of the SNL
standard curve was matched, but the stress remained at ultimate for larger
strains. In the second model, the total curve was matched fairly well
except that the UMAT curve is a parametric equation rather than a sequence
of line segments; thus, the SNL curve could not be matched precisely.
However, the differences between the two curves are small, and they occur at
very high strain levels which are of 1little interest in the present
analysis. Compressive stress strain plots of the various curves mentioned
above are shown in Figure 4.3.1. The curve labeled "6-MONTH UNIAX TEST" is
taken from one of the typical uniaxial tests sent out by SNL in October.

The curve marked "UMAT OUTPUT" is stress results for a strain controlled 3-D
continuum element test problem.

The differences in the compressive modeling have little or no effect on the
model response except for a small region at the base of the cylinder and at
the center of the basemat where concrete crushing occurred. However, at
these locations, concrete crushing affects the model's response at high
pressures where the formation of plastic moment hinges at these two
locations triggered significant basemat 1iftoff. This phenomenon will be
addressed in detail in later sections.

4.3.3.3 Rebar Modeling

As mentioned earlier, all reinforcement was modeled using the ABAQUS REBAR
sub—element, which superimposes rebar stiffness onto an existing concrete
element, while taking into account the rebar position and orientation within
the element. The advantage of these sub-elements is that user input is
retatively straightforward (although rather labor intensive in 3-D
elements). The resulting stiffness contribution of the bar is similar to
that of adding a truss element. To facilitate generation of rebars in 3-D
elements, a FORTRAN program called REGEN was developed. The program, with
relatively simple free format input, allows the spatial generation of
arbitrary rebar lines and areas or surfaces, then plots the bars as they are
generated, and searches an ABAQUS input deck with nodal point coordinates
and etement connectivities to find which elements contain bar segments. By
calculating element face intersection points and angles, it generates ABAQUS
*REBAR input.
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4.3.3.4 Analysis Series Outline

This subsection outlines the analysis series used to develop comprehensive
pretest predictions for the 1:6 scale model. The analysis strategy is
described as follows: (a) conduct global axisymmetric analyses to identify
points of liner strain concentration and to develop a parent grid to be used
for later local effects analyses; (b) select which local effects are most
critical and analyze separately with a series of two-dimensional detailed
analyses in r-z and r-6 geometries; (c) select the most Tikely failure
locations from (b) and analyze in 3-D. The analyses which were conducted
are listed in the Table 4.3.2 in chronological order of their completion.

The 2-D analysis series was aimed at identifying and ranking possible
failure modes and leakage locations, estimating failure pressure levels, and
preparing for the final 3-D analysis series. Many factors infiuenced the
planning of the 3-D series. First, it was felt that the basemat and wall-
basemat juncture were modeled very accurately with the axisymmetric
analyses. The main response component that had not been determined with
certainty by the 2-D analyses was the interaction between hoop and
meridional deformations around the hatches. For these reasons, the basemat
was left out of the 3-D series. Grid size was determined in a trade-off
between cost and accuracy. A 90° quarter model geometry was chosen. The
1:6 scale model quadrant which contained the highest failure potential
penetrations based on the 2-D analyses was from 270° to 0°. This segment
contained Equipment Hatch A, an 8" constrained penetration, the 4" pressure
nozzle and the 270° personnel airlock. The 90° global model was planned to
be relatively coarse to provide displacement boundary conditions for the
more refined models of the hatch and penetration regions.

4.3.4 2-D Analyses
4.3.4.1 Axisymmetric Analysis

The current analysis series was begun with a brief global axisymmetric grid
convergence study to investigate the tradeoffs between accuracy, modeling
complexity and computation time. This study produced what is deemed to be a
reliable global grid that could be used as a parent grid in which to embed
various local effects grid refinements; however, study of grid convergence
was not exhaustive. The third grid of this study, C3, is shown in a
deformed grid plot at p=100 psi (.69 MPa) in Figure 4.3.2. The analysis was
carried out to p=140 psi (.97 MPa). The evolution of the model behavior as
pressure increases is shown graphically in Figures 4.3.3 through 4.3.5,
which display liner strain profiles meridionally at increasing pressures.

In these figures, strains are plotted versus position with positive and
negative values shown on either side of the dashed 1ine (dashed line is
zero). No scale is given, but the highest strain on the plot is given so
that other strains may be relatively scaled. In the present discussion, the
terms "hoop cracking” and "meridional cracking" are used to refer
respectively to cracks caused by the hoop strain and the principal strain in
the r-z plane.

Meridional bending locations are very pronounced in Figure 4.3.3. At 60 psi
(0.41 MPa), after hoop cracking but before general meridional cracking, most
of the meridional liner strains are small while the strain just above the
wall-basemat juncture is already half of the uniaxial yield strain.
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Code

C1

C2

C3

C3HA

C3HB

C4

caB
cac
cs
c3P
CRTA
CRTPA
€3-D
C3-DHA
C3-DPN

C3-DPN
C3-DHB

Table 4.3.2 Outline of Analysis Series

Description

First of global axisymmetric grid convergence study. Very coarse
grid, 40 concrete 8-node continuum elements, 21 liner 3-node shell
elements.

Second of global axisymmetric grid convergence study. 86 concrete
8-node continuum elements, 46 liner 3-node shell elements.

Third of global axisymmetric grid convergence study. Grid deemed
accurate for global results. Still needs refinement at wall-
basemat juncture. 200 concrete 8-node continuum elements, 58
liner 3-node shell elements.

C3 global grid with Equipment Hatch A added. Axisymmetric shell
wall is continuous through hatch. Thickened shell and hatch
elements modeled with plane stress elements and beam elements.
Same as C3HA but with hatch B geometry.

C3 global grid but greatly refined at wall-basemat juncture.
Total of approximately 450 8-node continuum concrete elements, 50
3-node tiner shell elements, and 50 8-node liner continuum
elements at juncture to better resolve liner bending.

Same as C4 with added refinement at liner knuckle including
"singularity" element at liner-knuckle seam weld.

Restart of C4B at 140 psi allowing knuckle to tear off of backing
bar.

C3 global grid with refinement at springline to study liner
deformation there.

C3 global grid with 8" constrained penetration plus 4" pressure
nozzle connection.

Containment r-6 Run A; 180° r-# slice modeling equipment hatch A,
B, and the constrained penetration. Model has plane stress
geometry with 264" (6.71 m) out-of-plane thickness.

r-6 analysis with both personnel airlocks; plane stress geometry.
3-D analysis of 90° segment of wall/dome.

3-D anatlysis of equipment Hatch A.

3-D analysis of constrained pipe penetration.

3-D analysis of pressure nozzle connection.

3-D analysis of Equipment Hatch B.
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Significant bending also occurs a few feet above the basemat juncture and at
the springline. At 100 psi (.69 MPa), the cylinder wall is cracked
meridionally over most of its length. At 140 psi (.97 MPa) when significant
basemat 1iftoff begins to develop, a sharp peak in strain occurs at the
wall/basemat juncture. The basemat 1iftoff phenomenon is discussed in
detail in Section 4.3.6.2. Figure 4.3.4 and 4.3.5 show similar progression
of hoop strain. Initial hoop cracking develops in the model between 45 and
50 psi (.31 and .34 MPa), and it occurs at the cylinder midheight. This is
illustrated in Figure 4.3.4 at 50 psi (.34 MPa) where the larger liner hoop
strains occur where the concrete is cracked. At 60 psi (.41 MPa) the
cylinder is entirely hoop-cracked and liner hoop strain up the wall is
relatively constant. At 80 psi (.55 MPa) the dome begins to show hoop
cracking starting at the springline and moving up, and at 100 psi (.69 MPa),
the entire model superstructure is cracked in the hoop and meridional
directions. At 140 psi (.97 MPa), liner hoop strain again increases
disproportionately at the cylinder midheight marking the onset of hoop rebar
yielding there.

It was observed from these and similar analyses from previous research that
the foundation pressure distribution on the bottom of the basemat plays a
significant role in driving the section moments in the basemat and in the
wall at the wall-basemat juncture. The basemat-soil interface was modeled
using nonlinear no-tension springs. Relatively stiff spring constants were
calculated in proportion to the tributary area at each node: approximately

7780 1bs/inZ/in (2110 MN/m3). This represents a foundation material
directly under the basemat that displaces 0.001 inches (.025 mm) under the
entire structure dead load of approximately 550,000 1bs (2.45 MN). This
spring stiffness was chosen somewhat arbitrarily and is significantly
stiffer than the soil spring constant field measurements provided by SNL.
However, since the foundation support seen by the containment basemat is
actually the lower concrete foundation mat which in turn interacts with the
soil, the foundation stiffness seen by the containment basemat would be
stiffer than is indicated by the field soil measurements, thus the stiff-
spring approximation was made. The stiffness is zero in the tensile
direction, which is a reasonable approximation since the drawings show that
the lower foundation mat is painted with bond breaker. From past
experience, the value of the compression spring constant has little or no
effect on the contact pattern of the bottom of the basemat as long as the
springs are distributed in proportion to area. The important feature is to
allow 1iftoff to occur so that foundation pressures are redistributed
according to the contact pattern.

4.3.4.2 Penetration Analyses

Once a framework for the containment response was established by the C3
analysis, penetrations were added to the C3 grid as plane stress elements
superimposed on the axisymmetric grid. Thus, the plane stress substructure
offered no hoop constraints to the axisymmetric wall. However, the
resistance to local punching shear is not correctly modeled. This type of
behavior can be studied only in a 3-D analysis.

Separate axisymmetric studies of this type were performed for Equipment

Hatch A, Equipment Hatch B, the personnel airtocks, an 8" constrained
penetration, and the 4" pressure nozzle. The concrete was modeled with
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axisymmetric 8-node quadrilaterals, and plane stress quads were used for the
embossed regions. The liner was modeled with 2—- and 3-node axisymmetric
shells, and the local steel shell portions of each penetration were modeled
with beam elements. A deformed grid plot at 120 psi (.83 MPa) is shown for
Equipment Hatch A in Figure 4.3.6. In this model the hatch moves along with
the shell wall and does not significantly affect the global structural
response. The hatch moves out only slightly less than the rest of the wall.
Local liner strain concentrations exist near the hatch, and the concrete at
the wall-boss boundary is subjected to more shearing stresses than the rest
of the cylinder shell. The behavior of Hatch B is similar except that the
peak liner strains were higher for Hatch A than for Hatch B. The primary
difference in behavior between the two hatches is the fact that for Hatch B
there is less bending across the wall thickness because the "wall-boss"
consists of added material inside and outside of the cylinder wall. 1In
Hatch A, the cylinder wall has extra stiffness on the outside, thus causing
higher bending at points labeled 1 and 2 in Figure 4.3.6, and consequently
higher failure potential because of the higher liner strains. Similar
results were obtained for the personnel airlocks embedded in the
axisymmetric grid. The 90° personnel airlock caused higher strain
concentrations then the 270° airlock, because the 270° airlock is much more
flexible. However, the 270° airlock is subject to greater ovalization,
which will be addressed in the 3-D discussion.

For the 8" diameter constrained penetration and the 4" diameter test
pressure nozzle, the purpose of the analysis was to evaluate the effects of
the penetration discontinuity on the axisymmetric behavior. The tie rod for
the 8" constrained penetration was modelled using a single 2-node beam
element with the area of a #2 bar that extended from the penetration over to
the symmetry axis, where it was restrained with a roller boundary condition
against horizontal motion. In 2-D, the results of these analyses showed the
disturbance to the structural system caused by these penetrations to be
minimal. However, when 3-D effects are included, high Tocal liner strains
develop next to the thickened portion of the liner around these
penetrations, as previous studies [4.3.7] have shown, which makes these
location candidates for premature liner tearing. These penetrations are re-
examined in the 3-D analysis discussion.

A1l of the axisymmetric analyses showed high concentrations of strain at the
springline juncture. This concentration was generally not as high as that
at the wall-basemat juncture, but nearly so, thus warranting further
investigation. In addition, a liner rupture at the springline leads to a
more direct leakage than a rupture at the basemat juncture because all of
the concrete wall is in tension at the springline, whereas at the juncture,
a small compression exists on the outside of the wall. Therefore, the C5
grid, which includes additional refinement at the springline juncture, was
developed. Structural features at the springline which may cause large
local strains include: transition from the cylindrical stiffness to the
higher dome stiffness, a gradual reduction in concrete thickness by 2-3/4"
(69.9 mm), and an abrupt change in liner thickness from 1/16" (1.59 mm) in
the cylinder to 1/12" (2.12 mm) in the dome. Moreover, this abrupt
thickness change is accomplished with a field welded seam at the springline
causing a possible crack initiation location at high strains. Refinements
of the previous C3 grid include the addition of 22 extra rows of concrete
elements near the springline and the use of 8-node continuum elements to
model the liner in this region. These changes improved the modeling of the
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liner's bending behavior and showed more severe strain concentrations than
those predicted when the 1iner was modeled with shell elements.

It is convenient to classify structural response and modes of deformation as
primarily related to either meridional action or hoop action. For the wall
basemat juncture or the springline strain concentration, hoop response is of
secondary interest. However, for most of the penetrations, hoop response is
the most important, especially at the belt 1ine of the cylinder wall. Here
hoop strains are roughly twice the meridional strains, and strain
concentrations develop earlier because of much earlier hoop cracking.
Ovalization of the penetrations, which affects seal tightness, is influenced
by the relative magnitudes of hoop and meridional cracking. These effects
require modeling of the interaction between meridional and hoop deformations
which is impossible to do in a two-dimensional analysis. However, by
examining the meridional (r-z geometry) behavior and the hoop (r-6 geometry)
behavior separately, significant insight was gained into the final failure
analysis of the hatch and penetration local effects.

Several plane stress r-8 slice models were analyzed in which plane stress
and beam elements were used. The hatch elements out of plane thicknesses
ranged from 30" to 60" (762 to 1524 mm), while the remaining elements were
264" (6.71 m) thick which is the height of the 1:6 scale model cylinder. A
deformed grid plot at 100 psi (.69 MPa) is shown in Figure 4.3.7 with
enlarged views of the hatch regions. Earlier in the analysis, at 40 psi
(.28 MPa), both hatches bulged out more than the rest of the shell, acting
as rigid "plugs", but after all hoop cracking occurred, the shell moved out
further. Note that the 8" constrained penetration and the tie rod have
1ittle effect on the overall response. At 100 psi (.69 MPa), significant
local distortion occurs around the hatches. The hatch covers appear to be
severely deformed, but this has no effect on the response quantities of
interest; plane stress representation of the hatch covers greatly
underestimates their stiffness. The maximum liner hoop strain at the end of
the analysis (120 psi, .83 MPa) was about 0.9 percent next to Hatch A and
0.7 percent next to Hatch B. A similar 180° r-# grid was analyzed with the
90° and 270° personnel airlocks in place of the hatches, and this produced
similar results. The peak strains next to the airlocks were generally lower
than next to the hatches; the 90° airlock, with two heavily stiffened
interior plates, showed the highest strains of the two airlocks.

4.3.4.3 Detailed Results of Final Axisymmetric Analysis

Two axisymmetric analyses were performed to focus on the behavior at the
wall-basemat juncture region. The reasons for this further study were to
achieve better modeling of the severe strain concentrations at the liner
knuckle welds in an attempt to establish failure criteria for these points
and to get a more accurate representation of the liner—-concrete interface.

A closeup view of the C4B juncture region containing the grid refinements is
shown in Figure 4.3.8. These grid refinements are further illustrated in
the schematic which shows the contact springs. The surfaces marked "contact
springs" have ABAQUS nonlinear springs between nodes perpendicular to the
surface with large spring constants for relative movement of the surfaces
toward each other and zero spring constants for movement of the surfaces
away from each other. The surfaces marked "stud interface springs" have
nonlinear springs parallel to the surface for shear resistance and
perpendicular to the surface for pullout resistance. The spacing and
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magnitude of these springs accurately model the studs in the 1:6 scale
model. Stud spring constants are representative of the stud shear and
pullout test data provided by SNL [4.3.8]. Other forms of interface models
were attempted based on previous research [4.3.1], but the modeling scheme
arrived at here produced the most consistent results.

Figure 4.3.8 shows the added grid refinement near the knuckle-liner welds
for predicting possible tearing. The construction configuration at the weld
on the lower edge of the knuckle to the basemat liner is such that a sharp
notch exists at the corner of the knuckle and the 2"x1" (51 mm x 25 mm)
steel backing bar. This, combined with the fact that field weld uniformity
is more difficult to control make this point a candidate for tearing. The
upper weld, on the other hand, is a shop weld. Treating the notch as a
flaw, singularity elements were placed as shown in the figure, with all 5
adjacent midside nodes moved to the element side quarter points.

A closeup of the deformed juncture region at 140 psi (.97 MPa) with
displacements magnified by 5 is shown at the top of Figure 4.3.9. At this
stage, the mechanism for eventual failure has begun, and at 150 psi (1.03
MPa) the deformation pattern looks similar but larger in magnitude. The
liner peeled away from the concrete wall for the first one inch above the
knuckle (as shown in the figure), which indicates a possible pullout of the
first row of welded studs above the knuckle.

The high strains at the edges of the knuckle prompted two different
treatments of the analysis in the pressure range of 140 to 160 psi (.97 to
1.10 MPa). In the first, the analysis was restarted without change and
continued to 160 psi (1.10 MPa). At 140 psi (.97 MPa), the strains near the
singularity node indicate the possibility of liner failure either by tearing
off the backing bar or by rupture in the liner material. At the same
pressure, strains at the top of the knuckle were of similar magnitude. 1In
order to further investigate the bottom of the knuckle, the analysis was
restarted for the second time from 140 psi (.97 MPa) using the ABAQUS *MODEL
CHANGE command to detach the liner from the backing bar and let the knuckle
1ift up by removing three small elements on the top of the backing bar.

This was named analysis C4C. *MODEL CHANGE was invoked gradually between
140 and 152 psi (.97 and 1.05 MPa) and then remained in effect until 160 psi
(1.10 MPa). This simulates the 1:6 scale model liner knuckle breaking off
of the backing bar. The effect on displacements of tearing away from the
backing bar is to allow a net upward movement of the cylinder liner, thus
relaxing the stress at the liner-knucklie juncture. When this occurred,
liner strains near the weld leveled off; whereas when the knuckle stayed in
contact (C4B), strains continued to rise sharply. It should be noted that
failure in the manner of C4C without at least partial tearing of the liner-
knuckle weld is unlikely. Figure 4.3.9 also shows the liner strain profile
for C4B. The dashed line is bottom or "concrete-side" integration point
strain and the solid line is top or "pressure-side" integration point
strain. Strains elsewhere in the structure are similar to previous
analyses. Between 140 and 160 psi (0.97 and 1.10 MPa), C4B strains at the
bottom knuckle weld grow very rapidly, probably representing a failure
mechanism — the meridional strains grow from 3.6 percent to 9.0 percent (Von
Mises effective strains of 6 percent to 16 percent). However, in C4C, once
the liner is released from the backing bar, strains level off. The
rationale for allowing the knuckle to tear away from the backing bar at a
Von Mises strain of 6 percent is supported by literature [4.3.9], which
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shows that in the embrittled zone around a steel weldment, ductility is
sometimes significantly reduced. As mentioned before, it is also likely
that tearing through the liner at the top or bottom of the knuckle would
occur at this load level instead of only tearing off of the backing bar, but
since this constitutes failure of the pressure retaining system, no post-
tearing analysis was necessary for that scenario.

The conclusions which can be drawn from these analyses are: (1) if
premature liner failure does not occur near a penetration (discussed later
in this report) or at a weak seam elsewhere in the structure, liner failure
will first occur at the edge of the knuckle between a pressure load of 140
and 150 psi (0.97 and 1.03 MPa); and (2) failure of this type will be by
tearing at the weld between the knuckle and the basemat liner or at the weld
between the top of the knuckle and the cylinder liner.

4.3.5 3-D Analyses

As discussed in the preceding section, the main response component that is
lacking in the 2-D analyses is the interaction between hoop and meridional
deformations around the hatches and penetrations. The basemat and wall-
basemat juncture were modeled reasonably accurately by axisymmetric analysis
and were excluded from further 3-D analysis. The following analysis was
implemented:

1. Analyze a 90° wall/dome model which contains portions of the structure
that are of most interest and highest failure potential. The cut at the
base of the wall is driven by displacement boundary conditions generated
in the most detailed of the axisymmetric analyses (C4B).

2. Extract nodal displacements along faces and cuts around penetrations and
hatches to develop displacement boundary conditions for local 3-D runs
with smaller grids.

3. Analyze local models with more refinement to determine maximum liner
strains and failure mechanisms.

From the 2-D analyses, the 1:6 scale model quadrant which contained the most
critical penetrations is from 270° to 0°. The model contains equipment
hatch A, an 8" constrained penetration, the 4" pressure nozzie, and the 270°
personnel airlock. Strain concentrations will probably be higher next to
the 90° airlock, but the 270° airlock is most susceptible to ovalization and
is therefore included in the model. The local models originally planned
were equipment hatch A, the 8" constrained penetration and the 4" pressure
nozzle because these rank highest in liner failure potential. However,
based on the request for standardized predictions from SNL, detailed
information at hatch B is requested, so a local model of hatch B was also
developed and analyzed for the same boundary conditions as hatch A.

The results of the 3-D analyses provide much needed 3-D information such as
displacement gradients and severe dimpling near the hatches, hatch
ovalization, effect of local details in rebar patterns which go around the
hatches and penetrations, and triaxial liner strains and strain gradients.
All of the results in the area of hatches and penetrations which are
presented in this report, including those listed in the SNL set of
standardized predictions, are taken from the 3-D analyses.
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4.3.5.1 Global 3-D Quarter-Model Analysis

The computational grid for the 90° wall/dome quarter model is illustrated in
Figure 4.3.10. The grid in the giobal regions away from the hatches is
relatively coarse but is considered adequate for capturing the displacement
behavior of the 1:6 scale model. Twenty-node continuum elements with
reduced (2x2x2) integration were used for all of the concrete, and 8-node
shell elements with 5 point integration through the thickness were used for
all of the liner plate and hatch steel. Discretization of the grid is
actually better than it appears in Figure 4.3.10 because this figure does
not plot the midside nodes which allow each element to have curved sides
(midside nodes are not plotted with the current "hidden line" plotter). One
concrete element is used through the thickness, because in the past, the 20-
node elements have demonstrated excellent bending capability, and the
results along the meridional plane 6 = 315° compare well with axisymmetric
analysis where three second order elements through the thickness were used.
A total of 218 C3D20R concrete elements and 428 S8R liner plate and steel
hatch elements were used. A total of 2365 nodes were used, with 14,190
degrees of freedom.

Figure 4.3.10 shows a grid refinement transition of 2:1 at the rectilinear
boundaries of the hatch regions. Full model compatibility was achieved at
these boundaries through the use of ABAQUS multipoint constraint or *MPC
commands. The dome apex was not collapsed to a single point but to a small
radius because a 15-node wedge was not available. Along 6 — 270° and 8 =
0°, symmetry boundary conditions were imposed.

The model is cut near the bottom of the wall at the 1:6 scale model
elevation of z = 3'3", which is 13 inches (.33 m) above the top of the wall-
basemat knuckle. This cut excludes the critical shear and bending moment
zone at the juncture but includes the significant sloping of the shell wall.
Investigation of an axisymmetric run without hatches (C4B) and axisymmetric
runs with a hatch (C3HA, etc.) revealed that the boundary displacements at
this elevation varied between runs by no more than 2 percent. Therefore, it
was deemed sufficient to apply bottom face boundary conditions that were
constant with 6. The boundary conditions vary significantly at the three
nodes through the thickness, as is evident in the deformed shape plots
presented later in this section. The x and y components of displacements
were generated so that their vector sum always added up to the same radial
component. Pressure was applied to all inside surfaces including hatch
sleeves and end caps. Some, but not all, rebar layers in the model are
shown in Figure 4.3.11. A1l rebars were modeled using ABAQUS *REBAR sub-
elements and automatic generation using the FORTRAN program described in
Section 4.3.3. For the 3-D quarter model, 3168 rebar sub-elements were
generated.

The load stepping history was made coarser then the typical axisymmetric
analyses by approximately a factor of 2. This load stepping was selected by
trial and error within reasonable computation time limits, giving careful
consideration to solution accuracy, concrete cracking, steel plasticity, and
force residuals. Based on the axisymmetric analyses, between 140 and 150
psi (.97 and 1.03 MPa) a deformation mechanism will be reached involving
basemat 1iftoff and liner tearing, with almost certain test
depressurization; thus, the analysis was stopped at 148 psi (1.02 MPa).

Many of SNL's requested standardized plots are freeze-in-time profiles,
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requested at 100, 150, and 200 psi (.69, 1.03 and 1.38 MPa). Therefore, in
general, ANATECH will be reporting the first two of these requested curves.

In addition to providing displacement boundary conditions for the finer
local 3-D analyses, the 3-D quarter model shows interesting global results.
Several deformed grid plots are shown in Figures 4.3.12 and 4.3.13.
Displacement magnifications are given in the captions for each figure. The
left plot of Figure 4.3.12 shows the liner and hatches, without concrete,
for clarity. The shell wall rotation at the base is similar to the
axisymmetric analysis because of the 2-D imposed boundary conditions at the
bottom edge. Further up, however, both hatches behave as rigid inclusions
in the shell wall. The dimpling which can be observed around the hatches
intensifies Tiner strain concentrations near the hatches, resulting in much
higher strain in 3-D than in 2-D. The radial displacement pattern at the
beltline of the cylinder wall (in line with the hatches) is much different
than that at the springline. This is shown in the right plot of Fiqure
4.3.13 with only a few elements around the beltline plotted. Figure 4.3.13
shows three deformed slices of the 3-D grid at p = 136 psi (.94 MPa) for
270°, 315°, and 0°. These plots clearly show the difference in cylinder
radial displacement at the hatches versus the clean wall section (8 = 315°).
Both hatches behave as rigid inclusions because of the increased concrete
wall thickness and because of the high rebar density around the hatches.

Another aspect of the containment response that was impossible to capture in
2-D analysis is hatch ovalization. Figure 4.3.14 shows diametral length
change histories for the hatch A and the personnel airlock sleeves. The
diameter changes are measured across the opening at the attachment to the
liner. The curves in each plot are labeled as the diameter change from 3 to
9 o'clock and from 6 to 12 o'clock. At the end of the analysis, the ratio
between horizontal and vertical extension is 4.6 for hatch A and 2.8 for the
personnel airlock. The airlock actually expands more in proportion to its
diameter than the equipment hatch. This was anticipated due to the
construction detail used, i.e., the airlock has no stiffening plate or hatch
cover in the plane of the liner. The hatch sleeve diameter is 40" (1.02 m),
giving a maximum percentage hoop diametral change of 4.6 percent. The
airlock diameter is 20" (.51 m), giving a maximum hoop diametral change of 7
percent. This ovalization further intensifies the liner strain
concentrations near the hatches, and may provide useful data for future
evaluation of hatch covers and seals.

4.3.5.2 Local 3-D Hatch Analyses

The computational grids for the local 3-D analysis of Equipment Hatches A
and B are jllustrated in Figure 4.3.15. The liner thickness has been
exaggerated for clarity. Each plot shows a "hidden line" plot of the grid
combined with two Tayers of rebar. Not all layers of bars are shown, but in
the analyses each bar from the construction drawings was modeled, including
the multiple layers of hoop and meridional bars, seismic, "sun-ray", and
extra shear bars. In Section 4.3.4, it was shown that liner strain
concentrations were larger for the hatch A geometry than for hatch B;
therefore, hatch A was modeled in the global analysis. Because of time
limitation, a hatch B version of the global run was not analyzed. Instead,
disptacement boundary conditions from hatch A were used to drive a local
model of hatch B under the assumptions that away from the hatch the
displacement fields are not affected by hatch details. Near the edges, the
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two local grids are identical, so it is felt that this simulation of the
displacement field was good.

The primary differences in the local hatch grids and the global grid are
extra refinement near the hatch (i.e., near the liner strain concentration)
and the use of multiple layers of continuum elements to model the liner
instead of the single layer shell element which was used in the global
analysis. It was shown in Section 4.3.4 that typical liner strain
concentrations were larger and the strain gradients more refined when 2
layers of continuum elements were used to model the liner instead of a
single layer of shell elements. For the hatch A local analysis, two extra
element rows were added, which enabled the calculation of a refined strain
profile in the radially outward direction. The hatch sleeve and hatch cover
are still modeled with shell elements. For the hatch A local model, 80 20-
node continuum concrete elements, 80 20-node continuum liner elements, and
72 8-node steel shell elements were used; for hatch B, 144 20-node continuum
concrete elements, 152 20-node continuum steel liner elements, and 112 8-
node shell hatch elements were used. A quarter symmetry was selected for
the hatches to keep the problem of manageable size. From examining the 3-D
global model results, the hatch response is nearly symmetric about the 3
o'clock line of the hatch, so the quarter-symmetry model approximation is
justified.

Results of the local Equipment Hatch analyses provide detailed information
about the strain field around the hatches which could not be accomplished
with the coarse global model. Due to space limitations, deformed grid plots
and other graphical results are not included here. Examination of deformed
grids and other data gives evidence of the cause of the high liner strains
in the first 20 inches (.51 m) out from the hatches, particularly Hatch A.
Not only does the liner change thickness from 3/16" to 1/16" (4.76 to 1.59
mm), but the hatch inclusion causes a reverse in curvature of the shell
wall. This accentuates the severe liner tension and also induces small
amounts of bending which would enhance the potential for failure. Figure
4.3.16 illustrates the liner strain concentration mentioned above by showing
strain profiles moving from the edge of the hatch sleeve outward along a 3
o'clock line, a 1:30 1ine and a 12 o'clock line for both hatches. Figure
4.3.16 is taken at 150 psi (1.03 MPa). A1l strains are maximum principal
strains, but investigation of the individual directional strain components
shows that hoop strain dominates the principal strain calculation. For
Hatch A, the maximum principal strain is 3.5 percent along the 3:00 line, 7
inches (178 mm) out, which is in the first element of the 1/16" (1.59 mm)
material. In the 1:6 scale model, this is near a seam weld between the two
material thicknesses. For Hatch B, the maximum principal strain at the end
of the analysis (150 psi , 1.03 MPa) is 1.2 percent which occurs at the edge
of the embossed concrete (8 = 158°).

4.3.5.3 Local 3-D Penetration Analyses

The computational grids for the local 3-D analysis of the 4" diameter
pressure nozzle region and the 8" constrained penetration region are
illustrated in the deformed structure plots of Figure 4.3.17 (concrete
elements not shown). Both grids contain 4 layers of hoop bars, 2 layers of
meridional bars, and 2 layers of seismic bars similar to the local hatch
analyses, and the 4 inch nozzle region contains #6 shear reinforcement
extending from the basemat up several feet into the wall. Unlike the hatch
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analyses, quarter symmetry could not be used because the global quarter
model grid could not be made to line up with each penetration along vertical
and horizontal axes. In addition, the penetration response varies
significantly in the axial direction because one penetration is located near
the bottom of the wall where significant curvature and displacement gradient
take place. The response is vertically asymmetric for the pressure nozzle
because of the presence of the #6 bars mentioned above which are terminated
near the same elevation as the nozzle.

Another difference in the small penetration analyses is in the modeling of
the transition in liner thickness from the 3/16" (4.76 mm) thick portion
near the penetration to the global liner thickness of 1/16" (1.59 mm). For
the hatches this element was relatively close to the hatch, and the
transition was made by changing from 3 liner continuum eiements to 2. For
the penetrations more rows of elements were used moving radially out from
the penetrations, thus enabling the modeling of the exact thickness
transition shown on the construction drawings, i.e., changing from 3/16" to
1/16" (4.76 to 1.59 mm) at a slope of 4 in 12 or over a lateral distance of
3/8" (9.53 mm). Two liner continuum elements are used through the thickness
throughout, and the thickness transition is introduced across one element
row. Both penetration analyses use the same grid pattern and number of
elements but with different dimensions, namely, 80 20-node concrete
elements, 160 20-node liner elements, and approximately 60 8-node shell
penetration elements. Displacement boundary conditions and pressure were
applied in a manner consistent with the discussions in the previous
subsections. At the edges of the grids, displacements at nodes without one-
to—-one correspondence with global grid nodes were interpolated using second
order interpolation.

Figure 4.3.18 shows strain profiles at 150 psi {1.03 MPa) for the two
penetration grids. The top plot of each figure is a profile moving out from
the edge of the nozzle pipe along the 3:00 position, and the bottom plot is
a profile moving in the meridional direction from the bottom of the grid up
to the pipe, then with a gap across the pipe and on up to the top of the
grid. A1l strains are maximum principal strains, which are generally
dominated by the hoop component. These plots show the severe strain
concentrations near the reinforced portion of the liner at about 4 inches
(102 mm) out from the nozzle pipe and 9 inches (229 mm) out from the 8"
penetration. The maximum strain at 150 psi (1.03 MPa) is 5 percent at the
3:00 position for the 4" nozzle and 6 percent for the constrained
penetration. These strains are significantly higher than what was predicted
in the 2-D analysis. The strain concentration for the 8" penetration in the
shell wall is larger than for the nozzle. This is attributed tec a higher
global hoop strain in the 8" penetration region than in the 4" nozzle
region. In the latter case the global hoop strains are partially confined
by the proximity of the nozzle to the basemat.

4.3.6 Discussion of Results

4.3.6.1 Comparison of 2-D and 3-D Analyses

The parts of the 1:6 scale model that are predominantly axisymmetric are the
basemat and wall-basemat juncture and the dome from springline to apex. It
is shown in Section 4.3.4 and 4.3.5 that axisymmetric modeling of the
cylinder wall with embedded hatches and penetrations leads to very different
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results than 3-D modeling. Therefore, the 2-D results were used only to
rank possible failure locations rather than compute detailed strain
information. Table 4.3.3 gives comparisons of key response quantities in
the 2-D and 3-D analyses.

Table 4.3.3. Comparison of 2-D and 3-D Key Response Quantities

Quantity or Milestone Pressure 2-D Result 3-D Result
psi (MPa)
Onset of 1st Hoop Cracking - 40 psi (0.28 MPa), z=13' 45 psi (0.31 MPa),
z=13', 6=315°

Radial Displ. — Cyl. Midhgt. 150 (1.03) r-z 1.8" (46 mm) 1.3" (32 mm)

" " - Cyl. Midhgt. 120 (0.83) r-z 0.3" (7.6 mm) 0.26" (66 mm)

" " - Hatch-A 120 (0.83) r-z 0.28", r-6 0.0" 0.07" (1.8 mm)

" " — Hatch-B 120 (0.83) r-z 0.29", r-6 -0.5" 0.08" (2.0 mm)
Vertical Displ. — Dome Apex 150 (1.03) r-z 1.6" (41 mm) 1.2" (30 mm)
Max Pr. Strain — Springline 150 (1.03) r-z 0.9% 0.4% (Coarse Grid)

oo " —~ Hatch-A 100 (0.69) 0.6% 0.9%

noo " — Hatch-B 100 (0.69) 0.25% 0.4%

S " - 4" Nozzle 100 (0.69) 0.3% 1.6%

"o " — 8" Penetr. 100 (0.69) 0.3% 2.2%

noo ! - Hatch-A 150 (1.03) Not Available 3.4%

noo " -~ Hatch-B 150 (1.03) Not Available 1.2%

S " — 4" Nozzle 150 (1.03) Not Available 5.0%

e " — 8" Penetr. 150 (1.03) Not Available 6.0%

4,3.6.2 Basemat Liftoff Phenomenon

One of the dominant features of the 1:6 scale model response at high
pressure (> 120 psi, 0.83 MPa) is basemat 1iftoff. The liner strain
concentration at the wall-basemat juncture (which we regard as the most
critical failure location) seems to be partially driven by the basemat
liftoff mechanism. The 1iftoff behavior was predicted in all of the global
axisymmetric analyses, and it was discussed briefly in Section 4.3.4. The
most refined basemat model is the C4B grid which shows 1iftoff at 140 psi
(.97 MPa) in Figure 4.3.19. The progression of predicted basemat 1iftoff,
from zero 1iftoff at less than 20 psi (.14 MPa) to 1 inch (25 mm) at 140 psi
(.97 MPa), is summarized in Figure 4.3.20. The figure shows vertical upward
displacement profiles along the bottom of the basemat from the center to the
outer edge. For better visual comparisons, the logarithms of displacements
are plotted; therefore, points with negative {compressive) or zero

displacement fall on the bottom axis (10_4) of the plot. Moving out toward
the edge, as soon as the basemat is no longer in contact (i.e., 1iftoff

greater than 10—4). positive displacements are plotted. The intersection of
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each curve with the 10'4 displacement axis shows the edge of the basemat
contact pattern.

The large 1iftoff beginning at approximately 130 psi (.90 MPa) could
actually be called failure of the basemat since such large displacements (>
0.5 inches, 13 mm) for a model of 1:6 scale would represent displacements in
an actual containment that are probably larger than would be allowed for in
the engineering of the containment system. It should be noted, however,
that this is an unsupported opinion of the authors of this section. For the
1:6 scale model with no pipe or electrical systems running in and out of the
containment, it is possible for the model to survive to pressure levels 10
or 20 psi (.07 to .14 MPa) higher. However, loss of pressure to liner
rupture at the liner/knuckie connection is predicted to precede excessively
large Tiftoff displacement.

Examination of the section stresses and strains across the first and second
vertical rows of elements next to the symmetry axis of the C4B analysis
reveals that Targe 1iftoff is triggered by the yielding of the basemat
bottom reinforcement. The basemat acts as a deep slab built in at the axis
of symmetry and is acted on by distributed foundation force on the bottom
which resists the dead load, distributed downward force on the top
(pressure) and a very large concentrated upward force where the wall is
attached. The distance between this upward force and the line of action of
the pressure on the basemat causes a large moment couple. The bottom of the
basemat will be in high tension and the top will be in high compression.

The basemat bottom reinforcement consists of only #6 bars at 4 inches (102
mm) on center each way in a rectangular pattern. Not including the top
reinforcing, this represents a percentage of tension steel of only 0.24
percent on a typical radial line, which is a small tensile reinforcement
ratio. This is less than the minimum required by the ACI code for flexural
members. ACI 318-83 Section 10.5 requires Pmin = 200/fy = 0.33 percent.

Comparison can be made to basemats of prototypical reinforced containments
analyzed in [4.3.2] where a typical full scale containment basemat had a
radius of approximately 75 ft (22.9 m) and a thickness of nine ft (2.7 m)
with a three ft (0.9 m) overlay on top of the liner for a total thickness of
12 ft (3.7 m). This basemat had bottom reinforcement as follows. At a
radius greater than 30 ft (9.1 m): three radial layers of #18 bars with 12
in (.30 m) spacing and 1 hoop layer of #18 bars with 8 in (0.20 m) spacing.
Inside 30 ft (9.1 m) radius: one layer each way in a rectangular pattern at
8 in (0.20 m) spacing. This gives reinforcement ratios of 0.37 percent with
a radius less than 30 ft (9.1 m) and 0.74 percent elsewhere. The geometry
of the prototype [4.3.2] is representative of many existing containments but
is not intended to be exactly patterned after any one containment. Thus,
the 1:6 scale model is highly under-reinforced as a flexural member, yet its
fiexural response may help trigger the governing failure mode.

Additional contributions to the liftoff phenomena, although to a lesser
extent, come from the moment formation at the base of the wall, and the
compressive crushing of the concrete at the top of the basemat in the
section near the symmetry line. Neither of these effects is as great as the
loss of tensile strength in the bottom of the basemat at the symmetry line.
With regards to the first effect, at pressures greater than 130 psi (.90
MPa) as the basemat starts to 1ift up significantly, higher bending moment
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occurs across the base of the wall, and as the moment carrying capacity at
this location decreases (through concrete crushing or yielding rebar), the
structure offers less resistance to uplift. In the second effect, concrete
crushing at the top directly affects the moment carrying capacity of the
bending section at the symmetry line. In the C4B analysis, the top surface
concrete, or in beam bending terms, the extreme fiber concrete, reaches
ultimate effective stress between 135 and 140 psi (.93 and .97 MPa).

As mentioned in Section 4.3.3, all of the axisymmetric analyses utilized a
concrete compressive plasticity model with no strain softening. This
allowed the concrete to maintain its compressive strength regardless of how
much the symmetry axis bending section rotates as a plastic hinge.
Consequently, after 140 psi (.97 MPa) the 1iftoff solution was still
tractable up to 160 psi (1.10 MPa), although by this point 1iftoff reached
2.5 inches (64 mm) which is an unrealistic situation to occur without loss
of test pressure. The solution was stopped there because the liner reached
its ductility 1imit next to the basemat juncture knuckle. More recently C4B
was re—analyzed with the compressive strain softening model; the analysis
could not be continued past 140 psi (0.97 MPa) because of a divergent
solution even though load increment sizes were reduced. The source of the
divergence was loss of moment capacity next to the symmetry line as the
compressive concrete strain softened. Even though the analysis with the
strain softening model failed between 135 and 140 psi (.93 and .97 MPa), the
other results are still useful for ranking failure locations. The strain
softening model gives even stronger evidence that basemat failure may
dominate the model failure.

4.3.6.3 Liner Anchorage

Based on the detailed analyses described herein, the mechanism that will
most likely lead to depressurization is liner tearing at the liner—knuckle
connection of the wall-basemat juncture. This failure mode, discussed in
detail in Section 4.3.4.3, is linked to basemat 1iftoff, discussed in
Section 4.3.6.2. However, a structural component that controls when and
where the liner will fail in this region is liner anchorage. The effect of
mechanical bonding of the liner to the concrete has been the subject of much
analytical and experimental research [4.3.1, 4.3.2], which has shown that
substantial local liner strains can occur across a dislocation crack because
of the effectiveness of liner anchorage. For example, for a containment
wall specimen prototype in [4.3.2], it was shown that a 0.4" (10 mm)
dislocation motion in the region of a stiffness discontinuity caused a liner
strain well above the liner rupture limit, while the same dislocation
produced a maximum rebar strain of only 0.75 percent. Much of the research
of the effects of liner anchorage has been for prestressed containments
which utilize welded angles and channels for anchorage. However, a full
scale specimen of a section of reinforced concrete containment wall with
large pipe penetration was recently tested [4.3.11], which demonstrated the
effectiveness of welded stud anchorage. Effective stud anchorage in typical
containments can be partially attributed to the common design practice of
extending the studs beyond the innermost layers of main wall reinforcing.

In the case of the 1:6 scale model at the juncture region, anchorage is
provided by 0.148" diameter x 0.5" long (3.8 x 12.7 mm) welded studs spaced
in a 2"x2" (51 mm x 51 mm) grid pattern starting at elevation z=2'2" or 0.81
inches (20.6 mm) above the top of the knuckle. The first layer of rebars is
located 1-1/2 inches (38.1 mm) in from the liner so the 1:6 scale model
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studs do not penetrate the rebar cage. Figure 4.3.9 showed that this first
0.81 inches (20.6 mm) of liner is subjected to severe bending and stretching
and that the liner tends to peel away from the cylinder wall starting at the
knuckle and moving up. The peak strain next to the knuckle is greatly
affected by the anchorage effectiveness just above the knuckle. The other
liner-knuckle strain concentration is at the bottom of the knuckle, but
since there are no studs in the basemat liner, the stud design has little
effect on the strains at that location.

As a result of the relatively weak liner stud anchorage, high liner-knuckle
strains in the 1:6 scale model occur, as reported. relatively late in the
test. With stronger liner anchorage, liner strains would be more localized
and cause higher strain concentration factors. It is hoped that this
critical failure mode will not be eliminated from the test by the stud
design details. In order to evaluate this effect, the as-built welded stud
modeling of the C4B model in Section 4.3.4 was replaced with beam elements
with the same cross-sectional properties as the as-built studs, but
extending 2 inches (51 mm) into the containment wall, past the first layer
of hoop and meridional reinforcing. This quick and rough analysis is not
sufficiently detailed for a definitive evaluation of stud anchorage effects,
but it is adequate for the present purposes. This revised model was
analyzed with the same load history as C4B and produced virtuaily the same
displacement and strain histories everywhere in the model except for the
first inch above the liner knuckle connection. At that location, liner
effective strain from C4B at 140 psi (0.96 MPa) was 6 percent; for the
revised analysis the strain increased by 50 percent to 9 percent. A larger
increase would probably be observed if the elevation of the Towest stud were
made closer to the top of the knuckle, thus further concentrating the
strain. The strains at the bottom of the knuckle near the weld singularity
discussed in Section 4.3.4 were unchanged. Lowering the elevation of the
lowest stud close to the top of the knuckle could also reduce the strain at
the bottom of the knuckle by decreasing the pivoting of the knuckle about
its base, thus making the knuckle top strain concentration the controlling
rupture location.

4.3.7 Pretest Prediction Conclusions

This section is a brief summary of the expected behavior during the 1:6
scale model test. The key features of the structure response are outlined
in Table 4.3.4 in order of milestones reached with increasing pressure.
Following the table is the statement of the most likely cause of pressure
loss (or failure) in the test. Also included with this is a brief ranking
of less likely failure modes.

Failure Prediction

1 — Local Liner Rupture. This is the primary focus of this research effort.
There are so many large strain concentration locations that the probability
of reaching rebar failure without a liner tear is extremely low, i.e., while
the probability of depressurization by 180 psi (1.24 MPa) is approximately
1.0, the probability at 140 psi (.97 MPa) is also very high (perhaps 0.95).
In a comprehensive probabilistic failure study such factors as construction
defects and material flaws should be taken into account, but that is beyond
the scope of the current research. This is especially pertinent because the
structure's most severe liner strain concentrations occur at liner seams,
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and often at field welded seams, which significantly increases the chance of
premature leakage by the presence of weldment flaws or reduced ductility
along welds. Nevertheless, short of a flaw occurring at a secondary strain
concentration location (listed in item 4 below), initial liner rupture is
most likely to occur at the wall basemat juncture between 140 and 150 psi
(.97 and 1.03 MPa). (See Section 4.3.4 for more detailed discussion of this
mechanism.) Liner rupture is predicted to be localized at first, but
widespread in 6 soon thereafter (within a few psi), so that leakage will be
larger than the test pressurization capability. However, no leak rate
estimate has been made. This failure is linked to the failure of the inner

Table 4.3.4 Summary of Key Features of Expected Behavior

Pressure
psi (MPa) Milestone Description

30 (.21) Local concrete cracking near the wall-basemat juncture begins
due to shear and bending there.

40 (.28) Concrete cylinder hoop cracking begins at cylinder mid-height.
50 (.34) Full length of cylinder wall is cracked in hoop direction.

60 (.41) Onset of local liner yielding next to knuckle (primary strain
component is meridional).

70 (.48) Onset of local liner yielding nest to 8" penetration and 4"
pressure nozzle (hoop).

80 (.55) Full length of dome cracks in hoop direction.

85 (.59) Onset of local liner yielding next to equipment hatches (hoop).
90 (.62) Onset of local liner yielding next to personnel airlock at 90°.
95 (.66) Global cylinder liner yielding.

100 (.69) Global meridional concrete cracking.

120 (.83) Onset of hoop rebar yielding starting at cylinder midheight,
midway between hatches.

130 (.90) Basemat bottom bars yield, triggering large basemat 1iftoff.

135 (.93) Onset of global meridional rebar yielding.

140 (.97) High probability of liner rupture next to liner/knuckle
connection accompanied by knuckle tearing off backing bar and
local welded stud failure at juncture.

150-160 Possibility of liner ruptures developing in order of list in

Conclusion #4 below, but there is a low probability of reaching
this pressure.
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basemat in bending and to the construction details of the welded studs,
which are very short and do not penetrate the main reinforcement cage. It
is also linked to the construction details of the liner/knuckle connection.

2 — Basemat Failure. The bottom bars in the basemat yield between 130 and
135 psi (.90 and .93 MPa). This causes substantial increase in the
incremental basemat 1iftoff so that at the basemat outer edge 1iftoff
reaches 1" (25 mm) at 140 psi (.97 MPa). Large basemat motion contributes
heavily to liner failure potential at the wall-base juncture.

3 - Globhal Rebar Failure. As is the case with a typical containment, the
1:6 scale model is a complex structure where many different local response
mechanisms act together to produce the total response. The "ultimate
failure pressure" or "ultimate failure mode" cannot be predicted by
analyzing a clean reinforced cylinder and dome cap and reporting the global
rebar failure point. However, since the inclusion of other response
components seems to cause local liner strain concentrations which act to
lower the ultimate pressure that could be reached by a clean shell, global
rebar failure serves as a good upper bound on containment overpressure or a
point where the probability of pressure loss approaches 1.0. The 1:6 scale
model approaches this point at 180 psi (1.24 MPa). At 160 psi (1.10 MPa),
the hoop bars at cylinder mid-height reach a state where incremental
pressure increases cause large radial dispiacement increases.

4 — Ranking of Liner Rupture Locations. Again, these predictions are
predicated on the assumptions of perfect seams and materials, especially
around hatches and penetrations where seams are complicated and include
1/16" (1.59 mm) material welded to 3/16" (4.76 mm) material. Liner rupture
locations are ranked from high to low probability of rupture as follows:

Wall liner to knuckle seam

Knuckle to basemat liner seam

Next to 1/16" to 3/16" (1.59 to 4.76 mm) seam at 3 o'clock or 9

o'clock position of the 8" penetrations

Same for 4" pressure nozzle connection

Same for equipment hatch A

Same for equipment hatch B

Same for personnel airlock at 90°

Same for personnel airlock at 270°

Springline seam of 1/16" (1.59 mm material to 1/12" (2.12 mm)

material

10. 1/16" to 3/16" (1.59 mm) seam next to miscellaneous small
penetrations

11. Vertical liner seam near cylinder mid-height (hoop failure)

12. Liner fracture next to a welded stud in first 1' (30 m) above wall-
basemat juncture

13. Liner failure at the dome apex

14. Any liner seam in the dome

15. General liner failure away from a seam

WM =
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4.4 Commissariat a L'Energie Atomique

This section was authored by A. Millard*, G. Nahas**, Ph. Jamet* and B.
Barbex**,

4.4.1 Summary
- Finite element analysis using the CASTEM system.

- Multi-criteria concrete model, inciuding traction damage, shear
damage, confining pressure damage.

Isotropic hardening plastic model for the rebars and the liner.

Axisymmetric modelization.

Failure criterion: rapidly increasing displacement of the structure.

Predicted failure mode: plasticity of rebars after development of
meridional and hoop cracks in the concrete.

Predicted failure pressure: 138 psi (0.95 MPa).
4.4.2 General Characteristics of the Calculations

The main goal of the computation performed by C.E.A./D.E.M.T./L.A.M.S. is to
try to predict the overall behavior of the 1:6-scale reinforced concrete
containment model, subjected to an internal increasing pressure.

More precisely, the failure mode as well as the failure pressure will be
determined. Therefore, an axisymmetrical analysis was decided, without
accounting for the various penetrations of the model.

The calculations have been performed on one hand with an infinitely rigid
soil and on the other hand with an elastic soil.

The CASTEM system has been used: the code GIBI for the mesh generation; the
code INCA for the mechanical calculation; the code ALICE for the post-
processing of the results.

We have used the standard versions of these programs, dated January 1986,
without special modification.

The only modeled nonlinearity was material, displacements being assumed to
be small.

*CEA — DEMT/SMTS/LAMS — France
**SOCOTEC Industries — France
*%**CEA — IPSN/DAS/SAM — France
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4.4.3 Description of the Structure
4.4.3.1 The Mesh

The structure has been modeled using various axisymmetric finite elements:

- 1913 linear triangular elements for the concrete;

- 657 two nodes thin shell elements for the meridional rebars, for the
seismic rebars, for the basemat rebars, for the layer 11 rebar and
for the liner;

- 419 one node truss elements for the hoop rebars.

The linear triangular elements have three nodes with two degrees of freedom
per node. The thin shell elements are flat, with two nodes and three
degrees of freedom per node. The truss elements have one node with two
degrees of freedom per node.

In the second calculation, the soil has been modeled using 31 flat thin
shell elements. A1l these elements are analytically integrated. Figures
4.4.1 and 4.4.2 show the whole mesh for the calculations without and with
soil modelization.

Figure 4.4.3 shows the rebars and the liner modelization.

The shear ties and the termination of bars have not been modeled in this
analysis.

The concrete located under the basemat rebars has not been modeled since it
has no resistance. The total number of degrees of freedom is 3564.

4.4.3.2 Characteristics of the Steel Elements

Basement Rectangular Rebars:

The basemat rectangular rebars have been modeled on one hand by an
equivalent axisymmetric shell, the thickness of which is determined on the
basis of an equivalent ultimate load, and on the other hand by truss
elements, the cross section of which are proportional to the radius.

The results obtained are the following:

— for the lower rebars, the equivalent shell thickness is e = 0.110 in
(.0028 m)

~ for the upper rebars, the equivalent shell thickness is e = 0.051 in
(.0013 m)

Basemat Radial Rebars:
The basemat radial rebars have been modeled using a shell with varying
thickness, depending on the radius r:

t = 3.024 103/ (in meters)

Basemat Hoop Rebars:
The cross sections of the basemat hoop rebars have been calculated in
accordance with the nominal values and the location of the truss elements.
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Basemat Layer 11 Rebars:
The thickness of the equivalent shell varies with the radius, r, to the
center of the element:

e = 3.871 103

/r (in meters)

Meridional Rebars:

The thickness of the equivalent shell is calculated from the number of
rebars, their cross—-section and their location.

Seismic Rebars:
The seismic rebars are replaced by meridional and hoop rebars on the basis
of an equivalent shell and truss elements using the same approach as before.

Steel Plates at the Top of the Dome:
They have been modeled using shell elements, with thicknesses according to
the plans.

Liner:

The liner has been modeled using shell elements with thicknesses according
to the pltans. Note that for all elements, we have used the nominal
thicknesses given by SNL on the plans.

4.4.4 Constitutive Models and Properties
4.4.4.1 Concrete

The model used for the concrete has already been presented (see References
[4.4.3] and [4.4.4]). 1In this model, three principal damage modes are
represented: (1) shear damage, (2) traction damage, and (3) confining
pressure damage.

For the shear damage, two types of behavior have been identified from
experiments [4.4.2]:

~ a brittle behavior for low confining pressures. This behavior is
modeled by two Drucker-Prager criteria, one with strain-softening,
limited by a second fixed Drucker-Prager criterion.

— A ductile behavior, for high confining pressures. This behavior is
modeled by a Von Mises criterion with strain hardening and limited by
a fixed Drucker-Prager criterion.

For the traction damage, a maximum principal stress criterion is assumed.
When the tensile strength is reached, the resistance in the corresponding
direction is immediately set to zero. The model enables the representation
of the anisotropy induced by the cracks. The direction of the cracks is
kept in memory.

For the confining pressure damage, the criterion is based on the first
invariant of the stress tensor. Linear strain hardening has been assumed.

For all criteria, the plastic strains are obtained through the normality
principle.

~174-



The following properties have been adopted for the calculation:

4800 ksi (33100 MPa)
0.2

144 1b/t3 (2300 kg/m°)
0.5 ksi (3.45 MPa)
6.8 ksi (46.9 MPa)

Young's modulus
Poisson’s ratio

Specific weight
Limit in traction
Limit in compression

it nu

Figure 4.4.4A shows the comparison between the experimental compression
curve and the one introduced in the computation.

4.4.4.2 Rebars

For the rebars, a classical elasto-plastic model based on a Von Mises
criterion with isotropic strain hardening is used.

The following properties have been adopted for the calculation:

31000 ksi (21400 MPa)
0

486 1b/ft3 (7800 kg/md)
66.6 ksi (459 MPa)

98.9 ksi (682 MPa)
.0451

Young's modulius
Poisson's ratio

L]

Density

Yield stress
Ultimate stress
Ultimate strain

nwuun

Note that the Poisson's ratio has been assumed to be zero in order to have
only a uniaxial behavior of the rebars.

4.4.4.3 Liner and Steel Plates

The same model has been used for the liner and the steel plates, with the
following properties:

30000 ksi (20700 MPa)
0.3

486 1b/7t> (7800 kg/m3)

Young's modulus
Poisson's ratio

Density

Yield stress (basemat
and cylinder dome)

Yield stress (dome)

Ultimate stress (basemat

and cylinder)
Ultimate stress (dome)
Ultimate strain (basemat
and cylinder)
Ultimate strain (dome)

I

50.2 ksi (346 MPa)
51.3 ksi (354 MPa)

69.9 ksi (482 MPa)
70.9 ksi (489 MPa)

0.164
0.149

4.4.4.4 Soil

For the computation including soil modelization, some elastic vertical thin
shell elements have been introduced under the basemat. Their thickness
depends on the radial distance.

-175-



Their stiffness has been calculated according to measurements performed by
Western Technologies Inc. (see Reference [4.4.7]).

K, = 390 ksf/ft (61.26 MPa/m)

4.4.4.5 Interaction Between Concrete and Reinforcement

In our calculation, we assumed a perfect connection between the concrete and
the steel.

4.4.5 Computational Strategy

4.4.5.1 Boundary Conditions

In our two computations, unilateral constraints have been introduced at the
bottom of the basemat in order to allow uplift of the basemat under internal
pressure.

Symmetry conditions have been assumed on the axis.

4,4.5.2 Load History

The structure is subjected to its dead weight, which is maintained constant
during the calculation, and to an increasing pressure.

4.4,.5.3 Solution Algorithm

The algorithm used is the classical initial stress method (see Reference
[4.4.6]). The convergence criteria are based:

— on one hand, on the relative difference between plastic energy

increments:
p p
| AW - AW |
Max ~1ﬁ+1% (n) < €
| Aw(n+1) |
where Aw?n) is the plastic energy increment in the step at iteration

n.

- on the other hand, on the relative difference between displacements
increments:

Il 89041y ~ 49¢ny 1

< €

where Aq(n) is the displacements increment at iteration n.

The tolerance e has been set to 0.01 in the calculation. The pressure
has been applied in 28 steps. The computation has been stopped due to a
convergence failure for a pressure p = 124 psi (0.98 MPa). For this
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pressure, the concrete is extensively cracked and the plastic strain of the
rebars increases very rapidly, meaning that the structural limit pressure is
nearly reached.

4.4.6 Failure Mechanisms

4.4.6.1 Case of an Infinitely Rigid Soil

Displacements History:

Figures 4.4.5 to 4.4.12 show the deformations of the containment for various

pressure levels. The displacements have been amplified by a factor 30. The
main events which can be observed are:

- at p = 43 psi (0.3 MPa), a sudden increase of the radial displacement
of the cytlinder.

— at p = 80 psi (0.55 MPa), an important uplift movement of the
basemat.

- at p = 142 psi (0.98 MPa), the radial and vertical displacements
increase significantly.

Figures 4.4.13 and 4.4.14 show the radial and vertical displacements at the
locations shown on Figure 4.4.4B. It can be noted that the structure
behaves linearly elastically up to a 43 psi (0.3 MPa) pressure. Then a
first nonlinearity due to cracks in the concrete occurs (see Figure 4.4.13).
A second discontinuity is observed on Figure 4.4.14, corresponding to a
sudden increase of the dome apex displacement at p = 73 psi (0.5 MPa).
Finally, at p 131 psi (0.9 MPa), the displacements begin to increase rapidly
(Figure 4.4.13).

Meridional Cracks:

The first failure mechanism to occur is the development of meridional cracks
for a pressure of 29 psi (0.2 MPa) at the junction between the basemat and
the cylinder as shown on Figure 4.4.15.

These cracks then develop in the cylinder where some rebars terminate, at
the bottom of the cylinder and also in the dome, near the steel plates, at a
pressure p = 43 psi (0.3 MPa). The radial direction of these cracks can be
clearly observed on Figure 4.4.16.

Figure 4.4.17 shows that for a pressure p = 73 psi (0.5 MPa), the dome is
completely cracked, and the first cracks occur in the basemat. They develop
rapidly for a small increment (see Figure 4.4.18).

Then for a 93 psi (0.64 MPa) pressure, the cylinder and the dome are
completely cracked as well as an important part of the basemat, as seen on
Figure 4.4.19. Afterwards, the cracks pattern does not change very much
(see Figure 4.4.20).

Hoop Cracks:

The second important failure mechanism to occur is the development of hoop
cracks, for a pressure of 43 psi (0.3 MPa), in the whole cylinder and the
dome (see Figure 4.4.21). It causes a sudden increase in the radial
displacement of the cylinder, as can be seen on Figure 4.4.6.
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For a 73 psi (0.5 MPa) pressure, the first hoop cracks happen at the bottom
of the basemat (see Figure 4.4.22).

Then, for an 80 psi (0.55 MPa) pressure, the lower half part of the basemat
is completely cracked (see Figure 4.4.23) which results in an uplift
movement of the basemat (see Figure 4.4.9). Afterwards, for a greater
pressure, the hoop cracks do not develop much as can be seen on Figures
4.4.24 and 4.4.25A.

Rebars and Liner Plasticity:

WARNING: In the analysis, concrete is represented as an equivalent
homogeneous material. On the other hand, stresses and strains in rebars and
in the liner are probably greatly influenced by the specific location of
real cracks. Therefore, the computations only give "average" values for
these quantities, and direct comparison cannot be made between experimental
and numerical results.

The evolution of radial and vertical displacements of some points chosen in
the structure shows that up to 131 psi (0.9 MPa) pressure the behavior of
the rebars is purely elastic "in average." Then, the displacements increase
rapidly as the loading approaches the ultimate load. Figure 4.4.25C shows
the "average" plastic strain along the curvilinear abscissa of the liner,
for various values of the pressure. The liner is elastic "in average," up
to 87 psi (0.6 MPa) pressure. The maximum "average" equivalent plastic
strain obtained is .00584 located close to the dome apex, near the steel
plates.

Shear Failure:

This failure mechanism is very limited in the computation: it is noticeable
only at 142 psi (0.98 MPa) pressure at the inner part of the junction
between the cylinder and the basemat (see Figure 4.4.25B).

Discussion:

The above discussion clearly indicates that the major failure mechanisms
which are likely to occur are the meridional cracking, the hoop cracking and
finally the rebars plasticity.

4.4.6.2 Case of an Elastic Soil

In this paragraph, the emphasis is laid mainly upon the results that
significantly differ from the previous ones.

Displacement History:
In this case, the gravity load has been applied first in order to evaluate
the corresponding displacements of the soil, shown in Figure 4.4.26.

Then the internal pressure is gradually increased. Figures 4.4.27 to 4.4.34
show the increments of displacements of the structure, due to pressure only,
amplified by a factor 30.

The main events which can be observed are:
— at p = 43 psi (0.3 MPa), an increase in the radial displacement, as

for the case of an infinitely rigid soil.
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— at p = 80 psi (0.55 MPa), contrary to the previous case, the movement
of the basemat is more a rotation, due to the deformability of the
soil, together with a downwards translation.

Finally, at 142 psi (0.98 MPa) again the displacements increase rapidly.
Figures 4.4.48 and 4.4.49 show the evolution of radial and axial
displacements at the location shown by Figure 4.4.4B.

The curves are very similar to those obtained with calculation 1. The main
difference can be seen by comparison of Figures 4.4.14 and 4.4.49 between
pressures 73 psi (0.5 MPa) and 87 psi (0.6 MPa).

Meridional Cracks:

This is again the first failure mechanism to occur in the structure. As
seen on Figures 4.4.35 to 4.4.40, the difference with the previous case is
the initiation of vertical cracks, near the axis, in the basemat. This is
due to the fact that the soil deformability authorizes the behavior of the
basemat as a plate under uniform pressure. Thus, for the same pressure p =
73 psi (0.5 MPa), the basemat is much more cracked in the present case (see
Figure 4.4.38). Another consequence is that the cylinder and the dome are
completely cracked for p = 87 psi (0.6 MPa) (instead of 94 psi (0.65 MPa) in
the previous case).

Hoop Cracks:

Again, in this case, hoop cracks develop in the basemat, according to a
plate bending behavior, for a lower pressure (p = 58 psi (0.4 MPa) than in
the previous case. Note that the basemat hoop cracks pattern is completely
different due to the soil elasticity (Figure 4.4.41 to 4.4.45).

Rebars and Liner Plasticity:

As in the previous calculation, the displacements increase rapidly, for a
131 psi (0.9 MPa) pressure, when the rebars are plastic. The maximum
equivalent "average" plastic strain in the liner is .00614 (Figure 4.4.50).

Shear Failure:
In this case, the failure mechanism occurs at 116 psi (0.8 MPa) (Figure
4.4.46), but remains very limited (Figure 4.4.47) as in the previous case.

4.4.6.3 Comparison Between the Two Cases

The overall behavior of the containment predicted in the two cases is very
similar. The main difference which can be drawn from the comparison is that
the soil elasticity is responsible for a different development of the
cracks, principally in the basemat:

- meridional cracks are initiated for a lower pressure and are
localized near the axis, in the second case.

-~ the hoop cracks develop more progressively and start at a lower
pressure, in the second case.

Therefore, only one discontinuity is visible on the dome apex displacement,
at p = 80 psi (0.55 MPa) due to the final meridional cracking of the
cylinder, instead of two for calculation 1, due to the sudden hoop cracking
of the basemat at p = 73 psi (0.5 MPa) and then to the final meridional
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cracking of the cylinder at p = 87 psi (0.6 MPa). However, the final crack
patterns are identical, as well as the limit load.

4.4.7 Miscellaneous

Using the standard version of some CASTEM programs, it has been possible to
calculate the SNL 1:6-scale concrete containment model,.

For computer cost, and period of time, these analyses are comparable to
studies performed with classical elasto-plastic materials (i.e. metals with
Von Mises behavior), on meshes with the same number of degrees of freedom.

Concerning the general results of the analysis, several comments must be
made:

— only 2-D computations have been carried out, therefore, the analyses
only apply if the actual failure mechanism is an overall failure of
the structure. If major damages appear due to penetrations or if the
liner undergoes severe leaking, it is obvious that no comparison
between experimental and numerical results can be made.

— the concrete is treated as an equivalent homogeneous material. 1In
the test, cracks will appear at discrete locations. Therefore local
stresses or deformations given by the analyses can only be considered
as averaged quantities, which are not directly comparable to
experimental data. Direct comparison can be carried out on pressure-
disptacement curves, and values of pressure corresponding to specific
phenomena such as radial cracking, hoop cracking basemat uplift,
ultimate behavior.

- tension-stiffening has not been taken into account in the analyses.
It is not believed to have a significant influence on the ultimate
behavior of the structure. However, it might affect the shape of
some of the pressure-displiacement curves,

REMARK: Knowing a posteriori the behavior of the structure, it is possible
to calculate the ultimate pressure load, assuming that the ultimate strength
is due to the hoop rebars only. The corresponding pressure value is found
equal to Pu = 131 psi (0.90 MPa), which is in good agreement with the

calculation prediction.
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Figure 4.4.1 Mesh for calculation 1 (rigid soil)
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Figure 4.4.2 Mesh for calculation 2 (elastic soil)
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Figure 4.4.3 Mesh of the rebars modelization
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DEFORMEE PRESSION 2.2 MPA

Figure 4.4.5 Deformed structure at 29 psi (0.2 MPa) (calculation 1)
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DEFORMEE PRESSION @.3 MPA

Figure 4.4.6 Deformed structure at 43.5 psi (0.3 MPa) (calculation 1)
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DEFORMEE PRESSION 0.4 MPA

Figure 4.4.7 Deformed structure at 58 psi (0.4 MPa) (calculation 1)
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DEFORMEE PRESSION 8.5 MPA

Figure 4.4.8 Deformed structure at 72.5 psi (0.5 MPa) (calcutation 1)
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DEFORMEE PRESSION @.55 MPA

Figure 4.4.9 Deformed structure at 79.8 psi (0.55 MPa) (calculation 1)
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DEFORMEE PRESSION ©.8 MPA

Figure 4.4.10 Deformed structure at 116 psi (0.8 MPa) (calculation 1)
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DEFORMEE PRESSION ©.0 MPA

Figure 4.4.11 Deformed structure at 130.5 psi (0.9 MPa) (calculation 1)
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DEFORMEE PRESSION @.08 MPA

Figure 4.4.12 Deformed structure at 142 psi (0.98 MPa) (calculation 1)
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FISSURES DANS LE PLAN RZ PRESSION @.2 MPA

Figure 4.4.15 Meridional crack pattern at 29 psi (0.2 MPa) (calculation 1)
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FISSURES DANS LE PLAN RZ PRESSION 0.3 MPA

Figure 4.4.16
Meridional crack pattern at 43.5 psi (0.3 MPa) (calculation 1)
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Figure 4.4.17
Meridional crack pattern at 72.5 psi (0.5 MPa) (calculation 1)
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FISSURES DANS LE PLAN RZ PRESSION @.55 MPA

Figure 4.4.18
Meridional crack pattern at 79.8 psi (0.55 MPa) (calculation 1)
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FISSURES DANS LE PLAN RZ PRESSION ©.84 MPA

Figure 4.4.19
Meridional crack pattern at 92.8 psi (0.64 MPa) (calculation 1)
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FISSURES DANS LE PLAN RZ PRESSION @.88 MPA

Figure 4.4.20
Meridional crack pattern at 142 psi (0.98 MPa) (calculation 1)
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ZONES ENDOMMAGEES EN TETA PRESSION 2.3 MPA

Figure 4.4.21 Hoop crack pattern at 43.5 psi (0.3 MPa) (calculation 1)
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ZONES ENDOMMAGEES EN TETA PRESSION 8.5 MPA

Figure 4.4.22 Hoop crack pattern at 72.5 psi (0.5 MPa) (calculation 1)
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ZONES ENDOMMAGEES EN TETA PRESSION 2.55 MPA

Figure 4.4.23 Hoop crack pattern at 79.8 psi (0.55 MPa) (calculation 1)
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ZONES ENDOMMAGEES EN TETA PRESSION 0.84 MPA

Figure 4.4.24 Hoop crack pattern at 92.8 psi (0.64 MPa) (calculation 1)
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ZONES ENDOMMAGEES EN TETA PRESSION ©.98 MPA

Figure 4.4.25A Hoop crack pattern at 142 psi (0.98 MPa) (calculation 1)
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ZONES ENOOMMAGEES EN CISAILLEMENT PRESSION .98 MPA

Figure 4.4.258B
Shear crack pattern at 142 psi (0.98 MPa) (calculation 1)
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Figure 4.4.25C Plastic strains in the liner (calculation 1)



DEFORMEE SOUS POIDS PROPRE

Figure 4.4.26 Deformed structure under dead weight (calculation 2)
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DEFORMEE PRESSION 8.2 MPA

Figure 4.4.27 Deformed structure at 29 psi (0.2 MPa) (calculation 2)
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DEFORMEE PRESSION ©.3 MPA

Figure 4.4.28 Deformed structure at 43.5 psi (0.3 MPa) (calculation 2)
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DEFORMEE PRESSION @.4 MPA

Figure 4.4.29 Deformed structure at 58 psi (0.4 MPa) (calculation 2)
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Figure 4.4.30 Deformed structure at 72.5 psi (0.5 MPa) (calculation 2)
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Figure 4.4.31 Deformed structure at 79.8 psi (0.55 MPa) (calculation 2)
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Figure 4.4.32 Deformed structure at 116 psi (0.8 MPa) (calculation 2)
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Figure 4.4.33 Deformed structure at 130.5 psi (0.9 MPa) (calculation 2)

-216—



. \\Q
v
-
_/—/—/
oo aty e .-‘-’-V
-/”’-
P et -~
e .’--—

DEFORMEE PRESSION ©.98 MPA

Figure 4.4.34 Deformed structure at 142 psi (0.98 MPa) (calculation 2)
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Figure 4.4.35 Meridional crack pattern at 29 psi (0.2 MPa) (calculation 2)
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Figure 4.4.36
Meridional crack pattern at 43.5 psi (0.3 MPa) (calculation 2)
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Figure 4.4.37 Meridional crack pattern at 58 psi (0.4 MPa) (calculation 2)
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FISSURES DANS LE PLAN RZ PRESSION 0.5 MPA

Figure 4.4.38
Meridional crack pattern at 72.5 psi (0.5 MPa) (calculation 2)
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Figure 4.4.39 Meridional crack pattern at 87 psi (0.6 MPa) (calculation 2)
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FISSURES DANS LE PLAN RZ PRESSION @.98 MPA

Figure 4.4.40
Meridional crack pattern at 142 psi (0.98 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN TETA PRESSION 0.3 MPA

Figure 4.4.41 Hoop crack pattern at 43.5 psi (0.3 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN TETA PRESSION 0.4 MPA

Figure 4.4.42 Hoop crack pattern at 58 psi (0.4 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN TETA PRESSION @.5 MPA

Figure 4.4.43 Hoop crack pattern at 72.5 psi (0.5 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN TETA PRESSION 0.84 MPA

Figure 4.4.44 Hoop crack pattern at 92.8 psi (0.64 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN TETA PRESSION @.98 MPA

Figure 4.4.45 Hoop crack pattern at 142 psi (0.98 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN CISAILLEMENT PRESSION 8.8 MPA

Figure 4.4.46 Shear crack pattern at 116 psi (0.8 MPa) (calculation 2)
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ZONES ENDOMMAGEES EN CISAILLEMENT PRESSION ©.98 MPA

Figure 4.4.47 Shear crack pattern at 142 psi (0.98 MPa) (calculation 2)
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Figure 4.4.48 Radial displacements versus pressuré (calculation 2)
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Figure 4.4.49 Axial displacements versus pressure (calculation 2)
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Figure 4.4.50 Plastic strains in the liner (calculation 2)



4.5 HM Nuclear Installations Inspectorate

The authors of this section are R. J. Stubbs and I. W. Todd of HM Nuclear
Installations Inspectorate and D. Collier and B. Walker of Ove Arup &
Partners, United Kingdom.

4.5.1 Summary

Analytical Method

The analysis was performed by running linear—elastic analyses at discrete
pressure steps. At each pressure step an initial linear elastic analysis
was carried out using best estimate element stiffnesses. The analysis
results were compared with calculated nonlinear relationships and the
elements were softened using nodal loads. The analysis was re-submitted
with the softening loads. This procedure was repeated until convergence was
achieved.

Constitutive Models

The concrete compressive stress—strain model used was the modified Kent
Park. A1l other relationships were based on the material properties
supplied.

Model Geometry

The majority of the analysis was carried out using an axisymmetric
orthotropic finite element computer model. A 3-D linear elastic analysis of
a quarter model of the containment was carried out to assess the influence
of the non-axisymmetric details.

Failure Criterion

The concrete reinforcement and liner had a finite strain to failure built
into the softening routine. However shear failure had to be assessed
externally to the computer program.

Predicted Failure Mode

The analysis was carried out only to predict the global behavior of the
containment structure, therefore detajled assessment of possible failure
mechanisms due to the penetrations were not assessed.

The most 1ikely global mode of failure of the structure is a shear failure
of the cylinder above the shear reinforcement. However, as the restraint to
the liner at _the wall base is insufficient to achieve yielding in the
vertical direction, the lTocal deformation may cause local tearing around the
studs.

Predicted Failure Pressure

The minimum pressure at which the containment will fail in shear is 116 psi
(0.8 MPa), in accordance with the ASME code. Taking into consideration that
the code is conservative, failure will probably occur between 2.8 Pd and 3.8

Pd. However, it 1s possible that the liner will tear at the wall base at a

lower pressure.

4.5.2 Introduction
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The regulation of nuclear installations in the United Kingdom is achieved by
means of a licensing system administered by HM Nuclear Installations
Inspectorate. For some years, the Inspectorate has been assessing a
modified SNUPPS design for the introduction of a PWR system to the UK. Part
of this work has involved the analysis of the prestressed containment
structure proposed for the Sizewell B site; this and the present study have
been carried out on behalf of the inspectorate by consultants Ove Arup and
Partners (OAP).

The requirements of the Inspectorate with regard to structural analysis are
rather different to those of the licensee. The licensee is responsible for
ensuring that the structure complies with statutory requirements, and is
also economical. The regulator, on the other hand, is concerned less with
the detail of the design than with the adequacy of its approach. Such
analysis therefore tends to concentrate upon sensitivity studies, and to
take a somewhat broader view. For this reason, the approach adopted for the
Sizewell structure was not a full nonlinear analysis, but a more simplified
approach. Basically, a linear analysis is performed, to which nonlinearity
is added only at those locations and at those load levels at which it is
required. The method is therefore highly economical, requires a greater
level of engineering judgement, and in addition, provides a diverse check on
the more sophisticated analyses submitted by the licensee.

It is this technique which has been used for the pre-test predictive
calculations of the behavior of the Sandia model containment. Some
improvements have been made since the Sizewell work. For example,
nonlinearity is now introduced by the use of pseudo-loads rather than
softening of the element stiffness; this is more economical in terms of
computer time and allows a greater number of variables to be modified. The
technique is, however, fundamentally the same, and the Inspectorate is
interested to see how its predictions compare with those of more advanced
techniques.

The computer modelling of the structure is described in more detail in the
following section, but in outline was based upon the PAFEC suite [4.5.1] of
finite elements, and has been carried out on a VAX 11/785 computer. The
analysis was performed in two stages. First, the global behavior was
determined by means of an axisymmetric analysis of the finite element
idealization. The second stage considered the effects of the penetrations
on the axisymmetric behavior, using a three-dimensional model of a quarter
of the containment, and a local sub-model of an equipment hatch. The finite
element representations used in both steps are illustrated in Figure 4.5.1.

It is necessary to state at the outset the limitations of this technique.
Firstly, it is not the intention of this study to investigate the detailed
failure mechanism but to assess the structure's behavior up to the range of
pressures at which failure might be expected to initiate. Estimates of this
range of pressure appear in the findings of this study. Secondly, the
technique 1s not capable of providing detailed predictions in highly
localized areas, and for this reason no plots are given of, for example, the
Tiner strain on the knuckle at the wall-base connection. (Special
analytical techniques had to be introduced at this location due to the
prediction of limited restraint to the liner at the wall base. This is
described in detail in the text.)
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4.5.3 Axisymmetric Analysis
4.5.3.1 Introduction

For the first stage of the analysis the containment was assumed to be
axisymmetric for the finite element idealization. The effects of the non-
axisymmetric elements, such as the penetrations, were ignored since the
analysis was primarily to investigate the global structural response. The
analysis was carried out twice. The first analysis was carried out using
the preliminary materjal properties and the results are reported in [4.5.2].
The axisymmetric model of the containment was modified to incorporate
additional features not used in the initial analysis, and the model was re-
run with the final material properties given by Sandia Laboratories (Table
4.5.1).

The approach was a development of the method used to analyze the Sizewell
'B' containment. Rather than using a specialized nonlinear finite element
code it was decided to account for the nonlinear behavior of the reinforced
concrete and elastic ptastic behavior of the liner using a quasi-linear
approach. For the Sizewell 'B' analysis, the nonlinear softening was
carried by modifying the stiffness of the elements and carrying out
iterative linear elastic analyses until convergence was achieved. Although
this method was successful it was limited by the number of variables that
could be modified. For this study it was decided to employ a load softening
technique for the wall section. This had advantages over the stiffness
softening technique previously employed:

i) The inverted structure stiffness matrix could be saved and used for
each iteration, which gave economies in computer time and cost.

i1} Certain features that cannot be modelled using stiffness softening,
such as a moment with zero curvature, could be modelled using load
softening.

iii) More parameters could be independently softened using load
softening.

Previously thin shell axisymmetric elements were used. For this study, the
axisymmetric thick shell element was selected as it has the capability for
specifying orthotropic material properties. Before using the orthotropic
thick shell elements to model the containment structure, the element was
tested for accuracy and to assess the required mesh density.

A model representative of the lower cylindrical part of the Sandia
containment was generated using one element through the thickness. The
model, subjected to an internal pressure load, was analyzed twice, first
using isotropic elements and secondly using orthotropic elements with
material properties representing the isotropic elements. Only minor
differences were found between the models.

In addition, the same structure was analyzed to assess how many elements are
required through the wall thickness to achieve realistic results. Models
were analyzed with one, two and four elements through the thickness. The
results were compared with the closed form solution and in all cases very
good agreement was found. In terms of base shear the four element thick
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Table 4.5.1 Recommended Material Properties

Concrete Material Properties

Elastic Constants
Young's modulus — 4800 ksi (33100 MPa)
Poisson's ratio — 0.2
Ultimate Tensile Strength — 500 psi (3.45 MPa)

Unconfined Compressive Stress—strain Curve

Engineering Stress Engineering

(ksi) (MPa) Strain

1.0 6.9 0.00021
2.0 13.8 0.00045
3.0 20.7 0.00072
3.9 26.9 0.00100
5.0 34.5 0.00140
6.8 46.9 0.00200
6.8 46.9 0.00230
0.0 0.0 0.00600

Rebar Material Properties

Elastic Constants:
Modulus — 31000 ksi (214000 MPa)
Poisson's ratio - 0.3
Yield stress — 66.6 ksi (459 MPa)

Engineering Stress-strain curve

Engineering Stress Plastic
(ksi) (MPa) Strain
66.6 459 0.
73.3 505 0.0094
85.6 590 0.0200
99.0 682 0.0430

Cylinder and Basemat Liner

Elastic Constants:
Modulus - 30000 ksi (207000 MPa)
Poisson's ratio - 0.3
Yield stress — 50.2 ksi (346 MPa)
Ultimate stress — 69.9 ksi (482 MPa)

Dome Liner

Elastic Constants:
Modulus - 30000 ksi (207000 MPa)
Poisson's ratio - 0.3
Yield stress — 51.4 ksi (354 MPa)
Ultimate stress — 70.9 ksi (489 MPa)
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model was in error by 0.5 percent, the one element thick model in error by
1.2 percent. Therefore, for the analysis a model with one element through
the cylindrical section and the dome was adopted.

4.5.3.2 Computer Model

The computer model used for the axisymmetric analysis is shown in Figure
4.5.1. The reinforced concrete cylinder and dome were represented by thick
shell elements, one element through the wall thickness. The reinforced
concrete base was modelled with four elements through the thickness.

In order to assess the biaxial stress state in the liner independently of
the concrete it was decided to model the Tiner using thin shell elements
with the nodes coupled to the inside face of the thick shell elements using
repeat freedoms. Poisson's ratio of the liner was 0.3 while the liner was
elastic. As soon as the liner was predicted to have yielded, Poisson's
ratio was reduced to zero to simplify the softening procedure.

The foundation stiffness was represented by springs to ground that were
taken out if they went into tension.

4.5.3.3 Site Characteristics

The ground at the test site is described as loose gravel and decomposed
granite fines. It is also described as silty clay with sand in the
taboratory report of the physical properties of the soil. Some soil has
been imported to the site, which is described as silty sand.

Three plate bearing tests have been performed on the site in accordance with
ASTM D-1194. Plate sizes of 12, 18 and 30 inches (305, 457, and 762 mm)

were used. A value of subgrade reaction modulus of 390 ksf/ft (61 MN/m3)
was recommended by the American consultant.

Using the results of the plate bearing tests OAP calculate an average

elastic stiffness of 128 ksf/ft (20 MN/m3). Assuming a rigid base with a
radius of 142 in (3.8 m) the lower bound modulus of subgrade reaction is

26.8 ksf/ft (4.2 MN/m3). As an extreme upper bound, assuming rock below the
Tevel of influence of the plate bearing tests, the modulus of subgrade

reaction is 320 ksf/ft (50 MN/m3). For the following analyses, 255 ksf/ft
(40 MN/m3) was used as a reasonable upper bound stiffness. The lower bound

of 25.5 ksf/ft (4 MN/m3) was also used to assess the influence of the
foundation -stiffness.

4.5.3.4 Quasi-linear Analysis

The containment being constructed from reinforced concrete behaves
nonlinearly when pressurized internally. Even with orthotropic materials it
was not possible without attering the geometry to correctly model the axial,
bending and shear stiffness for all three orthogonal directions
simultaneously. Therefore a decision of first order material parameters was
taken, and these parameters were accurately represented in the model. Ffor
each section the chosen parameters were as follows:
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(i) Cylindrical section
Meridional, Radial & Hoop Stiffness
Meridional moment/curvature
Poisson's ratio effects
Radial and Hoop Shear Stiffness

(ii) Dome section
Meridional, Radial & Hoop stiffness
Poisson's ratio effects
Radial & Hoop shear stiffness

(1i1i) Base section
Meridional, Radial & Hoop stiffness
Radial moment curvature
Poisson's ratio effects
Radial & Hoop shear stiffness

(iv) Liner
Meridional Radial & Hoop stiffness

The ahalysis was performed by running l1inear-elastic analyses at discrete
pressure steps. At each pressure step the stiffness of each element was
calculated for the first order material parameter given above. These
stiffnesses were either based on the determinate stresses and strains (such
as in the dome) or were extrapolated from the previous pressure increment.
It can be seen in (i) above that it was not possible without changing the
element geometry to represent both the correct cylinder axial and bending
stiffness in the meridional direction with only one stiffness. Therefore,
at each pressure increment the meridional moment/curvature was compared with
the nonlinear relationship and the elements were softened if necessary using
nodal loads. However, modification to the moment curvature relationship
caused both redistribution of loads in the hoop direction and variations to
meridional strains and liner forces, invalidating the original material
properties assumptions. Therefore, at each iteration the concrete cylinder
elements and the Tinear were also softened in the meridional and hoop
directions.

The calculated.softening forces were combined with the pressure and gravity
forces and the model reanalyzed. This procedure was repeated until
convergence was achieved (Figure 4.5.2). The base and the dome stiffnesses
were not adjusted between each pressure step. For the base a multi-element
approach was adopted whereby each layer of elements was independently
adjusted to model the correct radial and bending stiffness. In the dome
only the membrane stiffness was correctly represented.

It should be noted that although the nonlinear moments and forces have
ultimate values beyond which convergence would not be possible, there is no
such modelled criterion for the shear force. (Unlike the large 3-D
nonlinear programs). Therefore the prediction of ultimate shear failure is
carried out external to the computer analysis.
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4.5.3.5 Material Modelling

Introduction:

The model was constructed such that one element represented the composite
behavior of the concrete and the reinforcement, in all three orthogonal
directions. Therefore, in this analysis for the calculation of the material
models, all the triaxial stresses were assumed decoupled. However this
simplification was not considered to produce significant inaccuracies as the
containment in general is in biaxial tensile stress state.

Moment-curvature:

A program was written to calculate the moment curvature of any section for a
given axial load. The basis of the calculation was that the strain remains
Tinear even at large curvatures.

The program divides the section into a series of slices of either confined
or unconfined concrete (depending on the presence of confining links) and
areas of reinforcement. The curvature was fixed and the axial strain
iterated until the axial force on the section was that prescribed. The
curvature was then incremented for another solution until failure was
predicted. The concrete compressive stress-strain model used was the
modified Kent Park [4.5.3]. For concrete confined by links the stress-
strain relationship was effectively stretched and the concrete assumed to
have a small resistance at high strains. In contrast, the unconfined
concrete was assumed to have no residual strength at high strains. The
concrete was assumed to have a small allowable tensile strength before
cracking, and to take into account the influence of bond and tensile
concrete stresses between cracks, a modified stress-strain relationship as
indicated by a dashed 1ine on Figure 4.5.3 has been used. The otherwise
assumed abrupt loss of tensile strength for concrete is shown by a solid
line. A study by Halvorsen reported by Chen [4.5.4] demonstrates that this
method gives very good results. For the final analysis the tensile stress—

strain relationship was further modified, increasing € max to 0.0015 to

ensure a positive axial wall stiffness throughout the range.

The assumed stress—strain relationship for the reinforcement is shown on
Figure 4.5.3.

Moment—curvature calibration:

The moment-curvature program was first calibrated using the results of a
series of tests carried out by Goodsir [4.5.5] in New Zealand. These
results are particularly useful as the structure, a shear wall, was tested
well into the nonlinear range. The comparison between the measured resuits
and those produced by the moment-curvature program are shown on Figure
4.5.4, 1t can be seen that very good agreement is achieved for two tests
with different curvature directions and axial loads.

4.5.3.6 Element Softening Program

Introduction:

Previously the element softening using the stiffness softening approach was
carried out by hand. For this study softening by hand was considered to be
too time consuming and restrictive, therefore an automated approach was
adopted.
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On completion of the PAFEC analysis the specially written program calculated
the softening moments and forces for each element, which were then compared
with those from the previous iteration. If the moments and forces had not
converged a revised PAFEC input data deck was automatically re-written
containing all the softening nodal loads and the analysis was restarted.
When all the elements had converged the analysis stopped and a universal
file was written for post processing. See Figure 4.5.5 for the flowchart.

Meridional Moment-curvature softening in cylinder:

The meridional moment of each cylindrical element was calculated from the
stresses taking into consideration the wall geometry. The top and bottom
moments were averaged, from which the curvature was calculated knowing the
input meridional stiffness. In addition the element curvature was
calculated directly from the nodal dispiacements of the wall faces for
direct comparison.

Also the axial force on the section was calculated directly from knowledge
of the internal pressure and the liner force. The hoop strain was
calculated in order to determine the strains in the seismic reinforcement at
45°, Then the moment curvature program was accessed directly with the
curvature, hoop strain and axial force.

For each element the nonlinear moment is calculated for quantity of
reinforcement and concrete confinement at that section (the change in
vertical reinforcement is modelied by gradually increasing the area of
reinforcement over the anchorage length). For later calculation the axial
strain is also calculated for the particular axial force and curvature
given. The difference between the analysis moment and the non-linear moment
was denoted the pseudo moment and was degraded to four equivalent axial
loads to be applied to the corner nodes (Figure 4.5.6). A flowchart for the
subroutine is shown (Figure 4.5.7).

Meridional softening in cylinder:

For each element the determinate meridional stress was converted to an
equivalent strain, and compared with the axial strain from the moment-
curvature calculation. The two strains were converted into equivalent
forces for the complete circumference and the difference between the two
forces denoted as the meridional pseudo force. The pseudo force was
converted to six equivalent nodal forces to soften (or stiffen) the element
(Figure 4.5.8). A flowchart of the subroutine is shown (Figure 4.5.9).

Hoop softening in cylinder:

For each element the average hoop strain was calculated and converted to a
hoop force. A modified version of the moment curvature program was used to
calculate the nonlinear hoop force for the calculated hoop strain (and zero
curvature). In this case the meridional strain was also input into the
moment curvature program and the strain in the seismic reinforcement was
assumed to be the average of the hoop and meridional strains, the component
of hoop force was calculated accordingly. The difference between the hoop
and nonlinear hoop force denoted the pseudo hoop force.

The pseudo hoop force was converted into an equivalent internal pressure and
then converted to an equivalent total force over the element height and
applied as radial nodal loads (Figure 4.5.10). A flowchart of the
subroutine is shown (Figure 4.5.11).
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The radial shear stiffness for each element was modified at each pressure
increment based on the average of the current axial and radial stiffnesses.

Poisson's ratio:
The Poisson's ratio was reduced to effectively zero in each element if the
concrete represented has cracked.

Liner:

In the analysis the liner is modelied separately but it is assumed to act
compositely with the reinforced concrete. For the liner attached to the
cylindrical section, the meridional and hoop stresses were calculated from
the nodal deformations. The stresses were combined using the von Mises
criteria to assess if the liner has yjelded. Where the liner stress is
found to exceed the von Mises yield criterion the equivalent orthogonal
plastic stresses at the yield point using a radial return criterion were
calculated and the difference between the linear-elastic liner stress and
the stress at the yield point was denoted the pseudo stress. Nodal loads
were used to soften the liner in a similar manner to those described
earlier. When the converged solution was reached the plastic strains in
each direction and the total plastic strain in the 1iner for each element
were stored in a file. For the next pressure increment the plastic stresses
were calculated from the previous plastic strain and the yield stress
enhanced depending on the total plastic strain. The liner was computed to
fail when the total plastic strain exceeds the calculated maximum elongation
for biaxial tension using the material tests results. A flowchart of the
subroutine is shown (Figure 4.5.12).

Hand calculations indicated that the restraint to the liner at the wall base
was insufficient to achieve the full yield stress. Therefore for the wall
base the assumption that the liner was composite with the concrete would
have been conservative. To model the reduction in liner meridional
stiffness in this region the bottom three liner elements were decoupled from
the wall elements and the repeat freedoms were replaced by springs. The
actual value of the spring stiffness was difficult to determine. A value
equivalent to the elastic stiffness of the bottom three 1iner elements was
used. The spring forces were monitored during each iteration and if they
exceeded a value representative of the ultimate strength of the restraint
(including the stud connectors), the springs were softened until convergence
was achieved.

This modification resulted in a greater meridional tensile force in the
concrete, thus reducing the radial shear capacity.

4,5.3.7 Analysis Pressures

Initial hand calculations indicated that based on thin shell theory there
was sufficient resistance in the reinforcement and the liner to potentially
withstand over four times the design pressure, although the deformation to
achieve this pressure would be considerable. Therefore pressure increments
of approximately 29 psi (0.2 MPa) were adopted for the analysis commencing
at 15 percent over the design pressure. The five pressure increments
analyzed were chosen to highlight the changes in the modes of behavior of
the containment. The following pressures were analyzed: 52.9, 87, 116,
145, and 174 psi (0.365, 0.6, 0.8, 1.0, and 1.2 MPa). Milestones in the
structural response at these pressures are given in Section 4.5.4.

—242-



4.5.3.8 Convergence

The convergence of the analysis was found to be reasonably stable except for
the meridional stiffness of the cylinder. There were a number of reasons
why the meridional stiffness caused problems. For example, the axial strain
was not only directly influenced by the axial force but also it was
significantly affected by changes in the meridional bending moment, hoop
strain and liner forces. 1In addition over a range of meridional strains
between 0.00005 and 0.0007 the cylinder had an effective negative stiffness,
caused by the rate of reduction in the concrete tensile capacity exceeding
the rate of increase in force in the reinforcement. This problem was
overcome by increasing the strain over which the concrete was assumed to act
in tension. To damp the numerical osciliations between jterations the
pseudo softening forces input intc next iteration were the average of the
stored pseudo forces from the current and five preceeding iterations. As
the pseudo forces are initially set at zero this also had the effect of
ramping up the softening forces.

The actual convergence criteria was based on the change in pseudo softening
forces between each iteration. When the change in pseudo force was small in
comparison with the linear elastic analysis force, the element was deemed to
have converged. The total number of iterations required was found to
increase with the internal pressure. At 52.9 psi (0.365 MPa) only eight
iterations were required whereas at 174 psi (1.2 MPa) the structure was so
nonlinear over 30 iterations were necessary. Fach jteration took
approximately 2.5 minutes c.p.u. time.

4.5.3.9 Results

Cylindrical Section:

In the hoop direction the containment can resist about three times the
design pressure before yielding. At this point the displacement would still
be small. However, to sustain pressures over about 145 psi (1.0 MPa) large
deformations are required as the additional strength is provided by work
hardening of the reinforcement and the liner. These deformations would be
accompanied by a large amount of vertical cracking in the concrete cylinder.

For comparison the meridicnal bending moment, curvature, radial shear forces
and hoop stresses at each pressure increment are shown on Figures 4.5.13 -
4.5.16 respectively.

The moment is calculated about the mid depth of the concrete cylindrical
section. It does not include the liner meridional force. It can be seen
that, even though at the higher pressures the curvature at the wall base 1is
rapidly increasing, the moment is only increasing siowly. This is caused by
the reduction in moment capacity due to the high axial tension force.

The effect in coupling the hoop and meridional strain to calculate the force
in the 45° seismic bars i1s to increase the negative bending moments in the
areas of high hoop strain, and effectively prestress down the cylinder due
to the high hoop strains.

The significant change in wall reinforcement occurs in the wall at the top
of the eighth element from the base. This reduction in bending stiffness
does not appear to have any noticeable effect.
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Dome:

The dome was modelled to represent only the correct membrane stiffness,
therefore the bending and shear forces were not assessed. From the plots of
the displaced shape it can be seen that the dome, although it generally
follows the radial growth of the cylinder, is slightly stiffer creating some
discontinuity effects especially at the higher pressures.

Base:

Once flexural cracking has occurred the moment capacity drops and the
stiffness is reduced by an order of magnitude. The geometry of the elements
in the base were adjusted such that the bending stiffness could be reduced
whilst maintaining the correct axial stiffness. The radial forces in the
base are caused by shear in the walls, resisted by the hoop tension and atso
by the concrete in tension. If the concrete is cracked due to bending or
shrinkage the radial stiffness will be overestimated. However this may not
have a large effect as the force will also be resisted by the hoop tension.

Foundations:
At high pressure 1ift off occurs under the edge of the slab under the wall

when assuming the upper bound foundation stiffness of 255 ksf/ft (40 MN/m3).

At 25.6 ksf/ft (4 MN/m3) no 1ift off occurs. The analysis of P = 1.2 MPa
was carried out for both bounds of the foundation stiffness to assess its
effect on the cylinder moments and forces. The results of the two runs
showed no significant differences.

Liner:
The Yiner is softened for the membrane forces only, which is justified by
the fact that globally the bending stresses are very small.

The initial analysis was also carried out without the 1iner artificially
softened at the wall base in the meridional direction. In these runs the
stress in the liner was found to be highest at the wall base due to the
combination of axial tension and high curvature. However, in the latest
analyses the maximum stress in the liner at the wall base is limited to 7.2
ksi (50 MPa) in the meridional direction, (it is assumed fully effective in
the hoop direction).

In general the highest hoop liner stresses occur in the center of the wall
section and the highest meridional stresses occur where the combination of
meridional strain plus curvature is at a maximum, now to be found near the
top of the cylindrical section. The deformation in the spring connecting
the bottom of the cylinder liner to the concrete at the wall base is
equivalent to slippage of the liner up the wall due to insufficient
restraint. This value was compared with the results of the preliminary stud
embedment tests (supplied by Sandia) to assess the possibility of stud
failure. The slippage values for the five pressures cases considered are
0.01, 0.021, 0.042, 0.075, 0.2 inches (0.26 mm, 0.55 mm, 1.07 mm, 1.91 mm
and 5.17 mm).
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4.5.4 Three-Dimensional Analysis
4.5.4.1 Introduction

The purpose of carrying out the three-dimensjonal analysis was to study how
the non-axisymmetric features of the containment modified the global
structural response predicted using the axisymmetric model.

As described previously, simplified techniques can provide information
adequate for the Inspectorate's requirements, and such an approach was
adopted for this work. A fully noniinear analysis was, as previously,
considered inappropriate, and even the pseudo-load approach described in the
preceding section would have required excessive development to accommodate
the level of complexity around the penetrations. An alternative approach
was therefore adopted.

By postulating that the penetrations and the other non-axisymmetric features
had no effect on the overall structural response of the containment, it was
possible to take advantage of the results from the nonlinear axisymmetric
analysis. Thus, the nonlinear analysis of the containment including
penetrations could be reduced to a 3-D linear elastic analysis of the
containment using material properties calculated from the final converged
solution of the axisymmetric models.

Such an approach therefore presumes the result that the presence of
penetrations in the three-dimensional model would have no effect upon the
global behavior. However, it is possible to check this assumption by
comparing the displacements and bending moments predicted by each of these
two techniques, i.e.

i) two—dimensional axisymmetric model, analyzed as nonlinear using the
pseudo-load method.

ii) three-dimensional model, analyzed as linear but using "softened"
material properties as predicted by the axisymmetric analysis.

The comparison of the results appears in Section 4.5.3.4, following more
detailed descriptions of the modelling techniques and material properties
used.

4.5.4.2 Computer Model

The three-dimensional finite element model of the containment is comprised
of three basic elements; solid elements for the concrete walls and base,
shell elements for the liner, and ground springs to represent the foundation
stiffness. It was required that both the solid and shell elements be able
to model orthotropic material properties.

For the concrete walls and base, 20 node isoparametric brick elements were
used, except at the center of the base and top of the dome, where 15 node
wedge elements were used. A discretization of one element through the
thickness of the wall was adopted, as this had been found to give acceptable
results. The only suitable PAFEC elements for the liner were the 8-node
quadrilateral and 6-node triangular semi-loof shell elements.
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Due to the overall size of the problem the discretization of the model was
approximately half as fine as that used by the axisymmetric model, with
elements being placed every 15° around the circumference.

Initially a half model of the containment was set up but this was abandoned
in favor of a quarter model to reduce the computer C.P.U. time. The quarter
model included half of one personnel airlock and half of equipment hatch B.
The appropriate boundary conditions were applied to the structure.

4,.5.4.3 Material Properties

The orthotropic material properties of the concrete and liner elements were
calculated from the results of the axisymmetric analysis. Properties were
calculated for each horizontal layer of elements.

For the concrete elements a secant modulus was calculated in the hoop
direction from the hoop stress and strain. Unfortunately, in the meridional
direction using this secant modulus technique only the bending stiffness or
the axial stiffness could be modelled in any one element. The compromise
adopted was to model the bending stiffness at the wall base and the axial
stiffness higher up the wall. Therefore, the secant moduii were calculated
from the axial stresses and strains for all but the bottom three element
layers at the wall base. In these layers the meridional stiffness was
calculated from the bending moment and curvature, as this was shown to be
dominant in this area. In the through thickness direction the modulus of
uncracked concrete was used. Poisson's ratio was taken to be 0.01
throughout, representing cracked concrete. The orthotropic properties of
the base and dome elements were the same as those used in the axisymmetric
analyses. Around the hatches the orthotropic properties were calculated
assuming the concrete to be in tension and only the reinforcement to be
effective.

Isotropic properties were used for the liner elements unless they had
yielded in the axisymmetric analysis. For the yielding elements, secant
moduli were calculated in the hoop and meridional directions. Around the
hatches the liner elements were initially assumed to be linear elastic. At
the end of each run the liner stresses around the penetrations were
inspected. If in any element the von Mises yield criterion was exceeded a
more realistic secant modulus for the liner was calculated in the
orthotropic directions and the analysis repeated. A similar procedure was
adopted for checking the solid elements around the penetrations to assess if
the reinforcement had yielded.

4.5.4.4 Results

The guarter model described above has been run for the 52.9 psi, 87 psi, 116
psi, 145 psi (0.365, 0.600, 0.800 and 1.00 MPa), load cases. For all four
cases reasonable comparison can be made with the resuilts from the
axisymmetric analyses. In order to make comparisons between the two models
the values given for the three-dimensional model have been taken from a
vertical cross section midway between the two hatches.

Good agreement was found between the displacements shown by both models (see
Table 4.5.2). The meridional bending moments shown in Figure 4.5.17 at the
wall base are also in good agreement. However, further up the wall, where
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the stiffness is derived from the meridional rather than bending stiffness,
as would be expected the moments do not show the same agreement. Also using
the quasi-linear method it was possible to achieve a negative moment for a
positive curvature. Using a stiffness softening approach this was not
possible. The meridional moment at the wall base away from the central
position were found to vary by no more than three percent from the central
value.

The hoop stresses in the concrete also show that the effect of the
penetration is localized as the hoop stresses change very little over the
central portion of the wall.

4.5.4.5 Discussion

It was found from the comparison of bending moments and shear forces at the
wall base between the axisymmetric model and the 3-D model that the
penetrations have a negligible effect on the critical forces at the wall
base. Also the overall displacements are similar between the two models.
There were some differences, some of which were caused by the fact that the

TABLE 4.5.2 Comparison of Displacements {(mm)

Pressure 52.9 psi (0.365 MPa) Pressure 87 psi (0.6 MPa)

Axisymmetric 3-0D Axisymmetric 3-0D
Position UX Uy UXx uy UX uy UX Uy

1 -2.18 -2.06 -2.47 -2.45
2 -2.19 -2.07 ~2.49 -2.47
3 -1.0 0.21 -1.09 0.17 -0.78 0.3 -0.82 0.28
4 -1.02 -0.14 -1.1 -0.10 -0.8 -0.19 -0.84 -0.17
5 -0.71 2.05 -0.77 2.0 -0.12  3.77 0.05 3.81
6 -0.72 2.7 -0.77 2.56 0.05 4.49 0.32 4.18
7 -0.561 2.42 -0.60 2.37 0.62 4.01 0.89 3.87
8 0.32 1.4 0.6 1.56 2.15 2.3 2.87 2.54
9 1.054 1.15 3.27 3.8

Pressure = 116 psi (0.8 MPa) Pressure = 145 psi (1.0 MPa)

Axisymmetric 3~-D Axisymmetric 3-0D

Position  UX uy UX Uy UX Uy UX Uy

1 -4.44 -4.66 -5.28 -5.54
2 -4.47 -4.68 -5.32 -5.58
3 0.35 0.74 0.50 0.88 1.29 1.02 1.08 1.15
4 0.32 -0.57 0.46 -0.52 1.26 -0.83 1.0 -0.69
5 1.33 5.17 1.69 5.27 2.86 7.74 3.06 7.70
6 1.87 6.01 2.29 5.541 4.01 9.8 4.63 8.84
7 3.01 5.2 3.49 5.0 6.4 5.78 6.36 6.63
8 5.07 3.07 6.03 3.33 8.9 3.68 9.54 4.17
9 6.59 7.29 10.72 11.11

Note: for positions refer to Figure 4.5.18

~247-



3-D model had a coarser mesh than the axisymmetric models. However, in
general the results showed that the global effects are adequately predicted
using the axisymmetric analysis.

An important result of the above conclusion is that investigations into the
behavior of the area of the structure around the penetration can be carried
out using a local submodel, with boundary conditions from the axisymmetric
models rather than refining the mesh in a large 3-D model.

As discussed above, the containment was analyzed as a quarter model,
therefore the effect of the restraining bar at high level could not be

assessed. The effect of the bar was investigated by hand calculation and it
was concluded that it would not effect the global response.

4.5.5 Standard Results Plots

A number of standard plots have been produced from the results of the
axisymmetric analysis and are reproduced in Appendix A.

4.5.6 Milestones in Structural Response

Pressure = 52.9 psi (0.365 MPa)
Displacements: Figure 4.5.18

Cylinder:

Meridional flexural cracks at base on inside

Hoop partially cracked

Liner max. axial stress = 8.7 ksi (60 MPa) (mid height)

max. hoop stress = 27 ksi (186 MPa) (mid height)

Dome:

Concrete uncracked

Liner biaxial stress = 23.8 ksi (164 MPa)
Base:

Concrete uncracked

Liner max. stress = 4.5 ksi (31 MPa) (comp)

Pressure = 87 psi (0.6 MPa)
Displacements: Figure 4.5.18

Cylinder:

Meridional flexural cracks at base on inside

Hoop top 3/4 cracked

Liner max. axial stress = 17 ksi (117 MPa) (elastic)

max. hoop stress = 45.7 ksi (315 MPa) (elastic)
(mid height)

Dome:

Concrete cracked

Liner biaxial stress = 39.2 ksi (270 MPa) (elastic)
Base:

Concrete cracked

Liner max. stress = 5.9 ksi (41 MPa) (comp)

~248~



Pressure = 116 psi (0.8 MPa)

Displacements:

Cylinder:
Meridional
Hoop
Liner

Dome:
Concrete
Liner

Base:
Concrete
Liner

Figure 4.5.19

flexural cracks at base on inside

reinforcement about to yield

max. axial stress = 34.8 ksi (240 MPa) (plastic)

max. hoop stress = 57.4 ksi (396 MPa) (plastic)
(mid height)

nine liner element yielding

cracked
biaxial stress = 51.6 ksi (356 MPa) (elastic)

cracked
max. stress = 24.6 ksi (170 MPa) (comp)

Pressure = 145 psi (1.0 MPa)

Displacements:

Cylinder:
Meridional
Hoop

Liner

Dome:
Concrete
Liner

Base:
Concrete
Liner

Figure 4.5.19

flexural cracks at base on inside and lower mid 1/4

of wall outside (bottom element yielding is

bending)

reinforcement yielding many vertical cracks nearly

full height

max. axjal stress = 35.1 ksi (242 MPa) (plastic)

max. hoop stress = 58.4 ksi (403 MPa) (plastic)
(mid height)

A1l liner elements plastic

reinforced about to yield
biaxial stress = 51.6 ksi (356 MPa) (elastic)

cracked
max. stress = 33.3 ksi (230 MPa) (comp)
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Pressure = 174 psi (1.2 MPa)

Displacements: Figure 4.5.20

Cylinder:
Meridional flexural cracks 2/3 of outer wall above base
(bottom element yielding is bending)
Hoop reinforcement yielding - large deformations and
cracking
Liner max. axial stress = 27.4 ksi (189 MPa) (plastic)
max. hoop stress = 62.8 ksi (433 MPa) (plastic)
(mid height)
Dome:
Concrete reinforcement yielding, cracking
Liner biaxial stress = 63.5 ksi (438 MPa) (plastic)
Base:
Concrete cracked
Liner max. stress = 23.6 ksi (163 MPa) (comp)

4.5.7 Discussion

If the cylindrical wall of the containment were free to radially deform due
to the internal pressure and not be restrained by the base (or the dome)
radial shear forces would not be generated.

Although it 1s straightforward to calculate the ultimate pressure at which
the containment will fail by barrel bursting or dome bursting, there are no
simple methods of assessing the ultimate shear resistance. 1In general, the
radial shear forces peak at the wall base intersection. However, they also
exist around equipment hatches and personnel locks. Although there are a
number of methods of assessing shear resistance of a beam, there is little
guidance if the beam is also subject to a large axial tension and there is
almost no information if in addition the beam is a cylinder with hoop
reinforcement and internal pressure. In [4.5.6], the recent research in
this area is reviewed and a number of formulas are presented. However, it
was found that not only did the contribution of, for example, axial tension
to reducing the shear resistance as described by Beeby and Rangan differ by
a factor of 8, but all the formulas were found to be unsuitable for all
sections apart from the wall base. Figure 4.5.21 shows the comparison of
the shear force calculated at the wall base with a number of different
formulas. It can be seen that for all cases the resistance is calculated to
exceed the shear force applied.

In addition to the wall base three other sections were assessed where the
quantity of shear reinforcement changes. Level 2 is 1'-0" (300 mm) above
the base, Level 3 is 2'-0" (600 mm) above the base and Level 4 is 4'-0"
(1200 mm) above the base and is the position where the shear reinforcement
is discontinued. In each case the applied shear force is compared with the
ultimate shear resistance calculated using the ASME Section III] Div. 2
formula. This indicates that there is a potential for a shear failure at
Level 4 at a pressure of 116 psi (0.8 MPa), or 2.5 P,. Also at the point
where the cylinder meets the dome the calculated shegr force exceeds the
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shear resistance calculated using the ASME formula at the same pressure.
However, it is generally recognized that the ASME formula is conservative
(although it is not known by how much) and it is also conceptually difficult
to visualize a radial shear failure in the wall because as soon as the
shear-induced displacements occur the hoop reinforcement will pick up more
load reducing the shear force.

Therefore, on the basis of the analysis to date, there is no indication that
the containment will fail at pressure less than 116 psi (.8 MPa) or 2.5 P
with an upper bound of 174 psi (1.2 MPa) or 3.8 P,. To narrow the bounds it
is necessary not only to establish the level of cgnservatism in the radijal
shear formulas but also to inspect the details of the containment in much
greater depth. It is most likely that failure will initiate at a local
stress concentration caused by perhaps the penetration, liner details or
even poor workmanship during construction. Due to the lack of restraint to
the liner in the vertical direction at the wall base, it is probable that
the meridional stress in the liner caused by the axial tension and high
curvature will cause some liner studs to fail, probably by pulling out, but
possibly by tearing the liner, causing premature leakage.

If the ASME shear formula is conservative and local effects do not
precipitate an early failure, it is probably that the lower failure bound
will be at the point where plastic deformation commences (about 130 psi (0.9
MPa) or 2.8 PD).

4.5.8 Summary of Conclusions

(i) A 3-D computer model has been generated and run to assess the
effects of the large penetrations on the overall structural
behavior. The results indicate that the penetrations only have a
localized effect.

(ii) The concrete cylinder reinforcement yielded in the hoop direction
at the wall mid height at 2.8 P,. It is calculated to reach its
ultimate strength at 4.6 PD' TRe concrete dome reinforcement is
calculated to yield at 3.9 P, and reach its ultimate strength at

5.6 P.. The first plastic moments occurred at the wall base at 2.4
P.. ?he cylinder liner yielded at 2.5 P, and the dome liner
y?e]ded at 3.2 PD. The liner on the basg remained elastic up to
3.8 P

D

(ii1) The shear reinforcement at the wall base is sufficient to resist
the generated shear forces up to 3.8 PD’ however the shear forces
in the unreinforced section exceed the ASME 1imit at 2.5 PD'

(iv) Taking into consideration that the ASME code is conservative the
failure of the containment will probably occur between 2.8 P, and

3.8 PD’ unless it is initiated at a local stress concentratign.
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4.6 ENEA-DISP

This section was written by Giampiero Orsini and Giuseppe Pino of ENEA-DISP,
Nuclear Safety and Health Protection Directorate, Rome, Italy.

4.6.1 Summary

The containment has been analyzed using the ADINA code (Dec.1978 version),
considering an axisymmetric continuum model clamped at the cylinder wall
bottom. It consists of 300 eight-noded isoparametric concrete elements, 252
ring and 283 truss elements representing hoop, meridional, seismic rebars
with their nominal area, 99 ring and 100 meridional truss elements
representing a lattice equivalent to the liner nominal thickness. Ring and
truss elements have been placed at the actual rebar positions. The number
of the model nodes is 1109 with 2197 DOF. The concrete material model takes
into account the multiaxial stress-strain behavior by considering a triaxial
failure envelope, described in terms of discrete principal stress ratios.
When crushing occurs, the material has no more stiffness. If the computed
principal stress exceeds the uniaxial cut-off tensile stress, a crack is
formed perpendicular to this stress and both the normal and shear
stiffnesses are decreased, the former to 0.1E-3 and the latter to 0.5 times
the initial stiffness.

The steel material model follows the elastic—plastic stress-strain law with
isotropic hardening.

The F.E. system has been solved using an incremental solution of the
equations, performing equilibrium iterations (BFGS method) up to 0.67 Pd’
Sixteen integration points in the concrete elements were considered.

Analyzing the stresses and strains that were computed, the most likely
failure is that of the bottom wall due to the combined effect of bending,
tension and shear at a pressure value between 3.5 and 4 Pd. Since
penetrations were not considered, the prediction assumes their integrity up
to the wall failure.

4.6.2 Analytical Model
4.6.2.1 Finite Element Model

The containment structure has been analyzed using the ADINA finite element
code version Dec.1978 [4.6.1]. The finite element model is an axisymmetric
continuum model, consisting of 300 eight-noded isoparametric elements
representing the concrete, 252 ring elements representing the hoop rebars,
and 283 two-noded truss elements representing the meridional rebars and the
shear resisting rebars (11 elements) at the cylinder-basemat junction.

The liner has also been modeled by truss elements (99 ring elements and 100
two-noded meridional elements). The two dome cap steel plates in the apex
region and the grout in between have been modeled by linear elastic eight-
noded isoparametric elements.

Three elements have been used through the thickness of both the cylinder and
dome walls (Figure 4.6.1). The truss elements representing the rebars have
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been placed in the actual position shown in the design drawings, and the
diagonal rebars have been modeled with equivalent hoop and meridional
trusses (Figure 4.6.2). In Figure 4.6.3 the rebar modeling at the cylinder
wall base is shown.

The total number of the model nodes is 1109 with 2197 D.0.F. The present
model does not include the basemat and the nodes at the base of the cylinder
are restrained in every direction. 1In the dome apex, the nodes on the axis
of revolution are allowed to displace along the vertical axis only.

4.6.2.2 Material Model for Concrete

The concrete behavior has been represented by the model implemented in the
ADINA code [4.6.2]. The basic principle is to treat the general multiaxial
stress—strain behavior as an equivalent uniaxial relation. To this purpose
twenty—four input points are required, covering all the expected principal
stress values, to model the triaxial concrete compressive failure envelope.
The basic features of this model include (1) a nonlinear stress-strain
relation allowing for the weakening of the material, (2) stress induced
orthotropy, (3) failure envelopes defining tension and compression failures,
(4) post-cracking and crushing modeling ability, including strain softening,
and (5) loading and unloading conditions. The concrete uniaxial parameters,
used in the analysis, are:

initial tangent modulus = 5700 ksi (39300 MPa),

Poisson's ratio = 0.15,

uniaxial cut-off tensile strength = 0.4 ksi (2.7 MPa),

uniaxial maximum compressive stress (SIGMAC) = —-6.5 ksi (-44.8 MPa),
compressive strain at SIGMAC = -0.002,

uniaxial ultimate compressive stress = -6. ksi (-41.4 MPa)

uniaxial ultimate compressive strain = -0.0035.

The following parameters, in terms of discrete principal stress ratios to
describe the triaxial failure envelope, are required:

principal

stress ratios I=1 2 3 4 5 6
SP1(1) 0.0 0.25 0.5 0.75 1.0 3.
SP3(I,1) 1.0 1.4 1.7 2.2 2.5 2.8

(at SP2=SP1)

SP3(1,2) 1.3 1.5 2.0 2.3 2.7 3.2
(at SP2=.755P3)

SP3(1,3) 1.25 1.45 1.95 2.25 2.65 3.15
(at SP2=SP3)
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If the maximum principal stress exceeds the uniaxial cut-off tensile stress,
a tensile failure plane is defined perpendicular to this stress. Once a
tensile failure plane has occurred, the normal stiffness across this plane
is decreased to the original stiffness times the normal stiffness reduction
factor (STIFAC), and similarly, the shear stiffness is decreased to the
original shear stiffness times the shear stiffness reduction factor
(SHEFAC).

In the present analysis, these parameters assume the following values:
STIFAC = 0.1E-3.
SHEFAC = 0.5.

4.6.2.3 Material Model for Steel

The elastic plastic stress—strain law, with isotropic hardening, has been
used to represent the behavior of the rebars and the liner. The parameters
for the rebars are:

initial tangent modulus = 30000 ksi (209000 MPa),
yield stress = 69 ksi (476 MPa)
post yielding modulus = 470 ksi (3200 MPa),

For the liner:

initial tangent modulus = 30000 ksi (209000 MPa),
yield stress = 51.5 ksi (355 MPa),
post-yielding modutus = 110 ksi (700 MPa).

4.6.2.4 Method of Analytical Solution

The finite element system has been evaluated using an incremental solution
of the equations of equilibrium:

tyy _ t+dtp _ t

KU R-"F

where tK = tangent stiffness matrix corresponding to the configuration of
the system at time t, U = vector of nodal point incremental displacements

. t+dt t t+dt
(1.8., U= U‘ U)’

R = vector of externally applied nodal point
loads corresponding to time t+dt, anth = vector of nodal point forces
corresponding to the internal stresses at time t.

The solution of the previous equation yields, in general, an approximate
displacement increment U. To improve the solution accuracy and in some
cases to prevent the development of instabilities it may be necessary to use
equilibrium iteration in each or preselected time steps. In this case the
BFGS (Broyden-Fletcher-Goldfarb-Shanno) matrix updated method has been
considered. The algorithm used is:

tK+dU(1) t+dtR _ t+th(1—1)

t+dtu(1) _ t+dtu(1—1) + beta dU(1')
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where tK+ is an updated stiffness matrix (based on the iteration history)
and 'beta' is an accelerating factor determined by a line search in the

direction of dU(i)[4.6.1]

The applied loads are: dead load, as a load proportional to the lumped mass,
with its whole value from the beginning of the analysis and internal
pressure, as concentrated loads acting at the inner nodes of the structure,
with values increasing step by step.

The analyses have been performed with the following load steps (the internal
pressure values are referred to the design pressure, Pd’ equal to 46 psi

(0.317 MPa)):

LOAD PATH LOAD STEP STIFFNESS EQUILIBRIUM NOTES
INCREMENT REFORMATION ITERATIONS
(% Pd) (% Pd)
0 - 50 5 at every at every Maximum number (90)
step step of eq. it.
reached

Out of balance

50 - 67.5 0.5 at every at every load larger
step step than incremental
1oads
67.5 - 401 0.5 at every no Negative
step pivot.

In this analysis sixteen integration points are considered for the concrete
2-D elements. In previous analyses four integration points were used for
the same elements in order to reduce the computer time. In that case when
the pressure load reached about 65% Pd some instabilities developed and the

run stopped, having found a negative pivot for the equation corresponding to
a node located at 1/4 cylinder height. Close to that region, with the
sixteen integration points model, at 300% Pd pressure level, an abnormal

displacement distribution of the outer nodes may be observed (Figure 4.6.4).
Nevertheless the calculation went on without instabiiities and in the
following steps the displacement of the whole cylinder wall absorbed that
local protuberance (Figure 4.6.5).
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4.6.2.5 Analytical Model Approximations

In this subsection the main approximations of the analyzed model are pointed
out in order to keep them in mind when studying the calculational results.

a) The analyses performed are axisymmetric analyses, therefore no
penetrations were considered (e.g., the equipment hatches, the personnel
airlocks and pipes). Thus, stress concentrations in these regions are
disregarded and failures initiating in these locations cannot be
predicted. On the other hand, such a model enables calculations within
the capacities of present computers. After the test, local analyses
around the penetrations may be necessary to complete the study of the
model.

b) The basemat is not included in the model and soil-structure interaction
is disregarded. The possible increasing of the bending moment and shear
force at the basemat-wall junction is not evaluated.

c) the liner is modeled as a rebar lattice along the principal (hoop and
meridional) directions. The biaxial stress state behavior is neglected.

d) In the apex of the dome, the steel cap plates and the grout in between
are modeled with linear elastic elements.

e) After the start of concrete cracking, equilibrium iterations were
discontinued in order to avoid lack of convergence. However, in this
part of the analysis the load steps were chosen to be quite small (0.5%
of Pd) to obtain a reliable solution.

4.6.3 Analyses Results
4.6.3.1 Main Steps During Internal Pressure Rising

Before describing the analyses results it is useful to show significant
points of structural behavior during loading.

a) The first cracks in concrete happen at the cylinder wall base at 40% P_..
These cracks are caused by tension and bending moment and their plane qs
almost horizontal.

b) The extensive cracking of concrete due to hoop forces, begins at 68% P
and is complete at about 70% P,. At 80% P, the concrete cracking is
quite wide-spread in the meridqona1 directqon as well.

c) The yielding of the liner begins at 200% Pd.

d) The yielding of the hoop rebars begins at 258% Pd at the cylinder
midheight.

e) The yielding of the meridional rebars begins at 285% Pd at the cylinder
midheight.

f) General yielding is reached at about 300% Pd in the cylinder wall, both
along meridional and hoop directions.
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4.6.3.2 Concrete Cracking

The containment structure is divided into four regions for a detailed
description of the development of concrete cracks:

- region 1: cylinder wall-basemat junction;

— region 2: cylinder watl;

-~ region 3: dome-cylinder wall junction (springline);
— region 4: dome.

Region 1: cylinder wall-basemat junction

As could reasonably be anticipated, cracking of the concrete appears first
at the inner side of the cylinder wall base due to meridional tension
stresses caused by the bending moment. The bending moment effects are
relevant up to 70 inches (178 cm) from the basemat top (15 concrete
elements). At the inner layer of elements, the concrete begins to crack at
40% Pd and the crack planes have inclination, with respect to the vertical

plane, ranging from 79 to 83 degrees.

In the intermediate layer of elements, the concrete begins to crack at 45%

Pd and the crack planes have inclination, with respect to the vertical

plane, ranging from 76 to 83 degrees.

In the outer layer of elements, the concrete begins to crack at 55% Pd and

cracks planes have inclination, with respect to the horizontal plane,
ranging from 68 to 83 degrees. These cracks appear at the inner side of the
elements, at the locations of the first 5 integration points. At the other
integration points, at the outer side, the concrete never cracks due to the
meridional compression stresses.

At high values of the internal pressure concrete begins to crush. Crushing
first occurred at 3 Pd in the outer layer of elements and, at 4 Pd’ where

the computation stopped owing to numerical instability, concrete crushing
had spread along the wall thickness at the bottom. It must be noted that
the reference crushing stress attains values of 6.7 to 8.9 ksi (47 to 62
MPa), because of the effect of confinement due to the two other principal
stresses.

Hand calculations have been performed to check the previous results, using
well known formulas for an internally loaded cylinder restrained at the
base. The following formulas has been derived to calculate the internal
pressure at which concrete begins to crack:

. 2
Pe = s1gmac/(A/AC+1/(2L W))—G/AC

where Pc is the internal pressure at which concrete begins to crack; sigmaC
is the concrete tensile strength; A is the cylinder internal area; AC is the

concrete cylinder wall horizontal section area; L is the cylinder
characteristic length; W is the strength modulus of the concrete section;
and G is the dead load. The result obtained is:
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p_= 14 psi (0.1 MPa), or 0.31 P

c d

This pressure value must be compared with the 40% Pd value relative to the

inner concrete elements cracking. The hand calcuiated value does not take
into account the contributions of the rebars and of the liner.

Region 2: cylinder wall

When the first cracks appear at the wall-base junction, the maximum tensile
stresses in the cylinder wall region are hoop stresses and their values
range from 0.06 ksi (0.4 MPa) up to 0.1 ksi (0.7 MPa). In this region,
concrete cracking begins at 68% Pd and the cracks planes are vertical. At
70% Pd, all the three concrete elements layers, through the wall thickness
are cracked due to hoop stresses. The cracks appear at the same time in the
three layers and at this time almost all the cylinder wall is cracked.

At the same value of the internal pressure, 70% P cracks along horizontal

d,
planes caused by meridional stresses appear about 60 inches (160 cm) from
the base. Increasing the internal pressure, the horizontal cracking
develops along the wall height and is quite widespread at 73% Pd.

Also for this region, hand calculations have been performed to check the
results obtained with the ADINA Code. A simple concrete ring has been
analyzed to find the internal pressure level at which the hoop stresses
reach the tensile strength of the concrete. Using the formula for membrane
stress in a cylinder subjected to internal pressure:

P = s1gmaCAr/R

where Pe is the internal pressure at which concrete begins to crack; sigmaC
is the concrete tensile strength; Ar is the concrete ring area (for unit
height); and R is the containment internal radius. The result obtained is

p, = 30 psi (0.21 MPa) (65% P,)

A similar evaluation for the horizontal cracks leads to the following value
of the internal pressure:

P = s1gmaC/A/Ac—G/Ac

where the symbols have the same meaning as above. The result obtained is

P, = 64 psi (0.45 MPa) (139% P)

Region 3: dome-cylinder wall junction (springline)
The concrete cracking begins in all element Tayers at 73% Pd, with most

crack planes that have inclination, with respect to the vertical plane,
equal to about 85 degrees.

At the same pressure meridional crack planes appear as well.
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Region 4: dome

Increasing the internal pressure from 73% Pd’ the cracking of the concrete

spreads quite soon to the dome, and at 75% Pd almost all the dome elements

are cracked in both meridional and hoop directions.

4.6.3.3 Rebar Yielding

The same subdivision of the containment in regions specified in the previous
subsection will be adopted to describe the rebar behavior.

Region 1: cylinder wall-basemat junction

a)

b)

Meridional rebars: The inner layer of #4 and #6 rebars begins to yield
at 2.9 Pd (1 truss element at the bottom). When the computed

containment failure is reached, at 4 Pd’ the strain value of these
rebars is 7.2%

With hand calculations, the pressure at which the inner layer of rebars
yields has been evaluated and its value is 3.5 Pd' At this pressure
level, the compression stress in the outer layer of concrete elements is
3.1 ksi (22 MPa).

Hoop rebars: In this region, the first two hoop rebars are still

elastic at 3.6 Pd' At ultimate, 4 Pd’ all the hoop rebars have yielded.

Diagonal seismic rebars: As already said, diagonal seismic rebars have
been modeled with equivalent meridional and hoop rebars. In region 1,
they behave as the analogous ones described above.

Shear rebars: The yielding of the shear rebars occurs at 3.2 Pd and the

strain at 4 Pd is 1.9%.

Region 2: cylinder wall

a)

Meridional rebars: The outer layer of rebars begins to yield at 2.8 Pd.
At 3.2 Pd’ almost all the elements are yielded. When the estimated
containment failure is reached, at 4 Pd, the strain value of these
rebars is about 2%. The inner layer of rebars begins to yield at 2.9
Pd. At 4 Pd’ about 50% of the elements have been yielded. When the
estimated containment failure is reached, at 4 Pd, the strain value of

the inner rebars is about 1%.

Hoop rebars: The outer layer of hoop rebars begins to yield at 2.6 Pd.
At 2.9 Pd,
ultimate pressure the strain is about 6.5%.

almost all the elements are yielded. At the computed
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The inner layer of hoop rebars begins to yield at 2.6 P,. At 2.8 Pd,
almost all the elements are yielded. At the estimated altimate
pressure, the computed strain is about 7%.

Also these results have been checked performing hand calculations. The
formulas for membrane stress have been used, considering the liner too,
and the following vatue for the internal pressure, at yielding of the
steel, has been found:

p=2.9 Pd

c) Diagonal seismic rebars: The equivalent seismic hoop rebars begin to
yield at 2.5 P, and at 2.9 Pd all the elements are yielded. The
equivalent meerional rebars begin to yield at 2.5 Pd and at 3.3 Pd the
yielding is reached in almost all rebars.

Region 3: dome—cylinder wall junction (springline)

a) Meridional rebars: The outer layer of rebars begins to yield at 3 Pd'
At 3.4 P, almost all the elements are yielded. When the estimated
containment failure is reached, at 4 P,, the strain value of this layer
is 1.1%. The inner layer of rebars beains to yield at 2.9 P,. At 3.4
P., all the elements are yielded. When the estimated contaifiment
fg11ure is reached, at 4 Pd, the strain value of the inner rebars is
6.3%.

b) Hoop rebars: The outer layer of hoop rebars begins to yield at 3.2 P
At 3.4 P,, all the elements are yielded. At the estimated ultimate
pressure, the strain is 1%.

d:

Region 4: dome

a) Meridional rebars: In this region the meridional rebars do not reach
yielding.

b) Hoop rebars: The hoop rebars also do not reach yielding, except for the

first 10 etements near the springline, as said before.
4.6.3.4 Liner

The yielding of the equivalent rebars, used to represent the liner in the
F.E. model, begins when the internal pressure reaches the value of 2 Pd’
both at the wall base and midheight. At ultimate (4 P ), the computed
maximum strain is 11% at the base, 9.2% at the springltne and 7% in the
cylinder wall.

4.6.3.5 Displacements

In Figure 4.6.6, the point at which concrete cracks is clearly detectable.
The structure softens and a sharp increase of the radial displacements
occurs (d = 0.08 inches (2.0 mm) at 75% P,). After this point, the
displacement increases and the curve s]opg is different from that of the
initial segment, related to homogeneous resistant sections with uncracked
concrete. Extending this section of the curve it nearly meets the axis
origin.
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At another significant point of the curve, about 300% P,, the beginning of
the containment strength loss is shown: the displacemeﬂt increases rapidly
with relatively small increases of the internal pressure. The development
of a general yield state in the cylinder wall is evident. The maximum
radial displacement occurs at midheight of the cylinder and its value is
nearly 10 inches (25.4 cm) at 4 P,. The springline displacement (Figure
4.6.7) shows a stiffer behavior, g]ong the radial direction, whereas the
vertical displacement is greater than the radial one.

Looking at the vertical displacement of the dome apex (Figure 4.6.8) the
same significant points of the previous chart are evident, e.g., concrete
cracking and the beginning of yielding, which occur at approximately the
same pressure levels. Figure 4.6.8 shows vertical displacement values
similar to those obtained at the springline. After the start of concrete
cracking, the springline vertical displacement is slightly greater than that
at the apex at the same load. The value computed at 4 P, is 2.2 inches (5.6
cm) at the springline and 2.0 inches (5.1 cm) at the domg apex.

4.6.3.6 Pressure History Plots

Addition plots of displaceament and strains as requested by Sandia are given
in Appendix A.

4.6.4 Conclusions

The stop of computation by the ADINA code occurred when extensive crushing
of the concrete at the basemat-wall junction took place due to the combined
effects of meridional tension and bending moment at the clamped wall bottom.
At this time the internal pressure has reached the value of 184 psi (1.27
MPa), four times the design pressure load. That mode of failure could be
deemed quite reasonable, considering moreover that the bending effect would
have increased if the foundation and the soil-structure interaction had been
taken into account in the present analysis.

Looking at the rest of the structure, it appears that a large strain of the
hoop rebars in the cylinder wall is required, about 7%, in order to carry
such pressure load. Considering that the hardening modulus of the rebars
has been taken as a secant modulus, the effective deformation of the hoop
rebars might be less than 7% at the 1imit state evaluated. On the other
hand, the ADINA Code takes into account the triaxial stress state of the
concrete elements to decide if crushing occurs. Doing so, the confinement
effect of the base restraint allows a large increase of the ultimate
compression stress of the concrete, which in this specific case reaches the
value of 8.9 ksi (62 MPa). In our opinion, it is more reasonable to rely on
the large strain capability of the steel rebars instead of such increases in
the concrete strength. Therefore the containment failure mode should be the
rupture of the cylinder wall base due to the combined effect of meridional
tension and bending moment, at a pressure value lying in the range 3.5-4 Pd.

This assessment is an upper bound of the containment strength, whose
occurrence assumes that penetrations and the wall region around them (not
considered in this analysis), maintain their structural integrity up to the
ultimate pressure load.
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SANDIA CONTAIMENT MODEL

FRFSSIIRF LEVEL= nesh
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Figure 4.6.1

Concrete elements mesh
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SANDIA CONTAI MENT MODEL
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Figure 4.6.2 Truss elements mesh (rebars and liner)
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Figure 4.6.3 Detail of truss elements at the cylinder wall base
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SANDIA CONTAI {MENT MODEL
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Figure 4.6.4 Displacements at p=3Pd
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SANDIA CONTAI {MENT MODEL
FPRFSSIIRF LEVEL= 400.5 Pd
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Figure 4.6.5 Displacement at p=4P
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4.7 Safety and Reliability Directorate

This section was authored by M. H. Bleackley, J. A. Hargreaves, L. P.
Harrop, D. W. Phillips, J. Jowett & P. Barr from the Safety and Reliability
Directorate of the U.K. Atomic Energy Authority.

4.7.1 Summary

Finite element axisymmetric studies have been undertaken pertaining to the
1/6th scale reinforced concrete containment building. Results from these
studies will be compared to other similar studies in different organizations
to predict the response to internal static overpressurization.

The main predictions are that the hoop rebar will yield at 138 psi (0.95
MPa) and that the periphery of the basemat will be subject to excessive
uplift at 164 psi (1.13 MPa) when the tensile rebar at the pole of the
pasemat reaches its ultimate tensile strength (UTS).

Synopsis of Results

Organization: Safety & Reliability Directorate of the
U.K.A.E.A. Culcheth, Warrington, WA3 4NE.

Analytical Method: Finite elements.

Constitutive Model: Modified Chen-Chen concrete model as

implemented in ABAQUS version 4-5-171.

Model Geometry: axisymmetric shell and axisymmetric
shell/solid geometries.

Failure Criterion: Rupture of liner so gas leakage is
in excess of gas input.

Predicted Failure Mode: Tensile failure of the rebar due
to bending at the pole of the basemat.

4.7.2 Introduction

This paper discusses a non-linear finite element axisymmetric analysis of a
1/6th scale model reinforced concrete PWR containment to predict the
performance of the containment when the design pressure is exceeded.

The actual concrete containment is being constructed at Sandia National
Laboratories, New Mexico for the USNRC. It is intended that the containment
will be tested to failure to determine its response to internal static
overpressurization. As a precursor to the experimental test, a number of
organizations are participating in an international effort to predict the
outcome of the test by analytical methods. The results from the heavily
instrumented test will then be compared with the analytical predictions.
This paper represents one contribution based on finite element calculations
using the non-linear finite element code ABAQUS mounted on the UKAEA CRAY-
XMP/24.
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Three distinct numerical axisymmetric analyses have been undertaken:

firstly a typical section of containment wall was modelled using a ring-beam
representation, secondly a full shell analysis was performed and finally a
mixed shell/continuum model was undertaken with the dome and the upper part
of the cylinder wall modelled by shells and the remaining lower parts of the
containment modelled by continuum elements. Only a limited analysis was
undertaken on the latter model. These three analyses provided a natural
progression along a learning curve from a well defined ring-beam model with
simple boundary conditions to a fully fledged geometry with a complicated
response.

4.7.3 Numerical Model

The finite element code ABAQUS 4-5-171 [4.7.1] was used in this analysis.
This code was chosen because of its non-linear capabilities (small
strain/displacement theory) and constitutive concrete model. This version
of ABAQUS incorporates a modified version of the Chen-Chen concrete
constitutive model.

The Chen-Chen model treats concrete as an elastic—plastic strain hardening
material which fractures in tension. Elastic response is assumed whenever a
stress point lies within a yield surface and an elastic—plastic behavior
whenever the yield surface is reached. Also defined is a failure surface
beyond which stress states cannot be reached.

The yield and failure surfaces of the Chen-Chen model are both defined by a
combination of parabolic and hyperbolic functions. The parabolic function
is used to represent the triaxial compression region, and the hyperbolic
function the tension/compression region. If the compression failure surface
is reached, the concrete is assumed to crush with all strength lost (o0=0).
If the tension surface is reached, cracking normal to the most tensile
principal strain is flagged. To 1imit the excessive degree of tensile
straining before cracking which existed in Chen and Chen's original model,
Hibbitt et al., [4.7.1] have added a 1imiting tensile strain criterion for
cracking.

Whilst the ABAQUS implementation of the Chen-Chen model provides a good
representation of concrete behavior in biaxial or triaxial compression, its
performance in the tension region is not so good. For a stress state of
equal biaxial tension, the model underpredicts the failure strength by 40
percent. As both the walls and roof of a containment structure experience a
biaxial tensile stress field, the calculation is likely to underpredict the
pressure at which initial cracking occurs.

For the present application, a more serious shortcoming in the ABAQUS model
is its use of the smeared cracking approximation. With this approximation
no attempt is made to simulate the formation and development of discrete
cracks, rather the displacements associated with crack opening are smeared
uniformly across an element and the stiffness of that element 1is
correspondingly reduced. This approximation greatly simplifies the
calculations but for the present application it means that possible local
liner failure modes cannot be examined directly using ABAQUS.

When the smeared cracking approximation is employed, some means of
accounting for the tension stiffening effect is needed. In the ABAQUS model
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the artifice of giving the concrete a decaying post-tensile failure
stress/strain curve is used. In the current calculations a linear decay
function which reaches zero at a strain of one percent has been used. Such
a treatment also has the benefit of improving code convergence. However it
should be noted that in a review conducted by Gilbert [4.7.2], the above
method was revealed as being less stable than a method based on the
adjustment of the rebar stress/strain curve.

The reinforcing bars within the concrete can be arbitrarily specified
because the rebar is not represented by separate elements. The model sees
the rebar in an element as a sheet with equivalent cross—-sectional area,
axial stiffness and orientation as the specified rebar. Numerically, the
rebar will exhibit only axial stiffness e.g. no shear stiffness. The
rectangular reinforcement met at the base of the model has been replicated
as specified by ABAQUS input procedures, but it is not clear how this
reinforcement is treated at the pole of the basemat within ABAQUS.

The weight of the containment has been modelled by assuming the density of
concrete with no rebar.

The containment building is not truly axisymmetric by virtue of penetrations
such as personnel airlocks and equipment hatches. Although it is an obvious
over—simplification, we chose to model the containment as an axisymmetric
structure because of its near symmetry and the pressure loading is naturally
axtsymmetric. Such a model is practicable given the size requirements for
running a non—-linear analysis.

Two types of element are used in this analysis: the eight-noded
axisymmetric quadriltateral (CAX8R) and the three-noded quadrilateral shell
element (SAX2). The former are integrated by 2x2 Gauss integration and the
latter by two integration stations along the shell length and five through
each layer of shell.

4.7.4 Material Properties

A1l the material properties used in this analysis are those supplied by SNL
and are given 1in Figure 4.7.1 and Table 4.7.1: the engineering uniaxial
stress/plastic strain curves for the #4 rebar, concrete, basemat/ cylinder
and dome liner. Various curves were supplied by SNL for each type of
uniaxial test from data available in March 1986. A representative uniaxial
stress/plastic strain relationship was chosen for each material by the
authors. Subsequently, recommended material properties for each tested type
of material were suppliied by SNL [4.7.3] in October 1986 but only those
pertaining to the dome were used by the authors. The steel used in the
rebar and the basemat/cylinder wall liner exhibited a distinct yield plateau
with no significant work-hardening in evidence until a plastic strain of 0.5
percent to 1.5 percent. The stress values of the unijaxial stress/strain
curve for the #4 are based on a nominal diameter of 0.5" (0.1963 sq. in.,
126.6 sg. mm cross—sectional area). The material properties of the #4 rebar
are also taken as representative of the #2, #3, #5 and #6 rebar since the #4
rebar 1s by far the most common rebar in the containment.

The concrete compressive stress/strain data are based on a 90 day test. The
slope of the curve is taken as linear up to 5.9 ksi (40.48 MPa) and using a
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Table 4.7.1: List of Material Properties

Steel
Rebar Basemat/Wall Dome Liner
Liner
E = 30000 ksi (207000 MPa); » = 0.3
o €p o €p 0 €p
ksi MPa % ksi MPa % ksi MPa %
68.1 469.87 0.0 49.4 340.72 0.0 51.3 354.0 0.0
68.1 469.87 0.5168 49.4 340.72 1.5080 61.1 421.0 2.30
82.4 567.95 1.4942 55.3 401.82 3.1519 66.9 461.0 4.78
93.7 645.75 2.661 62.9 433.79 4.8094 70.5 486.0 9.77
100.4 692.43 3.8556 65.6 452.05 6.4736 70.9 489.0 14.76
105.0 723.75 5.0544 66.9 461.18 8.1422
107.8 743.00 6.2601 68.2 470.31 9.98108
108.3 746.9 7.4748 68.5 472.60 11.4827
108.7 749.31 8.6904 69.4 478.48 16.1643
ancrete
o €p
MPa %
40.48 0.0
40.79 0.00342 E = 3600 ksi (24800 MPa)
41.08 0.00655 v = 0.15
41.61 0.01980 pg = 23.544 KN/m°

Ratio of the stress components under bjaxial compression (o1 = 02)
at failure to the failure stress in uniaxial compression = 1.16
(ABAQUS default).

Ratio of the plastic strain components under biaxial compression
at failure to the plastic strain at failure in uniaxial compression
= 1.28 (ABAQUS default).

Ratio of the uniaxial tension failure stress to the uniaxial
compressive failure stress = 0.06.

Ratio of the uniaxial tensile failure plastic strain to the uniaxial
compressive faijlure plastic strain = 0.09 (ABAQUS default).
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Young's modulus of 3600 ksi (24800 MPa), which is 1/3 less than recommended
now [4.7.3]. A value of 363 psi (2.5 MPa) is obtained from a SNL direct
tension test at 120 days. This is compared to 500 psi (3.45 MPa)
recommended by [4.7.3], which originates from a split tension test. The
former value is more appropriate for the input of ABAQUS [4.7.1]. The
uniaxial stress/strain curve in tension is assumed to be linear up to the
failure tensile strength. It is also assumed to loose its tensile strength
linearly from 363 psi (2.5 MPa) until one percent strain is reached when the
concrete is specified to have zero strength.

4.7.5 Finite Element Models
4.7.5.1 Ring-beam Model

The mesh and rebar positioning for the ring-beam, which is representative of
the containment wall above the shear reinforcement level (> 3.6 ft (1100 mm)
above the top of the basemat), are shown in Figure 4.7.2. The mesh
representation is of a square cross-section. It consists of six elements:
two shell elements representing the liner and four continuum elements the
concrete. The section is rigidly fixed in the meridional position but is
free to move radially. This representation approximates to a cross—-section
at mid-cylinder height above the shear reinforcement. This model
incorporates the eight layers of primary reinforcement: four layers of
circumferential (12 rebars), two tayers of meridional and two of diagonal.

The ring is loaded by static load increments of uniform pressure along the
liner face at the nodes.

4.7.5.2 Shell Model

An axisymmetric shell model provides a crude but economical representation
of the entire containment.

Forty-six three-noded axisymmetric shell elements (11 representing the
basemat, 20 the wall and 15 the dome) are used with a single element
representing the containment wall thickness. Each element is in turn
divided into two layers so as to represent the reinforced concrete and steel
liner.

The model 1is fixed kinematically at two nodes: in the radial direction at
the apex and both radially and vertically at the centre of the basemat.

The inside of the containment is loaded by uniform pressure, applied in
increments as a static load.

This model may lack refinement (e.g. these shell elements have a pseudo
thickness) but it provides the global response at minimal cost.

Most of the major reinforcement has been modelled with the exception of the
shear reinforcement in the wall and the vertical rebar in the basemat.

4.7.5.3 Shell/Continuum Model

The next level of complexity in this finite element analysis is an
axisymmetric model incorporating solid elements. The main additional
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capability of this model is to represent transverse shear, especially at the
cylinder wall/basemat junction.

In the interests of economy, as shown in Figure 4.7.3, the containment above
the shear reinforcement tevel (> 4.92 ft (1.5 m) above the basemat) is made
up of 30 shell elements from the previous model. Below this level the
containment is modelled with three hundred and fifty 2-D axisymmetric eight-
noded elements and the 1/16" (1.6 mm) liner by fifty—-four three-noded shells
(SAX2). The concrete wall thickness consists of two eight-noded elements
and the entire wall has 2x32 = 64 2-D elements. The basemat is eleven
elements thick and consists of 11x26 = 286 eight-noded elements. In total,
the model possesses 434 elements 1250 nodes.

A detail of the mesh and rebar for the continuum section of the model is
shown in Figure 4.7.4. The #2 and #3 shear ties in the wall are clearly
visible as is the inclined #4 rebar.

4.7.6 Results
4.7.6.1 Results for the Ring-beam Model

The ring—beam is loaded by uniform pressure loading using ABAQUS's automatic
incremental loader.

Figure 4.7.5 shows the pressure/displacement curve for this ring-beam model.
The curve has four distinct liner slopes.

The first slope is linear up to 0.85x design pressure (39 psi, 0.27 MPa); at
this point the concrete cracks on a plane normal to the hoop rebar. The
model now loses stiffness to account for the concrete cracking. This
modified stiffness response now continues up to 3.15x design pressure (145
psi, 100 MPa), at which point the liner yields plastically. The Tiner
yielding reduces the stiffness response of the beam further, and the curve
follows a new linear slope to 3.88x design pressure (178 psi, 1.23 MPa).

The hoop rebar yields plastically at this pressure. The response is now
essentially horizontal with no increase in load, as the 12 hoop rebars in
the model yield virtually simultaneously leaving only the seismic rebar with
any load carrying capacity and able to sustain only one-half of the stress
of the hoop rebar. The seismic rebar is in the plane of maximum shear (45
degrees to the hoop and meridiconal direction) and as the meridional stress
is approximately zero in this model, it is only to be expected the seismic
rebar sustains this stress.

The hoop rebar is unable to exhibit a further increase in load owing to the
shape of the uniaxial stress/strain curve. To obtain maximum load, 15 load
increments were required, the short horizontal region required an equal
number of increments. The little progress of the latter load steps is due
to the horizontal (Luder's) portion of the uniaxial stress—strain curve.

The Luders band of the #4 rebar extends to 0.5 percent strain which is equal
to a hoop strain of dr/r, and hence is equivalent to a deformation of 0.66
inches (16.75 mm).

The response of the ring-beam model 1is summarized in Table 4.7.2.
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Table 4.7.2 Prediction for the Response of the Containment Model

Numerical Analytical
Shell Shell/ Ring— [4.7.5]
2-D beam

Internal Pressure psi {MPa)

28 28 39 30
(0.19) (0.19) (0.27) (0.21)

32 41 38
(0.22) (0.28) - (0.26)
32 48
(0.22) - (0.33)
33

(0.23) -
59

(0.41) -

71 62
(0.49) - (0.43)
110 145 86
(0.76) (1.00)  (0.59)

132
(0.91) -
138
(0.95) -
138 178 129
(0.95) (1.23)  (0.89)
145
(1.00) -
155
(1.07 -
164
(1.13) _
167
- (1.15)
174
- (1.20)
229
>(1.58)

Comments

Meridional cracks through concrete in
undisturbed regions of the cylinder.

Meridional cracks through concrete in
dome.

Circumferential cracks in cylinder just
below the spring line.

Circumferential cracking in dome.
Dome entirely cracked in orthogonal
planes.

Horizontal cracks through concrete in
undisturbed regions of the cylinder.

Liner on cylinder wall yields in
undisturbed regions of cylinder.

Hoop tension rebar yields at the pole of
the basemat.

Concrete crushed at basemat/cylinder wall
intersection.

Hoop rebar yields in cylinder away from
discontinuities.

Longitudinal tensile rebars yields at the
pole of the basemat.

Hoop compression rebar yields at the pole
of the basemat.

A1l tensile rebar at pole of basemat
reaches UTS.

Hoop rebar in dome yields.
Axial rebar yields in undisturbed regions
of the cylinder.

Failure in bending of basemat/cylinder
wall junction.
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4.7.6.2 Results for the Shell Model

The shell model was loaded by 133 load increments to a maximum load of 164
psi (1.13 MPa). The first one hundred increments were applied in fixed
steps of 9.5 kPa up to 0.95 MPa.

The remaining thirty-three increments were applied using the ABAQUS
automatic incremental loader. For these remaining increments, if
convergence was not achieved within the first eight iterations of a load
increment, convergence was abandoned and the residual forces transferred to
the next load increment. This can cause problems if the residual forces are
of the same order as the applied forces. The uniaxial stress/strain curves
for the steel has been modified slightly to aid convergence by removing the
Luders band.

As the basemat is subject to uplift, it has been judged unnecessary to model
basemat/soil interaction. Indeed the recommended soil compliance [4.7.3] of
390 ksf/ft (61.3 MPa/m) is low enough for it to be unlikely for it to impose
any significant vertical or shear loading on the stiff basemat.

The pressure/displacement response curve for the containment at mid-cylinder
height 1s shown in Figure 4.7.5. It has the same form as the ring-beam
model, with the concrete cracking, liner and hoop rebar yielding at roughly
the same displacements. For a given displacement, the containment at this
height supports a lower pressure, for unlike the ring-beam model, the
cylinder wall 1s subject to bending. Initially both models have the same
compliance. The concrete cracks at 22 psi (0.15 MPa) in the cylinder wall
and the response is linear to 109 psi (0.75 MPa) when the Tiner yields.
Further loading yields the hoop rebar at 138 psi (0.95 MPa).

Up to this load the residual forces (the out-of-balance forces produced by
the difference in applied loading and internal stresses) are kept to the
order of 1/100th of the applied load. The moment tolerance is simply the
maximum resijdual force specified multiplied by a typical element size: 11.8
inches (0.3 m) in this case. For higher loads. this criterion is relaxed so
that the residual forces and moments can increase by a factor of 10. For
loads greater than 144 psi (0.99 MPa), (>0.5 in. (12 mm) radial
displacement), convergence 1S never again achieved.

Figure 4.7.6 shows the state of the containment at the maximum load achieved
of 164 psi (1.13 MPa). Excessive displacements are occurring at the
periphery of the basemat. The maximum effective strain in the cylinder wall
is approximately three percent (4 inches (100 mm) radial displacement).

This analysis though cannot model accurately the strains at the cylinder
wall/basemat junction. The largest residual forces occur in the basemat and
the lower section of the cylinder wall.

At maximum load, due to bending, all the tensile rebar at the pole of the
basemat reach their UTS. The liner at the pole position also attains its
UTS, but in compression. The centre of the basemat essentially becomes a
hinge at this point as the basemat loses its bending stiffness. At this
load the ABAQUS computation stops.

The global response of the shell model is outlined in Table 4.7.2. It
should be noted that the numbers obtained from Figure 4.7.5 and Table 4.7.2
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may not correspond, as the former represents a local response and the latter
a global response.

4.7.6.3 Results for the Shell/2-D Model

When loading this model, even at very low loads (7 psi, <0.05 MPa), two
problems became apparent: (1) the junction of the shell and 2-D elements in
the cylinder wall and (2) the boundary conditions pertaining to the basemat.

The former condition allowed excessive relative rotation and a 'kink'
developed along the interface line between the shell and 2-D elements. This
is not surprising as the shell has a rotational DOF which is unrestrained at
the interface and so the shell can rotate as a hinge (albeit in
axisymmetrical mode). The problem was rectified by applying a rigid
constraint from seven inches (178 mm) above the interface in the shell
element to three inches (76 mm) below the interface in the centre of the
wall thickness. This 10 inch (0.25 m) high restrain is equivalent to
applying a rigid ring through the centre of the wall.

Initially, the constraint on the lower face of the basemat was modelled as
in the shell model, with the basemat restrained radially and meridionally
along the axis of symmetry. This produced excessive concrete cracking and
corresponding poor convergence. The lower face of the basemat was then
modelled using the *RIGID SURFACE option in ABAQUS but the cost incurred was
twice that of modelling the structure with the boundary of the entire lower
face of the basemat fixed vertically.

The few results presented in Table 4.7.2 for this model have been obtained
by making the first three elements of the bottom set of elements of the
basemat rigid {see Figure 4.7.4). The innermost two of the three are
constrained vertically. This fixes the basemat against vertical motion
within a radius of 1.59 inches (40 mm) of the centre line of the model.

Figure 4.7.5 shows the pressure/radial displacement response to 1.1x design
pressure (51 psi, 0.35 MPa). The analysis was terminated at this load after
45 increments owing to cost: 13 minutes of CRAY CPU time had been consumed.
After the initial meridional cracking in the cylinder wall the numerical
response became very sluggish with smaller load increments and more
iterations.

The comparison in Figure 4.7.5 with this model and the shell model is very
close. This 1is not surprising as the displacements are taken at the same
distance above the centre of the basemat 11.5 ft, 3.5 m). This is above the
continuum elements and hence both model responses is produced by shell
elements at this height. It is to be expected the results pertaining to the
dome in Table 4.7.2 for the shell model would be applicable to this model.

At the maximum loading of this model, the uplift on the periphery of the
basemat is approximately three-quarters that of the wholly shell model.
This analysis has not detected the phenomenon of the dome displacing
downwards after 25 psi (0.17 MPa) as had [4.7.4]. The latter result was
achieved using a wholly 2-D continuum analysis.
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4.7.7 Discussion and Conclusion

The response of the ring-beam and containment together with the analytical
[4.7.5] results are compared in Table 4.7.2. The plots required by SNL
[4.7.3] are given in Appendix A.

The results obtained by [4.7.5] for the various stages of damage show good
agreement with the numerical model predictions, particularly at the lower
pressures. The differences are partly due to biaxial effects which are not
accounted for in the analytical and, to some extent, the ring-beam model.

The simple axisymmetric shell model i1s more numerically stable than the
continuum element model when heavy cracking has .occurred. Most of the

numerical problems pertain to the cracking of the concrete, and if the

stiffness is reduced sufficiently to represent the cracking, numerical

problems may ensue.

Although this analysis has been taken to a pressure of 3.6x design pressure
(164 psi, 1.13 MPa) it is difficult to predict when failure of the vessel
will occur i.e. when the liner 1s ruptured and the gas leakage rate is in
excess of the rate of gas input and hence internal pressure of the
containment cannot be sustained. This failure may manifest itself as a
gross and rapid structural failure or a local rupture.

At the maximum load attained, the maximum effective strain ep in tension 1is
only about three percent. Using the simple premise, and without recourse to
any ductile mechanics theories, that the Tiner will tear on reaching its
ultimate tensile strength in uniaxial elongation at 16 percent [4.7.5],
leakage will therefore not occur. As this finjte element study has
preciuded penetrations that give rise to stress concentrations, it 1s not
possible to predict when rupture of the liner will occur.

The Tiner at the pole of the basemat 1n the shell model does attain its UTS
in compression at maximum loading which would indicate buckling of the
Tiner.

The overall conclusion about the overpressure behavior of the model
containment is that it should survive without gross distortion of the
pressure boundary to 138 psi (0.95 MPa) when the hoop rebar in the cylinder
wall yields.

The mode of failure predicted is tensiie failure of the rebar due to bending
at the pole of the basemat which occurs at 164 psi (1.13 MPa). This results
in excessive uplift of the basemat periphery. However, the ABAQUS modelling
of the rebar in this region may not be representative in the axisymmetric
shell model and hence this mode of failure may not be realistic. A likely
mode of failure would then be hoop deformation of the cylinder wall at a
pressure above 138 psi (0.95 MPa).

It would seem that the liner will fail from a stress concentration, given
the amount of deformation the liner must be subject to in attaining an
gffective strain of 16 percent. This could be a known concentration as the
basemat/cylinder wall junction or an unknown concentration such as a weld
defect.
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Finally we would 1ike to point out that the finite element study reported
here proceeded in parallel with, and to some extent guided by hand
calculations [4.7.5]. We are of the opinion that these two approaches are
complementary with the cost advantages of hand calculations balanced against
the greater versatility to model detailed behavior with the finite element
method.
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4.8 Gesellschaft fuer Reaktorsicherheit

The authors of this section are P. Bachmann, P. Eisert, P. Gruner, W.
Kuntze, and H. Schulz of Gesellschaft fuer Reaktorsicherheit (GRS), and J.
Eibl and F.~H. Schlueter of the Institut fuer Massivbau and
Baustofftechnologie at the Universtitat Karlsruhe.

4.8.1 Summary

A pre—test analysis of a pressurized l:6-scale lined and reinforced concrete
containment model is presented. The high pressure experiment will be
conducted by Sandia National Laboratories (SNL).

Based upon material properties of concrete, liner steel and reinforcement
steel as obtained by SNL from in-situ experiments, the numerical analysis
was performed with an axisymmetric finite element model. The non-linear
analysis incorporates the interaction between concrete and reinforcement
which was determined by supplementary tests at the University of Karlisruhe.
Following the evaluation of damage formation in concrete and steel during
pressurization, the investigations identify potential mechanisms of
structural failure. For a guick-look reference, model characteristics,
calculation procedures, and results are compacted in the "Table Summary."

The numerical analysis and the supplementary tests were sponsored by the
Bundesminister fuer Forschung und Technologie (BMFT) to whom we express our
thanks.

Table Summary

Analytical Incremental non-linear finite element analysis,

Methods Updated Lagrangian formulation (liner, reinforcement),
total Lagrangian formulation (concrete).
Static step-by-step integration without equilibrium iteration
(steps of 0.001 MPa above 0.2 MPa, dead load considered).

Constitutive Nonlinear elastic {reinforcement),

Modetls Multilinear elastic—plastic, isotropic hardening (liner)
Bilinear elastic-plastic, isotropic hardening (knuckle,
support frame, dome plates)

ADINA-concrete model

Mode] Axisymmetric, 2-D isoparametric finite elements (liner, dome
Geometry plates, concrete): ring trusses (hoop reinforcement); and
two-node trusses (other reinforcement, support frame)

Failure Liner: Strain criterion considering multiaxial stress

Criterion conditions and reduction factors for welds and undetected
faults; Reinforcement: strain criterion considering partial
weakening of load carrying capacity of rebars.

Potential Leakage of liner in cylinder mid-section at 1.2-1.3 MPa
Failure (174-189 psi)
Modes and Hoop reinforcement in cylinder mid-section at 1.2-1.3 MPa
Failure (174-189 psi)
Pressures Cylinder basemat intersection at 1.15-1.2 MPa (167-174 psi)
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4.8.2 Introduction

The high pressure test to be performed on behalf of USNRC at Sandia National
Laboratories with a l:6-scale lined and reinforced concrete containment
offers a unique opportunity to validate or discard material models,
structural models and numerical methods.

The calculations will be performed by several analysts employing a wide
scope of computational procedures. Thus, the anaiysis results obtained by
distinct methods may be compared.

The analyses will be performed by two major steps. 1In the first phase, the
response of the structure due to high pressure loading will be calculated
prior to the experiments. These pre-test results will then be compared to
the experimental data. Depending on the outcome of this comparison, the
idealization and the material properties used might be subject to
modification. In the second phase, these modifications will be incorporated
in further calculations to improve the results of the pre-test computations.

In Section 4.8.3, the finite element model of the l:6-scale containment is
described. Boundary conditions are discussed in Section 4.8.4. Materia)l
properties of concrete, steel reinforcement and the liner are presented in
Section 4.8.5. This chapter also contains a summary of experimental
investigations of the bond transfer mechanism between reinforcement and
concrete which were carried out at the Institut fuer Massivbau and
Baustofftechnologie of the University of Karlsruhe. Following a discussion
of the employed numerical procedures in Section 4.8.6, the results of the
pre-test computations are presented in Section 4.8.7.

4.8.3 Finite Element Model of the Structure
4.8.3.1 General features

Within the scope of the pre-test calculations, the general behavior of the
structure will be analyzed with an axisymmetric model. In the idealization,
local geometric variations will be neglected. This simplification is
Justified if localized irregularities in the geometry of the structure do
not significantly influence the dominant failure modes. This assumption
seems to be reasonable on account of the strongly reinforced areas around
hatches and airlocks. Final justifications of these arguments are to be
expected from the test results. If the test results should disprove the
simpiifying assumptions, further improvements of the idealization will have
to be incorporated in the post-test analysis.

In addition, it must be mentioned that the axisymmetric idealization does
not distinguish between local stiffness variations due to the discrete
arrangement of the meridional bars. Since, however, the spacings between
these bars are rather small, the error made by smearing the meridional
reinforcement in the circumferential direction is not expected to be
significant.

The finite element mesh used in the pre-test calculations is shown in Figure
4.8.1. The concrete shell and basemat is modeled by 2-D isoparametric

elements. The cross-sectional areas of these elements range from 4 inz
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(25.8 cm2) in the dome, the cylinder and the outer basemat parts to some

23 1n2 (148.4 cmz) in the basemat at the inner positions. 2-D isoparametric
elements are also used for the liner. The element lengths range from some
2-1/4 ipches (57.2 mm) to some six inches (152.4 mm).

Meridional reinforcement, shear ties and the 45° bars in the basemat are
modeled by two-node trusses. For the hoop reinforcement, ring trusses are
used. The bending reinforcement near the top and the bottom of the basemat
is replaced by equivalent ring and two-node trusses. The procedure to
obtain the equivalent trusses is described later. Two—node trusses are also
used for the support frame in the basemat, whereas the steel plates at the
dome top i1s modeled by 2-D isoparametric elements.

The model contains 3187 Elements connected at 2335 nodal points. The number
of degrees of freedom is 4567.

4.8.3.2 Features related to main structural parts
4.8.3.2.1 Containment shell

Aside from the concrete element where the seismic reinforcement ends in the
dome, all concrete elements are four—node elements with four integration
points. The cylindrical section and parts of the dome between the spring
Tine and the position where the seismic reinforcement ends are modeled by
six elements across the wall thickness. The rest of the dome sections
contain five concrete elements across the wall.

Pre-calculations showed that the discretization is sufficiently fine to
produce rather smooth stress distributions across the containment shell. In
case that the test results require an even finer resolution at the
transition areas between cylinder and basemat and between cylinder and dome,
respectively, the modeling of these sections will be improved by using
elements with a higher number of nodal points in the post-test calculations.

To guarantee proper bending behavior of the shell, the meridional
reinforcement and the seismic reinforcement as well is positioned as in the
structure. The locations of ring trusses in the model, however, slightly
deviate from the positions of the hoop reinforcement in the structure. Yet,
the contents of steel is preserved.

The tapering off of meridional reinforcement is taken care of by respective
reductions of cross-section areas of the trusses.

As already mentioned, the seismic reinforcement has to be transformed into
an axisymmetric representation. The orthogonal inclined mesh of the seismic
reinforcement of spacing D is first replaced by an orthogonal upright mesh
with spacing D times y2. Assuming that the steel contents remains unchanged
the cross—section areas of the replacement trusses have to be increased by a
factor of y2 as compared to the cross—sections of the #4 bars of the
inclined seismic reinforcement. This result is compatible with the outcome
of a simple equilibrium consideration assuming equal stretching of both
meshes.
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Reinforcement bars which do not run along the circumferential direction are
to be smeared in the axisymmetric case. They are modeled by two-node
trusses. The cross—section areas of these trusses have to be referred to
one radiant. This holds for the meridional reinforcement, the shear ties in
the lower cylinder and the meridional replacement bars of the seismic
reinforcement.

In the upper dome area, the meridional reinforcement is connected to the
four-node isoparametric elements representing the steel plates by
degenerated four-node elements of triangular shape (Figure 4.8.2).

Variations of contents of steel in lower cylinder (ending bars #6 at

EL 6'-6" (1.98 m) and the ending diagonal bars which come up from the
basemat and end at EL 3'-9" (1.14 m)) are considered by variations of cross—
section areas of the lower meridional truss layers (2 and 5).

4.8.3.2.2 Basemat

The basemat is modeled by fourteen layers of concrete. Figure 4.8.1 shows a
fine mesh in the vicinity of the interface between basemat and cylinder.

The mesh is becoming more coarse with decreasing height and radius. 1In
Figure 4.8.3 an enlarged view of the cylinder—-basemat transition area is
shown.

Hoop and vertical reinforcement is modeled by ring trusses and two-node
trusses, respectively. The seismic reinforcement, which is, according to
the drawings, not connected to other reinforcement, ends at the top of the
second concrete layer above ground.

The diagonal bars running under forty-five degrees and connecting the
basemat with the lower cylinder are again modeled by two—-node trusses.

Since the support frame in the basemat will carry some amount of the shear
loads, this steel structure was modeled, too, by smearing its steel contents
on radial and vertical two-node trusses.

To determine a reinforcement pattern which fits into the axisymmetric model
and which is equivalent to the rectangular mesh of the upper and lower
bending reinforcement, the steel is assumed to be continuously distributed
with constant density in both orthogonal directions. Assuming further that
stretching in the respective mesh planes has central symmetry, the densities
of equivalent radial and ring trusses, respectively, can be determined by
simple equilibrium considerations. From the latter densities, the cross-
section areas of radial and ring trusses were obtained.

The mud mat was not modeled since it does not contribute to the load-
carrying capacity in any significant way.

4.8.3.2.3 Steel liner

Two-D isoparametric elements are also employed to form the liner. In
general, these elements contain four nodal points with the exception of the
liner knuckle where six—node elements are used. Figure 4.8.4 depicts this
latter section. If bending stresses in the knuckle turn out to be of major
importance this section of the liner will be replaced by higher valued shape
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functions for the post-test calculations. On the basis of the construction
drawings it was concluded that the space between the liner Knuckle and the
surrounding concrete structure was empty. Latest information, however,
showed that this space is filled with concrete. The remodeling of this area
will be postponed until the test results are available.

This radius of the knuckle amounts to 2.25 inches (57.2 mm) in the computer
model whereas, in the structure, this radius is 1.2 inches (30.5 mm). This
variation was necessary for reasons of the mesh size in the adjacent
concrete structures. As the knuckle is stiffer than the attached liner
shell, yielding should occur first near this junction in the liner shell.
With respect to possible failure of this junction its actual position does
not seem to be of great importance. The width of the knuckle model 1is
roughly 0.15 inch (3.81 mm) and tapers off at the ends to 1/16 inch (1.59
mm}).

The width of the dome section of the liner is 1/12 inch (2.11 mm) and of the
cylindrical and base parts 1/16 inch (1.59 mm).

Studs were not explicitly modeled. The liner-concrete connections are dealt
with in the next section.

The fill slab above the tiner bottom was not modeled explicitly. To account
for the weight of this slab its mass 1s considered by an increased mass
density of the elements forming the liner bottom.

4.8.4 Boundary Conditions and Steel-Concrete Connections
4.8.4.1 Reinforcement-Concrete Connections

In general, ring and meridional trusses are fixed to nodal points of the
concrete element mesh in the dome and in the cylinder. Aside from
transition regions where bending occurs, there is noc major relative motion
between meridional and hoop bars to be expected at crossing points of the
bars under the symmetric loading by internal pressure. In addition, after
cracks have formed the concrete pieces should generally follow the motion of
the net of reinforcement bars.

Ending trusses in the lower section of the cylinder are again assumed to be
fixed at concrete mesh points. The same assumption holds also for the
seismic reinforcement modeled by meridional trusses which end above the
spring line in the dome. If concrete cracks in these areas the ending bars
gradually lose their ability to carry part of the load which is a desired
result. However, for the ring trusses which replace part of the seismic
reinforcement in the model, this effect will not occur. Therefore, other
measures should be taken into account to model the post-cracking states of
this type of reinforcement. Also, the reduction of load-carrying amount of
those meridional bars of the main reinforcement which end in the dome should
be considered. At present, a gradual weakening of the reinforcement under
consideration (either by reduction of cross-section areas or by changing
respective stress—strain diagrams) cannot be carried out with ADINA. On
account of these restrictions, the interaction between steel and concrete
cannot be described as a function of loading history. Possible impacts of
the discussed reduction of load-carrying capability on failure modes have
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therefore to be evaluated after the calculations on grounds of the computed
load-deformation history.

The forty-five degree trusses which model the diagonal bars in the basemat
are anchored to the meridional trusses in the lower cylindrical part and to
the lower bending reinforcement of the mat. They do not directly couple
with other steel reinforcement. There is, however, a connection with the
concrete mesh points. Vertical reinforcement bars which run from the
cylinder into the basemat and traverse the upper bending reinforcement are
connected to concrete mesh points and anchored at the lower bending
reinforcement. The vertical trusses which are used to simulate part of the
seismic reinforcement end within the basemat. They are not coupled to any
other type of reinforcement.

Hoop reinforcement and vertical reinforcement in the basemat is modeled by
ring and two-node trusses, respectively, which are both fixed at concrete
mesh points.

The truss model of the support frame is attached to the concrete mesh points
but has no direct connections with other reinforcement.

4.8.4.2 Liner—Concrete Connections

In the axisymmetric model the nodal points of the outer liner surface are
fixed to the nodal points of the inner concrete surface. Studs are not
modeted explicitly.

This simplification seems to be reasonable for areas which are predominantly
loaded by membrane stresses.

In other areas where stretching and bending occurs, there might be slight
relative motion of stud ends anchored within the concrete layer and the ends
welded to the liner shell. Since, however, concrete cracks at rather low
strain levels and since microcracks develop predominantly at faults, it may
be argued that the bonds between concrete and studs gradually become weaker
as deformation goes on. Hence, it seems that bending strains transmitted
into the liner by studs are not of great importance at high strain levels
where cracks in concrete open up and the liner begins to yield due to
membrane strains. If, however, bending strains due to stud action may be
neglected, then the interaction between the liner and the concrete as
modeled should approximately be correct.

Yet, an overestimation of the stresses in the Tiner knuckle caused by
"nailing" the ends of the bend onto the adjacent concrete structure as it is
done in the model cannot be excluded.

If this simplified approach to the liner-concrete interaction is to be
reconsidered in view of the experimental results, then realistic force
deformation characteristics of the studs should be made available.

The nodal points of the lower surface of the liner bottom are rigidly
connected to the mesh points of the upper surface of the basemat. This
idealization does not quite match the anchorage in the structure where only
the circumference of the liner bottom and its center are fixed to the
basemat. Since partial sliding of the bottom of the liner with respect to
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the basemat should be very small, the approach taken in the model should be
acceptable.

4.8.4.3 Basemat - soil interaction

The modulus of subgrade reaction as given by 4.8.1 seems to be obtained by
averaging the initial slopes of the pressure path measurements for the 12,
18, and 30 inch disks and extrapolating the mean value linearly to the
cross—section area of the basemat. The modulus obtained in this way amounts

to 1.16 x 1010 N/m (390 ksf/ft). According to the theory of elastic half-

space, however, the soil spring constant should vary with the sguare root of
the cross—section area. It was thought that extrapclation according to
half-space theory is preferable. The value of the soil spring constant

obtained according to the latter procedure amount to K = 25.2 ksf/ft (7.5 x

108 N/m). This value was used in the model calculations. The total spring
force was assumed to be distributed into single forces under the assumption
that equal areas carry same weights. This leads to spring constants varying
linearly with their radia) position under the basemat as

K(r) = - r r_: outer radius of basemat

The soil springs were modeled as linear compression/no-tension trusses
transmitting forces only in the vertical direction.

4.8.5 Material Properties
4.8.5.1 Concrete
4.8.5.1.1 Summary of main features of the ADINA concrete model

The material behavior of concrete is described in the finite element code
ADINA [4.8.2] by three basic features:

(1) The constitutive eqguations are formulated by incremental elastic non-
linear stress—strain relations to allow for weakening of the material
under increasing compressive stresses.

(2) The ultimate load-carrying capacity is described by failure surfaces in
stress space for the compression and tension.

(3) To model post-cracking and post-crushing behavior of concrete, special
strategies are postulated.

To model stress—induced anisotropy different stress-strain relations are
used for material loading and unloading, respectively. To decide whether
the material is loading or unloading in the stress step, a lcading function
15 defined which depends on the second invariant of the deviatoric stresses
and on the hydrostatic stress. The respective largest value ever

encountered during the loading history, Fmax’ is stored. Unloading occurs

if the loading function 1s smaller than or equal to Fmax'
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In this case, the material is supposed to be isotropic elastic and the
initial Young's modulus 1is used to formulate the incremental stress—strain

relation. On the other hand, if the loading function is larger than Fmax’

i.e., the material is loading, different stress—strain matrices are used
depending on the stress state of the material prior to this step. If the
material was in tension or low compression the material i1s still assumed to
be isotropic. However, the Young's modulus is obtained in this case by an
averaging scheme which employs the principal stresses and tension moduli
which are derived from the uniaxial stress—strain curve for each principal
direction. Under high compression, on the other hand, an orthotropic
stress—-strain matrix with the directions of orthotropy defined by the
principal stresses i1s used. The elements of this anisotropic matrix again
are derived from the uniaxial stress—strain curve employing the principal
stresses and the tangent moduli which are referred to the three directions
of principal stresses. The boundary between low and high compression states
is monitored by a user—defined parameter. If the smallest principal stress
component is larger than the product of this parameter and the compressive
strength of the material under multiaxial conditicns, isotropic behavior is
assumed. If the smallest principal stress component is smaller than this
product orthotropic stress—strain relations are employed. In any case,
Poisson's ratio is regarded as being constant.

The uniaxial stress—-strain curve of concrete is, in ADINA, approximated by
an analytical function. This function is to be determined by the following
input quantities: initial tangent modulus, maximum compressive stress and
its related strain, ultimate compressive stress and its related strain, and
tensile strength.

To model cracking and crushing of concrete, failure surfaces are used for
the compression-compression region, the compression-tensile region, and the
tensile-tensile region. In addition, the failure surfaces are employed to
define uniaxial stress-strain behavior under multiaxial stress conditions.
The tensile failure surface is composed of three planes each of which is
perpendicuiar to the principal stress directions. The positions of these
planes in stress space are fixed by the uniaxial tensile strength. To adapt
the failure surface in the compression-compression region, 24 input
parameters have to be provided by the user. They determine a set of curves
in the plane of two principal stress directions. Each curve belongs to a
certain value of the third principal stress. These curves can be thought of
as being traces of cuts perpendicular to the third principal stress through
the compression—compression failure surface. The transition failure states
between the tensile-tensile region and the compression-compression region
are determined by linear interpolation.

Cracking occurs if the largest principal stress is larger than the tensile
failure stress. In this case, 1t is assumed that a plane of failure
develops perpendicular to the principal stress direction, the normal and
shear stiffness are reduced by user-provided factors and the normal stress
is released.

If the stress state lies on or outside of the compression-compression
failure surface the material is assumed to be crushed.
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After a tensile failure plane has developed further cracking may occur. It
is, however, assumed that a maximum of three tensile failure planes can be
formed, each being orthogonal on the two other planes. Whether a tensile
failure plane 1s active or inactive is controlled by the normal strain
across the plane.

The material i1s assumed to strain-soften if it is crushed and subjected to
further compressive stresses. After the ultimate compressive strain has
been reached the material has no further stiffness and all stresses will be
released.

4.8.5.1.2 Preparation of input data for the ADINA concrete model
Table 4.8.1 1ists the parameters to be used to define the uniaxial stress-
strain curve of concrete. The values listed there are the same as those

proposed by Sandia.

Table 4.8.1: Uniaxial Concrete Properties

Young's modulus E = 4800 ksi {33000 MPa)
Poisson's ratio vy =10.2

Tensile strength 0y = 0.5 ksi (3.45 MPa)
Compressive strength 0. = -6.8 ksi (-47.0 MPa)
Strain at compressive strength €. = ~0.0021

Ultimate compressive strength o, = -6.8 ksi (-47.0 MPa)
Strain at ultimate compressive strength €= -0.003

To generate the 24 input parameters which define the fajlure surface for
stress states in the compression—compression region, the following method
was applied. According to Ottosen [4.8.3], a stress state on the failure
surface is most conveniently described by the octahedral normal stress, the
octahedral shear stress and an angle in the deviatoric plane, the latter
quantity being a function of the third invariant of stress. In the
deviatoric plane, the trace of this failure surface is of triangular shape
with convex curved edges and corners. Proceeding along the hydrostatic axis
(i.e. along the direction of negative octahedral normal stress), the traced
area in the deviatoric plane becomes larger, and the trace itself more and
more approximates the shape of a circle. There are two distinct meridians
on that surface. They pass through the deviatoric plane at an angle of 9§ =
0 (tensile meridian) and at an angle § = 60° (compressive meridian).

Ottosen showed that if failure stresses are scaled to the compressive
strength of concrete, the available experimental data fit very well the two
meridional traces. This shows that failure of concrete in the compression-
compression range may to a very good approximation be described by a single
failure surface if stresses are referred to the compressive strength. To
determine this surface analytically the following quantities must be known:
the uniaxial compressive strength, the uniaxial tensile strength, the
biaxial compressive strength and the stress coordinates of one point on the
compressive meridian. The first two quantities are given in Table 4.8.1.
Supported by experience, the value for the biaxial compressive strength is
taken as 1.16 times the uniaxial compressive strength. Concerning the point
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on the compressive meridian, the scaled octahedral normal stress and the
scaled octahedral shear stress are 2.89 and 2.31 times the uniaxial
compressive strength, respectively.

To define failure curves as needed for the ADINA concrete model, the Ottosen
surface is cut with planes perpendicular to the axis of the first principal
stress. Thus, & set of failure curves in the planes spanned by the second
and third principal stresses 1s obtained. Only three points on each of
these failure curves can be used for the ADINA input. Failure states in
between these points are linearly interpolated by the program. Numerical
values for the input parameters as obtained in this way are listed in Table
4.8.2. Further information on the parameters listed in this table may be
obtained from the ADINA manual [4.8.2]. The linearized failure curves as
used in the program are shown in Figure 4.8.5. Table 4.8.3 contains
additional special concrete parameters which are needed for the ADINA
concrete model. The uniaxial strains corresponding to the compressive
strength under uniaxial conditions and the compressive strength under
multiaxial conditions, respectively are supposed to be equal (GAMMA = 1.0).
Depending on the value of KAPPA, either isotropic behavior or anisotropic
behavior is used (KAPPA = 0.5). This means if the minimum principal stress
1s smaller than 50 percent of the current uniaxial maximum compressive
strength, an orthotropic stress—strain matrix is used. Otherwise, isotropic
behavior is assumed. The constant CLFN is put equal to zero which means
that the loading function depends only on the second invariant of the
deviatoric stresses.

After cracking has occurred, the normal stiffness in a concrete element is
reduced by a factor STIFAC. In order to avoid numerical difficulties this
factor 1s taken to be somewhat larger than zero (STIFAC = 0.0001). A
gradual reduction of the shear stiffness after cracking has occurred is not
possible in the present version of ADINA, as was pointed out earlier.
Therefore, a constant shear stiffness reduction factor had to be used
(SHEFAC = 0.2). Comparisons between finite element analyses and tests of
shear panels seem to support this value of reduction [4.8.4].

4.8.5.2 Steel Reinforcement

In the model, concrete and steel elements are only connected at the nodal
points. Hence, there is a priori no steel concrete interaction between the
nodal points. This means, if a crack plane forms in concrete perpendicular
to the steel element, the concrete loses immediately its stiffness and the
load carried before cracking by the concrete is now carried over the stee]
element. This would be a proper description if simultaneously a continuum
of parallel crack planes would form in the concrete element. Tests show
that cracks are usually initiated at discrete positions. Although the bond
between concrete and steel is lost at the location where the crack plane
crosses the steel, the bond i1s gradually increasing with increasing
distances from the crack plane. Hence, an increasing amount of load 1s
again transmitted to concrete. Therefore, the strain in the steel due to a
certain longitudinal load is smaller than the steel strain obtained if there
would be complete bond breakdown. This change of straining of the composite
element that contains a single crack plane refliects itself in a modified
stress—strain diagram for the steel if the applied force is referred to the
cross—section area of the steel. In this way, the bond action of uncracked
zones in a region containing a single crack can be projected onto the
stress-strain behavior of the steel. To obtain this modified material
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Table 4.8.2: Compression Failure Envelopes

Stress Curve [ 1 2 3 4 5 6
ratios

SP1 (I) 0.0 0.05 0.2 0.5 1.2 2.5
SP3 (I.1) 1.0 1.40 2.31 3.64 5.99 9.40
(SP2 = SP1)

SP3 (1,2) 1.33 1.79 2.82 4,32 6.92 10.63

(SP2 = § - SP3)

SP3 (1,3) 1.15 1.55 2.47 3.81 6.16 9.57
(SPZ2 = SP3)

SPL (1) = 04 (I)/oC

SP3 (1.,d3) = 03(I.J)/oC

I: Number of Curve (I = 1...6)

N Point on Curve (J = 1...3)

g Compression strength

R Principal stress ratio (equal 0.55)
Values in table obtained by cuts of the OCttosen failure surface for
a material with

- Tensile strength 0y = 0.5 ksi (3.45 MPa)
~ Compressive strength 0. = 6.8 ksi (47.0 MPa)
—~ Biaxial compressive strength Ose = 1.16 0.
- OOCt/OC = 72.89
T fo = 2.31
oct’ ¢

Table 4.8.3: Special Concrete Parameters Needed for ADINA-Concrete Model

Uniaxiral critical strain scaling factor GAMA = 1.0
Control parameter for changing material law KAPA = 0.5
Constant used in loading function CLEN = 0.0
Normal stiffness reduction factor STIFAC = 0.0001
Shear stiffness reduction factor SHEFAC = 0.2
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behavior of reinforcing steel that reflects the steel-concrete interaction
in certain sections of the containment, respective experiments were
conducted at the University of Karlsruhe.

4.8.5.2.1 Modified stress—strain behavior for hoop and seismic reinforcement
in the cylindrical section of the l:6-scale containment

To obtain the modified stress—strain behavior for the reinforcing steel, two
groups of tests were performed in Karlsruhe [4.8.5]. 1In the first group,
specimens representing a typical wall element of the concrete containment
subjected to circumferential loading were tensioned uniaxially. The
segments were reinforced with four bars in longitudinal direction
representing the hoop reinforcement. Dividing the total applied load by the
cross-sections of the reinforcing bars and measuring the deformation, the
modified stress—strain relations were obtained. The mean stress—strain
curve of all tests for rebar #4 1is presented in Figure 4.8.6. The results

shown are referred to the nominal bar cross—section of 0.2 1n2 (129 mmz).

The second group of tests were conducted to study the bond transfer
mechanism for the diagonal seismic reinforcement under biaxial tensile
loading. As to the test setup, we may refer to [4.8.5]. The mean stress-
strain curve obtained for these tests for rebar #4 is shown in Figure 4.8.7.

Again, the results are based on the nominal bar cross—-section of 0.2 1n2

(129 mm?).

4.8.5.2.2 Stress—-strain relations used in the analysis

To incorporate in the analysis the steel-concrete interaction, the stress-
strain diagrams obtained at the University of Karlsruhe will be used for the
hoop reinforcement and the seismic reinforcement in the cylinder.

The tests have shown that the deviations of the modified stress-strain
curves from the material behavior of the bare steel are confined to strains
well below the yield strain. The amount of the deviations is a function of
steel content. For low steel contents, one obtains larger deviations than
for high steel contents.

For the meridional reinforcement in the cylinder, we apply the same modified
stress-strain relations as for the hoop reinforcement. This is justified
for the following reasons. The steel content in the meridional direction is
approximately 50 percent of the reinforcement in hoop direction. Therefore,
the deviations of the modified stress—-strain behavior from the behavior of
the bare steel as obtained for the hoop reinforcement should be
approximately twice as large for the meridional reinforcement. On the other
hand, due to circumferential stresses, the bonds between meridional rebars
and concrete will be weakened. This reduction in bond strength may be
assumed to amount to some 50 percent [4.8.6]. The modified stress—strain
behavior is also employed in those sections of the meridional rebars #4
which extend into the basemat.

Although there were no tests conducted for the dome section, it will be
assumed that the modified stress—strain behavior found for the cylindrical
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parts may, to a good degree of approximation, also be employed for the dome
reinforcement.

For all other reinforcement steel which has not been explicitly addressed
above we use the steel stress-strain behavior as obtained by Sandia. The
latter material curves will in all cases be based on the nominal cross-
sections of the respective bars.

In the Tow strain range, where concrete has not yet cracked, the load is
carried both by the uncracked concrete and the steel. Hence, there is some
amount in the modified stress—strain curves of the tests which is to be
attributed to the concrete. Since, in the analysis, the tensile behavior of
concrete is modeled up to its maximum tensile strength, the material
characteristic of the bare steel is used until cracking of concrete is
initiated. The material behavior of steel used in the analysis is exhibited
in Figures 4.8.8, 4.8.9 and 4.8.10. Figures 4.8.8 and 4.8.9 refer to rebar
#4 of the main reinforcement. Figure 4.8.10 shows the steel behavior for
the seismic reinforcement. The slopes chosen in these figures to connect
the steel stress stages just before concrete cracks and after cracking has
occurred, respectively, are to some extent arbitrary. They depend on the
rapidity of stress redistribution following crack initiation in the
concrete. In the concrete model presently available in the ADINA program,
the stresses carried by the concrete are immediately released when the
tensile strength of concrete is passed. For this reason, the slopes in the
steel stress—strain curves should be as steep as possible. The slopes were
adapted according to the requirement that stiffening of the compound
material normal to a crack plane must not occur after cracking has taken
place.

It is to be noted that possible slight changes in the modified stress—strain
curves for the main reinforcement and for the seismic reinforcement,
respectively, due to the mutual interaction of both types of reinforcement,
were disregarded.

For a comparison, Figure 4.8.11 shows the material behavior of the bare
steel which is used for those reinforcing bars for which steel-concrete
interaction is not considered. The shown curve for rebar #4 is taken from
[4.8.5]. It is essentially the same as that obtained by the Sandia
measurements. Young's modulus and yield strength for rebars #4 are listed
in Table 4.8.4. '

The material behavior of the reinforcing steel is modeled as being non-
linear elastic. There is no major unloading to be expected in regions of
large straining so that use of elasto-plastic material behavior should not
be relevant.

4.8.5.3 Steel Plates in Dome, Support Frame in Basemat and Liner Knuckle

The material properties of these structural parts have not been measured.
The respective data have been taken from ASME Tables [4.8.7, 4.8.8, 4.8.9].
The material data used in the analysis for the steel plates (ASTM A 516
Grade 60), the support frame (ASTM A 36) and the knuckle (ASME SA 106 Grade
B) are listed in Table 4.8.5. Bilinear elasto-plastic behavior with
isotropic hardening is assumed for these structural parts.
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Table 4.8.4: Rebar Material Properties

Modulus Yield Stress
REBAR ** ksi (MPa) ksi (MPa)
Rebar #4 with bond transfer 31000 (214000) 64.3 (443.1)
Seismic Rebar #4 with bond transfer 31000 (214000) 63.8 (440.0)
Rebar #4 without bond transfer
("bare Steel") 31000 (214000) 65.3 (450.0)

** Material data are based on nominal cross—sectional areas

Table 4.8.5: Material Properties for Structural Steel

Yield Tensile Strain*
Modulus¥* Stress Strength at Tensile
STEEL Structure ksi (MPa) ksi (MPa) ksi (MPa) Strength

Steel Plates in Dome
ASTM A516 Grade 60 [4.8.7] 29000 (200000) 31.9 (220) 69.6 (480) 0.2

Liner Knuckle
ASME SA106 Grade B [4.8.8] 29000 (200000) 34.8 (240) 60.2 (415) 0.2

Steel Framing
ASTM A36 [4.8.9] 29000 (200000) 36.3 (250) 65.3 (450) 0.2

* Values estimated Poisson's Ratio = 0.3
Table 4.8.6: Liner Material Properties

Modulus Poisson's Yield Stress
LINER** ksi (MPa) Ratio ksi (MPa)
Steel Liner 1/16"
(Basemat and Cylinder) 30000 (207000) 0.3 54.5 (376)
Steel Liner 1/12"
(Dome) 30000 (207000) 0.3 55.4 (382)

**x Material data are based on nominal cross—sectional areas
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4.8.5.4 Liner

For the cylindrical and bottom sections of the liner, as well as for the
dome section, the respective material curves as obtained by Sandia are used.
They are shown in Figures 4.8.12 and 4.8.13. The stresses are in each case
based upon the respective nominal liner thicknesses. To describe the
stress—strain behavior in the analysis, the multilinear elasto-plastic model
of ADINA is employed. Table 4.8.6 contains additional material properties
of the liner.

4.8.6 Numerical Procedure

The numerical step by step computation of the structural response will be
conducted first without equilibrium iterations. A variety of investigations
of simple reinforced concrete structures under monotonically increasing
quasi-static loading (e.g., [4.8.10]) seems to indicate that the deviations
of results obtained with iteration and without iteration, respectively, do
not affect significantly the load-deformation behavior after concrete has
cracked and the load is redistributed to the reinforcing steel, provided
sufficiently small load increments are used in the computation. Deviations
become, however, somewhat larger during the loading phase when concrete
cracking takes place.

Very little respective experience is available for more complex structures.
Therefore, the containment response as obtained by the straight-forward
method must be confirmed by a further investigation that takes into account
the step-by-step balancing of residual forces. The results of this extended
study will be presented as soon as they become available.

In the first step of the static analysis without equilibrium iteration the
structure will be loaded by 14.5 psig (0.1 MPa) internal pressure and by
dead load. In further loading up to 29 psig (0.2 MPa) a load increment of
1.45 psig (0.01 MPa) is used. Above 29 psig (0.2 MPa) a constant increment
of 0.145 psig (0.001 MPa) is maintained. Stiffness reformation is applied
in each step. To incorporate large displacements and large strains, as
well, the updated Lagrangian formulation is used for liner and reinforcement
elements; for the concrete elements we apply the total Lagrangian
formulation which is suited for large displacements and small strains.
Deformation-dependent update of pressure loading is considered.

4.8.7 Results
4.8.7.1 Standard plot quantities

Plots of the guantities that were requested for comparison with experimental
data ([4.8.11]) are presented in Appendix A. Aside from quantities which
cannot be obtained with the axisymmetric model (e.g., data at penetrations)
and from the section forces of the liner which cannot be derived with
sufficient precision during yielding from the output results at integration
points of the liner 2-D elements, all data listed in [4.8.11] are presented.

The computed resuits may be compared with experimental data measured in
regions which are sufficiently far away from penetrations and other
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irregularities of the structure. On account of the axial symmetry of the
analysis model! there is no angular dependence of the computed data.

4.8.7.2 Evaluation of analysis results at special structural positions in
view of potential failure mechanisms

To follow the evolution of damage in concrete and straining in steel at
higher pressure levels at positions of the structure where deformations are
expected to be severe, the following sections denoted by elevations (EL)
levels, were selected:
a) Positions of selected concrete and reinforcement sections

BLC: basemat lower center region (radius 0 to 4', EL —(1'-7") and 0')

CBI: cylinder basemat intersection (between EL 0' and 5'-6")

CTL10: cylinder near terminating layer 10 (between EL 5'-6" and 7'-7")

CC: cylinder center section (between EL 12'-0" and 14'-0")

CSL: cylinder near springline (between EL 22'-0" and 24'-0")

DSL: dome near springline (between 0° and 11.3°)

DTL8: dome near terminating layer 8 (between 32° and 42°)

DC: dome center (between 50° and 60°)

DTO: dome top (between 70° and 90°)

BH: hoop reinforcement in basemat near lower surface

BL11: 1layer 11 reinforcement near basemat/cylinder intersection
b) Liner positions

LK: Tiner knuckle

LLC: liner lower cylinder (between EL 2'-0" and 5'-0")

LCC: liner center cylinder {between EL 12'-0" and 14'-0")
4.8.7.2.1 Evolution of damage in concrete
Table 4.8.7 exhibits the progress of crack formation in the various
structural regions. Figure 4.8.14 shows the evolution of crack patterns at
the cylinder basemat intersection for various selected values of internal
pressure. The following notations for the identification of crack planes is

used:

hoop cracks: normal of crack plane points in circumferential direction
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meridional cracks: normal of crack plane parallel to meridional
reinforcement. (definition holds for cylindrical and dome sections as
well)

According to Table 4.8.7 hoop cracks begin generally to form at about PI =

40.6 — 42.1 psi (0.28 — 0.29 MPa) in the cylindrical regions and are fully
developed (through cracks) at about PT = 42.1 psi (0.29 MPa). Through-wall

hoop cracks at the springline are developed at the same pressure. In the
lower cylindrical region where strong bending behavior is dominant the hoop
cracks are fully developed at about 49.3 psi (0.34 MPa). Due to bending in
the lower basemat hoop cracks form between 53.7 and 56.6 psi (0.37 and 0.39
MPa).

In the dome, hoop and meridional cracks begin to form at about PI = 43.5 psi

(0.3 MPa) due to equivalent straining in both directions. On account of
increasing and varying amounts of bending in the dome and the transition
region of the springline the planes of the meridional cracks will be fully
developed at higher pressures, ranging from 50.8 psi (0.35 MPa) to 76.8 psi
(0.53 MPa).

Meridional cracks in the cylinder center begin to form at 75.4 psi (0.52
MPa). They penetrate the wall at about 81.2 psi (0.56 MPa). Due to bending
in the Tower cylinder meridional cracks form first at inner sections of the
cylindrical wall at lower pressure values (46.4 — 47.9 psi, 0.32 - 0.33
MPa). Through-wall meridional cracks appear in this section between 84.1
psi (0.58 MPa) and 87 psi (0.60 MPa).

The pressure values obtained by the numerical analysis for cracking in the
cylinder and dome center sections agree well with results of simple hand
calculations.

There are several regions where also third crack planes deveioped. This was
observed in the lower basemat center at about 56.6 psi (0.39 MPa) and in
regions where the geometry and the contents of steel varies at pressure
values ranging from roughly 87 psi (0.6 MPa) through 130 psi (0.9 MPa). A
thorough identification of the reasons for these latter crack patterns is,
however, impeded by numerical errors which occur in the stress calculations.

Crushing of concrete was only observed at the cylinder/basemat intersection.
The evolution of compression and cracking damage in this area is shown in
Figure 4.8.14. At an internal pressure of 116 psi (0.8 MPa) crushing of the
concrete begins at the corner between cylinder and basemat. A section of

4 1n2 (25.8 sz) has failed completely at about 145 psi (1.0 MPa). At

174 psi (1.2 MPa), an area of some 30 1n2 (193.5 sz) extending from the
cylinder surface to the position of layer 11 reinforcement is crushed. The

crushed area amounts to some 45 1n2 (290.3 cmz) at the pressure of 193 psi
(1.33 MPa) where the calculation failed for reasons to be discussed in the
next subsection. At this pressure the compression area extends in depth to
about two-thirds of the wall thickness and joins the inner zone which is
cracked due to bending. There is no appreciable capacity left to carry
shear stresses by the concrete at this pressure.
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Table 4.8.7

Development of Crack Formation in Concrete

1 Crack 2 Crack
CONCRETE - Region Pr Pp Angle Pr Pq Angle Comments
(MPa) (MPa) (MPa) (MPa)
BLC 0.37 0.39 hoop 0.37 0.41 0° Initiation of Crack 1 and 2 at
lower Center of Basemat
CBI 0.29 0.34 hoop 0.33 0.60 ~90° Initiation of Crack 2 from Inside
CTLI10 0.28 0.29 hoop 0.32 0.58 ~90° Initiation of Crack 2 from Outside
60°
cC 0.28 0.29 hoop 0.52 0.56 too Initiation of Crack 2 from Inside
120
CsSL 0.29  0.29 hoop  0.37 0.53 ~93°  Initiation of Crack 2 from Inside
DS L 0.29 0.29 hoop 0.29 0.48 ~100° Initiation of Crack 2 from Inside
DTL 8 0.30 0.30 hoop 0.30 0.37 ~130° Crack 2 starting from Termination
of Seismic Reinforcement
DC 0.30 0.30 hoop 0.30 0.42 ~145° Initiation of Crack 2 from Inside
DTO 0.30 hoop 0.30 ~170° Initiation of Crack 1 and 2 from

Inside




4.8.7.2.2 Strains in the reinforcement and the liner

For various pressure levels the maxima of strains in the regions defined
above are listed in Table 4.8.8. The data exhibited are total strains for
the reinforcement and accumulated effective plastic strains obtained at
integration points for the 2-D-1iner elements. The upper left figure in a
section of the table denotes meridional strains of the inner reinforcement,
the upper right figure the meridional strains in the outer reinforcement
layer, and the lower figure refers to hoop strains. The respective maximum
value of strains of outer and inner hoop bars is exhibited.

The numerical calculations failed at 193 psi (1.331 MPa) for the following
reason. To compute strains at the inner surface of the liner 2-D elements,
truss elements with very low stiffness were connected to inner surface nodes
of the liner at positions where comparison with measured strains is
requested. The stress—-strain curves used for these trusses were cut off at
a strain of 0.2. As may be seen from Table 4.8.8 (line LK (knuckle) in
column 7) the accumulated effective plastic strain at respective integration
points of the 2-D element exceeds by 4.5 percentage points the cut-off
strain of the connected truss element. (The deviation is due to the
multiaxial stress state in the knuckle as opposed to the uniaxial stress
state in the connected truss elements.)

The high strains developed according to the analysis seem to indicate that
the liner knuckle is one of the most vulnerable links in the structure.
However, a more thorough assessment of this finding is indispensable for the
following reasons. Firstly, the knuckle section was not modeled quite
accurately. The change in geometry of the knuckle to fit the ends of the
bend to the pattern of the adjacent concrete mesh, as described in section
4.8.3.2.3 (the radius of the knuckle is in the model roughly twice as large
as in the structure), should have been considered too by an increased
thickness of the bend. Employing a properly scaled thickness would reduce
the strains in this section roughly by approximately a factor of two. The
moment at the knuckle-liner bottom-junction resulting from membrane stresses
in the lower cylindrical part of the liner will become smaller by a factor
of two by reducing the knuckle radius by the same amount. Secondly, the
material behavior of the knuckle was not determined experimentally. Hence,
the missing material data had to be taken from charts [4.8.8]. Generally
the strength values in these charts represent tower bounds of the respective
data. According to Table 4.8.5 the yield strength and the tensile strength
were taken to be 38.8 ksi (240 MPa) and 60.2 ksi (415 MPa), respectively.

Taking credit of the above geometric effect and of somewhat more realistic
strength values should reduce the maximum strains in the knuckle by a factor
of about 2.5. The corresponding estimated strains for various pressures are
marked by "*)" in row LK of Table 4.8.8.

A proper remodeling of the knuckle and the surrounding concrete area could
not be performed prior to the deadline of this report. The improvements
will however be considered in the computations which take into account
equilibrium iterations.

From the last column of Table 4.8.8 it is seen that strains in the dome
sections (DSL, DTL8, DC and DTO) remain moderate even at the rather high
pressure load of 1.33 MPa (193 psi). A dominant potential for failure is
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Table 4.8.8 Strains (in Percent) in Reinforcement and Liner
Rebar Legend: Layer 2/Layer 5
Layer 1,3,4,6
PRESSURE
130 (psi) 145 (psi) 160 (psi) 174 (psi) 189 (psi) 193 (psi)
Position 0.9 (MPa) 1.0 (MPa) 1.1 (MPa) 1.2 (MPa) 1.3 (MPa) 1.33 (MPa)
BLC 0.19 0.52 1.39 2.31 2.67 2.77
CBI 0.61/0.10 1.35/0.11 2.26/0.23 3.59/1.43 5.59/2.00 6.54/2.45
0.06 0.12 0.24 0.50 0.91 1.15
CTL10 /0.10 /0.06 /0.06 /0.13 /0.15 /0.15
0.22 0.55 1.06 1.97 3.36 4.24
ccC 0.12/0.11 0.13/0.23 0.18/0.24 0.33/0.25 1.38/1.85 2.16/2.78
0.27 1.2 2.29 3.59 6.18 7.80
CsL 0.15/0.09 0.33/0.11 0.62/0.21 0.96/0.38 1.56/0.51 1.97/0.71
0.18 0.38 0.82 1.50 2.92 3.77
DSL 0.14/0.07 0.25/0.11 0.58/0.19 0.89/0.29 1.50/0.39 1.91/0.81
0.14 0.26 0.54 1.04 2.12 2.87
DTL8 0.12 0.14 0.18 0.24 0.70 0.96
DC 0.10/0.09 0.12/0.11 0.15/0.14 0.18/0.16 0.28/0.20 0.36/0.21
0.14 0.16 0.20 0.25 0.59 0.78
DTO 0.21/0.13 0.23/0.15 0.37/0.19 0.58/0.27 1.22/0.51 1.61/0.65
0.13 0.15 0.18 0.22 0.35 0.52
LK 0.21 0.51 2.19 9.28 20.0 24.5
0.08%*) 0.20%) 0.90%) 3.70%) 8.00%*) 9.80%)
LLC 0.00 0.23 1.35 2.54 4.08 4.89
LCC 0.16 1.26 2.54 4.17 7.98 10.5
BH 0.13 0.21 0.36 0.81 1.03 1.08
BL11 0.19 0.45 0.82 0.99 1.40 1.57
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therefore not seen in these areas, although a slight loss of the amount of
load carried by terminating meridional reinforcement may occur due to
circumferential strains in the dome shell (DC). Also for the basemat
bending reinforcement (BLC) and the basemat hoop reinforcement (BH) failure
is not expected.

Strongest straining arises according to the present analysis in the
following structural parts:

Tiner mid-section (LCC)
liner knuckle (LK)
hoop reinforcement in cylinder mid-section (CC)

although the strains in the hoop bars at the lower cylinder (CBI)
remain below some 1.15 percent during loading up to the highest
pressure reached, a gradual weakening of the bonds between concrete and
layer 11 bars cannot be excluded above some 0.5 percent strain.

4.8.7.2.3 Potential Faijlure Mechanisms
4.8.7.2.3.1 Liner leakage

Taking into account that ultimate strains will be reduced under multiaxial
conditions (triaxiality factor [4.8.12]) by a factor between 3 and 2 for
cylindrical and spherical symmetry of shells respectively, and assuming
further a reduction factor for welds of 0.9 and for possible undetected
faults of 0.9, about seven percent is reasonable in the failure strain of
the tiner. (The uniaxial ultimate strain is 16.3 percent according to
tests.) Excluding leakage due to low weld quality, which in general is
already detected at strains of some two percent, the liner may be assumed
with high confidence to be leak proof up to strains of five percent.
According to this argumentation, which is largely based upon experience, and
due to the computed strains of Table 4.8.8, failure of the liner mid-section
seems to be likely to occur between 174 psi (1.2 MPa) and 189 psi (1.3 MPa).

4.8.7.2.3.2 Liner knuckle fracture

The reasoning of section 4.8.7.2.3.1, though applicable to multiaxial
membrane stress states, cannot be employed for the knuckle, where
predominantly bending occurs. Here, a stress criterion seems to be better
suited.

Choosing a best estimate value of the tensile strength that is 20 percent
higher than the lower bound value of 60 ksi (415 MPa) according to Table
4.8.5 and covering possible enhancement of stresses due to stress
concentrations by a factor of two-thirds, yields an effective ultimate
tensile strength of some 48 ksi (330 MPa). Comparing this value with the
calculated effective stress by taking into consideration a stress reduction
factor of about two, which is due to the geometric inconsistency between the
model and the structure, leads at 189 psi (1.3 MPa) internal pressure to an
effective stress of about 44 ksi (300 MPa). Hence, fracture of the knuckle
does not seem to be likely to occur up to internal pressures of some 189 psi
(1.3 MPa). It is, however, to be noted that this conclusion which is based
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upon the present model of the knuckle might be subject to revision in the
refined investigation.

4.8.7.2.3.3 Hoop reinforcement in the mid-section of the concrete cylinder

The present results show that failure of the structure due to rapid
extension of yielding of hoop reinforcement between 181 psi (1.25 MPa) and
188 psi (1.3 MPa) cannot be excluded. There is always a chance for failure
of a few bars at lower strains (e.g., due to improper splice connections).
If, say, one rebar out of 20 in this middle section would fail at 188 psi
(1.3 MPa), then the stress in each of the remaining hoops, would be larger
than the tensile strength and failure would be unavoidable (as may be
concluded from Table 4.8.8 and Figure 4.8.6). On the other hand, total
failure of the hoop reinforcement may be excluded if the internal pressure
does not exceed 174 psi (1.2 MPa), provided at least 95 percent of the hoop
rebars remain active in this section.

4.8.7.2.3.4 Cylinder/basemat intersection

As pointed out in section 4.8.7.2.1 and Figure 4.8.14 the zone crushed
concrete is rather confined up to the maximum pressure loading reached in
the analysis. Hence, in this pressure range a complete loss of bond between
concrete and layer 11 bars on account of crushing does not occur. On the
other hand, the strains in the hoop reinforcement in the lower cylinder
reach 0.5 percent at 74 psi (1.2 MPa). This circumferential strain may
cause local loss of bond between the meridional rebars and the concrete.

The gap widths between # 4 rebars of layer 11 and concrete are at this
strain roughly 0.01 in (0.25 mm). Hence, partial loss of shear and tensile
load carrying capacity of the layer 11 rebars cannot be excluded. The shear
loads carried by concrete at the intersection must according to the damage
exhibited in Figure 4.8.14 be assumed to be negligible at 174 psi (1.2 MPa).
If weakening of the steel-concrete bond is considered, also # & rebars of
layer 10 might lose their load carrying capacity in meridional direction.
Assuming, for example, a loss of load carrying capacity of 40 percent (due
to weakening of the steel-concrete bonds at a circumferential strain of 0.5
percent) for bars of layers 10 and 11, the stresses in the meridional
reinforcement would be increased by a factor of 1.26. The maximum strain in
the meridional bars at the intersection (CBI) amounts to 3.59 percent at a
pressure of 174 psi (1.2 MPa). The corresponding stress (Figure 4.8.6) is
roughly 93 ksi (641 MPa). In view of the tensile strength of some 107 ksi
(740 MPa), it is obvious that an increase in stress by 26 percent cannot be
carried by the meridional reinforcement. Under these conditions a combined
shear and tensile failure at the intersection is very likely to happen at
pressures of about 174 psi (1.2 MPa).

Following the same reasoning at a pressure of 160 psi (1.1 MPa), where
maximum circumferential strains amount to 0.24 percent in the CBI-region, a
load carrying reduction for layer 10 and 11 rebars of 20 percent would
increase the stresses in the meridional bars from 84 ksi (580 MPa) to some
94.3 ksi (650 MPa). Under these conditions the meridional and the shear
loads at the cylinder/basemat intersection should still be carried by the
reinforcement. In addition, as bending will lock to some extent the
reinforcement that terminates in the lower section of the concrete cylinder,
there is a high confidence that the intersection does not fail in the
pressure range up to 160 psi (1.1 MPa).
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4.8.7.3 Deformation History

A sequence of pressure-deformation states is shown in Figure 4.8.15a and
Figure 4.8.15b. The drawings are self-explanatory and need not be commented
in detail. It is, however, pointed out that the deformations are rather
moderate up to pressures of some 130.5 psi (0.9 MPa), whereas above pressure
loads of some 145 psi (1.0 MPa), displacements increase very quickly.

4.8.7.4 Concluding Remarks

The discussion of potential failure mechanisms as identified with the
axisymmetric model using straight-forward numerical computations without
iteration shows that there is no unique distinction of failure modes with
respect to the pressure scale. Any one of the mechanisms elaborated upon
may be the first in causing failure of the structure. At about 174 psi (1.2
MPa) failure due to one or the other of the discussed mechanisms cannot be
excluded. The probability for structural fajlure seems, however, to be low
in the pressure range up to 160 psi (1.1 MPa). This evaluation does not
seem to become subject to revision if equilibrium iteration is incorporated
in the numerical computations, as calculated stress-strain values fit to a
high degree of approximation the stress-strain curves for the reinforcement
and the liner, thus indicating that equilibrijum has been reached at least
for stresses above the yield stress. It must, however, be noted that other
failure mechanisms may be activated prior to those which could be identified
within the axisymmetric model used here. For example, there might occur
leakage in seals or fracture at liner/penetration junctions.
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Figure 4.8.4:

Knuckle Region at Cylinder — Basemat Intersection
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Figure 4.8.3:

Cylinder — Basemat Intersection

-332-




12

11

10

3/ ? %/
: g 77
- / /2’.5
5/
o/
- LS .3§>
'éyl \Sé
s/
i & o
&/ A
S = S
| / = = 12
/
/
/ SP3(4.2)
- /
/
JSP3 {4.1) SP3(4.3)
V™ N
[/ 05 = SP1(4)
/
L/ Curve 4
! Vs = S
[~ 02
- 4
| = Q05
-~ 00
1 1 i 1 | 1 1 1 1
0 1 2 3 A 5 6 7 8 9

Figure 4.8.5: ADINA Compression Failure Envelopes (Concrete)
S. =0/, 3 0"/o_ = 0.073 ; B = 0.55
Data according to OTTOSEN - Charts by University of Karlsruhe

-333-

10



(=

-------------------------------------------------- —
+ ' ' ' ' ' s ' ' ' —
+ . 1 1 L} 1 t + L} [}

' ' ' ' ' ' . ' ' '

. 1 v 1] 1 [} L} ) L 1]

[ D D L L L L Lx L pupi Gyl -S APy S S

v ' ' ' ' ‘ ' . ' '

L} L] . » 1] L} L] L} + L]

' ' ' ' ' ' ) ' . +

' ' ' . . ' ' ' ' '

[ B T R LT QPP I - DRI S SUP S SN =)
' ' ' ' ' ' ' ' 1 v @
. 1 t 1 1 . 1] * L} 1]

' ' ' ‘ ' 1 ' ' ' ‘

1 1] L} L 1} L} » L] L] L}

L E L T T T PUpipap SE RN P S

1 L} 1 L} 1 L 1 L] ) t

L} ’ L L} L} 1 L} . L} [}

L} + . L} L} . ) L} L} »

L L} t l » L} 1] " L] ’

[ R P R Q- S-S SR N )
L} t L} L} L} + L} L} ) L] 8
' ' ' ' ) ' ' ' ' '

' ' ' ' ' ' ' ' ' '

T L} Ll L} L} L 1 L t '

» - et e e e T 0Tt T R Ry -

L} ) . L} L ) L} L} L} 1

' ' ' ‘ ‘ ' ' ' ' '

L} L} [} L} L} L L} ¥ L] L}

' ' ' ' ' ' ' ' ' '

L L L T TEP SEpEpupty PRSIy S U SR SUUI- S I =)
[ ] 1 v 1 ' ] ] ' ] o~
1 L} ) L} L} 1 t 1 t )

' ' ' ' ' ' ' ' ' '

Al ) L] 1 * 1] L} L] ) L}

[ RER T TR T DAY PUp U QI P MR NSRRI &

’ 1 L} ’ L} » . ) . )

’ 1 L v L} L 1} . L} 1

L} ’ 1 1 L} 1 L} L} » L]

L} L} ll 1 L} L 1] L} 1 )

[ R DL LT TR Touy SIpupy-SUPIy SRR S-S SIS SUNIO S =
1 ' ' ' ' 1 ' ' ' ' L]
L) 1 L} ’ L} | t L] 1} )

‘ L} L} ) ’ 1 ) ) ) L

) L L} 1 ) L} L} L] L} 1

el B L ToF Y Tty G SIS SR &

L] . L} L} t L} L} ) L )

L] 1 ) L} . ) ¥ ’ L} )

L] . L} ¢ L} L} L] L] t 1

’ . L} t ’ L] . 1} ) t

R Lk L LT Ty PPy S S PR SUNY SIS SIS S -
’ ' ' ' ' ' ' ' ' 1 ['e)
' ' ' ' ' ) ] i ' '

) L 1] L} 1 1 1} L} 1} )

’ U * 1 1} 1 L} L] ) .

[P, ‘O, PR L T T nuy guyupuyiy SUPI I RPN S SIS |

) L} L} 1 L} 1] 1 1 1

' ' 1 ' ' ' ' ' '

' ' ' ' ' ' s ‘ '

L] v L t L 1 ) t ) )

L L T T L T T it Uiy PPNy DU GNP SISO SEPR B -
1 t L} L} ’ L} L] L} ) L] 4
' ' ' ‘ 1 ' ' ' ' '

1 1 L} L} L} L} 1] ' 1 t

' ' ' ' ' 1 ' ' ' '
Pacmetodectoncatoractoncntocmctennntorcatocensnmnal

t ) L] 1 L} L} ) ) L] 1

' ' 1 1 ' ' ' ' ' '

L} 1 L} L} t L} . ) L] 1

’ L} L} " L} ’ 1 1] E] 1
[ L " SEyEyupup PUpIP SIS -SUPR SN RN SR Y =
) ' ' ' ' ' ' ' 1 «m
) ' ' ' ' ' ' ' '

' ' ' ' ' ) ' ' '

1 L} . L} ’ 1 L} L] .
bemmetoccethrectoccctocantonnactocnatancatanenbancn |

1 1 ' ' ) ' ' v ' '

Ll 1 L} + L] L} L} ) ) 1

' ' ' ' ' ' ' ' ' '

L} L » L} L} ) ) L} 1] 1

| S S TR TR PP DU Y PP SR SR S =)
' t 1 1 L} L ) 1] (] L} 2
1] 1 L} 1 L] L ) ) L} L

' ' ' ' ' ] ' ' ' '

) ) L L] L 1 ) E] L}

[ SEEpRp PO T Y LT vy QUpIpIOuy U S-S

' ' ' ' ' . ' ' ' '

’ . . L} 1 1] L] L} 1 L]

L} L} 1} L} L} 1 L] L} L] [}

1 t L L] L} L} [} 1 L] 1
bemecbanartsccans becmetoccctocmubonnetocaasanan O
' ' ' ' ' + ' + 1 t Al
) ) ) L} L] L} L] 1] 1} L}

) ) 1 ) t 1 L 1 ) t

L 1 L] L L} 1 [} L] L] L}

LR R T T LT LY SEpipiply SUpIS SSRGS SUNI

. t L} L] 1] ) L ’ ]

L} 1 ) + L} ) L} t 1

L} ) ) L ] * ) )

. L} L} L} 1 L} + +

L R e S A e i
Q o [= (=3 =4 o
n o w o 0
g © b2 ¢ -4

VAN SSHYLS

+1073

STRAIN M/M

Rebar #4 Modified mean Stress-~Strain Curve

(Tests by University of Karlsruhe)

Figure 4.8.6

||||||||||||||||||||||||||||||

[P

ccectlenctrcnctomcctmnactonnatannrtonanbonee

.
[
.
.
.

'
'
'
]
.

]
]
'
'
»

B R il R F ey Qppitybepiiey- Uiy g APy VP ) S 4 R

-

-

-

4.5

B

-

3.5

[

2.5

STRAIN M/M

[y )

i.5

-l

VAN SS3ULS

*10

Rebar #4 Seismic Reinforcement Modified mean

Stress-Strain Curve (Tests by University of Karlsruhe)

Figure 4.8.7

~334-



100
0
0 1 2 3 b S
Strain —e— x1073
Figure 4.8.8: Rebar #4 Modified Stress-Strain Curve (Analysis)
750 — -O— b
L —0|
MPa /0/
600 //
[ 24
o
“ 300
150
0
0 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18 0,20

Strain —e=

Figure 4.8.9: Rebar #4 Modified Stress-Strain Curve (Analysis)

-335-



500
MPa [ %
400 //////,
JF——
a
o
& 200
100
0
0 1 2 3 4 5
Strain ——e=— x 10'3
Figure 4.8.10: Rebar #4 Seismic Reinforcement
Modified STRESS — STRAIN - Curve (Analysis)
750
r//‘ °
MPa /
600 ///r//
1 L50 —<
(7]
g
G 300
150
0
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2
Strain ——e—

Figure 4.8.11: Rebar #4 Stress-Strain Curve for bare Steel
(Tests by University of Karlsruhe)

-336-



750

MPa

600

Stress ——e=
b
S

300

150

0,18 0,20

0,16

o0 0,02 0,04 0,06 0,08 010 012 014
Strain ——w=—

Steel-Liner 1/16" Stress-Strain Curve

Figure 4.8.12:
750
MPa
600
X O P
I
1 450 ,“/
W
o
Y 300
150
008 0,10 012 014 016 018 0,20

0

0 0,02 0,04 0,06
Strain ——e

Figure 4.8.13: Steel-Liner 1/12" Stress-Strain Curve

-337-



—-8E£E—

S T Crushing
[ & Initiation
| -
| ofo/ 35553
l AN
' Qe o e caoov
o) [0 600 ° 0 09|
______ A AR T | ebasd
0‘6 MPa
Legendt
== Meridian
&= Crack Planes
= —amae] |l &Eack” P CEEe5Y
-o—6-0.a% g A Crack Planes o s-o0ad )
© 0 O * o o Hoop QU UG W™
Y e o Crack Planes oo
Jl Crushing
S O8O0 3 O U O U0 >
(2]
T Oy o O _O-D\U“ -]
)
L
1 3 o\ ——
[ : Q
| o % o0 ! < °ee PY-X4 .:Jo o
| o/ |° ®°0 ©foo0 | ) fofa 000 | Y :ooo
2L°°a 0o« ' 1 T[Jfeleooe aoo00
j ° oo 000 vv o hvo o } > %0000
fooc00o ~e 00000 I H2]e p ovoo - zoooo
CX\ Pl oas] THfbe pooosd COCKUHE S35 lEgtore %]
1,0 MPa 1,1 MPa 1,2 MPa 1,3 MPa

Figure 4.8.14: Sketches of Crack Patterns at Cylinder Basemat Intersection



1

Ap=0,61MPa
X=9,6mm

Ap=0,41Mpa

umax=7,2mm g

Figure 4.8.15a

Ap=0,81MPa

umax=12,4mm

Ap=0,91MPa

umax=15,8mm

Deformations of Containment (note Scale-Factor) caused by
increasing internal pressure (Ap)



-0veE-

74
4

W

-
T
\\\\\\

]

- N

s o . 75

|w!

—

l Scale-Féctor 6 | Scale~Factor 3
Ap=1,01MPa Ap=1,11MPa Ap=1,21MPa Ap=1,33MPa
umax=50,1mm umax=91,8mm umax=163mm umax=331mm

Figure 4.8.15b Deformations of Containment (note Scale-Factor) caused by
increasing internal pressure (Ap)




4.9 Brookhaven National Laboratory

This section was prepared by C. J. Costantino of the City College of New
York and J. Pires and S. Pepper of the Structural Analysis Division of the
Department of Nuclear Energy at Brookhaven National Laboratory.

4.9.1 Introduction

Brookhaven National Laboratory (BNL), along with a number of other
organizations, undertook in the Fall of 1986 to perform a detailed response
analysis of the 1/6th scale model containment structure. This reinforced
concrete facility, designed as a typical containment structure for an actual
nuclear power plant, is to be pressurized to failure in the Spring of 1987.
Each of the organizations involved have been given the task of predicting
the response and mode of failure of the vessel. The goal of the effort is
obviously to improve the analysis capability available to the engineering
community, particularly with regard to the ability to forecast behavior at
and near failure of the various structural materials involved.

The failure of concrete structures and in particular containment facilities
is controlled by a number of complex interacting mechanisms, such as the
development of cracks under multiaxial tensile stress states, yielding and
crushing under corresponding compressive states, shear transfer across
cracked zones, and the interaction of steel rebar with the concrete. To be
able to predict with reasonable confidence the response near failure of
these reinforced structures, these various complex mechanisms must be
simulated within the context of detailed analytic models for each individual
mechanism, these then being combined to yield the overall material model
required for the prediction. Numerous constitutive models for both concrete
and steel materials have been proposed in the literature over the years,
each having the objective of forecasting the behavior of the materials at
and near failure. One of the primary objectives then of this exercise is to
try to improve the modeling capability, particularly with regard to the
failure modes associated with containment structures.

4.9.2 BNL Predictional Model - The NFAP Code

BNL has developed and exercised a large scale computer program to study the
nonlinear behavior of reinforced concrete structures near failure. This
effort has been aimed at developing complete analytic material models which
have applicability to all sorts of concrete structures, including
containment facilities. The analysis tool bears the acronym NFAP, standing
for the Nonlinear Finite Element Analysis Program. Detailed descriptions of
the Code are presented in [4.9.1 and 4.9.2], with only summary descriptions
provided herein for completeness of this report.

4.9.2.1 General Solution Procedures

The NFAP Code is based on a finite element formulation of the equilibrium
equations for the structure/loading system, and includes the capability to
treat nonlinear constitutive material behavior, large displacement/strain
problems as well as static or dynamic load conditions. For the containment
facility of interest to this study, the structure is simulated as a two-—
dimensional axisymmetric finite element model, subjected to the effects of
both gravity loadings as well as statically applied internal pressures.
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Effects of penetrations have been neglected as having small influences on
the global pressure response of the structure. Large displacement effects
have been included in this calculation, using the total Lagrangian
formulation described in [4.9.3].

As can be expected for this highly nonlinear calculation, the numerical
solution proceeds in a standard incremental fashion. In order to develop
the iterative solution procedure, the nodal equilibrium equations are
rewritten in terms of incremental displacement as

[K(U)I{AU} = {aF,) - {4F.) (2.9.1)

where solutions are obtained at each load step for the vector of incremental
nodal displacements, {AU}. The stiffness matrix [K] of Equation (4.9.1) is
typically a function of the total displacements, {U}, and the load

increments shown are the externally applied loadings, {Fe}, (which may be a

function of geometry) and the internal correction forces, {Fi}’ which
account for the nonlinear effects which occur during the load step.

In the standard calculation conducted with NFAP, iterations are conducted at
each load step to ensure that acceptable convergence occurs. At the
discretion of the user, the stiffness matrix can be updated at each
jteration within a load step (full Newton-Raphson procedure) or only at the
end of each load increment (modified Newton-Raphson). The second method
(used for this calculation) requires more iterations to convergence per load
increment but saves calculation time required in the K-matrix update as
compared with the first method. Iterations are carried out until the norm
of the increment of the displacement vector at a given iteration is found to
be small as compared to the previous iteration solution, or

(lavy, | - lau )/ ]au,, | < e (4.9.2)

i+l
where the subscript i refers to the iteration number. For this calculation,
a value of 0.001 was used for the convergence parameter, e.

4.9.2.2 Modeling of Materials

The specific details of the material models used in this calculation are
presented in [4.9.1 and 4.9.2], with only a short summary contained in the
following. The interaction between steel and concrete is handled in one of
two ways in this calculation. Some steel reinforcement, primarily the shear
steel (stirrups) located in the lower section of the cylinder wall, is
specifically modeled in the containment by means of axial or truss elements.
These bars are connected to the nodes of the surrounding concrete elements,
and are therefore subjected to the same displacement field as the concrete
elements.

The vast majority of steel reinforcement is modeled in the analysis using
the distributed or smeared concept typically used for reinforced concrete
structures. This is done to 1imit the amount of computation required as
well as to limit data preparation requirements. In this method, the steel
is smeared into the concrete element, resulting in a locally homogeneous
continuum. The separate constitutive properties of each material component
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are tracked throughout the calculation to ensure that individual stress
paths are properly modeled. Specific smearing and desmearing procedures, as
described in [4.9.2], are then used to ensure that node point loads satisfy
the required equilibrium equations.

4,9.2.2.1 Uniaxial Steel Rebar

The stress—strain data provided for the rebar essentially consists of three
sections, namely, an initial elastic zone, a short perfectly plastic zone,
and a hardening section which is approximately parabolic in shape. For this
calculation, the stress-strain data above the yield point has been
represented as a simple linear hardening material. A hardening modulus of
786 ksi {5420 MPa) for stresses above the yield point was used, which was
obtained by a linear regression calculation.

4,9,2.2.2 Multiaxial Steel Models

The constitutive model for the multiaxial steel, such as the liner
materials, is based on the standard incremental theory of plasticity, using
the von Mises yield criterion and an associated flow rule. Hardening is
included by considering an isotropic hardening mechanism. A linear
hardening rule was used for both liner materials, with a value of 152 ksi
(1050 MPa) used for the 1/16 (1.59 mm) liner used along the basemat/cylinder
wall. For the dome 1iner, a larger hardening modulus of 516 ksi (3560 MPa)
was used to fit the initial slope of the stress—plastic stain data provided.

4,9.2.2.3 Concrete Stress-Strain Model

The elastic-plastic material behavior proposed by Chen and Chen [4.9.5] is
used in NFAP to predict the nonlinear behavior of the concrete. This model
has been found to yield reasonable agreement with experimental data and has
been employed for other failure evaluations of concrete containments. The
model is based on separate assumed failure surfaces in the tension and
compression zones in stress space. The yield criteria are developed in
terms of the stress invariants, and include both an associated flow rule, as
well as a strain hardening parameter to track changes in the yield surface
with strain. The specific values for the concrete parameters used for this
calculation are:

E = Young's modulus = 4800 ksi (33100 MPa)
v = Poisson's ratio = 0.2

ft = Tensile yield stress = 0.45 ksi (3.10 MPa)
f't = Tensile fracture stress = 0.5 ksi (3.45 MPa)
fc = Compressive yield stress = 3.9 ksi (26.9 MPa)
f'c = Compressive fracture stress = 6.8 ksi (46.9 MPa)

4.9.2.2.4 Fracture and Crushing of Concrete

The ability of the concrete to fracture in both tension (cracking) and
compression (crushing) have been included in the analysis. A dual stress
and strain criterion is used to define the initiation of cracking, which are
based on the stress and strain invariant for multiaxial states, and are
correlated with available experimental data for cracking strains in uniaxial
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compression and tension. When the concrete crushes, the stiffness of the
concrete element is assumed to be zero for additional loading of the
material. For the case of tension cracking, however, the stiffnesses
associated with strains normal to the crack direction are reduced to a small
fracture of their initial value. The shear stiffness reduction factor is
initially set to a value of 0.5, which is gradually reduced as the width of
the crack increases. The specific fracture strains assumed for this
calculation are

0.00021
0.0023

Fracture strain in tension

m
1l

Fracture strain in compression

m
Il

4.9.2.2.5 So0il Foundation Model

Based on previous experiences with containment calculations, especially at
the higher pressure regions of interest near failure, relative basemat
movements can have a significant effect on the calculation of stresses at
the basemat—cylinder wall intersection, a potential failure point in the
structure [4.9.4]. Therefore, in our NFAP calculation, it was felt
important to include the soil flexibility in the model. The so0il is
represented as a bilinear elastic Winkler foundation, that is, a one
dimensional soil element with a relatively high stiffness under compressive
loading and a zero stiffness under tensile loading.

The data provided by Sandia included a recommended value of 390 ksf/ft

(61.2 MPa/m) for the subgrade modulus. However, by examining the plate load
test data provided, and using standard extrapolation techniques typically
used for such data, it was found that this recommended value was probably
much too high. For our NFAP calculation, therefore, a value of about

70 ksf/ft (11.0 MPa/m) was used for the coefficient of subgrade reaction.

As will be discussed later, it was found that the dead load calculation
yielded a vertical settlement of the structure of 0.17 inches (4.32 mm), a
value that can reasonably be expected for this soil under these dead load
stresses.

4.9.2.3 Finite Element Modeling

The general configuration of the finite element model used in this
calculation is shown in Figures 4.9.1 and 4.9.2. As mentioned above, the
model is an axisymmetric one, and includes both the mudmat and foundation
soil in the structural model. The complete finite element model, shown in
Figure 4.9.2, consists of 1549 node points and 539 elements. Of the 539
elements, 459 are two dimensional, 8-noded isoparametric elements, while 80
are one—dimensional axisymmetric truss elements. The truss elements are
used to represent the Winkler soil springs and some shear steel (stirrups)
in the lower cylindrical wall. Detailed sketches of the finite element
models used in the various section of the structure are shown in Figures
4.9.3, 4.9.4 and 4.9.5. Generally, the mudmat is simulated by means of
three elements through its thickness, the basemat by seven elements through
the thickness, and the cylindrical wall and dome by seven elements through
the thickness. In addition, separate elements are used to represent the
steel liner plate in the various sections, with the liner considered
attached to the concrete at its node points. Thus, a total of eight
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elements are used to represent the through-thickness properties of the
structural wall, dome and basemat.

Detailed sketches of the finite element mode used through the cylindrical
wall section are shown in Figures 4.9.6 and 4.9.7. As can be seen, two of
the elements are modeled as plain concrete, two have smeared hoop steel, two
have smeared meridional (longitudinal) steel, and the outside element
includes the smeared seismic steel. The steel liner element is then added
to the inside face of the wall. By comparing Figures 4.9.6 and 4.9.7, the
only difference between the models above and below the elevation of 6'6" is
the amount of meridional steel included in the third concrete element
(counting from the inside face). To simplify some of the modeling
requirements, the inner and outer hoop steel was adjusted slightly so as to
reside in only two elements, with these elements being separate from those
containing the meridional steel. As mentioned previously, specific truss
elements were then used in the wall below the elevation of 6'6" to represent
the shear steel (Figure 4.9.3).

A typical model used through the thickness of the dome is shown in

Figure 4.9.8, where again a seven element cluster is used to represent the
wall action. The transition elements used from the springline to the
standard dome elements are presented in Figure 4.9.9. The details of the
mudmat and basemat elements are shown in Figures 4.9.10 and 4.9.11.

4.9.3 Results of Calculations

As mentioned previously, this axisymmetric model was subjected to gravity
and internal pressure loadings. The large displacement formulation was
included in the calculation and a modified Newton-Raphson incremental
solution scheme was used. Gravity loads were Tirst turned on, followed by
incremental pressure loadings of 5 psi (.034 MPa) until a pressure of 30 psi
(.207 MPa) was reached. Beyond this pressure, the incremental loadings were
reduced to 2 psi (.014 MPa) to reduce convergence problems due to nonlinear
material effects as well as improving the tracking of concrete cracking.
From 126 psi (0.869 MPa) to the end of the calculations at 131 psi {.903
MPa), pressure increments of 1/4 psi (1.72 kPa) were used as extensive
yielding occurs in this pressure range.

4.9.3.1 Structural Deformations

Plots of the deformed configuration as a function of load are shown in
Figures 4.9.12 to 4.9.20, the purpose of which are to indicate the primary
ctharacteristics of the computed response of the containment structure to the
applied loads. The deformations shown in these figures are magnified 100
times. The effect of the dead load, Figure 4.9.12, is to essentially
develop a vertical rigid body movement of the structure into the foundation
soil of about 0.17 inches (4.32mm). The only significant deformation under
dead load is found in the mudmat extending beyond the structure. As
internal pressure js applied, the containment vessel responds primarily
etastically (Figure 4.9.13) until the pressure reaches a value of about 30
psi (.207 MPa) (Figure 4.9.14). At this pressure, some nonlinear concrete
strains develop in the outer elements of the cylindrical wall due to shell
bending. Of more importance, however, concrete flexural cracking begins at
the inside face of the cylinder at its intersection with the basemat. The
dome remains essentially elastic.
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As the applied pressure reaches 40 psi (.276 MPa), hoop cracking begins in
the outer elements of the cylinder wall near mid-height. As can be seen in
Figure 4.9.15, the deformations now begin to significantly increase, as the
cracking at the basemat/cylinder wall junction extends into the wall. At 50
psi (.245 MPa), the hoop cracking increases along the length of the wall and
cracking of the concrete develops in the dome area. At 70 psi, {.483 MPa),
bending cracks begin to form at the center of the basemat, as the basemat
curls up due to the pressure loads. Shear cracks now develop in the
cylinder wall above the zone with shear steel (stirrups) at an elevation of
about 6'. This in turn leads to an increase in the extent of the hoop
cracks as the shear stiffness near the bottom of the cylinder decreases. In
addition, shear cracks develop in the dome, immediately above the top of the
seismic steel area. At about 80 psi (.552 MPa) (Figure 4.9.17), multiple
cracking develops in the wall/basemat junction as the cracked zone in this
area increases. The stresses in the meridional steel dowels embedded into
the basemat become larger as the zone of cracked concrete in this area
increases.

At about 90 psi (.621 MPa), the cracked zone at the wall/basemat junction
extends through the entire wall thickness, and hoop cracking extends
throughout most of the superstructure. The area of bending cracks in the
basemat extends over a larger depth, but the stresses in the steel in this
area are still small. The steel liner is still elastic, but peak stresses
are of the order of 50 ksi (.345 MPa) in the center of the cylinder wall.
At about 104 psi (.717 MPa), yielding begins to develop in the steel rebar
dowels which extend into the basemat below the cylinder/wall junction. In
addition, some yielding of the liner occurs at midheight of the ¢ylinder.
The stresses in the dome reinforcing are still reasonably small, reaching a
value of about 25 to 30 ksi (.172 to .207 MPa).

At about 124 psi (.855 MPa), yielding of the hoop steel beings in the
cylinder wall in the area above the stirrups, and yielding of the dowel
steel becomes more extensive. Strains in the basemat dowels reach a value
of about 0.9 percent, or about four times yield. The plastically deformed
area of the steel liner also spreads upwards towards the springline, while
liner stresses in the dome still remain below yield. Total yielding of the
hoop steel occurs at about 128 psi (.883 MPa), above which the calculations
indicate a rather general ballooning of the superstructure. The hoop steel
continues to deform plastically, although hoop strains are still only about
two times the yield strain for the rebar. The calculations were
discontinued at 131 psi (.903 MPa), with the final deformed configuration
shown in Figure 4.9.20.

4.9.3.2 Specific Responses of Interest

In addition to the structural profiles discussed above, some plots of
specific parameters of interest as a function of applied pressure are
presented in the following. A detailed set of the individual plots
requested by Sandia are included in Appendix A.

The computed vertical displacements at various locations on the structure
are shown in Figure 4.9.21. As can be seen from the plots of total
displacement, the center of the basemat, after the initial dead load
solution, is pushed down into the foundation soils by the applied internal
pressures, while the edge of the basemat curls up. This effect is, of
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course, as would be anticipated. However, a question that must still be
resolved is the importance of this behavior on the overall response of the
structure. If the foundation soils were significantly stiffer than
indicated by the data presented by Sandia, it can be anticipated that the
shear forces developed at the wall/basemat junction would be higher than
those in the current calculation. This would in turn cause cracking to
develop sooner (or at lower applied pressures) than calculated. The impact
of this factor has not been evaluated in this calculation.

Plots of the relative displacements shown in Figure 4.9.21 are of some
interest. The solid curve of Figure 4.9.21B shows the displacement of the
edge of the basemat relate to the basemat centerline. As can be seen, this
relative displacement increases monotonically with pressure and is
essentially uncoupled from any changes that are taking place in the
superstructure. On the other hand, the vertical displacement of the
springline measured with respect to the edge of the basemat shows
significant changes which are associated with the changes in characteristics
of the cylinder wall as the concrete cracking occurs. At about 30 psi (.207
MPa), the concrete begins to show significant nonlinear behavior, reducing
the effective stiffness of the wall. At about 40 psi (.276 MPa), hoop
cracking develops in the wall, beyond which the longitudinal steel
essentially controls the vertical stiffness of the wall. Above 100 psi
(.690 MPa), yield begins to develop in the steel dowels, again softening the
apparent vertical stiffness of the wall at the springline. Similar
comparisons can be made from the plot of the crown displacement measured
with respect to the springline. Concrete cracking in the dome area, which
occurs at a higher pressure than in the wall, leads to a relate response
which i1s similar to that at the springline.

Figure 4.9.22 presents a comparison of hoop displacements at the center of
the wall and at the springline. As is expected, the displacements at the
center of the wall are about twice those at the springline. As cracking in
the hoop direction extends in the cylinder wall, the displacements gradually
increase until hoop yielding occurs, at which time the radial displacements
increase rapidly. The strains developed in the hoop rebars are shown in
Figure 4.9.23 and show the increase in the hoop steel strains as cracking
develops in the concrete. The strains shown are relatively constant along
the length of the wall. Near the springline (z=24') and basemat, smaller
hoop strains are calculated.

The strains developed in the vertical meridional steel are shown in Figure
4.9.24 for the case of the outer layer of steel (layer 5). In

Figure 4.9.24A, it may be noted that the strains developed in these bars are
greatest at the junction of the cylinder wall with the basemat, and decrease
as you progress up the length of the wall. The relationship of the
meridional strains near the base of the wall to the gross response of the
superstructure is shown in Figure 4.9.24B. Similar data is shown in Figure
4.9.25 for the inner layer of the meridional steel, from which a similar
general behavior can be noted. A comparison of strains developed in the
inner and outer meridional steel is shown in Figure 4.9.26. As can be seen,
significant differences in behavior can be noted at the top and bottom of
the wall. At the top, near the springline, the differences in strains can
be attributed to the bending that is developed by the action of the flexible
dome. At the bottom, however, the larger moments developed and the
extensive cracking of the wall led to the generation of large plastic
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strains in the inner steel, as well as tensile strains in the outer steel.
Plastic tensile strains develop in the outer steel layer at higher
pressures. This complex behavior is different than would normally be
anticipated from simpler analyses.

4.9.4 CONCLUSIONS

On the basis of this complex calculation, several conclusions can be
reached. First, two primary modes of potential failure of the containment
develop as internal pressure is applied. At a pressure of about 128 psi
(.883 MPa), total yielding of the hoop steel occurs which extends well into
the dome area. At this pressure, the calculations indicate a general
ballooning of the containment structure begins as additional pressure is
applied. The computed pressure-hoop displacement relationship will then
track the rebar stress—-strain curve, which shows higher capacity at much
larger steel strains of 2 to 3 percent, presuming of course that failure
does not occur from a different mechanism.

The calculations also indicate a second potential failure mode developing at
the base of the cylinder wall. The cracked zone of concrete extends through
the thickness of the cylinder wall at about 90 psi (.621 MPa). Additional
pressure then causes this zone to extend into the basemat and at the same
time causes yielding of the dowel steel in both the inner and outer faces of
the containment wall. The calculated strains in the dowels are about 4
times yield at pressures of about 124 psi (.855 MPa). Continued pressure
can then be applied to the structure until either pullout of the dowels
occurs or the cracking of the concrete reaches the outer edge of the
basemat, which is unreinforced. It is this latter behavior which will most
probably lead to a localized failure and therefore an inability to support
additional load.

Two primary areas of uncertainty exist in the calculation. The first
reflects the uncertainty in the effect of the foundation soil stiffness on
the calculated behavior in the vicinity of the basemat/wall junction. As
mentioned previously, other calculations have indicated that this effect may
significantly effect the overall behavior of the basemat/cylinder wall
junction near failure. Instrumentation placed in the soil under the
basemat would have allowed an independent evaluation of this behavior. 1In
addition, the calculated behavior in the vicinity of the basemat/wall
junction indicates an extremely complex set of responses which directly
influences the growth of the cracked zone in this area. These caiculations,
in turn, are directly influenced by the fineness of the finite element mesh
used in this vicinity.
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4.10 Central Electricity Generating Board

This section was authored by S. Kloosterman, D. Ness, and T. Hunt of Nuclear
Design Associates on behalf of the Central Electricity Generating Board,
United Kingdom.

4.10.1 Summary

The U.S. Nuclear Regulatory Commission has ordered the construction and
testing of a 1:6-scale model of a steel lined reinforced concrete
containment at Sandia National Laboratories. This report describes the hand
calculations and computer analyses which were used to predict the behavior
of the model containment at internal pressure loads up to that causing
failure. Two computer programs were used for the analyses: the linear-
elastic PAFEC [4.10.4] and the linear and nonlinear ADINA-TW [4.10.3].

Axisymmetric, pltane 2-D and 3-D linear-elastic analyses were carried out to
predict the behavior of the containment at internal pressures below those
causing concrete cracking.

Nonlinear analysis of the containment was confined to an axisymmetric mode]l
which was taken to an internal pressure load of 160 psi (1.103 MPa). At
this pressure the analysis terminates due to flexural failure at the wall
base junction.

The capability of the containment to retain internal pressure loads is
dependent on the extent to which the liner remains leak tight. The
difficulty of predicting the actual failure pressure of the containment is
discussed together with the effects of the penetrations and associated
thickenings. Due to these considerations the pressures obtained from the
axisymmetric analysis may be regarded as upper bound solutions.

4.10.2 Introduction

In the United States a program of model testing has been embarked upon to
establish the ultimate failure pressures of existing containments. The
1:6-scale model of a reinforced concrete containment vessel that has been
constructed at Sandia National Laboratories (SNL) represents part of this
program. The vessel will be pressurized to 15 percent over design pressure,
unloaded, and then tested to failure.

An analysis has been performed by NDA to attempt to predict the final
outcome of the SNL testing. The analysis initially used hand calculations
and finite element models to identify critical factors within the l:6-scale
model such as soil and material properties. A nonlinear axisymmetric
continuum model was then developed to analyze the structure up to failure.
The overall analysis is depicted in Figure 4.10.1.

4.10.3 Objectives

Since no functional requirements for the containment structural model at
ultimate pressure have been specified, "failure” of the structure is
indefinable. However, the term failure within this report is taken to mean
the onset of mechanistic behavior and ultimate pressure to be the pressure
at which this behavior becomes apparent. The objective of these analyses is
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to predict the progression of cracking and yielding of concrete and steel
and to assess the internal gas pressure at the onset of mechanistic
behavior.

The objectives of the study described in this report are:

a) to identify the possible modes of failure of the l:6-scale model
containment and to determine the associated internal pressures.

b) to identify the mode of failure which gives the minimum Load Factor (K).

¢) to gain an understanding of the behavior of the model containment at
internal pressures beyond those which produce a linear-elastic response.

d) to provide supporting evidence for the validation of the ADINA-TW
nonlinear finite element program.

4.10.4 Conclusions

The analysis provides step-by-step information on the behavior of the

structure under increasing internal pressure. Significant pressures were

identified throughout the analysis.

The results from the nonlinear axisymmetric analysis showed the following:

a) Appreciable cracking of the concrete due to bending at the wall base
junction will occur at pressures below the design pressure of the
containment.

b) Vertical cracking will commence at mid-height of the wall at a pressure
of 50 psi (0.345 MPa) and will spread rapidly through the wall and dome

(see Figures 4.10.37 and 4.10.38). 1In the dome, radial cracking precedes

the spread of the vertical cracking from the spring line to the apex of
the dome.

c) Horizontal cracking of the concrete due to bending in the wall commences
at 58 psi (0.400 MPa). This will cause a loss of axial concrete tensile
load carrying capacity causing the cracks to extend locally through the
whole wall thickness. Similarly, bending due to the stiffness of the
major penetrations and associated thickenings therefore will have an
effect on the formation of cracks within the structure.

d) The remainder of the wall will crack in the horizontal direction due to
membrane tension in the vertical direction. This will commence at 75 psi
(0.517 MPa) at the spring line and slowly progress down the wall.

e) At 82 psi (0.566 MPa) the liner, at mid-cylinder height, will reach
initial yield in the hoop direction followed rapidly by hoop yielding
over its whole surface.

f) Dome liner yield in the hoop direction will commence at 110 psi (0.759
MPa).
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g) The wall liner will reach initial yield in the vertical direction at 115
psi (0.793 MPa) at the spring line and slowly progress down into the
wall.

h) The dome liner will begin to yield in the meridional direction at 129 psi
(0.890 MPa).

i) Initial yield of the hoop reinforcement at mid—wall will commence at 124
psi (0.855 MPa) with the seismic bar yielding first and all three layers
past initial yield by 129 psi (0.889 MPa).

j) At 127 psi (0.876 MPa) the liner at the wall/base junction will yield in
the vertical direction due to bending of the wall. The bending will
progress to cause the vertical reinforcement to yield at 140 psi (0.965
MPa). At 145.5 psi (1.003 MPa) the concrete at the inner corner of the
junction will reach 0.2 percent strain in the two principal directions of
the element, which will relieve all stresses except for shear. At 159.5
psi (1.100 MPa) crushing will occur at the same level on the outside face
of the wall and continue to propagate up to 160 psi (1.103 MPa) when
ADINA-TW results indicate flexural failure of the structure at the
wall/base junction.

Hand calculations, using a force balancing method, indicate that for
membrane areas of the containment barrel, bursting of the cylindrical wall
determines the ultimate failure pressure of the containment (see Table
4.10.1). With liner and reinforcement stresses at initial yield (see
Figures 4.10.16 and 4.10.17) taken from the test results, it can be shown
that the ultimate pressure for an infinitely long cylinder will be 117 psi
(0.806 MPa), K = 2.54 (see Appendix C).

If material stiffening after yield, equivalent to that incorporated in the
ADINA-TW nonlinear analysis, were included in the hand calculation, the Load
Factor would increase by 53 percent, the failure pressure becoming 181 psi
(1.23 MPa), K = 3.9.

The pressures quoted above are considered to be the upper bound Timits for
the retated conditions. Various geometric and material assumptions as well
as analytical methodology limit the accuracy of the results. It is expected
that items such as local welding and coupling of rebar will reduce the
quoted pressures. Additionally the effect of any imperfections in
structural materials which might reduce the quoted pressures cannot be
included in the analyses. Development of leaks in the containment which
exceed pumping capacity could make it impossible to achieve the expected
high pressures required for failure.

In conclusion our prediction is that on the 1imited analysis carried out,
failure will be in line with conclusion (j) stated above.

4.10.5 Faijlure Modes

The capacity of the model containment to retain pressure loads is dependent
on the liner maintaining a gas seal sufficient to permit continuing
pressurization within the capacity of the pumping equipment. Failure of the
liner to meet this requirement could be caused by global failure of the
associated containment structure. Alternatively it could be due to a local
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failure of the liner and anchorages caused by local concrete cracking or by
imperfections in the liner or anchorage materials, e.g., at the wall base
junction. It is not considered possible to predict the pressure at which
such behavior might occur.

Failure of a section of the containment shell due to membrane tensile loads
is preceded by a series of well defined behavioral stages during each of
which smooth near linear load/strain characteristics are displayed. The
1imits of these successive stages, through which the membrane areas of the
containment pass under increasing internal pressure, are marked by strain
related changes in the material properties of the concrete, liner and
reinforcing steel. These limits are:

1) Concrete cracking
2) Liner yield
3) Reinforcement yield

For membrane areas the Load Factor is therefore dependent on the load
carrying capacity of the liner and reinforcement steels at strain values
beyond those causing their initial yield.

At discontinuities, potential failure could be postulated to occur due to
the combined effects of bending, membrane loads and shears. Due to their
interaction, assessment of such areas is more difficult than for the
membrane areas where only tensile loads occur.

4.10.6 Method of Analysis
4.10.6.1 Axisymmetric Analysis
4.10.6.1.1 Hand Calculations

Force balancing calculations were employed in areas where tensile membrane
failure might occur and where loads on the section could be determined
statically; e.g., at the dome apex and in the wall remote from
discontinuities. The method uses relatively simple equilibrium equations
for thin shells of revolution. Using the stress/strain properties of the
concrete, reinforcement and liner material, the method provides an estimate
of the internal pressures required to produce successive material cracking
and yielding conditions.

The membrane forces due to the internal pressure loads are balanced by the
sum of the force changes in the structural materials measured from the zero
internal pressure stage. Thus, the change in strain required to reach
behavioral 1imit for the section under consideration can be calculated.

The method assumes that the concrete loses its tensile capacity immediately
upon cracking. In reality concrete retains some tensile capacity after
cracking, and this effect, termed "tension stiffening" is included in the
ADINA-TW nonlinear finite element analysis.
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To demonstrate the application of the force balancing method, calculations
for the hoop direction at the mid-height of the wall are included in
Appendix C.

Additionally a hand calculation was performed to determine the relative
stiffness of the 6 mm tie bar with respect to the concrete cylinder wall.

4.10.6.1.2 Computer Analysis

A plain concrete axisymmetric model with a rigid base, as shown in
Figure 4.10.2, was analyzed assuming linear—elastic concrete properties
using both the PAFEC and ADINA-TW finite element programs.

The ADINA-TW code is a modified version of ADINA-81 that includes an
improved representation of nonlinear concrete properties. The modifications
are reported to make the program output more compatible with various test
results [4.10.6] and take account of recently published works [4.10.1,
4.10.2, 4.10.8].

Elements representing the reinforcement and liner were then added to the
model for further analysis using ADINA-TW as a nonlinear finite element
program. The program does not include an axisymmetric plate element and so
both reinforcement and liner were modelled as a combination of single noded
hoop elements and two noded truss elements. A typical section of the
containment wall, actual and as analytically modelled, is shown in

Figure 4.10.3. The diagonal reinforcement was modelled as equivalent
horizontal and vertical elements assuming equivalent rebar area for these
elements.

The soil under the base was modelled as springs with linear-elastic
compressive stiffness but with no capacity to accommodate tensile loads. To
assess the effects of the soil stiffness on the behavior of the containment,
upper and lower bound stiffnesses were investigated, the higher value of

382 ksf/ft (60.0 MPa/m) then being used for the further analysis.

A "materially nonlinear only" ADINA-TW option was used for the analysis,
i.e., it was assumed that strains and displacements were small enough such
that the geometrical effects of changes in positions and shapes of the
elements could be neglected. The stiffness matrix was reformed at each load
step of the analysis, small load increments being used where rapid
behavioral changes were predicted.

4.10.6.2 Investigation into the effects of the penetration and associated
thickenings

Asymmetric features of the model containment such as the major penetrations
and associated thickenings will produce variations in the uniform stresses
of a pure axisymmetric structure and could therefore influence the behavior
of the structure under increasing internal pressure load.

1t must be assumed that the effects of asymmetric features will be
dissimilar in the elastic and inelastic phases of containment behavior and
it is of interest to assess their action throughout the range of pressure
loading.
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To estimate the effects of the major penetrations and associated thickenings
several linear-elastic models were created and analyzed using the PAFEC
finite element program. The models used were:

a) Axisymmetric with the thickenings added as complete bands of elements to
the wall of the containment (Figures 4.10.4 and 4.10.5).

b) A 2-D horizontal slice of 180° of the containment wall with an axis of
symmetry through the center of the plant access penetrations (Figure
4.10.6).

¢) A 3-D model of 180° of the containment wall with symmetry assumed at the
level of the penetrations (Figure 4.10.7).

Ideally, a full nonlinear 3-D analytical model should be developed to
determine the penetration effects. Initial estimates indicate that this
procedure is prohibitively expensive as well as time consuming and thus a
partial 3-D model at worst case locations should be used, in spite of the
limitations associated with the estimation of boundary conditions and
prediction of worst case locations. Therefore, the analysis terminates with
the linear analyses summarized above with a judgement made as to the full
effects of the penetrations on the failure pressure.

4.10.7 Material Properties

The following properties were assumed in the computer analyses.
4.10,7.1 Concrete

4.10.7.1.1 Linear-elastic analysis

The linear-elastic PAFEC analyses used a concrete modulus value of 4350 ksi
(30000 MPa), a Poisson's ratio of 0.2, and a density of 150 lb/ft3

(2400 kg/m3). The initial ADINA-TW axisymmetric linear analysis, performed
as a comparison to PAFEC, used similar properties.

4.10.7.1.2 Nontinear analysis

The concrete properties for use in the nonlinear analysis were assessed from
results of tests performed on the concrete of the containment model. The
concrete of the containment is generally in a multiaxial stress state and
its behavior under increasing load is thus dependent on the stresses in all
directions. Representation of behavior under these conditions can only be
approximate [4.10.5].

Representation of concrete behavior in the ADINA-TW analyses is required to
take account of:

a) failure of the material due to tension and compression
b) post cracking behavior

¢) nonlinear stress strain relationships
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4.10.7.1.2.1 Concrete Crushing

The compression failure envelopes (Figure 4.10.8) assumed in the analyses
were derived using published test data [4.10.6].

4.10.7.1.2.2 Concrete Cracking
The tensile failure envelope assumed by ADINA-TW is shown in Figure 4.10.9.

Considerable variation exists in results from different types of tensile
tests and from results obtained from particular tests. 1In addition the
performance of small test specimens may differ from the performance of a
larger structure due to the inability of the specimens to redistribute loads
following failure at a local imperfection in the material. Commonly tensile
cracking values are taken as between 0.085 and 0.110 times the cylinder
strength of the concrete. For these analyses a value of 0.6 ksi (4.1 MPa)
(0.10 fc') was adopted [4.10.9].

In ADINA-TW it is assumed that a crack is formed in the concrete when the
maximum principal tensile stress exceeds the tensile strength of the
concrete, the crack forming in a plane perpendicular to the direction of the
principal stress. It is assumed that the concrete changes from an isotropic
to an orthotropic material with reductions in stiffness normal and parallel
to the cracked plane. As load increases, further cracks may occur in planes
perpendicular to that fixed by the first crack.

Within Section 4.10 horizontal cracking is defined as the result of vertical
tensile stresses. Vertical cracking is defined as the result of horizontatl
stresses and radial cracking is the result of hoop stresses.

4.10.7.1.2.3 Post Cracking Properties

Neglect of post cracking stiffness will give inaccurate representation of
the structural behavior of the containment. Therefore the properties of
shear retention and tension stiffening are required to model the post
cracking behavior of the concrete.

a) Shear retention

After cracking the concrete is still capable of resisting shear forces
acting parallel to the plane of the crack due to a combination of
aggregate interlock and dowel action of reinforcing bars.

Experimental work [4.10.7] has shown that the retained stiffness
depends upon many variables, including the size and shape of the
aggregate, the area and diameter of the reinforcement and the tensile
strain across the crack. Typically, increasing tensile strain causes
an initial loss of stiffness due to crack formation followed by further
losses which proceed at a reducing rate. ADINA-TW models the shear
retention factor (B) as shown in Figure 4.10.10.

b) Tensile stiffening

As primary cracking occurs there is a reduction in tensile stiffness as
the concrete between the cracks continues to carry some tensile load
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until the eventual breakdown of bond between the reinforcing steel and
the concrete. ADINA-TW represents tension stiffening by reducing the
concrete tensile stiffness after cracking as the tensile strain
increases (Figure 4.10.11).

4.10.7.1.2.4 Nonlinear Stress Strain Relationship

The assumed uniaxial stress-strain relationship is shown in Figure 4.10.12.
In the ADINA-TW code this curve is modified for multiaxial conditions by
factors 7 and y as shown in Figure 4.10.13. The factor vy is calculated

using the relationship v = 1.471 ~ 0.4 where the ratio of the multiaxial to
uniaxial strength (71) is derived from the compressive failure envelopes as
shown in Figure 4.10.14.

In simple tests [4.10.8] it was shown that Poisson's ratio remains constant
until stresses reach approximately 80 percent of the compressive failure
stress, after which it begins to increase. ADINA-TW takes account of this
effect by using the relationship given in Figure 4.10.15.

4.10.7.2 Steel
4.10.7.2.1 Reinforcement

Reinforcement properties were based on results from tests performed by SNL.
The yield stresses and modulus values quoted in the test results were
calculated assuming bars of minimum specified area whereas the actual bars
tested were of greater area. The values were modified accordingly and the
stress-strain curve as shown in Figure 4.10.16 was adopted for the analysis.

4.10.7.2.2 Liner

Test results were available for both the 1/16 inch (1.6 mm) thickness and
1/12 inch (2.1 mm) thickness plate material. From these results the stress-
strain curve as shown in Figure 4.10.17 was derived.

ADINA-TW does not include an axisymmetric plate element and therefore the
liner was modelled as a combination of single noded hoop elements and two
noded truss elements. In order to represent the stiffness of an actual
plate the material stiffness of these elements was increased to allow for
Poisson's ratio effects. The factor on the stiffness used was 1/(1-») for
both the wall and the dome. This factor is included in Figure 4.10.17.

4.10.7.3 Soil

Test results were available from three plate load tests using 12, 18, and 30
inch (305,457, and 762 mm) plates as shown in Figure 4.10.18. Assuming a
rigid circular plate and constant bearing stress, a lower bound stiffness
value of 26 ksf/ft (4.04 MPa/m) was derived for spring elements representing
the soil with an upper bound stiffness value of 390 ksf/ft (61.26 MPa/m).

It is judged that the final ultimate load will not be significantly

influenced by the soil properties. This is due to the thickness of the
basemat relative to the domed cylinder structure and to the fact that the
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Jower bound stiffness assumed the highly unprobable case of uniform surface
soil properties for the whole depth of soil loaded by the containment. The
stiffness of 382 ksf/ft (60.0 MPa/m) was adopted for the nonlinear analysis.

4.10.8 Results

4.10.8.1 Axisymmetric Analysis

4.10.8.1.1 Hand Calculations

The results from the hand force-balancing calculations are summarized in
Table 4.10.1. Barrel bursting due to failure of the hoop reinforcement and
liner produces the minimum Load Factor of 2.54. Figure 4.10.19 shows how
the section passes through distinct changes in stiffness as strain increases
with internal pressure rise.

Hand calculations also indicated that the 6 mm tie bar at elevation 20'-1.5"
(+6.134 m) has no effect on the overall response of the structure. Further
analyses therefore neglect this element.

4,10.8.1.2 Computer Analysis

4,10.8.1.2.1 Linear-Elastic Analysis

A comparison of the stresses and deflections from the PAFEC and ADINA-TW

elastic analysis showed that the results of the two analyses were generally
in good agreement, thus providing confidence in the accuracy of both codes.

4.10.8.1.2.2 Nonlinear Analysis

Preliminary axisymmetric analyses were performed to provide indications of
significant events in the behavior of the structure as well as identifying
areas sensitive to initial assumptions.

Table 4.10.1

Summary of Force-Balancing Hand Calculation Results

Event Pressure (1)
Wall Hoop Wall Vertical Dome

psi MPa psi MPa psi MPa
1st Concrete 52 0.359 98 0.676 74 0.510
Crack
Liner Plate 84 0.579 108 0.743 131 0.904
Yield
Rebar Yield 117 0.806 141 0.973 158 1.090

(1) Pressures are calculated using perfectly plastic material properties.
See Appendix C for sample calculations.
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A relatively large pressure increment was chosen for the preliminary
analyses. The results identified initial concrete cracking and shell yield
points which compared well with the hand calculations thus providing

confidence in the analytical model up to 124 psi (0.855 MPa).

The final analysis, incorporating information from the preliminary runs,
gives detailed results for the entire structure up to and including
identification of the failure of the structure. Significant events in the

behavior of the containment under increasing pressure load are summarized in
Table 4.10.2. A comparison with the results of the hand calculations shows

Table 4.10.2

Summary of ADINA-TW Nonlinear Axisymmetric Analysis Results

Event
First Concrete Crack at Wall/Base Junction

First Vertical Crack in Cylinder Wall

First Membrane Crack in Dome

First Horizontal Crack in Wall Due to Bending

First Horizontal Crack in Wall Due to Membrane Tension
Initial Yield of Wall Liner in Hoop Direction

Initial Yield of Dome Liner in Hoop Direction

Zero Tensile Retention of Concrete in Hoop Direction
Initial Yield of Liner at Springline in Axial Direction
Initial Yield of Horizontal Reinforcement in Wall

95% of Wall and Dome Concrete Cracked in Two Directions
Liner Yield at Wall/Base Junction

Initial Yield of Dome Liner in Meridional Direction

Initial Yield of Vertical Reinforcement at Wall/Base Junction

Initial Yield of Vertical Reinforcement at Outer-mid Wall

Initial Yield of Vertical Reinforcement in Dome

Zero Tensile Retention at Inside Corner of Wall/Base Junction

Crushing of Outer Wall at Wall/Base Junction
Flexural Failure of Structure at Wall/Base Junction
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good agreement for events in the membrane areas of the containment. After
cracking of the concrete and initial yield of the steel the comparison
between the hand and ADINA-TW calculation shows increasing discrepancy.

This is due to the fact that the hand calculations assume perfectly plastic
materials without increase in stiffness after yielding whereas the computer
analysis assumes some stiffening under this condition leading to an increase
in the calculated ultimate pressure. For the failure mode of barre]l
bursting, the hand calculation pressure would increase by 53 percent to 181
psi (1.24 MPa) for the modified materijal properties.

The displacement under increasing pressure load of typical nodes of the
ADINA-TW model are shown in Figures 4.10.20 and 4.10.21 and the displaced
shapes of the containment are shown graphically in Figures 4.10.22 to
4.10.28. At an internal pressure of 129 psi (0.89 MPa) it can be seen that
the radial displacements start to increase rapidiy at a height of 16 ft
(4.88 m) above the bottom of the basemat. The start of this increase
corresponds with the hoop reinforcement reaching its initial yield value.
Because the concrete is extensively cracked the bending stiffness of the
section is considerably reduced and there is 1ittle capacity for load
redistribution to adjoining parts of the structure. As the hoop
reinforcement progressively reaches the initial yield point, a significant
'bulge' appears at wall mid-height (Figure 4.10.27).

The ADINA-TW results show cracking of the concrete at the wall base
junction, due to bending, occuring from a pressure of 20 psi (0.138 MPa).
At design pressure there is appreciable cracking in the area, as shown in
Figure 4.10.29. Cracking in the area at the Structural Overpressure Test
pressure of 1.15 Pd and at higher pressures is shown in Figures 4.10.30 to
4.10.36.

Note that in Figures 4.10.29 through 4.10.36 basemat results are for
selected elements only. This is due to machine capacity. File size
restricts the amount of output printed and thus certain element results are
not available.

Vertical cracking of the concrete wall commences at mid height of the wall,
from the inside face, at a pressure of 50 psi (0.345 MPa) and spreads
rapidly with further increments of pressure, reaching the bottom of the dome
at Structural Overpressure Test pressure, 53 psi (0.365 MPa), as shown in
Figure 4.10.37. With further increments of load the cracking spreads
towards the apex of the dome as shown in Figure 4.10.38.

Radial cracking at the inside face of the dome, due to a combination of
bending and meridional tension spreads from the base towards the apex at the
same rate as the vertical cracking (Figure 4.10.38). The radial cracking
spreads rapidly and at a pressure of approximately 80 psi (0.552 MPa) has
extended over the majority of the dome.

Horizontal cracking at the outside face of the wall due to a combination of
bending and axial tension commences at 58 psi (0.400 MPa) at approximately
g'2" (2.80 m) above the bottom of the basemat. At 70 psi (0.488 MPa) this
cracking has extended through much of the section, the loss of the tensile
strength of the cracked concrete in resisting membrane loads being
significant in extending the depth of the initial cracks (Figure 4.10.39).
In the remaining areas of the wall where bending effects are insignificant,
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horizontal cracks occur due to pure membrane tension. These cracks form at
a pressure of between 75 psi (0.517 MPa) and 104 psi (0.718 MPa).

Radial cracking at the underside of the base spreads radially from the
middle of the structure at a pressure value of 80 psi (0.552 MPa). These
cracks are due to high hoop stresses and extend across the entire underside
of the basemat by 124 psi (0.855 MPa). Additionally cracking due to bending
commences near the containment axis before the pressure reaches 147 psi
(1.104 MPa).

Subsequent to the loss of the concrete strength due to cracking, the
majority of the pressure load transfers to the internal liner and the
various layers of reinforcement. Graphical representation of the steel
element stresses relative to increasing pressure are given in Figures
4.10.40 through 4.10.44.

The initial yield of the liner occurs at 82 psi (0.565 MPa) where mid-
cylinder wall yields in the hoop direction. The yield progresses rapidly
both upward and downward and the majority of the wall liner is beyond the
initial yield stress by 86 psi (0.593 MPa). The high hoop stress continues
upward with the dome liner yielding at approximately 110 psi (0.759 MPa).

At this same pressure, the concrete strains in the hoop direction of the
wall have reached 0.2 percent. As discussed in Section 4.10.7.1.2.3b the
ADINA-TW code allows retention of tensile stresses after cracking with
reduction in retention relative to the element strain. At 0.2 percent
strain this retention reduces to zero, thus 100 percent of the hoop stress
is carried by the liner and hoop reinforcement.

At 115 psi (0.793 MPa) the axial stress in the liner at the spring line
reaches the initial yield value due to a combination of membrane tension and
bending. With further pressure increments the affected area of the liner
spreads downward into the cylinder wall.

The hoop reinforcement within the cylinder wall, now carrying approximately
80 percent of the load, attains initial yield at 124 psi (0.855 MPa). The
inside face reinforcement is the first to yield with all three layers beyond
yield by 129 psi (0.890 MPa). This occurs simultaneously with the rapid
expansion of the cylinder at mid wall, due to the modified stress-strain
behavior of the rebar and liner after yield.

At the later stages of the pressure loading the concrete cracking at the
wall base junction, caused by bending at the junction, can be seen to have
spread through a substantial depth of the basemat. The strain in the
basemat liner adjacent to the corner is shown in Figure 4.10.45. At 127 psi
(0.876 MPa) the basemat liner yields adjacent to the junction. At 139 psi
(0.959 MPa) the wall Tliner yields vertically at a location just above the
junction and the inside face vertical reinforcement in the top of the
pbasemat yields. The inside face vertical reinforcement in the wall yields
at 142 psi (0.979 MPa).

At a pressure of 145.5 psi (1.003 MPa) the tensile strains in the concrete
elements at the inside corner of the wall/base junction exceed 0.2 percent
in both principal directions. This is the strain level at which ADINA-TW

assumes that tensile retention no longer acts, although shear resistance is
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still available in planes parallel to crack faces. The zone of zero tensile
retention extends until, at a pressure of 159.5 psi (1.100 MPa), crushing
occurs at the outside face of the wall (see Figure 4.10.35). At 160 psi
(1.103 MPa) ADINA-TW shows numerical instability indicating flexural failure
at the wall/base junction.

4.10.8.1.2.3 Limitations of Results

Some limitations of the accuracy of the results obtained from the analyses
are summarized below:

a) The concrete tensile strength assumed in the ADINA-TW axisymmetric
analysis may vary appreciably from that in the concrete of the actual
structure. The pressure at which cracking first occurs in the various
parts of the structure may therefore also vary from those predicted by
the analysis.

However, the analysis is expected to give a good indication of the
progression of cracking at various locations within the structure.

b) For the axisymmetric concrete elements, ADINA-TW outputs stress results
at nine Gauss points within each element. 1In addition the output
contains a statement as to the state of the concrete at each point, e.g.,
uncracked or cracked. At locations and pressures where large areas are
at the point of cracking small stress variations can make considerable
differences to the state of the concrete at each Gauss point. It is
important therefore to globally view the presence of such cracking and
the associated crack directions rather than to draw concliusions from
cracks at individual points.

Stress and strain results for shell elements in and adjacent to cracked
concrete elements can show considerable variation dependent on the state
of the concrete elements through which they pass. In a similar manner to
cracking, the results should be viewed globally.

4.10.8.2 Linear—-elastic analysis with penetration thickenings

The uitimate pressure load of 160 psi (1.103 MPa) reported above assumes a
purely axisymmetric structure with no penetrations or associated
thickenings. The following results give an indication of the effects of the
four major penetrations relative to the nonlinear axisymmetric analysis.

4.10.8.2.1 Axisymmetric Analysis

The displacements of the axisymmetric PAFEC model with the addition of the
penetration thickenings are shown in Figures 4.10.46 and 4.10.47. It can be
seen that the effect of the thickenings are nearly symmetrical with little
appreciable effect caused by the restraint from the base. This is again
shown in Figure 4.10.48 where the displacements are compared with the
results of the unthickened model.

4.10.8.2.2 2-D Analysis

The displacement results from 180° model, described in Section 4.10.6.2,
shows clearly the effect of the penetration thickenings around the
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circumference of the wall (Figure 4.10.49). The thickening with additions
both inside and outside of the wall (Hatch B) has a much smaller effect than
that with only the outside addition (Hatch A and air lock). This is caused
by the centroid of the singularly thickened penetrations being eccentric to
that of the intervening shell, this causing bending within the shell due to
the membrane tensions.

4.10.8.2.3 3-D Analysis

The displacement results from the 3-D tinear analysis are shown in

Figures 4.10.50 and 4.10.51. It is seen from the displacements that the
effect of the actual hole within the thickened area is insignificant
relative to the stiffening effects of the thickenings. Similar to the 2-D
analysis, the Tinear 3-D analysis shows additional bending of the cylinder
wall due to the penetration arrangement.

This implies that a more detailed 3-D nonlinear analysis would be required
to determine accurately the overall effect of the penetration and their
associated thickenings. An estimation of these effects is summarized below.

4.10.8.3 Correlation of Results

The nonlinear axisymmetric analysis described in Section 4.10.8.1 determines
the ultimate failure pressure for the l:6-scale model. The calcutated
pressure of 160 psi (1.103 MPa) assumes a fully continuous, axisymmetric
structure, i.e., a containment neglecting all thickenings, penetrations and
localized irregularities. Section 4.10.8.2 looks at local effects of the
penetrations.

Figures 4.10.52 and 4.10.53 compare displacement results of the two analyses
within the elastic range of the structure. It is seen in these figures that
the preliminary 2-D analysis (Section 4.10.8.2.2) of the 180° model and the
thickened axisymmetric analysis produce results with severe local bending in
the region of the penetrations. The 3-D analysis with thickenings and holes
reduces of the local bending compared with the unpenetrated case. However
bending is significant enough to cause early concrete cracking in the
structure (see Figures 4.10.52 and 4.10.53).

This comparison is made assuming a linear—elastic response of the structure.
The nonlinear response can be estimated by using the results of the
nonlinear axisymmetric analysis as a guideline (Section 4.10.8.1).

The penetration thickenings will cause concrete cracking in the wall at
pressures below those predicted by the nonlinear axisymmetric analysis.
This cracking will be due to both longitudinal and circumferential bending
of the wall. As shown by the nonlinear axisymmetric analysis the loss of
tensile capacity in the concrete at the cracks will cause them to extend
rapidly through the section. Once this cracking is complete the local
bending is relieved and the wall will revert to a simple axisymmetric
structure and respond similarly to that described within Section 4.10.8.1.
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Figure 4,10.7 3-D Linear Elastic Model
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Figure 4.10.22 Displaced Shape at 0.345 MPa (50 psi)
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DISPLACEMENT SCALE 5:1

Figure 4.10.23 Displaced Shape at 0.366 MPa (53 psi)
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Figure 4.10.24 Displaced Shape at 0.517 MPa (75 psi)
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Figure 4.10.25 Displaced Shape at 0.690 MPa (100 psi)
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Figure 4.10,26 Displaced Shape at 0.897 MPa (130 psi)
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Figure 4.10.27 Displaced Shape at 0.959 MPa (139 psi)
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DISPLACEMENT SCALE 1:1

Figure 4.10.28 Displaced Shape at 1.103 MPa (160 psi)
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Figure 4.10.31 Wall/Base Junction Crack Pattern at 0.421 MPa (61 psi)
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Figure 4.10.32 Wall/Base Junction Crack Pattern at 0.566 MPa (82 psi)
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Figure 4.10.35 Wall/Base Junction Crack Pattern at 1.100 MPa (159.5 psi)
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5. CLOSURE

Pretest analyses for a l:6-scale reinforced concrete containment model have
been described. The analyses were conducted by ten different organizations
in the United States and Europe in a round-robin format. The "best
estimate" predictions for the failure pressure varied from 116 to 190 psi
(0.800 to 1.310 MPa). Most of the analysts considered the cylinder basemat
junction to be the most probable failure location; however, there were wide
differences in the mechanism limiting performance. Failure at the basemat
cylinder junction was ascribed to liner tearing, shear failure, flexural
failure, and crushing. Other limit states that the analysts thought could
be realized during testing include (1) the onset of rapidly increasing
displacements, (2) liner tearing at penetrations, welds, and other
discontinuities, (3) reaching the ultimate strength of splices in the hoop
rebar, and (4) reaching the ultimate strength of the basemat rebar.
Standard plots, which are presented in Appendix A, were generated to
facilitate comparisons of the different analyses.

The scale model will be pressurized with nitrogen gas to failure in the
spring of 1987. Over 1000 channels of data will be recorded at discrete
pressure intervals. This data will be used to assess the pretest
predictions and the analytical methods upon which the predictions are based.
A report describing the comparison of analytical and experimental results
and evaluations of analytical methods will be published after the test,
perhaps in late 1987 or early 1988.
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APPENDIX A — STANDARD PLOTS

SNL requested each organization to provide data from their analytical
results for standard plots, which were chosen to correspond with areas that
were instrumented on the model. Each organization supplied SNL with a
magnetic computer tape containing all or some of the standard plots (some of
the requested plot data was outside of the scope of some of the
organizations analyses). The data was read into a common data base at SNL
and results were plotted using the GRAFAID program. Each organization was
assigned a unique curve line type as follows:

Curve Line Type Code Qrganization

ANL Argonne National Laboratory
—————————————————— BNL Brookhaven National Laboratory
——————————————————————— CEA Commisariat a L'Energie Atomique
i - CEGB Central Electricity Generating Board
Comitato Nazionale per la ricerca e

ENEA per 1o sviluppo dell'Energia
Nucleare e delle Energie Alternative

EPRI Electric Power Research Institute

- - - T T=—=""="—""-"=-"—--- GRS Geselischaft fuer Reaktorsicherheit
_— T T — NII HM Nuclear Installation Inspectorate

—_— e —— s — e — - SNL Sandia National Laboratories

- - - - S&RD U.K. Atomic Energy Authority, Safety
and Reliability Directorate

Where possible, curves are also labeled with the organization code, although
in many cases the results are so similar they are difficult to
differentiate.

Generally, the pressure history plots were assigned a range of 0 to 200 psi
(0 to 1.379 MPa). In some cases, smaller pressure ranges are also plotted
to show certain features of the response such as cracking or general
yielding. ‘

A 1ist of the standard piots that were requested appears on the next three

pages, followed by the plots themselves. The locations can be interpreted
using the Figures and description of the model in Section 3.1.
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at elevation z = 2'-0").
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I. Pressure History Plots
Curve
No. Plot Quantity (ordinate or y-axis va]ug)l Location2
Basemat:
1 Vertical displacement (uplift) z =2'-0"
relative to center of basemat r=10'-9"
6 = 85
Cylinder:
2 Radial displacement of liner z=2'-2"
6 = 180
3 Radial displacement of liner zZ=4'-1"
6 = 180
4 Radial displacement of liner z = 6'-0"
5 Vertical displacement relative to cylinder base 6 = 225
6 Radial displacement of liner z=11'-0"
7 Vertical displacement relative to cylinder base 6 = 225
8 Radial displacement of Tiner z = 18'-0"
9 Vertical displacement relative to cylinder base 6 = 225
10 Radial displacement of liner z = 24'-0"
11 Vertical displacement relative to cylinder base 6 = 180
12 Maximum principal strain on inside liner surface Z = 6'-9"
13 Axial strain in layer 5 meridional rebar 6 = 45
14 Axial strain in layer & hoop rebar
15 Maximum principal strain on inside liner surface z = 13'-9"
16 Axial strain in layer 5 meridional rebar 8 = 45
17 Axial strain in layer 6 hoop rebar
18 Maximum principal strain on inside liner surface z = 20'-0"
19 Axial strain in layer 5 meridional rebar 6 = 45
20 Axial strain in layer & hoop rebar
21 Axial strain in layer 8 seismic rebar
1. Abscissa or x—axis value is pressure; range from 0-200 psig (0-13.5 bar)
2. Llocations are specified in cylindrical coordinates (base of cylinder is

Locations correspond to locations of
instrumentation; although circumferential angle is given, in many cases
axisymmetric response would be expected.



Curve

No. Piot Quantity (ordinate or y-axis value) Location
22 Maximum principal strain on inside 1iner surface z=2'-0.8"
23 Axial strain in layer 2 meridional rebar 6 = 90
24 Axial strain in layer 5 meridional rebar (just above
knuckle)
25 Maximum principal strain on inside liner surface zZ = 23'-11"
26 Axial strain in layer 2 meridional rebar 6 = 90
27 Axial strain in layer 5 meridional rebar
Dome:
28 Vertical displacement of liner at dome apex ¢ = 90
28 Vertical displacement of liner relative to springline ¢ = 70
30 Horizontal displacement of liner 6 = 90
31 Maximum principal strain on inside liner surface ¢ =72
32 Axial strain in layer 2 meridional rebar 6 = 90
33 Axial strain in layer 5 meridional rebar
34 Maximum principal strain on inside liner surface ¢ = 37
35 Axial strain in layer 4 hoop rebar 6 = 90
36 Axial strain in layer 5 meridional rebar
Penetrations:
37 Horizontal displacement of inside edge of equipment z = 14'-7"
hatch B sleeve at midthickness {top) 8 = 180
38 Radial displacement of liner at 6 = 312.5 z =20'-1.5"
39 Radial displacement of liner at 6 = 305 (constrained
40 Radial displacement of liner at 6 = 290 pipe)
41 Maximum principal strain on inside liner surface z = 13'-0"
42 Axial strain in layer 2 meridional rebar 6 = 158
43 Axial strain in layer 3 hoop rebar
44 Change in sleeve horizontal diameter Equipment hatch B at
45 Change in sleeve vertical diameter mid-thickness of
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II. Spatial Plots

Curve Pressure
No. (psig)

Plot Quantity (ordinate or y-axis value

The abscissa for plots 21 thru 30 is an arc length, s, which is measured
along the inside surface of the liner with the origin at the center of the
basemat. s:

46
47
48

49
50
51

52
53
54
55
56
57
58
59
60
61
62
63

64
65
66
67
68
69
70
71
72
73
74
75

The
76
77

79
80
81

130.8 - 132.1 in
132.1 - 394.9 in
394.9 - 602.2 in

100
150
200

100
150
200

100
150
200
100
150
200
100
150
200
100
150
200

100
150
200
100
150
200
100
150
200
100
150
200

abscissa is

100
150
200

100
150
200

0 - 130.8 in basemat 0 - 3322 mm
knuckle 3322 - 3355 mm
cylinder 3355 — 10031 mm
dome 10031 - 15296 mm

Maximum principal strain on inside surface
of liner for s = 130" to s = 133"
(knuckle region)

Maximum principal strain on inside surface
of liner for s = 390" to s = 602.2"
(springline and dome region

Section force radial shear
for s = 130.8"
to s = 210"
(cylinder from
basemat to
termination of
layer 11 rebar)

Section force - meridional moment

Section force -~ axial force

Section force -~ hoop force

Section force - radial shear

Section force — meridional moment for s = 380"
to s = 410"
(springline

Section force — axial force region)

Section force

hoop force

the circumferential angle & for plots 31 and 32

Maximum principal strain on inside liner surface
at z = 13'-0" for 8 = 135 to 6 = 168
(adjacent to equipment hatch B)

Maximum principal strain on inside liner surface
at z = 29'-1.5" for 6 = 270 to 6 = 312.5
(adjacent to constrained pipe)
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Figure A.25

Maximum principal strain on inside liner surface at EL 23'-11", 6 = 90
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Figure A.26 Axial strain in layer 2 meridional rebar at EL 23'-11", 6 = 90
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Figure A.27 Axial strain in layer 5 meridional rebar at EL 23'-11", 6 = 90
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Figure A.31 Maximum principal strain on inside liner surface, ¢ = 72, 6 = 90
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Figure A.32 Axial strain in layer 2 meridional rebar, ¢ = 72, 6 = 90
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Figure A.33 Axial strain in layer 5 meridional rebar, ¢ = 72, 6 = 90
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Figure A.34 Maximum principal strain on inside liner surface, ¢ = 37, 6 = 90
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Figure A.41
Maximum principal strain on inside liner surface at EL 13'-0", 6 = 158
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Figure A.42 Axial straim in layer 2 meridional rebar at EL 13'-0", 6 = 158
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Figure A.43 Axial strain in layer 3 hoop rebar at EL 13'-0", 6 = 158

—492-



DIAMETRICAL CHANGE (in)

PRESSURE (MPa)
01 02 03 04 05 06 07 08 09 10 11 12

DIAMETRICAL CHANGE (in)

T

T T T T T T T T T T !

40 80 120 160

20 60 100 140 180

PRESSURE (psi)

Figure A.44 Change in sleeve horizontal diameter

(Equipment hatch B at mid-thickness of cylinder wall)

PRESSURE (MPa)

0.1 02 03 04 05 06 07 08 09 10 11 12

1.3

T T T [ T T T T T T T

1 i ! 1 1 nt 1 1 1 I 1 n | 1 1 " 1

T

-1—-10.0

-4-12.0

—-14.0

40 80 120 160
20 60 100 140 180

PRESSURE (psi)

Figure A.45 Change in sleeve vertical diameter

(Equipment hatch B at mid-thickness of cylinder wall)
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Figure A.46 Maximum principal strain on inside surface of liner vs position
(knuckle region) at 100 psi (0.689 MPa)
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Figure A.47 Maximum principal strain on inside surface of liner vs position
(knuckle region) at 150 psi (1.034 MPa)
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Figure A.49 Maximum principal strain on inside surface of liner vs position
(springline and dome region) at 100 psi (0.689 MPa)
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Figure A.50 Maximum principal strain on inside surface of liner vs position
(springline and dome region) at 150 psi (1.034 MPa)
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Figure A.52 Radial shear vs pressure (cylinder from basemat to termination

of layer 11 rebar) at 100 psi (0.689 MPa)
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Figure A.53 Radial shear vs pressure (cylinder from basemat to termination

of layer 11 rebar) at 150 psi (1.034 MPa)
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Figure A.55 Meridional moment vs position (cylinder from.basemat to
termination of layer 11 rebar) at

100 psi (0.689 MPa)
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Figure A.56 Meridional moment vs position (cylinder from basemat to

termination of layer 11 rebar) at 150 psi (1.034 MPa)
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Figure A.58 Axial force vs position (cylinder from basemat to termination of
layer 11 rebar) at 100 psi (0.689 MPa)

POSITION (m)

3.5 4.0 45 5.0

11000 T : , : o

SNL 4 1.8

‘ 10000 |- _ - — —_——— i — —_————— —

e 417
L \ EPR! c
S A >
o VR 416 2
Z 9000 1» \ s
. w
[FY] ! \ Q
@ N\ 415 0O
o \ : w

(e \ A/ \
8000 [ : / \ J1a
\_ P NI
~ \
' 413
7000 L L L I L X .
130 150 170 190 210
140 160 180 200

POSITION (in)

Figure A.59 Axial force vs position (cylinder from basemat to termination of
layer 11 rebar) at 150 psi (1.034 MPa)
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Figure A.61 Hoop force vs position (cylinder from basemat to termination of
layer 11 rebar) at 100 psi (0.689 MPa)
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Figure A.62 Hoop force vs position (cylinder from basemat to termination of
Tayer 11 rebar) at 150 psi (1.034 MPa)
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Figure A.64
Radial shear vs position (springline region) at 100 psi (0.689 MPa)
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APPENDIX B FORCE BALANCING CALCULATIONS (CEGB)
B.1 Example of Force Balancing Calculations
B.1.1 Design Data (Figure B.1)
Design case:— Shell wall with hoop tension

Concrete Properties

Characteristic Cube Strength 6.0 ksi {(41.61 MPa)
Tensile Strength 0.6 ksi ( 4.16 MPa)
Young's Modulus of Elasticity 3600 ksi (24800 MPa)

Reinforcing Steel Properties

Characteristic Yield Stress 70.5 ksi (486.0 MPa)
Young's Modulus of Elasticity 26700 ksi (184000 MPa)
Steel Area per m height 6.87 in’ (4432 mm?)

Liner Steel Properties

Characteristic Yield Stress 49.8 ksi (343.4 MPa)
Young's Modulus of Elasticity 29200 ksi (201000 MPa)

Containment Dimensions

Internal Radius 132 inch (3353 mm)
Wall Thickness 9.75 inch (248 mm)
Liner Plate Thickness 1/16 inch (1.6 mm)
Design Pressure 46 psi (0.318 MPa)

B.1.2 Concrete at cracking stress
Ignoring initial self weight loading

Concrete strain = 4.1/(24.8E3) = 16.5E-5

Strain Stress Force/Length
ksi MPa 1b/in  MN/m

Concrete 16.5E-5 0.59 4.10 5806 1.0168
Liner 16.5E-5 4.82 33.23 304 0.0532
Reinforcement 16.5E-5 4.41 30.472 770 0.1348

Total = 6880 1.2048
Therefore internal pressure = 0.359 MPa (52 psi)

Radial displacement = 16.5E-5 x 3353 = 0.56 mm (.022 inch)
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B.1.3 Concrete Cracked

The load carried by the concrete is transferred to the reinforcement and
liner.

Additional strain 1.0168/(201E3 x 1.6 x 10E-3 + 184E3 x 4432 x 10E-6)

89.42E-5
Strain Stress Force/Length
ksi MPa 1b/in  MN/m
Liner 105.92E-5 30.9 212.90 1945 0.3406
Reinforcement 105.92E-5 28.3 194.89 4932 0.8638

Total = 6877 1.2044
Radial displacement = 105.92E-5 x 3353 = 3.55 mm (.140 inch)
B.1.4 Liner plate yield

Strain at yield = 343.4/(201E3) = 170.85E-5

Strain Stress Force/Length
ks MPa 1b/in MN/m

Liner 170.85E-5 49.8 343.40 3137 0.5494
Reinforcement 170.85E-5 45.6 314.36 7956 1.3933

Total = 11093 1.9427
Therefore internal pressure = 0.579 MPa (84 psi)
Radial displacement = 170.85E-5 x 3353 = 5.73 mm (.226 in)
B.1.5 Reinforcement yield

Strain at yield = 486.0/(184E3) = 264.13E-5

Strain Stress Force/Length

ksi MPa 1b/in MN/m

Liner 264 . 13E-5 49.8 343.40 3137 0.5494
Reinforcement 264.13E-5 40.5 486.00 12299 2.1540

Total = 15436 2.7034
Therefore internal pressure = 0.806 MN/sq m (117 psi)

Radial displacement = 264.13E-5 x 3353 = 8.86 mm (.349 1in)
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B.1.6 Summary

Radial
Condition _Pressure_ P Displacement
psi MPa Pd inches mm
Concrete at cracking 52 0.359 1.13 .022 0.56
Concrete cracked 52 0.359 1.13 . 140 3.55
Liner plate yield 84 0.579 1.83 .226 5.73
Reinforcement yield 117 0.806 2.54 .349 8.86
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