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ABSTRACT

In July 1987, a 1:6-scale model of a reinforced concrete containment building was
ressurized incrementally to failure at a remote site at Sandia National Laboratories.
e res ronse of the model was recorded with more than 1000 channels of data
(primarily strain and displacement measurements) at 37 discrete pressure levels, The
primary objective of this test was to generate data that could be used to validate

methods for predicting the performance of containment buildings subject to loads
beyond their design bms e j

Extensive analyses were conducted before the test to predict the behavior of the
model. Ten organizations in Europe ind the U.S. conducted independent analyses of
the mode! contributed to a report on the pretest predictions (N /CR-
4913). Predictions included structural response at certain predetermined locations in
the model as well as capacity and failure mode.

This report discusses comparisons between the pretest predictions and the
experimental results, Posttest evaluations that were conducted to provide additional
ins(ijght into the model behavior are also described. The significance of the

and testing of the 1:6-scale model to performance evaluations of actual containments
subject to beyond design basis loads is also discussed.
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PREFACE

This report represents the culmination of an effort that began in October 1986. A
large, diverse number of organizations from all over the world were involved. Our
common objective was to predict and understand the behavior of a 1:6-scale mode! of
a nuclear power plant containment building constructed of reinforced concrete that
was pressurized to failure. The broader goal was to develop validated analytical
methods that could then be used to accurately predict the performance of reinforced
concrete containment buildings, in particular, capacity and failure mode. In the
process, we learned much about the accuracy and sources of uncertainty in current
analysis techniques.

Ten organizations in Europe and the U.S. conducted independent mal'{us ot the
model and contributed to a report on the pretest predictions KUREG/C -4913):

Sandia National Laboratories (SNL), USA

Argonne National Laboratory (ANL), USA

Electric Power Research Institute (EP" 1), USA

Commissariat a L'Energie Atomique (CE ;. France

HM Nuclear Installations Inspectorate (NII), U.K.

Comitato Nazionale per la ricerca e per lo sviluppo dell’Energia
Nucleare » delle Energie Alternative (E ), Itely

Atomic Energy Authority, Safety and Reliabilig Directorate (AEA), UK.

Gesellschaft fur Reaktorsicherheit (GRS), “R

Brookhaven National Laboratory (BNL), USA

Central Electricity Generating Board (CEGB), UK.

. & s e

In addition to these ten, Taiwan Electric Power Company (TEPCO) and Japan
Atomic Energy Research Institute (JAERI) also conducted analyses of the reinforced
concrete containment model. However, Sandia did not receive the results of these
analyses before the test and therefore TEPCO and JAERI results are not included in
the round-robin reports. Also, Brookhaven National Laboratory and the Central
Electricity Generating Board did not participate in posttest evaluations, the latter
due to manpower restraints associated with the time demands of the Sizewell and
Hinkley Point power plants.

The current report is a companion to the pretest report, which provides much of the
foundation and background material to what is contained herein.

The efforts of all those organizations and individuals that devoted their time and
energy over the last 3-1/2 years to the analysis of the reinforced concrete
containment model is sincerely appreciated. In particular, the efforts of the following
individuals are §ratcfully acknowledged: J. F. Costello (USNRC); W. A. von
Riesemann and J. R. Weatherby (SNL), J. M. Kennedy, P. A. Pfeiffer, and R. F.
Kulak (ANL); H. T. Tang (EPRI); R. A. Dameron and Y. R. Rashid (ANATECH);
M. Barbé, Ph. Jamet, and A. Millard (CEA); 1. Todd and R. J. Stubbs (NII); D.
Collier and B. Walker (Ove Arup), G. Fine and G. Orsini (ENEA); D. Phillips and
M. Bleackley (UKAEA), P. Gruner and W. Kuntze (GRS), F.-H. Schliiter (Univ. of
Karlsruhe), and C. Lomas (CEGB).

Finally, those individuals who contributed to the successful testing of the model, in
particular D. 8. Horschel and L. D. Lambert, are also gratefully acknowledged.



1.0 EXECUTIVE SUMMARY

In the unlikely event of a severe accident, the pressure and temperature inside a
containment building may significantl exceed the loads for which it was designed.
Because containment buildings in light water reactor nuciear power plants are the
last engineered barrier to the release of radioactive material, it is important to
understand the functional limits of a containment for use in emergency preparedness,
accident mitlﬁation, and safety assessment. Testing and analyses of scale models of
steel and reinforced concréte containments pressurized to failure have been
conducted at Sandia National Laboratories as part of the Containment Integrity
Programs, which are sponsored by the U.S. Nuclear Regulatory Commission (N C).
The ultimate objective of these programs is to develop test validated methods for
evaluating the performance of light water reactor containment buildings subject to
loads beyond the design basis.

The most recent test was conducted on a 1:6-scale model of a reinforced concrete
containment building in Julg 1987. This model failed due to a large tear in the liner
at 145 psig (1.0 MPa) or 3.15 times its design pressure of 46 psig (0.317 MPa).
Extensive analyses were conducted of this model both before and after the test by a
number of organizations in the U.S. and abroad. The pretest analyses and
?redictions for the capacity and failure mode of the 1:6-scale model were ublished
n May 1987 (before the test) in NUREG/CR-4913. This final regort on the rvund-
robin analysi¢ describes comparisons of the pretest predictions with the experimental
results and posttest evaluations that have led to improvements in the analytical
models and insights into the failure mechanisms.

The organizations that participated in this round-robin analysis represent a diverse
group of regulators, national laboratories, and industry. Those that contributed to
oth the pretest predictions and posttest evaluations are listed below:

Sandia National Laboratories (SNL), USA

Argoane National Laboratory (ANL), USA

Electric Power Research Institute (EPRI), USA

Commissariat a L'Energie Atomique ( ;, France

HM Nuclear Installations Inspectorate (NII), UK.

Comitato Nazionale per la ricerca e per lo svil:g)o dell'Energia
Nucleare e delle Energie Alternative (ENEA), Ttaly

. Atomic Energy Authority, Safety and Reliabilig Directorate (AEA), UK.

. Gesellschaft fiir Reaktorsicherheit (GRS), FR

oA

In addition to those listed above, the Central Electrici Generating Board (CEGB),
UK., and Brookhaven National Laborato éBNLJl SA, also participated in the
pretest analysis report. However, CEGE an NL did not contribute to the posttest
evaluations. Analyses were also conducted by Japan Atomic Energy Research
Institute and Taiwan Electric Power Company (both organizations have information
exchange agreements with NRC), but because they did not begin their involvement
unftil much later than the others, they were not formal participants in the round-robin
effort.

SNL and NRC invited organizations to collaborate on the 1:6-scale model analysis
beginning in early 1986. The analytical effort was courdinated by SNL. For the
pretest analyses, each organization was supplied with the same basic information,
which included the ~onstruction drawings, specifications, and material properties.
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Descriptions :‘f’£retest predictions, which included standard plots and response
milestones in addition to estimates for capacity and failure mode, were provided to
Sandia in February and March 1987 for publication in the rretest analysis report.
The experimental data was sent to all the or, tions participating in the pretest
analyses within two weeks after completion of the high pressure test. In November
1987, a meeting was held in Albuquerque that was attended by representatives of all
organizations Ived in the pretest analyses; the test site and model were toured
and the test results and preliminary reviews of the analysis were discussed in detail.
Significant ex e of ideas and results also took place at two conferences held after
the test: the 9th International Conference on Structural Mechanics in Reactor
Technology, held in Lausaunne, Switzerland from August 17-21, 1987, and the Fourth
}zggkshop vn Containment Integrity, held in Washington, D.C. from June 14-17,

A number of benefits have been obtained from the round-robin analysis. First, the
large number of analytical approaches and interpretations led to a comprehensive
instrumentation plan and improved the conduct of the test. Second, a large number
of state-of-the-art finite element codes were applied to the analysis of the model -
including ABAQUS, ADINA, CASTEM, NEPTUNE, NFAP, PAFEC, and TEMP-
S‘I'RL‘S%’- - and validated for global response. Third, sources of uncertainty and error
in the analysis have been identified and improvements have been made in modelling.
Fourth, there is an emerging consensus on modelling techniques and evaluation
criterion for liner tearing. The insights obtained from the posttest evaluations have
been greater than any one group could have accomplished alone; this is largely a
result of the diversity in Xcrspective und approaches taken by the rovund-robin
analysts. Finally, the round-robin analysis lias enhanced the exchange of ideas and
information on containment perfoimance and related topics, and it is sincerely hoped
:3?]! the contacts and associations that have been formed through this analysis etfort
continue.

The report is organized in six sections. Sections 1 through 3 provide a summary and
relevant introductory and background material. Sections 4 and 5 represent the ‘meat’
of the report. Section 4 provides a comparison of pretest predictions and
experimental results. Section 5 consists of subsections that are authored by the
organizations that contributed to posttest evaluations of the 1:6-scale model, as listed
above. The Civil Engineering Department at the University of Illinois conducted a
posttest investigation of the shear behavior at the czlinder-basemat junction under
contract to Sandia; a progress report on their work is also included in Section 5.
Concluding comments are made in Section 6. A brief summary of each of these three
secticns is provided below.

Pretest Predict it i

Pretest (‘best-estimate’) predictions for the capacity of the model varied from 130 to
190 psig 70.896 to 1.31 MPa), Anarl}sts were also asked to provide the maximum
pressure at which they had high confidence there was a low probebility of failure;
with just one exception, these numbers were less than the pressure at which the
model failed (145 psig, 1.0 MPa). That estimates for capacity that were intended to
be conservative were below the actual failure pressure is reassuring,

The main source of error in the analyses was in the interpretation of failure, nct in

the response calculations. The global response of the cylinder and dome, in
particular the hoop behavior of the cylinder, was predicted with reasonable accuracy
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by virtually all participants. Thus, a number of finite element codes appear to be
suitable for reinforced concrete containment analysis. The variations in calculated
global response measures are mostly associated with differeices in concrete
constitutive models; interestingly, a no-tension model for concrete appears to provide
the best results for the cylinder and dome behavior.

More important than the choice of a finite element code or constitutive model were
the assumptions adopted by the analyst. Most pretest analyses were based on
axisymmetric models; the assumption of axial symmetry is probably the single most
importait reason that failure was not correctly interpreted by most analysts.
Although most recognized the possibility of liner tearing, the sub*lective judgement
was that local strain concentrations would not be great enough, given the high
ductility of the liner, to tear the liner before some other failure mode occurred.
Clearly, the lesson is that local models, with boundary conditions based on the global
response, are necessary to accurately predict failure. Only EPRI followed this
approach in their pretest predictions; they were abie to accurately predict the range
for the capacity and the mode of failure (liner tearing), but not the location of failure.
Unfortunately, EPRI's approach entailed a good deal of subjective judgement,
because their calculated strazins were well below the ductility of the material.
Certainly the (est bears out EPRI's judgement, but posttest evaluations at Sandia,
CEA, and GRS have led to considerable refinement of ‘his approach, especially into
the magnitude of liner strain concentrations and the design features that cause them.

The analysts that overpredicted the capacity of the model overlooked the liner
tearing mode, in part becavse they relied on axi etric models. For example, a
number of groups predicted hoop rebar failure in the range of 180 to 190 psig (1.24 to
1.31 MPa), which may have indeed been the case had not liner tearing occurred first,
Thus, these analyses are not so much in error as they are incomplete, due to their
failure to make a detailed analysis of liner tearing. Underpredictions were the result
of very conservative criteria for shear failure or rebar failure (such as general
yielding). In the case of rebar failure, a yield criterion for failure is clearly
inappropriate. With the possible exception of large diameter bars that are bent
around major penetrations, there is no evidence to sugﬁest that the ultimaie strength
of the splice or rebar, whichever is lower, will not be developed prior to failure. In
the case of shear failure, there is simply no generally recognized method for
determining the shear capacity of a reinforced concrete section under simultaneous
application of tensile loads and bending muments. Design codes are recognized to be
conservative, but the degree of conservatism is not quantitatively known. The
nominal shear stress at the base of the cylinder wall (where it intersects the basemat)
has been estimated at 450 psi (3.10 MPa), or 5.7]T; at the maximum test pressure of
145 psig (1.0 MPa). This is significantly higher than design codes would allow. An
evaluationr criterion for shear failure remains as a difficult and important challenge.

Postiest Evaluations

There were four principal areas of investigation during the posttest evaluations, with
the indicated results:

i) Liner tearing - A number of groups conducted analyses to understand the
major tear that occurred ad{‘acent to the rectangular insert plate for the
mechanical/electrical feedthrough penetration cluster, including SNL,
EPRI1, CEA, NII, ENEA, AEA, and GRS. The various analyses represent
a diverse array of approaches with significant differences in the model
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details. Yet, despite the broad diiferences in the analytical approaches,
there are many similarities in the conclusions.

Analysis suggest that the insert plates used around penetrations by

themselves cause local strein concentrations two to four times the free-

field strain. However, it is the majority view that this mechanism for strain

g‘):fientntion is not by itself sufficient to explain the formation of tears in
ner.

The additional feature that accounts for still higher local strains near the
penetrations is the liner anchorage system, specifically, the studs. The
studs resist slip between the concrete and the liner. Significant slip occurs
at insert rlates because of their high stiffness relative to the nominal
thickness liner and, as a result, the studs impose cant loads on the
liner at such locations. With studs modeled, $ CEA, and GRS
calculated liner strain concentrations of ten or more times the free-field
strain near the maximum test pressure. GRS considered several different
models for liner tearing, including one in which the stud embedment in the
concrete was explicitly modeled. CEA performed an interestinuemitivity
study; by removing the first row of studs on the nominal thickness liner
next to the insert plate, tbe{,found that the maximum local strain was
reduced by about half. SNL conducted additional calculations to
understand the stud shvar behavior that provided two interesting
conclusions:

1. When the liner is not subject to membrane yield loads prior to the
application of high stud shear forces, the failure mode is expected to
be stud shear failure instead of liner tearing. This suggests that
simple stud shear tests do not adequately represent the behavior of
the liner-anchorage system in the containment under internai
pressure, and that conclusions drawn from such tests with respect to
the liner-anchorage system failure mode (i.e., stud failure vs. liner
tearinf) may be invalid.! Liner membrane yield loads, which in an
actual containment precede the development of high stud shear
loads, must be represented.

2. Strains calculated with a plane stress model where the stud shear
forces are modeled as point loads can be reasonably interpreted as
average strains through the liner thickness if the characteristic
dimension of the elements adjacent to the stud load is approximately
equal to the stud radius.

Although they do not explicitly account for its effect in their analysis, EPRI
feels that ‘shear dislocation motion’ (a discontinuity in out-of-plane
(radial) displaccment that occurs near major cracks adjacent to

netrations) is an important mechanism in the formation of liner tears.
Sandia does not feel that this is a significant mechanism in areas with
geometry similar to the mechanical/electrical feedthrough penetration

I. The tests typically conducted on studs and anchors are relevant to liner
buckling under thermal loads. The primary design function of the anchorage
system is to prevent thermally induced buckling.
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i)

i)

cluster in the 1:6-scale model. This is a difference that needs to be
resolved by additional testing.

To interpret the calculated liner strains, SNL, EPRI, ENEA, and GRS all
adopted the same criterion for eveluating the liner ductility under biaxial
loads, which is based on the Davis triaxiality factor. ANATECH is
credited with the initial use of this criterion in application to containment
liners. The progress towards an agreement on a strain criterion for liner
tearing is an encouraging development.

Basemat uplift - There was considerable variation in the pretest
predictions for basemat uplift, none of which accurately reflected the
measured pressure-history response of the model over the entire range of
pressure. Basemat uplift is significant in that it affects the shear and
moment forces in the cylinder wall at the juncture with the basemat, which
mag change the potential for failure at this location. The effects of the fill
slab, soil stiffness, and concrete tensile behavior on basemat uplift were
studied. It was found that the basemat uplift is relatively insensitive to
changes in soil stiffness, but in order to accurately reflect the measured
behavior, finite element models need to account for two factors that were
generally not considered in pretest analyses:

+ The fill slab, which stiffened the basemat response (thereby reducin
uplift). Several groups modeied the fill slab explicitly with improve
results, GRS performed an interesting analysis that indicates the
stiffening effect of the fill slab is primarily due to the shear forces that
develop to resist sliding between the fill slab and the liner. These
shear forces produce a moment on the basemat in opposition to the
moment from the vertical load imposed by the cylinder.

+ A reduction in actual tensile strength of the basemat concrete to
about half of the laboratory measured value. ANATECH proposed
this approach based on in-situ data on concrete Jams.

The analyses also indicated that basemat uplift had little effect on the
stresses or strains in the cylinder and dome at all locations other than the
base of the cylinder.

In application to actual containments, basemat uplift (actually basomat
response in general) would be much more difficult to predict due to the
effect of internal structures, reactor cavities, sump pump pits, and other
numerous discontinuities that were not represented in the 1:6-scale model.
The effect of these features is uncertain.

Shear failure - Given the number of predictions of shear failure before the
test, it is somewhat disappointing that there was not more work here. The
University of Illinois used strain measurements to estimate the sominal
shear stress at the cylinder base. At 145 psig, the nominal shear stress was
epproximately 450 pslig,, which is 5.7[T,. This is high relative to many of the
design code rules. Unfortunately, there is still no generally recognized
criterion for evaluating shear capacity of reinforced concrete sections
subject to simultaneous application of tensile loads and bending moment.
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iv) Precracking - The experimenta! results provide ample evidence that the
cylinder and dome were essentially precracked in both the horizontal and
vertical planes prior to the high pressure test ﬂbut not the basemat, at least
not to the same extent), S e cracking, low pressure cycling, and the
small diameter of the bars used in the model (+ hich may not have bond
properties comparable to the large bars used in full-size containments)
were all cited as potential caused for cracking in the concrete. ANL
conducted an interesting analysis of the effects of diurnal temperature
fluctuations, which indicated that the cylinder and dome concrete could be
heavily damaged by a temperature change of 40*F (17°C) from day to
night &IO( an unusual occurr=nce in the Albuquerque area).

Concluding Remarks

Before applying the lessons learned from the 1:6-scale model to actual containments,
a number of issues still need to be resolved. Although there has been progress in

de:l;lioping analytical models for evaluating liner tearing, the following questions
remain:

+ Under what conditions will stud shear failure occur rather than liner
tearing? How is the failure mode of the liner-anchorage system affected
by scaling; by the ratio of liner thickness to stud diameter; and by
;nemb)r;ne loading of the liner (before the development of high stud shear
orces

+ To what extent is the magnitude of liner strain concentrations affected by
friction and bond between the concrete and liner; by dislncation motinn at
a crack; and by stud spacing”

+ How is the magnitude of liner strain concentrations affected by the size
and shape of insert plates? Does the shape of the insert plates affect crack
propagation in the liner?

Sandia is developing a plan for ‘separate-effects’ tests with the objective of addressing
these questions for reinforced concrete containments as well as prestressed concrete
containments, which typically use line anchors to attach the liner {o the concrete.

Furthermore, investigation and validation of methods for evaluating other potential
failure modes is still needed. Shear failure is particularly difficu't to evaluate; there
is no generally recognized, reliable method of determining shear capacity of a
reinforced concrete section under simultaneous application of tensile load and
bending moment. Repressurization of the 1:6-scale model (after repairs are made to
the lirer) is one means for obtaining much needed data on the shear behavior of the
cylinder-basemat intersection. Failure of large rebars where they are bent around
penetraiions has occurred in test specimens at relatively low plastic strains
(compared to the bars ultimate strain) in 2n EPRI program. The effects of cold
working on the available ductility of these bars should be studied further.

The fact that liner tearing was obtained in the 1:6-scale model does not by itself
preclude different failure modes in actual reinforced concrete containments. For
insiance, the fail re mode and capacity can be extremely sensitive to specific design
details. If the stud s acing had been different, CEA’s analysis suggest that liner
tearing would have have been delayed, thereby increasing the likelihood of a
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dif’erent failure mode. The rate of pressurization and effects of temperature must
also be considered. At high rates of pressurization, there is a possibility that
sequential failure modes could occur, i.e., for very high rates of pressurization, liner
tearing may not arrest the pressure build-up within the containment and another
failure mode could occur at slightly higher pressure. This is the basic reason for the
emphasis on the development and validation of analysis methods. A reliable
evaluation of containment performance must be based on careful, detailed analysis of
the specific containment geometry and loading of interest. Analysis and testing of the
1:6-scale model have verified many (but not all) of the computational tools and
analysis procedures needed to accomplish such an eveluation for reinforced concrete
containments,
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2.0 INTRODUCTION

2.1 Background

Containment buildings in nuclear power plants are designed as the last engineered
barrier preventing the release of radioactive material to the environment. As such,
the performance of LWR containments is an extremely important parameter in an
evaluation of the safety of a nuclear power plant. In the unlikely event of a severe
accident, the temperature and pressure inside » containment may significantly exceed
the loads for which it was designed. Under these conditions, it is important to
understand the nonlinear behavior of the structure and its functional limits. This
information is vital tc 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 developing test validated methods that can be used to
accurateli" predict the performance of L containment buildings subject to loads
beyond the design basis. The emphasis is on methodology because containment
performance must be evaluated on & case-by-case basis as there has been little
standardization in containment designs in the U.S. Experiments are designed to
generate data that can be used 10 evaluate analytical methods and to make
improvements and modifications to the methods as necessary. The programs are
known collectively as the Containment Integrity Programs [1]; they are managed by
the Containment Technology Division at Sandia National Laboratories (Sandia%.

Performance of the containment system for loads beyond the design basis is based on
a functional definition of failurz. Since the containment function is to prevent
release of radioactive material and thereby protect the public from harmful
exposures, performance can be considered to be compromised when a significant
leak occurs, where sifniﬁcam is that level at which leakage poses a detectable risk to
the public, generally taken to be about 10% volume/day. For emergency
preparedness and accident mitigation, it is important to have a high confidence
estimate of the maximum pressure at which the containment will nor fail. In the
event of a failure, containment performance parameters that affect the amount and
type of radioactive material released into the environment include:

« the capacity and timing of failure for a given accident scenario,
« the size of failure, or leak area, and
« the location of failure.

A reliable methodology for predicting containment performance must consider these
issues for all potential failure mechanisms, including failure to isolate, leakage past
the sealing surfaces of penetratious, and tearing or other material failures of the
containment shell. The failure mecharisms being considered in the Containment
Integrity Programs are listed in Table 2.1. The focus of this report is on the behavior
of reinf~rced concrete containment shells.

Because many containment failure modes w«re associated with extremely complex
phenomena, including highly nonlinear structural response, experimenia: validation
of analytical methods is essential. The overpressurization test of a 1:6-scale model of
a reinforced concrete containment in July 1987 is one of a number of NRC-sponsored
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tests to provide benchmark data for validating analytical methods to predict
containment performance. Other completed tests include four 1:32-scale steel
models, a 1:8-scale steel model including an operable equipment hatch [3-5], 3 fuli-
size electrical renemtion assemblies [6], seal and gasket materials [7,8], and a full-
size personnel airlock [9). Two operable equipment hatches, one pressure-seating
and the other pressure-unseating, were also tested in the 1:6-scale model [10). These

tests have provided a large, high quality experimental database.

Table 2.1
Potential Failure Modes of LWR Containments
Considered in Sandia’s Containment Integrity Programs

I. General Shell Failures II. Penetration Failures
A. Structural lailure A. Sealing failure
1. Steel containments: 1. rable penetrations:
Shell tearing nseating of covers
Sleeve ovalization
2. Reinforced concrete. Collapse of inflatable seals
Liner tearin,
Transverse shear failure 2. Fixed penetrations:
Rebar failure Electrical Penetration Assemblies
Isolation Valves
3. Prestressed concrete:
Liner tearing B. Structural failures
Shear failure
Rebar failure 1. Beilows expansion joints,

Tendon failure
2. Buckling:
Torispherical heads
Pressure-seating hatches

In general, analyses of the test specimens are conducted both before and after an
experiment. The pretest analyses are used to idemif(v lgotential failure modes,
propose failure criteria, and obtain a ‘blind’ prediction of the test outcome, which is
the most credible way to assess analytical capabilities. The pretest analyses also are
used to select the type, range, and a%propria:«' ocation of instruments and to provide
guidance in the conduct of the test. Posttest analyses are used to improve the analysis
method, in particular by providing additional insight into the failure mechanics.

This same philosophy was adopted in developing methodology for predicting the
performance of reinforced concrete containments. An overpressurization test on a
1:6-scale model of a reinforced concrete containment was planned and executed in
conjunction with both pretest and Eosttest analyses of the model behavior. Because
of the growing recognition of the important role of containments, there was
widespread interest in the test and analyses.
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2.2 Round-Robin Coordination

A significant effort was made to identify organizations that would collaborate with
Sandia to make pretest predictions for the response of the 1:6-scale model. This
round-robin analysis was organized and coordinated by Sandia National Laboratories
to gain insight into state-of-the-art analysis capabilities and uncertainties. Analﬁs
were conducted by ten different organizations from the U.S. and Europe.? The

articipating or(anizations represent a diverse group of regulators, national
aboratories, and industry:

« 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 Inspeciorate (NII), UK.

+ Energia Nuclearc e delle Energie Alternative (ENEA), Italy

+ UK. Atomic Energy Authority, Safety and Reliability Directorate (AEA), UK.

+ Gesellschaft fiir Reaktorsicherheit (GRS), FRG

+ Brookhaven National Laboratory (BNL), USA

+ Central Electricity Generating Board (CEGB), UK.

cE::sl: r?lrcgdaniution’ was sugplied with a standard information package, which included
on drawings and actual material proverties for most of the materials used

in the model. Each organization worked independently using their own analytical
methods and funds.®

Several benefits were obtained from the round-robin analysis. First, because of the
large number of analytical approaches and interpretations, a greater number of
potential limit states were 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 was enhanced. Second, a measure of the uncertainty in pretest
gredictions was obtained by comparisons of differern: analyses as well as comparisons

etween analytical and experimental results. Third, a large number of state-of-the-
art finite element codes were applied to the problem and the results can be validated
against the experimental results, Finally, the round-robin exercise led to greater
recognition of the importance of containment performance and reliable prediction

2. In adaition to these ten, Taiwan Electric Power Company and Japan Atomic Energy
Research Institute have reached agreements with NRC that call for information
exchange on the containment integrity programs. However, they did not stbmit results
to Sandia before testing and are, therefore, not included in the ensuing discussion.

3. To be more precise, only Sandia and Brookhaven used NRC funds to conduct these
calculations; the remaining organizations utilized other funding sources.
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techniques; it has also facilitated the exchange of information on these and other
related topics.

Eac: member of the group submitted pretest predictions for the performance of the
mode., which have been documented in Reference 11. These predictions included
plots of the strain and displaceraent pressure history response at specified locations,
whicn allow for direct comparison with other analytical results as well as
experimental results, and estimates of capacity, failure mode, and failure location.
This information provides the basis for much of the discussion in the current report.

All ten organizations conducted axisymmetric finite element analyses to predict the
free-field response of the structure; in some cases, the axisymmetric calculations were
augmented by membrane analysis, 'ocal anelysis, and/or three-dimensional analysis.
A number of different computer codes were used, including versions of ABAéUS
§EPRI, SNL, AEA), ADINA (ENEA, GRS, CEGB), M (CEA), E
ANL), NFAP (BNL), and TEMP-STRESS (ANL). The main differences between
the analytical models were in the following areas:

+ failure criteria

« material behavior of concrete

« 501l stiffness

+ basemat represeniation, including consideration of the effect of the fill slab
+ elemert formulation (continuum vs. shel! elements)

+ rebar modelling (lamina vs. cable or truss elements)

The experimental data was made available to the round-robin analysts almost
immediately after the test so that they could assess their ?retest predictions and
conduct posttest analyses, as needed to improve tiieir analytical models. These
posttest evaluations and the lessons lecarned from the 1:6-scale model test are the
primary focus of this report.

2.3 Organization of the Report

Tae report is organized in seven sections. The Executive Summary contains the
major results and conclusions of the study. In the second section, background
information on containment integrity research and on the coordination of the round-
robin ana.ysis is provided. Section 3 is a brief synopsis of the design of the 1:6-scale
model andv high pressure test highh’ hts. The pretest predictions are compared with
experimental results in Section 4. ‘?his includes response measurements and failure
interpretation. Closing remarks are made in Section 6, and -eferences are listed in
Section 7. These sections were written by Clauss and inay not r2flect the opinions or
beliefs of other participants in the round robin analysis.

Section 5 consists of subsections submitted by each organization E:rticipating in
posttest evaluations; this section comprises the bulk of this report. Each subsection
contains a description of the experimental comparisons and posttest evaluations by
cach organization of their own analysis. The authors are listed at the beginning of
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each major subsection. A brief summary of the posttest evaluation efforts, which was
prepared by Clauss, is provided at the beginning of Section 5.

Wherever possible, dual units (English and SI) have been uscd in this report, with
preference given to the author’s choice of units. In many of ti e tables and most, if
not all of the figures, only one set of units is used. For the read.r’s convenience, the
following conversions a-e provided:

To couvert from: 1o Multiply by
Pressure, stress Kﬁ’ MPa 0.006895
& psi 145,
Force Ibf N 445
N Ibf 0.225
Le in, mm 254
e mm in. 0394
ft m 0.305
m ft 328
Leak rate scfin scem 2.84x104
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3.0 TEST SUMMARY

A brief summé. y of pressure testing of the model is presented in this section Details
of the testing and experimental results are reported in Reference 13,

3.1 Model Characterization

A schematic of the model is shown in Figure 3.1. Briefly, the model consists of a 40
in. (1.02 m) thick flat basemat, a 9-3/4 in. (248 mm) thick circular cylinder with a
radius of 11 ft (3.36 m) and a heiPht of 22.25 ft (6.79 m), and a hemispherical dome
that has a wall thickness of 7-3/4 in. (197 mm) and a radius of 11 ft (3.36 m). A steel
liner, 1/16 in. %.59 mm) thick along the inside of the basemat and cylinder and 1/12
in. (2.12 mm) thick along the dome, was designed to provide leak tightness. The liner
is attached to the concrete with headed studs. There are eight layers of
reinforcement, inciuding fonr layers in the hoop direction, two layers in the vertical
direction, and two layers of diagonal (seismic) reinforcement. Additional
reinforcement is provided near penetrations and at the junction of the cylinder and
basemat. The design pressure of the model was 46 psig (0.317 MPg. For the
reader’s convenience, the description of the model and material properties rovided
in the pretest analvsis report [11) is reproduced in the Appendix. Additional details
oRf tfhe d“isl% fabiication, and instrumentation of the 1:6-scale model can be found in
eference 12.

3.2 Low Pressure Testing

Prior to high pressure testing, a Structural lntegrity Test (SIT) and an Integrated
Leak Rate Test (ILRT) were performed on the model. The procedures and
standards followed in these tests were the same or similar to SITs and ILRTS
conducted on actual containments,

The SIT involved J»ressurization with dry compressed air to a maximum pressure of
53 psig (0.365 MPa), which is 1.1¢ times the modei designopressure. e test was
conducted from July 6 through July 10, 1987. Data from about 1200 transducers was
recorded at 10 reqnired steps in the pressurization as well as several intermediate
steps. Cracks were maﬁaped at six different locations about the model and there was
extensive video and still camera coverage. Crack orientation and spacing were fairly
uniform; cracks tended to follow the reinforcing bar pattern. (In the high pressure
;est._ge: )new cracks were formed; instead, the existing cracks extended and increased
in width,

The ILRT was conducted from July 11 through July 13, 1987. The model was
pressurized to 46 psig (0.317 MPa) and isolated. Based on the pressuie decay with
time, the leak rate was calculated to be upproximately 0.14% mass day. Most of this
was probably attributable to the isolation valve itself, which leaked noticeably during
the ﬁ,RT. owever, since the measured leakage wes within allowable limits, there
was no need to cl.eck the isolation valve and repeat the icst.

The model was also subject to a number of low pressure cycles (5-15 psig) as part of

the model acceptance and to check-out the pressurization and data acquisition
systems,
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3.3 High Pressure Testing

The high pressure test was conducted July 28 and 29, 1987. The model was
pressurized using nitrogen gas. The loading schedule is showa in Table 3.1. The
pressure listed in Table 3.1 represents the controller setpoint, actual pressure in the
model may have differed bv about +0.25 psig. Pressure was normally increased by the
desired step size in 10-20 seconds and then held for about 20 minutes (sometimes
longer) before a data scan was initiated. This delay was sufficient for the model to
essentially reach an equilibrium state, although it is reco d that creep of the
model would continue at a slow rate for some time after a data scan was taken. At
some pressure levels, more than one data scan was made.

No significant leakage was detected from the model until the pressure was raised to
135 psig (C.93 MPa), when a leak rate of 11% mass/day (8 ) was recorded. At
140 psig (0.965 MPa), leakag had increased to 13% mass/day (10 scfm) and then at
143 psig (0.986 MPa) 10 62% mass/day (50 scfm). The test was terminated after a
little more than one hour at 145 psig (1.0 MPa) due to leakage greater than the
capacity of the nitrogen gas supply, which was approximately 5000% mass/day (4000
scfm). “The initial leak rate measurement recorded at 145 pSif, (1.0 MPa) was 234%
mass/dayh( {35 scfm), but the leak rate increased steadily with time during this last
pressure hold.

During posttest inspection, the large liner tear near the rectangular insert plate
surrounding mechanical/electrical feedthrough penetration cluster, as shown in
Figure 3.2, was obvious. (The buckling of the liner that can be seen in Figure 3.2
occurred during unloading of the model and is not relevant to the high pressure test
results.). Further inspection revealed numerous other small tears in the liner as well
as a number of distressed areas (regions of siguificant thinning in the liner) at the
locations indicated in Figure 3.3. These smaller tears also occuried adjacent to insert
plates, with the exception of the two tears near Equipment Hatch B isec Reference
13 for discussion of these tears). Furthermore, every iear in the model was

associated with a stud.

Analysis of the acoustic emissions recorded duri'.ng the test (which help to pinpoint a
location of leakage) and posttest measurements of leakage through the smaller liner
tears leads to the conclusion that the leakage detected at 135 psxg (0.931 MPa) was
most likely past the seals on the outer cover of equipm~nt hatch due to unseating
of the cover and not due to liner tears [13); the evidence clearly suggests that liner
tearing had not initiated anywhere in the model at this pressure. The first liner tear
proba ‘I initiated between 140 and 145 psig (0.955 and 1.0 MPa), most likely at
about 143 psig (0.986 MPa%. There was obviously significant propagation of the tears
at 145 psig (1.0 MPa).

contairment model.

his propagation constituted a functional failure of the

Experimental results are discussed and compared with analyses in Sections 4 and 5.
Except where noted, only the high pressure test results are plotted. It should also be
noted that all transducers were zeroed’ at the start of high pressure test, so residual
strains and displacements from low pressure testing are not included. The data taken
during the high pressure test was in general not modified to account for resid.al
readings from low pressure testing. As shown in Section 5.9, accounting for effects of
the SIT would produce a perceptible but relatively minor shift in the response
pressure histories. However, this sﬁift may be important in certain applications of the
data.
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Only some of the ex%coﬂmenw data is ve=d in this report. All of the experimental

data recorded during both high and low pressure testing is available in Reference 13,
h
Table 3.1
Loading Schedule for High Pressure Test
Pressure

Step DRate  Time (psig)  (MPa)
1 28July 11:18 10 0.069
2 28July 11:50 20 0.138
3 28 July 12:18 30 0.207
4 28July 1241 40 0.276
5 28 July 13:29 50 0.345
6 28 July 14:00 55 0.379
7 28 July 14:31 60 0414
8 28 July 15:08 65 0.448
9 28 July 15:39 70 0.483
10 28 July 16:15 75 0.517
11 28 July 19:26 80 0.552
12 28 July 20:35 85 0.586
13 28 July 21:44 87 0.600
14 28 July 23:20 95 0.655

15 29 July 00:34 100 0.689
16 29 July 02:03 102 0.703
17 29 July 02:55 105 0.724
18 29 July 03:19 107 0.738
19 29July 04:10 110 0.758
20 29 July 04:37 | et 0.772
21 29 July 05:20 117 0.807

22 29 July 06:08 120 0.827
23 29 July 07:44 122 0.841
pL 29 July 08:49 125 0.862
25 29 July 10:37 128 0.883
26 29 July 11:48 130 0.896
27 29 July 12:24 133 0.917

28 29 July 13:38 135 0.931

29 29 July 15:38 138 0.952

30 29 July 16:20 140 0.965

31 29 July 17:20 143 0.986

32 29July 18:06 145 1.000
29 July 19:23  Termination of Test

MMM
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Figure 3.2 Photo of Large Liner Tear Near Rectangular Insert Plate
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4.0 PRETEST PREDICTIONS VS. EXPERIMENTAL RESULTS

This section focuses primarily on the comparisons of pretest prediction with
experimental results based on the standard plots and other information requested for
the pretest round-robin analysis report fll]. All ten organizations conducted
axisymmetric finite element analyses to predict the free-field response of the
structure; in some cases, the axisymmetric calculations were augmented by
membrane analysis, local analysis, and/or three-dimensional analysis. A number of
different computer codes were used, including versions of ABAQU " (EPKI, SNL,
AEA), ADINA (ENEA, GRS, CEGB), CAS l%‘h CEA), NEPTUNE (ANL), NFAP
(BNL?. and TEMP-STRESS (ANL). The main differences between the analytical
models were in the following areas: failure criteria; material behavior of concrete;
soil stiffness; basemat representation, including consideration of the effect of the fill
slab; element formulation (continuum vs. shell elements); and rebar modelling
(lamina vs. cable or truss elements).

4.1 Important Milestones
Free-Field Cylind

Significant milestones in the pressure history response of the cylinder wall (free-field)
are given in Table 4.1. The initiation of general Kizeldin of the steel liner was
redicted over a fairly wide range of pressure, from 82 to 116 psig (.57 to .80 MPa).
e variation is at least partly attributable to differences in the analytical models of
the liner; some of the models did not treat the biaxial state of stress in the liner
because the hoop and meridional stiffness are represented with separate elements.
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. There is great uncertainty and thus wide differences in the analytical
modelling on how the tensile load-carrying capability of the concrete decreases after
cracking. Clearly, the celculated liner yield pressure depends on how much tensile
load-carrying capability was retained for the concrete in the analytical model after
cracking and on the value of strain at which the tensile load carrying capability of the
concrete was assumed to reach zero. The measured results for the initiation of liner
yielding at the midheight of the cylinder (free-field) also show considerable variation
(see the row labeled Test’ in Table 4.1). The variation in experimental results for
liner yielding may be attributed mostly to: (1) asymmetry in the response of the
structure due to penetrations, and (2) randomness in concrete cracking and bond
between the liner and concret«. The differences in analytical predictions for liner
yielding do not seem particularly significant in light of the variation in experimental
results and in the realization that liner strains do not typically begin to increase
rapidly until after general yielding of the entire wall section occurs.

In contrast to those for the liner, the calculations for initiation of general yielding in
the hoop rebar produce quite similar results, with most predictions falling in a ranﬁe
between 120 and 130 psig (0.827 and 0.896 MPa). The variation observed in the
experiment is also much %css. With the exception of AEA, which reported results
from a hand calculation, the results for meridional rebar yielding are also quite
similar, (BNL and NII did not calculate a pressure at which meridional rebars would
begin to yield because they grcdictcd 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
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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. (It
should also be noted that the value for the 5yield stress of the #4 rebar that was
recommended for pretest analysis, 66.6 ksi (459 MPa), was estimated before testing
of the material properties was completed. As given in Reference 64, the average
yield stress of the #4 rebar is actually 63.6 ksi (439 MPa), which is about 5% less than
the recommended value.)

M

Table 4.1
Pressure History Milestones (Global Response) for Initiation of Yielding
Pretest Predictions and Experimental Result

Cﬁinder ~Hoop Meridional
ner Reinforcement Reinforcement
SNL 115 0.79 130 0.90 135 0.93
ANL 100 0.69 120 0.83 145 1.00
EPRI 95 0.66 120 0.83 135 0.93
CEA 87 0.60 130 0.90 135+ 0.93+
NII 116 0.80 130 0.90 NR NR
ENEA 92 0.63 120 0.83 129 0.89
AEA 110 0.76 138 0.95 174v 1.200
GRS NR NR 1200 0.83+ 145+ 1.00»
BNL 104 0.72 124 0.85 NR NR
CEGB 82 0.57 124 0.85 142 0.98
Test: 86-109 0.59-0.75 116-121 0.80-0.83 139-141 0.96-0.97

a) Reported value estimated by Clauss.

b) Result from hand calculation

¢) Values reported for the test are the range of three or more representative
measurements. For the liner, rosettes RO76, RO90, and RO98 were used; for the
hoop rebars, bondable gages B19, B22, B24, and B25 were used; and for the
meridional rebars, weldable gages WR84, WRBS, WRB6, WR262, WR264 were
used. The von Mises stress calculated from .he measured strains was compared
to the yield stress of the material as given in the Appendix to determine the
initiation of yielding.

NR Not reported

In the pretest round-robin analysis report, inilestones for cracking in the concrete
were also reported. No attempt is made to compare these predictions to
experimental results. There is strong evidence to suggest that there was extensive
cracking in the cylinder and dome before high pressure testing began, and as a result,
comparisons for cracking are not meaningful. The possible sources of this
‘precracking’ are discussed in detail in Section 8 and include the following: shrinkage
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cracking, cracking due to diurnal temperature variations, crackinfnduc to low
pressure cycling, and poor bond due to small diameter bars. Precracking wis iess
apparent in the basemat. It can be argued that the initiation of cracking in the
cylinder and dome is not a particularly significant event for evaluation of the u'timate
performance of lined concrete containments.

Local R B Cylinder | :

The behavior of the cylinder wall at its intersection with the basemat is of
considerable interest because of the high shear and bending forces that arise at this
location. Table 4.2 compares pretest predictions for the initiation of liner yielding,
meridional rebar yieldinf, and basemat uplift to experimental measurerents. The
strains in the liner and layer 2 meridional reinforcement change vary rapidly as a
function of elevation at this location (see Figures 4.31 and 4.32). Thus, the first gage
to indicate yielding is used to determine the pressure reported in Table 4.2, rather
than trying to indicate a range. For the meridional reinforcement at the cylinder-
basemat intersection, first yield was measured at bondable gAﬁe B2, which 1s at an
elevation about 2 in. (51 mm) below the liner knuckle. At the elevition of the top of
the liner knuckle, the meridional reinforcement first yielded at a pressure of
approximately 120 psig (0.83 MPa).

A number of groups (SNL, ANL, EPRI, ENEA, GRS, CEGB) also predicted
crushing of the outside of the concrete cylinder wall in the range of 140 to 160 psig,
except for GRS, which predicted tie onset of crushing at 116 psig. Posttest
inspection of the model did provide some evidence of minor crushing at this point,
but it did not apg:ar to have sffected any significant thickness of the wall, only just
the outer face. Sectioning of the model, which may be carried out at a later date,
would be required to reach a definite conclusion on the extent of crushing,

4.2 Structural Response

This section is based on the standard plots reported in the pretest round-robin
analysis report. The plot locations are groupe into three divisions: (1) free-field
locations in the c;linder and dome, (2) local behavior at the cylinder-basemat
intersection, and (3) behavior near penetrations. The latter required 3-D analysis,
which was only accomplished by a few organizations prior to the iest.

An attempt was made to use all measurements that could reasonably be compared
with analysis. This helps to show the scatter in experimental results and thus provides
a better perspective on the analytical uncertainty and error.

The agreement among the analyses as well as between the analyses and experiment
for the radial displacement and hoop reinforcement strain in free-field cylinder
regions was exceptional, as shown in Figures 4.1 through 4.8. The radial
displacement and hoop reinforcement strain are closely related; the hoop strain can
be estimated very accurately as the ratio of the radial displecement to the cylinder
radius. The anafyses tend to overestimate the pressure at which general yielding of
the wall occurs (the pressure at which the hoop strains and radial displacements
begin to increase rapidly), but only by & relatively small amount. Hoop strain is
probably the most important global response parameter for predicting failure, so the
excellent correlation is reassuring.
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Pressure History Jgi::é (Local K - orse)
Pretest Predictions and Experimental Result
Initiation of Yielding
Liner Above Meridional Basemat Uplift
Knuckle Reinforcement at 145 psig (1.0 MPa)
SNL NR NR 127 0.88 0.087 2.2
ANL 108 0.72 135 093 0.256 6.5
EPRI 60 0.41 130 0.90 0.882 224
CEA NR NR NR NR 0.853s 217
NII 110 0.76 92 0.63 0.229 5.8
ENEA 92 0.63 133 0.92 NC NC
AEA 110 0.76 NR NR 0.629 16.0
GRS NR NR 130 0.90 1.118 284
BNL NR NR 104 0.72 NA NA
CEGB 127 0.88 140 0.97 0.077 2.0
Test® 87 0.60 104 0.72 21(.441 55-112

a) Reported value extrapolated from 142 psig (0.98 MPa) by Clauss.
b) Reported test values are based on measurements with the following gages: For
the liner, weldable gage WR293; for the meridional rebar (layer 2) bondable gage
B2; and for uplift, displacement gage D50 and inclinometers 14, 16, and 18.
NR Not reported
NC Model did not include basemat, so uplift was not calculated
NA Calculations only cariied out to 131 psig (0.90 MPa).

The correlation for the axial response in the cylinder is not as good. Figures 4.9
through 4.12 show measured and calculated vertical displacements of the liner at
various elevations relative to the cylinder base. (The data for some of the transducers
has been shifted. The ‘fixed’ point of these transducer attached to the basemat liner
at the cylinder base at locations where the liner was not in solid contact with the
concrete. At these points, there was a ‘sna throth' displacement of the liner as it
came into contact with the concrete at the first application of pressure. The data was
shifted to account for this ‘snap-through’ displacement.) The strain in the meridional
bars (free-field) is plotted at var.ous elevations of the cylinder in Figures 4.13 through
4.15. The difference between the various analyses is apparently due to difference in
cracking models for the concrete, in particular, tension stiffening. The experimental
results suggest that the most accurate representation for the concrete in t ¢ cylinder
is a no-tension concrete model. The use of » no-tension concrete model for the
cylinder and dome would have little effect on the hoop behavior and if anything
would improve the correlation between the experimental results and calculations for
hoop strains and radial displacements somewhat. Such a model also has the
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advantage of simplicity. As part of the posttest evaluations, many of the analyst’s also
came to the conclusion that the concrete in the cylinder and dome was essentiall
‘precracked’. In Section S, there are various speculations as to the causes of this
precracking, including the following: shrinkage; diurnal temperature variations; low
pressure cycling; and poor bond associated with small diameter bars.

The maximum grincigal strains in the liner are plotted as a function of pressure in
Figures 4.16 through 4.18. The hoop strain is the dominant component of the
maximum principal strain at each of the elevations plotted. What should be noted in
these figures is the considerable variation in the experimental results, for what are all
ostensibly free-field ( etric) measurements. At elevation 20 ft (6.1 m), the
maximum strain of the six gages plotted varied from 0.26% to 1.07% (see Figure
4.18). The strain variation may be associated with bond between the liner and
concrete, concrete cracks, proximity to studs, or effects of penetrations. Whatever
the exact cause, the liner response is clearly not axi tric even in what would
normally be considered free-field regions (areas for which penetrations are not closer
than about two times their diameterf.‘

Strain in a seismic bar at elevation 20 ft (6.10 m) is plotted in Figure 4.19; the
agreement among the analyses and with the experiment is satisfactory.

Results for the response of the dome are compared in Figures 4.20 through 4.28. The
correlation is in general satisfactory. Since strains in the dome were typically below
yield, tte dome behavior is of little significance in evaluating containment
perfgén:jance. For this reason, an in-depth discussion of the dome response is not
provided.
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Local Response at Cylinder-Basemat Intersectiop and Springline

Basemat uplift is significant becaunse it aftects the shear force and bending moment at
the cylinder-basemat junction. There were wide variations in th:‘rmest predictions
for basemat uplift, as indicated in Figure 4.29. The experimental data include one
displaccment tiansducer egmidt: the model) and three inclinometers. In the latter
case, uplift was determined by multiplying the measured angle times the arm length
(see Reference 12 for further details on the inclinometers). Figure 4.30 plots
measured and calculated radial disp'acements of the cylinder wall at elevation 26 in.
(0.66 m), which is just above the liner knuckle. The response at this point is clso
strongly coupled to the basemat respense. In preiest analyses, the fill slab was either
ignored or only its dead weight was considered. A number of groups ?erformed
parametric swudies after the test te determine the effect of the fill slab, soil stiffness,
and concrete cracking behavior on the calculation of basemat uplift. This led to
significant improvement in the ~orrelation between calculations and the experimental
results, Detailed discussions can be found in Section S.

The strains in the liner and meridional reinforcement change rapidly s a function >f
elevation near the cylinder-basemat intersection. The strain gage a'erages strain
over its gage lenﬁth and it can be difficult to locate gages at the point of maximum
struin because this often occurs at a peint of discontinuity or near a weld where
application of gages is restricted. For these reasons, compar sons with analyses can
be hard to interpret in regions of high strain gradient. "'evertheless, results for the
liner strain above the knuckle, and the layer 2 and layer S meridional reinforcement
are compared in Figures 4.31, 4.32, anc{ 4.33, respectively. In Figure 4.31, gages
WR281, WR287, and WR292 are at different azimutias but the same elevation,
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appmximateﬁy 2 fi &%61 mg. These are the closest gages on the cylinder line; to the
‘nuckle. Gages WR282 and 283 are at the same azimuth as WR281, but
& o:oximately 2 in. (51 mm) and 4.5 in. (114 mm) above WR281, respectively These
¢: indizate how quickly the strain in the liner decreases away from the knu.kle.
“FRI greacy overestimated the strains in the liner near the knuckle, but other
analysts came reasonably close to the measured results. The bendirig in the cylinder
is evident from comparison of Figures 4.32 and 4.33. It is interesting that the
maximum bendirg appears to take place st an elevation of about 1.9 fi (0.58 m),
which is below the liner knuckle There is 2 3 in. (76 mm) leveling course atop the
basemat, it appears that the maximum moment is developed at the intersection of the
cylinder with the basemat-leveling course interface, and not at the liner knuckle.

The measured response and calculated response at the springline is compared in
Figures 4.34 through 4.36. Again, th:e is clear evidence of ben ing &t this section, as
can be seen from a comparison of Figures 4.35 and 4.36. The strains in the liner at
the springline are also elevated (compare Figure 4.34 10 4.18), but ot enough to
cause any significant distress or threat to the model integrity.,
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Figure 4.36 Preiest Predictions vs. Experimental Results:
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3D Response Near Penetrations

Only two or*aniutions. ANL and EPRI, com{)‘l;ud any 3-D analyses prior to the
ublication of the pretest round-robin report. standard plots are included here
or ompleteness. Figures 4.37 through 4.39 show tne radial displacement of the

cylinder at three different azimuths at the clevation of the constrained ﬁipe

penetration. The analysis overestimated the stiffness of the penetration at high
pressure. Thir was also tue case for EPRI's predistion for the outward radial
displacement of Equipment i1atch B, which is compared to the measurec result in

Figure 4 40. Strain in the liner and meridional rebar near Fyuipment Hatch B are

shown in Figures 4.41 and 4.42, respectively. ANL was able *o0 predict ovalization of

equipinent hatch B with goed accuracy, as indicated in Figures 443 and 4.44. It
should be noted here tha the ovalization of equipment hatch A was significantly
ﬂeater than that at B; for a more complete discussion of ovalization, see Reference
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4.3 Failure Predictions

The results shown in Sections 4.1 and 4.2 suggest that it is possible to predict several
measures of the global response of the containment shell with reasonable accuracy,
especially for loads near the functional limit of the structure. However,
interpretation of these response measures is a much more difficult task.

Before the test, there were three widely recognized failure modes for the
containment model test: (1) liner teari 7) rebar failure, and (3) shear/flexural
failure. Although liner tearing was realized in the scale model, in application to
actual containment buildings, it is important to understand and to evelop the
analytical capability to predict gll potential failurc modes. A completely different
failure mode may occur for seemingly small differences in design details or for
different loadings.

The "best-estimate" capacity of the model and the limit state mechanism predicted by
cach organization before the test are compared in Table 4.3, The predicted capacity
varied from 128 to 190 psig (0.800 to 1.310 MPa), which is approximately 2.8 10 4.
times the design pressure. The main reason for the variations was the difficulty in
correctly interpreting all potential failure modes. Although many of the
organizations in the round-robin recognized the potential for liner tearing before the
test (see pg. 6 of the pretest round-robin analysis repoit [11)), they did not undertake
the complicated analyses required to evaluate this failure mode. In part, this may
have been due to a reluctance to commit resources to investigate a failure mode that
was considered to be unproven, but there was also some feeling that the high ductility
of the liner relative to the rebar would preclude liner tearing from occurring before
some other failure mode. Given the outcome of the test, there has, of course, been
considerable attention focussed on the liner tearing mode and much has been
learned about the mechanics of strain concentrations in the liner.

The attention on the liner tearing mode, in particular the large tear adjacent to the
rectangular insert plate, during the posttest evaluations has led to some important
developments, There is general consensus that the Davis triaxialit factor can be
used to make a reasonable estimate of the effective ductility limit for the liner
material. There is also general agreement that local models, with boundary
conditions based on global response measures, could be used to determine the strain
concentrations in the liner. The features 2nd details that must be included in these
models are not yet resolved. Nearly everyone agrees that the insert plate by itself
results in a strain concentration on the order of two to three times the free-field
strain. Several other analysts found that the anchorage system increases the strain
concentration near the rectangular insert plate to 10 or mcre times the free-field
strain: however, EPRI believes that shear dislocation motion is a more important
mechanism than the anchorage system in causing f=ilure. Furthermore, there are
additional questions regarding the extensioi of these results to full-scale
containments. Although there has been considerable progress, there is a need for
additional lesting to resolve the issues described above. 18 is discussed in more
detail in Section 3.

In the cases of rebar failure and shear failure, even though there is general
recognition of the potential failure mode, there is a lack of agreement on ¢valuation
criterion. For instance, several groups calculated the pressure at which the hoop
rebar would fail; BNL and CEA defined this as the point at which grossfyielding or
rapidly increasing displacements began; SNL, ANL, and GRS correlated failure with
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the ultimate strength of a rebar splice. Clearly, there are significant dif erences in
the failure criteria that were applied. The 1:6-scale model test would indicate that
rebars can achieve strains well beyond gross yield. However, there is legitimate
concern that large bars that are bent around penetration openings could fail before
thm‘l’teimatc strength of the rebar splices is obtained. is topic mevits further
co ration.

Criteria for evaluating shear failure also need to be developed. Design codes
represent conservative approaches to capacity and use nominal shear stress on a
section for com n. In the pretest calculations, some organizations based failure
redictions on the state of damage in the concrete, others, used design code formulas.
or shear failure, this appears to be an overly conservative :'p(froach; the
reinforcement can carry considerable shear by aggregate interlock and dowel action.
A more realistic approach based on actual test data is needed.

The development of a consensus approach to evaluating critical limit states by
interpreting calculated response measures (displacement, strain, force, moment,
stress) is an important challenge that must be met.

A final note on {ailure interpretation: each organization was also asked to indicate
the maximum pressure at which they had high confidence the containment mode!
would ot fail (in contrast, Table 4.3 represents "best-estimate" values for failure). Of
the seven organizations that responded to this in ui%. the reported values were 92,
100, 108, 127, 135, 138, and 160 psig (0.63, 0.69, 0.72, 0.88, 0.93, 0.95, and 1.10 MPa).
Six of the seven high confidence number. were, in fact, less than the actual failure
pressure,
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SNL

EPRI

CEA

NII*

ENEA

GRS

BNL

CEGB

TEST

Table 4.3

Failure Predictions for the 1:6-Scale Mode!

Failure
Pressure

168 psi
1.16 a

( }8204.1193 lwh'ﬁ’a)

097108 Mba)
(ol.gg K&s;?a)
(050 kit

({.0111'-118.‘2‘7ps l\iﬁ’a)
(113 Rty

(115130 Mba)

174189 psi
(1.20-130 Mga)

28 psi
(01.88 dei?a)
(ll.?(()) Kisil?a)

(09710 ki)

Limit Mechani

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

Either (1) failure of a hoop rebar splice near

midheight, (2) failure of a weld in the liner near the

Easctl:}n. or (3) failure of the liner just above the
nuckle.

Liner tearing at the connection of the liner to the
knuckle triggered by basemat bending.

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

Transverse chear failure of cylinder {'ust above the
shear reinforcement, with some smaller chance for
local tearing of the liner around studs.

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

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

Failure at the cylinder-basemat junction.

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

Flexural failure at wall-basemat junction.

Liner tearing adjacent to insert plates at the cyiinder

midheight, most notably a 22" (56 ¢m) long tear
adjacent 10 the large rectangular insert plate

* Lowest bound of estimates, see Reference 11, pg. 251.
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5.0 POSTTEST EVALUATIONS

This section consists of contributed sections from eight of the ten organizations that
partic.pated in the round-robin pretest analysis report:

+ Sandia National Laboratories (USA)

« Argonne National Laboratory (USA)

« Electric Power Research Institute (USA)

« Commissariat a L'Energie Atomique (France)
« HM Nuclear Installations Inspectorate (UK.)

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

« UK. Atomic Energy Authority, Safety and Reliability Directorate (U.K.)
« Gesellschaft fiir Reaktorsicherheit (FRG)

The CEGB was unable to commit additional time and effort to the round-robin
activity due to their heavy involvement in the Sizewell and Hinkley Point nuclear
pov;er stations. Brookhaven National Laboratory also did not participate in posttest
evaluations.

At Sandia’s request, the Civil Engineering Department at the University of Illinois
Urbana-Champaign (UIUC) prepared an account of their investigation into the shear
capacity of the cylinder wall at its juncture with the basemat, which appears in
Section 5.9. This work was performed under contract to Sandia.

No specific work assignments were made for posttest evaluations; within available
manpower restrictions, each organization had the opportunity to address the issues
that they felt were most significant. As a result, there was some duplication of effort
in the posttest evaluations, which nevertheless provides support and validation for
some of the posttest conclusions. A brief summary of the results of the posttest
evaluations follows.

There were four principal areas of investigation, with the indicated results:

i) Liner tearing - A number of groupc conducted analyses to understand the
major tear that occurred ad“aocn' to the rectangular insert plate for the
mechanical/electrical feedthrough penetration cluster, including SNL,
EPRI, CEA, NII, ENEA, AEA, and GRS. The various analyses represent
a diverse array of approaches with significant differences in the model
details. Yet, despite the broad differences in the analytical approaches,
there are many similarities in the conclusions.

Analysis suggest that the insert plates used around penetrations by
themselves cause local strain concentrations two to four times the free-
field strain. However, it is the majority view that this mechanism for strain

wn
.
—



concentration is not by itself sufficient to explain the formation of tears in
the liner.

The additional feature that accounts for still higher local strains near the
penetrations is the liner anchorage system, specifically, the studs. The
studs resist slip between the concrete and the liner. Significant slip occurs
at insert rlates because of their high stiffness relative to the nominal
thickness liner and, as a result, the studs impose siﬂniﬁum loads on the
liner at such locations. With studs modeled, SNL, CEA, and GRS
calculated liner strain concentrations of ten or more times the free-field
strain near the maximum test pressure. GRS considered several different
models for liner tearing, including one in which the stud embedment in the
concrete was explicitly modeled. CEA performed an interesting sensitivity
siudy; by removing the first row of studs on the nominal thickness liner
next to the insert plate, the;dfound that the maximum local strain was
reduced by about half. SNL conducted additional calculations to
understand the stud shear behavior that provided two interesting
conclusions:

1. When the liner is not subject to membrane yield loads prior to the
application of high stud shear forces, the failure mode is expected to
be stud shear failure instead of liner tearing. This suggests that
simple stud shear tests do not adequately represent the behavior of
the liner-anchorage system in the containment under internal
pressure, and that conclusions drawn from such tests with respect to
the liner-anchorage system failure mode (i.e, stud failure vs. liner
tearinf) may be invalid¢ Liner membrane yield loads, which in an
actual containment precede the development of high stud shear
loads, must be represented.

2. Strains calculated with a plane stress model where the stud shear
forces are modeled as point loads can be reasonably interpreted as
average strains through the liner thickness if the characteristic
dimension of the elements adjacent to the stud load is approximately
equal to the stud radius.

Although they do not explicitly account for its effect in their analysis, EPRI
feels that ‘shear dislocation motion’ (a discontinuity in out-of-plane
(radial) displacement that occurs near major cracks adjacent to
genetrations) is an important mechanism in the formation of liner tears.

andia does not fecl hat this is a significant mechanism in areas with
geometry similar to the mechanical/electrical feedthrough penetration
cluster in the 1:6-scale model. This is a difference that needs to be
resolved by additional testing.

To interpret the calculated liner strains, SNL, EPRI, ENEA, and GRS all
adogted the same criterion for evaluating the liner ductility under biaxial
loads, which is based on the Davis triaxiality factor, ANATECH is

4. The tests typically conducted un studs and anchors are relevant to liner
buckling under thernal loads. The primary design function of the anthorage
system is to prevent thermally induced buckling.
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i)

iii)

iv)

credited with the initial use of this criterion in application to containment
liners, The progress towards an agreement on a strain criterion for liner
tearing is an encouraging development.

Basemat uplift - There was considerable variation in the pretest
predictions for basemat uplift, none of which accurately reflected the
measured preuure«histor{ response of the model over the entire range of
pressure, Basemat uplift is significant in that it affects the shear and
moment forces in the cylinder wall at the juncture with the basemat, which
may change the poteniial for failure at this location. The effects of the fill
slab, soil stiffness, and concrete tensile behavior on basemat uplift were
studied. It was found that the basemat uplift is relatively insensitive to
changes in soil stiffness, but in order to accurately reflect the measured
behavior, finite element models need to account for two factors that were
generally not considered in pretest analyses:

+ The fill slab, which stiffened the basemat response (thereby reducin
uplift). Several groups modeled the fill slab explicitly with improve
results. GRS performed an interesting analysis that indicates the
stiffening effect of the fill slab is primarily due to the shear forces that
develop to resist sliding between the fill slab and the liner. These
shear forces produce a moment on the basemat in opposition to the
moment from the vertical load imposed by the cylinder.

+ A reduction in actual tensile strength of the baiemat concrete to
about half of the laboratory measured value. ANATECH proposed
this approach based on in-situ data on concrete dams.

The analyses also indicated that basemat uplift had little efiz2t on the
stresses or strains in cvlinder and dome at all locations other than the
base of the cylinder.

in application to actual containments, basemat uplift (actually basemat
response in general) would be much more difficult to predict due to the
effect of internal structures, reactor cavities, sump pump pits, and other
numerous discontinuities that were not represented in the 1:6-scale model.
The effect of these features .s uncertain,

Shear failure - Given the number of predictions of shear failure before the
test, it is somewhat disappointing that there was not more work here. The
University of lllinois used strain measurements to estimate the nominal
shear stress at the cylinder base. At 145 psig, the nominal shear stress was
approximately 450 psig, which is 5.7/T. This is hiFh relative to many of the
design code rules. l}nfortunatcly. there is still no generally recognized
criterion for evaluating shear capacity of reinforced concrete sections
subject to simultaneous application of tensile loads and bending moment.

Precracking - The experimontal results provide ample evidence that the
cylinder and dome were essentially precracked in both the horizontal and
vertical planes prior to the high pressure test (but not the basemat, at least
not to the same extent). Shrinkage cracking, low ﬁrcssure ¢ cling, and the
small diameter of the bars used in the model (which may not have bond
properties comparable to the large bars used in full-size containments)
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were all cited as potential causes for cracking in the concrete. ANL
conducted an interesting analysis of the effects of diurnal temperature
fluctuations, which indicated that the cylinder and dome concrete could be
heavily damaged by a temperature change of 40*F (17°C) from day to
night (not an unusual occurrence in the Albuquerque area).

The posttest evaluations conducted by each organization are summarized below:

SNL

ANL

EPRI

CEA

NIl

ENEA

AEA
GRS

vluc

Comparison with experimental rasults; Investigation of liner tearing with
insert plate and studs; Detailed study of stud behavior..

Ccmparison with experimental results; Analysis of precracking in structure.

Comparison with experimental results; study of basemat uplift; Analysis of
shear and bending in cylinder wall at intersection with basemat; Investigation
of liner tearing.

Comparison with experimental results; Investigation of liner strains with
insert plate and studs.

Comparison with experimental results; Parametric studies to study the effect
of soil sti;fness, concrete shear modulus, and concrete tensile strength;
investigation of liner strain concentration due to insert plate.

Comparison with experimental resuits; Analysis of basemat uplift and liner
strain concentration due to insert plate,

Analysis of liner tear and basemat uplift.

Parameter study of basemat uplift; Analysis to estimate likely experimental
scatter in rebar strains; Investigation of liner tearing including stud effects;
Experimentai studies of (1) bond behavior and pull-out of rebars, and (2)
biaxial failure strains for liner material.

Data conditioning; Determination of shear force in wall at intersection with
basemat from experimental measurements.



£.1 Sandia National Laboratories

This section was authored by J. Randy Weatherby of the Applied Mechanics
Division I at Sandia National Laboratories.

§.1.1 Introduction

The 1:6-scale model experiment has provided detailed informatiun concerning the
structural response of @ reinforced concrete containment building loaded by internal
gressurc. his information will prove extremcly valuable when containment

uildings at existing nuc’ . power plants are analyzed to evaluate their ability to
survive louds that could ~ < luring a severe accident. In fact, the main goal of the
combinea effort of analy + .= :sting has becn to establish a set of techniques tha
can be used fo: evaluati» containment performance in future safety studiss. The
results of several studies conducted after the conclusion of the 1:6-scale model test
are documented in this report. These studies fall into three major categories:

1. Comparison of strains and uisplacements measured in the ex?crimem to
the corresponding results from axisymmetric finite element analyses,

!‘J

Finite eleruent analyses of the liner near the penetration where the largest
tear developed,

o

Detailed studies of the strain field in the liner near a stud anchor that is
loaded 1. shear,

5.1.1.1 Comparisons of Structural Response

In the pretest analyses conducted at Sandia [67), the containment model was treated
as an axisymmetric structure. Two additional axisymmetric analyses were completed
afier the pretest round-robin report was released. These two analyses were icentical
excent fo: the way in which the concrete was modeled. In one case, a sraeared
cracking mode! was used to track the growth of cracks in the concrete. In the second
analysis, the tensile strength of the concrete was assumed to be zero. The results
from these two analyses have been compared to strains and disvle. ements measured
at several locations throughout the containment structure. These comparisons show
that, even at internal pressures less than the design pressure of the containment, the
structural response was predominantly controlled by the reinforcing steel, and that
the concrete contributed only marginally to the stiffness of the structure in regions
where the stresses v.ere tensile. In general the no-tension sssumption 1or the
concrete proauced results that were in cios agrecment with the experimenia!
measurements than those obtained with the s .red cracking model.

§.1.1.2 Liner Tearing

Two of the main objectives in the posttest anaysis effort were (1) to determire the
primary mechanisms Jhat caused teais to form in the liner plate, and (2) to < stablish
an analytical approach that captures these mechanisms and. at the same, reiaains
tractahle from a numerical standpoint. Ultimaiely, it is hoped that the wo'k
described in this report will lead to a method of analysis that can pe used to pr
both the initiation and subsequent pr 'pagation of tears in the liner plate.

N
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To expand our understanding of liner tearing, the region surrounding a piping
penetration was analyzed with two plane stress finite element models. e region
tha! was analyzed was the site where the largest tear developed durinf the
overpressurizat:on experiment. In the first model, the liner was allowed to slip freely
vith respect to the concrete wall of the containment. In the second analysis, the liner
was linked to the concrete at discrete points through a flexible anchoraﬁ system and
was aliowed to freely slip at locations between the anchor points. The analytical
results offer convincing evidence that, during the experiment, the largest tear
initiated at an internal pressure near 145 psig (1.0 MP2) as the result of forces that
developed in stud anchors located along the vertical edge of the thick plate that
surrounded the piping penetrations. Taese forces developed as the stud anchors
resisted slip between the concrete and the liner plate.

§.1.1.3 Strain Field Near a Stud Anchor

In analyzing the region near the piping penetration, the studs were represented by
sgring elements. This approach introduced point-loads into the plane stress model of
the liner (i.e., all force trom the stud anchor was introduced at a single nodal point),
Since the state of strain near the studs controls the point of tear initiation, it was
necessary to determine if the strains in the liner elements immediately connected to
the point-loads were mearingful. To accomplish this goal, a three-dimensional finite
element model was constructed to study the strain field that develops in the liner
near a stud that is loaded in shear, The strains from the thres-dimensional analysis
were compared to the strains that developed next to studs in two-dimensional models
where the stud forces were applied as point-loads. The rusults of this detailed study
indicate that the plane stress continuum elements located next to the point loads
should be sized so that the sides of the elements are approximately equal in length (o
the radius of the stud. When this requirement is met, the equivalent plastic strain in
the plane stress elements provide reasonable estimates of the average value of
equivalert plastic strain in the liner along the edge of the stud.

Results obtained with the three-dimensional stud-shear analyses also explain why the
liner tore near studs in the 1:6-scale model test when t%e liner did not tear in

revious t=sts of the liner and anchorage system where the stud anchors were '~aded
in shear. The results of the three-dimensional analysis show that this difference is
primarily attributavle to the presence of membrane tension in the liner beyond what
was supplied by a single stud acting alone. In the 1:6-scale model, the liner had to
carry a membrane load plus the load from the stud anchors; whereas, in the shear
tests, the liner was only required to carry the load introduced by the stud.

5.1.2 Structural Respense
5.1.2.1 Sequence of Analytical Models

A series of four finite element analyses were made of the 1:6-scale containment using
the axis;mmetric shell model shown in Figure 5.1.1. In each analysis, a different set
of material parameters was used to define the stress-strain response of the concrete.
The concrete model available in Version 4-5-171 of ABAQUS was used in all four
cases,

In the two shell analyses described in the pret.st round-robin report [67], the

concrete was treated as an elastic-perfectly plast': material with a yield surface
defined 10 reflect the difference between the tensile strength and the compressive
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strength of the concrete. This was accomplished by defining the uniaxial stress-strain
relationship in the concrete constitutive model so that cracking was suppressed. In
the first analysis in Reference 67, the tensile "yield" strength of the concrete was set
equal to the ultimate tensile strength of e concrete (500 psi; 3.45 MPa) as estimated
from split-tension and direct tension experiments [12]. In the second analysis
reported in Reference 67, the tensile "yield" strength of the concrete was set 10 a
small value (10 psi; 0.07 MPa) to simulate a no-tension material. The results from
these two analyses were pieced together to produce the curves in the standard plots
that appear in Section 4 of this report.

Soon after completion of the round-robin report and before the overpressurization
test, the containment was re-analyzed using a third set of assumptions for the
mechanical response of the concrete in tension. Instead of assuming perfect
plasticity, the concrete was allowed to crack and subsequently soften using the
smeared cracking approach available in the ABAQUS concrete model. This analysis,
which will be referred to as the Smeared Cracking Analysis is documcmeg in
Reference 65. Unfortunately, the softening associated with cracking gave rise to
numerical problems in the nonlinear solution algorithm, preventing the redunction of
force residuals to acceptable levels. (It was for this reason that cracking was
suppressed in the two analyses described in Reference 67.) To force the analysis to
proceed while the concrete was cracking, the DIRECT=NOSTOP option in
ABAQUS was activated, and the analysis continued to the next load step after three
equilibrium iterations even when the residual forces failed to satisfy the convergence
criterion. Frequently the solution that was accepted at the end of the three
equilibrium iterations contained out-of-balance forces that were of the same order of
magnitude as typical external nodal forces arising from the internal pressure.

After the 1:6-scale containment was tested, the structure was analyzed a fourth time.
In this analysis, the concrete was treated as a material with no tensi’ “trergth, This
was accomplished by using the NO TENSION material option in conjuiiction with the
concrete model in ABAQUS Version 4-5-171. The displacements and strains
calculated with this analytical model were tynically greater than those obtained usin
the elastic-perfectly plastic concrete model with a tensile strength of 10 psi
(0.07 MPa)

In the discussion that follows, the results from the Smeared Cracking Analysis and
the No-Tension Analysis will be compared against measurements taken during the
Structural Integrity Test (SIT) and the High Pressure Test }HPT). These
comparisons show that the reinforcing steel and liner control the deformation of the
containment structure, and that the concretc contributes very little to the overall
stiffness of the dome and cylinder at internal pressures beyond the design pressure cf
the containment. Furthermore, the comparison of analytical and experimental
results strongly su%gest that the smeared cracking model does a very poor job of
modeling the mechanical behavior of the concrete. This is mast evident in the
cmlnparison of results for vertical strains and vertical displacements in the cylinder
wall.

5.1.2.2 Comparison of Experimental and Analytical Results

Before comparing the experimental data to the analytical results, a few comments
about the experimental measurements are in order. First, the 1:6-scale model was
pressurized on three separate occasions. During the first pressurization, the internal
pressure was raised 1o 15 psig (1.0 MPa) to determine if the model was leak tight.



The second pressurization was the Structural Inte rity vest (SIT). During the SIT,
the internal pressure was increased 1o 52 psii‘ (0.36 MPa), which is 15% above the
design pressure. Finally, during the High Pressure Test (HPT), the model was
pressurized until the liner failed at 145 psig (1.0 MPa). Measurements collected
during the SIT and HPT are presented in subsequent figures. Both the displacement
transducers and the sirain a_fes were zeroed before begianing the SIT and again
betore the start of the H*’ $O that, in each te:, the residual strains and
displacements from prior loadings were not included.

Data was collected continuously for several hours after complete depressurization
from the SIT. These measurements showed that a significant fraction of the peak
strains and displacements reached in the SIT remained as residual strains after the
internal pressure was retuined 1o zero; however, these measurements also showed
that these residual strains and displacements tended to decrease as a function of
time. No attempt was made to correct the HPT data to account for residual strains
remaining from the SIT because a period of roughly one week passed between ‘e
end of the SIT and the beginning of the HPT, and it was felt that the residual
weformations at the start of the test could not be estimated accurately due to their
continued relaxation. The last values of strains and displacements recorded after the
SIT are listed in notes contained in Figures 5.1.2 througg 5.1.10.

in addition to the relaxation of residual strains and displacements at the end of the
SIT, the experimental measurements also show other evidence of time-dependent
structural response. Here, the term "time-dependent response” is used to describe
the phenomenon where the deformation of the structure continues to change while
the ?%lied load is held constant. Time-depeadent structural response can be seen in
the SIT data plots shown in Figures 5.1.2 through 5.:.10. In these plots, the time-
dependent response causes the sudden jumps that appear when the deformation is
plotted as a function of pressure. The jumps occur at points alonF the curves where
measurements were taken at two different times while the internal pressure was held
constant,

Other evidence of time-dependent structural response was seen during
depressurization of the containment buiiding. The strains and displacements
measured during the SIT did not reach their maximum vaiues at the maximum test
qressure but, instead, continuec to rise during the initial stages of depressurizatiou®

his same phenomenon was also seen when the model was depressurized at the
conclusion of the HPT (look closely at the last two data Jmims in the experimental
curves for the HPT plotted in Figures 5.1.2 through 5.1.10). Because the stresses in
the reinforeing steel remained well below the yiel strength during the SIT, the time-
dependent response observed at low pressures was most likely caused by the
continued extension of cracks in the concrete and slippage between the rebar and the
concrete.  Both of these mechanisms continued to be active even when the internal
pressure was decreased slightly. The most likely causes of the time-dependent
res;;‘onsc observed at the endgof the HPT are creep of the reinfor zing steel and creep
of the liner,

The experimental and analytical results for strains in the Layer 6 hoop reinforcement
are compared in Figure 5.1.2 at an elevation of 19 ft (5.79 m) and in Figure 5.1.3 at

5. The data plots in Figures 5.1.2 through 5.1.10 do not show the measured response
during the depressurization phase of the SiT
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an elevation of 10 ft (3.05 m). The experimental data in these plots seem to indicate
that, during the SIT, significant crack growth began to take place in the cylinder wall
at an internal pressure somewhere between 15 and 20 Seg (0.°0 and 0.14 MPa). In
contrast, the oor stresses calculated in the Smeared Cracking Analysis did not
exceed the tensile strengih of the concrete until the pressure reached 35 psi
(0.24 MPa). based an a concrete tensile strength of 500 psi (3.45 MPa), a simple pr/‘i
calculation also yields a value of approximately 35 psig (0.24 MPa) for the internal
pressure necessary to cause cracking in the cylinder wall. The initial hoop stiffness
measured in the SIT was less than that precicted by the Smeared Cracking Analvsis.
This suggests that cracks were present in the concrete prior to the SIT. Indeed,
cracks were actually visible on the surface of the containment model before the SIT
was conducted.

The hoop strains computed in the Smeared Cracking Analysis remained considerably
smaller than the hoop strains computed in the No-Tension Analysis even after the
tensile strength of \ ¢ concrete was exceeded in the cylinder region. This is because
in the Smeared Cracking Analysis the tensile stress normal to the crack plane was not
immediately reduced to zero after the concrete cracked; but, instead the tensile stress
normal to the crack plane was decreased linearly with increasing tensile strain,
reaching zero when the tensile strain normal to the crack plane was equal to the yield
strain of the reinforcement (=0.2%). 1 the cylinder region, the difference between
the hoop strains from the two analyses was insignificant above an internal pressure of
80 psig (0.55 MPa).

In Figure 5.1.4, radial displacement measurements from several gages located around
the inner circumference of the cylinder at the midheight are compared to the results
from the two finite element analyses. Similar plots in%i re 5.1.5 compare analytical
and experimental results for the radial displacement of the springline. During the
SIT, most of the radial displacement measurements at the cylinder midheight and
springline indicate that the structure initially moved radially inward. This behavior is
not predicted by either of the two finite element analyses and is alto not consistent
with hoop strain measurements made in .ne cylinder region. Most likely the inward
motion is not a real phenomenon and is, instead, associated with the way that the
displacement transducers operate at very small displacements. At the cylinder
midheight, the measured values of radial displacement tend to bracket the analytical
values from the Smeared Cracking Analysis and the No-Tension Analysis. At ihe
springline, however, the radial displacements measured during the SIT and HPT tend
to fol'ow the analytical results obtained in the Smeared Cracking Analysis more
closely than those computed in the No-Tension Analysis.

The strains in the vertical reinforcing bars in the cylinder region provide the best
evidence of the deficiencies in the smeared cracking constitutive model. Figure 5.1.6
compares strains measured in vertical reinforcing bars near the containment
midheight to the strains computed in this layer of reinforcement in the two finite
element analyses. The experimental data suggests that, above an internal pressure of
50 psig (0.34 MPa), the concrete contributes very little to the overall stiffness of the
structure in the vertical direction. In contrast, when the structure was analyzed using
the smeared cracking model for the concrete, the vertical stress in the concrete did
not exceed the tensile strength until the pressure inside the containment reached
110 psig (0.76 MPa). As a result, there is a very large discrepancy between the strains
measured in the vertical bars and the strains calculated in the Smeared Cracking
Analysis. On the other hand, the No-Tension Analysis matches the strains in the
vertical reinforcing bars with reasonable accuracy. The same trend is observed in the
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comparisons of the overall elonga!ion of the cylinder shown in Fizare 5.1.7. Here
again, the measurad change in the vertical length of the cylinder follows the results
from the No-Tension Analysis much more closely than it follows the results obtained
with the Smeared Cracking Analysis.

In Figure 5.1.8, comﬁarisons are made between the analytical and experimental
results for strains in the inside (Layer 2) vertical reinforcing bars in the cylinder wall
just above the basemat. Because ot bending, the strains in the insice vertical bars in
this region are larger than the strains in the verticel bars located higher in the
cylinder wall. Over most of the pressure ran e, the no-tension model comes closer to
matching the experiraental data than the crac ing model,

Comgarisons of results for rebar strains in the dome are shown in Figures 5.1.9 and
5.1.10. Both figures contain plots of the strain in the inside vertical bars (Layer 2
reinforcement). Figure 5.1.9 compares analytical and experimental results nedr the
springline, while in Figure 5.1.10 results are compared at a location halfway up the

ome. Near the springline, the strains calculated in the No-Tension Analysis were
much closer tc the experimentally measured values than those computed in the
Smeared Cracking Analysis. The plot of the strains measured at the gage located
halfw.y up the dome falls between the resaits from the No-Tension Analysis and the
Smeared Cracking Analysic.

5.1.2.3 Problems in Modeling Concrete Cracking

Comparisons of the analytical results and the experimental results indicate that the
tensile behavior of the concrete was very poorly modeled in the Smeared Cracking
Analysis. In fact, at most locations in the model, a better agreement between analysis
and experiment was obtained b ignoring the tensile strenfth of the concrete
altogether. Fortunately, the liner and reinforcing steel largely control the
deformation of the cylinder and dome at higher internal pressures so that even the
results obtained with the Smeared Cracking Analysis were frequently clese to ihe
experimental results.

Several factors probably contributed to the poor performance of the smeared
cracking n.odel used for the concrete. One factor that was not accounted for in the
concrete model was the fact that the rebar in the actual structure act as crack
initiators. Because of this, the concrete cracked at a lower value of "average" stress
than what was required to crack the direct tension test specimens and split-cylinder
specimens that were used to establish a value for the tensile sl.'enﬁth. A second
factor that was unaccounted for in the concrete cracking model was the presence of
rreexisting ~racks in the containment structure. Such cracks were observed in the
containment structure before the 1:6 scale model was pressurized in the SIT. Th~se
cracks probably developed as the result of shrinkage in the concrete during curing,
and as the result of temperature gradients that deve oped during daytime heating and
and nighttime cooling.

The no-tension model for the concrete performed quite adequately for evaluating tk
response of the containment model a. most locations. The no-:ension mude!
behaved better numerically than the smeared cracking model. Unfortunately, t*
tension model is limited in that it must be used with shell elements (if cont
elements were used, the wall of the containment would be unable * . .arn

shear forces), and it is definitelv not suitable for use in evaluating the w. ity o' ..,
section to resict shear loads that act normal to the wall (radial shear). Al sugh
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radial shear loads are a major concern near the Lasemat/cylinder wall juncture, it is
doubtful whether any ot the concrete models presently available can be used to
eviluate the load-carrying capability of a section subjected to this type of loading.
Given the larre uncertainty that exists in the “effective” tensile strength of the
concrete and also the large uncertainty in the initial state of the concrete (cracked vs.
uncracked), an axisymmetric shell analvsis with & no-tension material model for the
concrete should provide the same level of accuracy in predicting the structural
response Jf a heavily-reinforced containinent building as a more complex
axisymmetric finite element anzlysis where continuum elements are used in
conjunction with and a smeared cracking model for the concrete.

5.1.3 Analysis of the Liner Near a Piping Penetration

init> element analyses were conducted to determine which mechanisms were
r, ‘ause of the large breach in the liner shown in Figure 5.1.1i. These
. s1zongly suggest that the tear formed as the result of large strain
2 ¢ evolved in the 1/16 in. (1.59 mm) liner plate along the edge of
te: ', wie that surrounded the cluster of piping penetrations. The change in
ickres. = s region caused the liner to slip relative to the concrete wall. The
o se1eovion that ultimately caused the initiation of the tear was produced by
- sic {orces that developed in the stud anchors as they resisted slippage

Y he oer and concrete,

_er ption of the Penetration Region

iw¢ ciuster of penetrations next to the large tear was centered at the midheight of the
%vhndrical section of the coniainment building. A detail of this region is shown in

igure 5.1.12. The lines plate in this region had a nominal thickness of 1/16 in.
(1.59 mm) while the thickened glatc immediately surrounding the penctration had a
nomina, thickness of 3/16 in. (4.76 mm).

Roth the liner and the thickened plate were anchored to the wall by headed <tuds
that were welded to the ouier surface of the plates. Figure 5.1.13 shows the
dimensions of a typical stud anchor in this region. As the concrete wall was cast, the
heads and shanks of the studs became embedded in the concrete in an actual
containment building, the function of the anchorage sysiem is to prevent buckling of
the liner for cases in which the liner is exposed to elevated temperatures.

The studs around the penetration were arranged in a square grid pattern as shown in
Figure 5.1.14. On the liner near the thickenes plate and on the thickened plate itself,
the studs were placed with a 2 x 2 in. (51 x 51 mm spacing. Away from the
penetration region, the stud spacing was 6 x 6 in. (152 x 152 mm). The 2 x 2 ii.
51 x 51 mm) spacing represents an accurcte scaling from a typical full-sized
containment, while thie 6 x 6 in. (152 x 152 mm) spacing was i sed furthcr away from
the penetrations as a compromise in the 1:6-scale modei to reduce the cost of
~onstruction. The first column of studs next to the vertical edge of the thickened
p:alc was located approximately 0.5 in. (12.7 mm) from the edge of the thickened
plate.

5.1.3.2 Anchorage Tests

Shear tests were conducied to determine the shear stren1gth and shear force-
deflection characteristics of the stud anchorage system [12]. The specimens used in
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these experiments were fabricated bf' welding studs onto strips of a 1/16 in.
(1.59 mm) thick plate that was identical in thickness and mate rial to the liner
used in the cylindrical part of the 1:6-scale model. Specimens with one stud, two
studs, and four studs were fabricated in the configurations shown in Figure 5.1.15,
After the studs were welded to the liner plate, a concrete block was cast flush with
faces of the “pecimens so that the studs were embedded in the concrete block (see
Figure 5.1.16). In each test, load was applied through a pin located near the upper
end of each specimen, and the deflection at the head of each stud was measured as a
furction of applied load. The force-dis?lacemcm curves meusured in each of these
tests are shown in Figure 5.1.17, In this figure, the force that is plotted is equa!l to the
total load applied to the specimen divided by the number of studs on the specimen.
Two of the sinile-smd specim~ns apparently had weaker welds than the other
specimens. If the data for these two specimens are ignored, the force per stud at
maximum load in the rema ning tests is approximately 1450 1b (6.45 kN). All
specimens failed either in the weld or in the shank of the stud.

5.1.3.3 Finite Element Models

Figures 5.1.18 and 5.1.19 show the two finite element models that were used to
analyze the region of the liner surrounding the cluster of piping penetrations. In the
first analysis, the anchorage system was entirely neglected, while in the second
analysis the stud anchors were modeled with spring elements. The effects of friction
and bond between the liner and concrete are negiected in both models. The
reinforced concrete wall was not modeled explicitly in these two analyses. Instead,
the motion of the reinforced concrete wall was assumed to be unaffected by the
resence of the penetrations and idendical to that of an infinitely long hollow cylinder
oaded by internal pressure. This infinite concrete cylinder was assumed to be lined
with 1/16 in. (I.SJ)mm) thick steel plate and reinforced with the same amount of
vertical, hoop, and diagonal steel as was used in the midsection of the 1:6-scale
model. The tensile strength of the concrete was neglected in the infinite cylinder
analysis, Details of the infinitc cylinder analysis are provided in References 65 and
67. Figure 5.1.20 shows a comparison between the strains ccmputed from the infinite
cylinder analysis and the strains measured during the 1:6-scale model experiment iu a
vertical reinforcing bar and a horizontal re..forcing bar, both of which were located
behind the thickened liner plate. The excellent agreement between the measured
and computea strains justiiies the assumption that the motion of the reinforced
concrete wall is not appreciably affected by the presence of the penetrations.

In both finite element analyses the curvature of the cylinder wall was neglected, and
the region was modeled as a flat panel. Examination of the strain-displacement
equations shows that the use of a flat panel model is consistent with the assumption
that the radial displacement of the cylinder wall is unaffected by the presence of the
penetration and, therefore, uniform over the region.

§.1.3.3.1 Model without anchorage

The model shown in Figure 5.1.18 is a quarter-symme.iy finite element model that
was used to determine the straiu field that would develop near the cluster of piping
penetrations in the absence of liner anchorage. In all discussion which follows, this
analysis will be referred to as the "Anchorage-Free Analysis." The boundary
conditions tor the model were chosen based on tﬁc assumption that displacements on
tne top ecge, left edge, and pipe houndaries m.atch the displezements of the id=alized
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yafinite cylinder mentioned earlier. Referring 1o Figure 5.1.18, the boundary
conditions used in the analysis are as follows:

+ Right Edge: u, = 0 (symmetry condition)
« Left Edge: u, = x+7,(p)

-

Bottom Edge: u, = 0 (symmetry condition)

Top Edge: u, = y+7,(p)
« Nozzle Boundaries: u, = x+7,/p), u, = y+%,(p)
where,

p = pressure inside the containment,
x,y = horizontal and vertical coordinates relative to the lower right-hand
corner of the modei,
Lell, = horizontal and vertical displacements relative to the lower right-hand
corner of the model, aad
.7, = hoop and vertical strains from infinite cylinder analysis.

The displacement boundary conditions were applied in the finite clement analysis
thrcugh the use of a "user" subroutine linked to the ABAQUS code. This routine,
which was executed at the beginning of each load increment in the analysis,
determined the dispiacements at each location on the boundary basec on the strains
supplied from the infinite cylinder analysis.

§.1.3.3.2 Model with anci:orage

The plane stress finite element model shown in Figure 5.1.19 was used to evaluate
huw the liner anchorage system affects the strain field in the liner. This analysis will
be referred to as the "Point-Anchor Analysis" because the anchorage between the
concrete and the line was enforced at discrete points spaced thrcughout the region
surrounding the penetration. The problem was analyzed with the nonlinear geometry
option in effect to account for large strains and large deformations (note: The
ABAQUS code does not account for changes in the thickness of plane stress
elements. As a result, this analysis probably overestimates the stiffness of elements
that are in biaxial tension). The liner plate was modeled using 4-node bilinear
guadrilateral elements (CPS4) that were integrated with 2x2 Gaussian quadrature.

ach stud was modeled using a discrete spring element (SPRINGA). This particular
spring element has the property that the lite of action for the force in the spring
element remains paralle] to the line segment joining the two nodes that form the ends
of the element. In the analysis, the two nodes for each spring element initially
occupied the same location as shown in Figure 5.1.19. One end of each spring was
attached to the liner while the displacement of the opposite end of each spring was
specificd to follow the motion of the reinforced concrete wall. A force-deflection
relationship for the springs was defined based on the results of the stud anchor shear
tests that were described earlier. The idealized force-deflection curve is shown ir
Figure 5.1.21.

The boundary conditions for the Point-Anchor Analysis were very similar t) those
specified in the Anchorage-Free Analysis; however, the size of the finite element
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model was reduced in the Point-Anchor Analysis. This was accomplished by

eliminating the portion of the mesh bet.veen the vertical centerlines of the first two

riping peretrations and assuming that no circumferential slip develops between the

iner and concrete along the vertical centerline of the left-most piping penetration.

This approximation was made on the bas's of the results obtained from the

Anchorage-Free Analysis, which showed that the circumferential slir along this
0

vertical centerline was small. Specifically, the boundary conditions used

r the mesh
in Figure 5.1.19 were:

* Right Edge: u, = 0 (symmetry condition)
Left Edge: u, = x+7,(p)

+ Bottom Edg>: u, = 0 (symme:ry condition)

+ Top Edge: u, = y+z,(p)

+ Nozzle Boundary: u, = x-%,(p), Uy, = y+7,(p)

+ Concrete Side of Stud Springs: u, = X+Tp(p),uy = yez,(p)
5.1.3.4 Liner Material Properties
5.1.3.4.1 Uniaxial stress-strain data

A number of uniaxial tensile tests were conducted to determine the material
properties of the thin liner plate (1/16 in.; 1.59 mm) and the thick liner plate
(3/16 in.; 476 mm). The thin plate was made of A414 Grade D steel while the
thicker plate around the penetrations was made of A516 Grade 60 steel. Both
materials have a yield strength of gpproximately S0 ksi (245 MPa). Both the Ad14
steel and the AS16 steel show considerable strain hardening atter yielding. The A414
steel reaches a true stress of 82 ksi (565 MPa) at maximum load while the A516 steel
exhibits slightly more hardening and reachies a true stress of approximately 92 ksi
(634 MPa) at m ximum load. Figures 5.1.22 and 5.1.23 show the engineering stress-
straiii curves of the A414 and AS16 steels, respectively. A total of four uniaxial
tensile tests were conducted on the thin liner plate: two in the rolling direction, and
two in the transverse direction. The elongations at fracture were 21.3% and 30.0% in
the lrolling direction and 29.1% and 27.8% in the transverse direction for the Ad14
steel.

Figure 5.1.24 shows the equivalent stress-plastic strain curves used for the Ad414 stecl
and the AS16 steel in the Point-Anchorage Analysis. The hardening of both
materials was assumed to be zero beyond the plastic strain at maximum load in
uniaxial tension. Up to the point of maximzm load, these curves were based on "true"
stress and "true” strain as defined by the relationships

oy = (] ¥ CE)OE (5.]1)
& = l()g(l L L‘E) (512)

where oq is the "true" stress, oy is the engineering stress, ¢y is the "true" strain, and g
is the engineering strain.
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The equivalent stress-rlastic ctrain curves used in the analysis without liner
anchorage were essential the same as those shown in Figure 5.1.24 except that the
initial yield plateau was included in the curve for the thin liner plate. This init:al
yield plateau was eliminated in the Point-Anchorage Analysis (o circumvent
numerical problems associated with stiffening of the material.

£.1.3.4.2 Failure criterion

Several empirical criteria have been proposed for estirating the point of fractvre in
metals subjected to multiaxial loading conditions [46,68]). The cmpiricallrbascd
criterion proposed in Reference 46 suggests that the Von Mises strain at failure, ¢,
can be determined from the 1elation:

g = t'2[l—TFD] (5.1.3)
where ¢ is the tensile elongation and TFy, is the Davis Triaxiality Factor defined by
p——V ([ TS T
i [(04-09)%+ 0:’03)’*(03'01)’]°"

In E%uation 5.1.4, 0,, 04, and o4 are the principal stresses, and tensile stresses are
considered positive. Equation 5.1.3 holds for TFp > 0. For Tk, < 0, the fracture
strain is assumed to be equal to twice the elongation in uniaxial tension,

(5.1.4)

At the present time, there is no date which can be used to establich the acenuracy of
Equation 5.1.3 for estimating the fracture strain of 1~ liner material under « multi-
axial state of stress, In this vork, the tearing criterion is merely used as a point of
reference to compare against strains computed in the finite element analyses.

5.1.3.5 Analytical Results
§.1.3.5.1 Analysis without anchorage

In the Anchorage-Free Analysis (Figure 5.1.18), kinen 1.2 boundary conditions were
applied to the edges of the model incrementally, based on the strain history
calculated in the infinite cylinder analysis. Since the hoop and vertical strains in the
infinite cylinder analysis are parameterized by the pressure inside the containment
through the functions plotted in Figure 5.1.20, it is convenient to identify points in the
loading history in terms of the internal precsure, p. It should be kept in mind,
however, that only displacements were specified in the finile element analysis and
that a pressure houndary condition was not applied directly.

The ABAQUS code uses an "absolute” error (olerance to determine convergence in
nonlinear probiems. All residual forces must be less than the specified error
tolerance before the code moves to the next load increment. In this analysis, an error
tolerance of 10 1b (45 N) was used for pressures below 130 psig (0.90 MPa), and an
erior tolerance of S0 Ib (220 N) was used for internal pressures above 130 psig
(0.90 MPa).

Since there was no anchorage or frictional loa ling on the liner in th’ model, the "o
wvas free to slip relative to the concre.:. The components of slip in the
circumterential direction, au,, and in the vertical direction, au,, were computed from



the displacements obtained in the finite element analysis through the following
relationshipe:

au, = u, - Xx+7,(p) (5.1.5)
auy = uy - y-7,(p) (5.1.6)

where u, and u, are the dispiacements in the circumferential and vertical directions,
rcs?ectively. The components of slip in the vertical and circamferentinl directicns at
14/ Fsig (1.0 MPa) are shown in Figures 5.1.25 and 5.1.26. In this analysis, the slip
was largest along the vertical edge of the thickenad plate. At this location, the slip
was primarily in the hoop direction.

The larFest liner tear observed in the 1:6-scale model experiment propagated at an
internal pressure of 145 psig (1.0 MPa). The equivalent plastic strain in the free-
field, uway from the penetration, was 1.5% at 145 psig (1.0 MPa) according to the
rvsults from the infinite cylinder analysis. At this pressure, the maximum value of
e%uivr.:em plastic strain computed at an: location in the penetration rcgion was
2.8%. Figure 5.1.27 shows that this maximum was reachec in the 1/16 in. (1.59 mm)
liner plate near the corner of the 3/16 in. (4.76 mm) plate.

An equivalznt plastic strain of 2.8% is far less than what is needed to initizte a tear in
the liner. The Davis Triaxiality Factor (see Equation 5.1.4) must be less than or
equal o two for a state of rlane stress. The elongation of the 1 /16 in. (1.59 mm)
thick lin.r plate in uniaxial tension is approximately 30%, making the equivalent
plastic strain necessarg to cause liner tearing ot least 15% based on the tailure
criterion in Equation 5.1.3. The fact that the maximum equivalent plastic strain
counputed in the Anchorage-Free Analysis was much less than 15% indicates that
critical details were excluded from the analytical model.

5.1.7 €2 Analysis with anchorage

»'hen the penetration analysis without liner anchorage failed to produce strains
wufficient to initiate a liner tear, the model in Figure 5.1.19 was constructed to study
the effect of the liner anchorage system on the strain field in the penetration region.
In this analysis, kinematic boundary condi.ions were applied to the edges of the
model and to one node on each of the spring elements. The displacements specified
for the nodes on the boundaries and springs were increased incrementally based cn
the strain history calculated in the infinite cylinder analysis. The ABAQUS
convergence paramcter was set to 10 1b (45 N). This value is 0.7% of the limit load
measured for the studs. The convergence criterion was satisfied in each step of the
analysis. The dimensions of the elements between the first column of studs on the
1/1€ in. (1.59 mm) liner plate and the edge of the 3/16 in. (4.76 mm) plate were
0.1 in, (2.54 mm) in the horizontal direction and 0.25 in. (.35 mm)ni|n the vertical
direction, or 1.35 and 3.4 times the stud shank radius, respectively. ¢ dimensions
of the elements attached to the stud have a significant influence on the strains
2()mputed riext to the stud anchors. This point is discussed in more detail in Section
5.14.

As the containment wall detormed, forces developed in the studs as they attempted
to force the thickened plate to follow the motion of the wal!. The vector plot in
Figure 5.1.28 shows the relative magnitudes and directions of the forces that studs in
the vicinity of the piping penetration exerted on the liner. Not all of the stud forces
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increased monotonically with pressure as shown in Figures 5.1.30 and 5.1.31 (the
studs are labeled in Figure 5.1.29). In general, the forces in the first column of studs
adjacent to the thickened Flatc increased until a local max.mum was reached in the
stud force at approximately 70 osig (0.48 MPa) internal pre sure. This corresponds
10 the pressure when the lirer began tc yield locally around the studs in the first
column. The forces in studs S3, S6, and S7 began to increuse again at 99 psig
(0.c2 MPa). This increase continucd until the stud forces reached a maximum value
of approximately 1425 Ib (6.34 kN) at 145 gsig (1.0 MPa) internal pressure. The peak
value of the stud forces reached in studs S3, S6, and S7 was 25 1b (0.1 kN) less than
the shear strength of the stud. Above 145 Ksig (1.0 MPa) the stud forces began to
rapidl, decrease, und the shear strength of the stud was never reached. This second
interval of decreasing stud forces began when the ecuivalent plastic strain in the
elements connected to studs S3, S6, and S7 reached 15%. This is the strain level
where the liner material ceased to work-harden.

Although the shear strength of the studs was never reached in the studs that were
attached to the 1/16 in. (1.59 mn:) liner plate, the same was not true for the studs
connected to the 3/16 in. (4.76 mm) liner plate. Figure 5.1.30 shows that the shear
force in stud S2 increased monotonically with increasing internal pressure until it
reached the ultimate sh=zar strength of 1450 1b (6.45 kN) at an internal pressure of
132 psig (0.91 MPa). This suggests that some of the studs on the thicker plate may
have fractured during the 1:6-scale model experiment.

A contour plot of the equivalent plastic strain in the liner is shown in Figure 5.1.32
for an internu! pressure of 145 psig (1.0 MPa). The strains between the 2/16 in.
(4.76 mm) liner plate and the firs. column of studs on the . 16 in. (1.59 mm) liner
plate were much larger than those existing elsewhere in tne liner. The iargest plasti:
strains were reached in the elements that were directly connected to the stud anchors.
The sequence of plots in Figure 5.1.34 shows the maximum principal strain as a
function of distance from the insert plate in the first row of quadrilateral elements
next to the lower boundary of the mesh (see Figure 5.1.33). The abrupt changes in
the maximum principal strain clearly mark the locations of the studs. These plots
demonstrate how, as the internal prassure increased, the strain became increasingly
localized in Element A, the element connected to the first stuc next to the 3/16 1n.
(4.76 mm) plate. Figure 5.1.35 shows the stramn concentration factor for Element A.
Here, the str2in concentration factor is defined as the r~aximum principal strain in
Element A divided by the maximum principal strain in the free-field (the infinite
cylinder soluticn). Before yielding, the maximum principai strain in Element A was
‘wice as large as that in the frec-%icld. As the liner began to yield locally near the
stud, the strain concentration factor rose to approximately 11 and rcmameJ 2latively
constant for interna! pressures between 100 psig (0.69 Mlga) and 130 psig (0..0 MPa).
Above 130 psig (0.90 MPa), the strain concentration factor began to rise at an
increasing rate as strains began to localice in Element A. At 145 psig (1.0 MPa), the
strain concentration factor was approximately 23.

To compare the state of strain in the liner to the failu.¢ criterion in Equation §.1.3,
the fracture strain ¢, was computed at each location in the modei. A value of 30%
was used for the elongation at failure in uniaxial tensicn. The predicted fracture
strain was then compared to the equivalent plastic strain, z,. Figure 5.1.26 contains
contour plots of the ratio of 7, 10 ¢, at three different internal pressures. Failure is
predicted to occur when this ratio becomes greater than or equal to one. As
expected, the failurce ratio was largest in those elements connected to the first coiumn
of studs next to the insert plate. ‘I'he frilure ratio first reached a value of one at an
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internal pressure of 143 psig (0.986 MPa). (This fact is not reflacted by the contour
plots in Figure 5.1.26 because the strain was so localized that t. averaging process
vsed in the plotting routine reducad the peak values of the failure rauo.? As the
internal pressure increased, the zone of niaterial in which the failure criterion was
satisfied increased in size. In the neighborhood of the studs “:quation 5.1.3 predicted
that the equivalent plastic strain necessary to causc fracture was approximacely 60%
of the elongation at failure in uniaxial tension,

5.1.1.5.3 Liner thickness measurements

After the test, an accustic measuring device was used to measure the thickness of the
1{16 in. (1.59 mm) liner plate at several locations next to the 3416 in. (4.76 mm)
plate. These measurements were .nade in an attempt to estimate the plastic strain in
the thickness direction of the liner. If, as expected, the strain in the vertical direction
is small relative to the strain in the hoop direction, then the thickness strains obtained
from the measurements should be approximately equal in magnitude and opposite in
sign to the maximum principal strain and the equivalent plastic strain. ‘1he main
objective was to determine the conditions that existed =rior to the growth cf the tear.
For this reason, measurements were taken along tne eage of the insert plate opposite
frcia the end where the large tear was located. The liner strains along this e ge of
the insert plate should be very similar to those that existed in the tear region chortly
before the large liner tear propaga:ed

Small areas of the liner near each stud were visibly thinner than the rest of the lizer
in the region. Untortunately, the areas exhibiting the greatest thinning were so small
that the liner thickness could not be measured at these locations using the acous*'s
transducer., The smallest liner thickness measuremen: made witk the acoustic
measuring uevice was 0.063 in. (1.60 mm). This corresponds to a strain of
approximately -7% in the thickaess direction. Because of uncertainties in the
thickness measurements (+.001 in.) and variatiors in the initial thickness of the liner
(+.001 in.), the actucl strain in the thickness direction could have been anywhere
between -4% and -10% While this is a relatively large uncertainty, the
measurements tend to confirm that the regions of high strain whe -e the liner tear
could have initiated were highly localized around the studs.

5.4 Detatled Analysis of the Strain Field Near a Stud

In the "Point-Anchor Analysis" described in the previous chapter, the studs were
represented by spring elements. These snring elements introduced point-loads inio
the s)lane stress model of the liner. In a continuum problem (as cpposed to a beamn
or plate problem), a point load results in a stress singularity (i.e., the stresses become
infinite at the point of lcad application). For the penetcation analysis, this implies
*hat the strains in liner elements that are connected to studs will be a strong function
of the element dimensions. In fact, if the penetration problem were analyzed using
successively smeller liner elements, the criterion for liner tearing would be satisfied
next to the studs at successively lower pressures. Since the strains r :ar the swds are
used to estimate the pressure at *hich liner tears initiate, it is necessary to determine
if and when the strains in the e :>e1ts next to the point-loads are meaningful. To
investigate this point, the strain ueld in the liner plate adjacent to a stud was studied
using two-dimensional and three-dimen:ional finite element models. The results of
this detailed study indicate that a point-load model can be used to obtain reasonable
estimates of the stud force required to initiate a liner tear next to a stud provided that
the elements connected to the stud have sides whose length is equal to the stud radus.
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Finite element analyses were als » used to explain why the liner tore in the 1:6-scale
model test while the I'ner diu not tear in separate tests [12) of the liner and
ancheorage system in which the stud anchors were loaded in shear. In the stud-shear
experiments, all of the specimens failed either by fraciuring of the stud or by
fracturing ot the weld between the stud and liner plate. The liner plate did not
exhibit appreciable thinning in the vicinity of the stud in the stud-shear tests, while
the liner plate did exhibit thinning adjacent to studs located near the thickened plates
hat Zarounded the equipment hatches and piping penetrations in the 1:6-scale
model. The results of the present investigation show that this difference is primarily
attributable to the presence of membrane tension in the liner beyoncfwhat is
supplied Ly a single stud acting alone.

§.1.4.1 The Model Problem

The model problem that was analyzed is shown in Fi(fure 5.1.37. In this problem, a
square strip oi liner plate is modeled. The upper edge of the strip is fixed against
vertical motion. Initially, a traction of magnitude =, is applied alorg the lower edge
of the specimen. This stress is held constant while the center of the strip is pulled
downward under displacement control to simulate the loadinF resulting from the
shearing of a rigid stud. The initial stress, o,, is applied to simulate the fact that the
liner in the 1:6-scale model wes in a general state of tension before large stud forces
developed. These loading conditions are not intended to e ctly duplicate the
'oading seen at a specific location in the containment, rather the model problem was
constructed to address tne foilowing questions:

1. How cre the liner strains near the stud affected when the stud loading is
accompanied by a gene: a! state of membrane tension in the lin¢r?

2. How do specific modeling assumptiuns (two-dimensional versus ihree:
dimensional analyses, point-load representations versus distributed-load
representations for the stud) affect estimates of when liner tears initiate?

5.1.4.2 The Effect of General Membrane Tension on Liner Strains Near the Stud

The model problem was analyzed using the thre. dimensioral finite element model
shown in Figure 5.1.38. This mesh is ccmposed or eight-node biick ~lements
C3D8H). Two different loading conditions were analyzed. In the first analysis
Analysis 1a), ‘b2 initial stress o, was set eoual to zero. In the second analysis
Analysis 1b), the initial stress o, was set equal to the yield strength of the liner plate
to more closely simulate the conditions that developed in the lrg-scalc m -Jel. Both
Analysis 1a and Anaiysis 1b accounted for finite strains and large geometry changes
as well as material nonlinearities.

The effective stress-equivalent plastic strain curve used for the liner material is shown
in Figure 5.1.39. This piecewise linear curve was constructed from true stress-true
strain curves measured in uniaxial tensile tests [64). In these experiments, the true
stress and t-ve strain were determined by interrupting each tensile test several times
during the experiment and measuring the instantaneous cross-sectional area of *he
specimen. The true axial strain ¢ was then computed from the relationship:

e = 'n(Ag/A) (5.1.7)
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where A, is the original cross-sectional area of the specimen, and A is the
instantaneous cross-sectional area. The average value of the true strain jusi\ hefore
final fracture was greater than 70% while the elongation at fracture over a 2 in.
(51 mm) gauge length was approximately 30%.

Figure 5.1.40 contains a sequerce of plcts ‘rom Analysis 1a showing side views of the
ueformed shape of the liner .t four different levels of stud force. Fiﬁ:re §1.41
contains sirnilar plots from Analysis 1b. Figure 5.1.40 sk ws that in Analysis 1b,
where an imtial membrane tension was applied, the liner picte next to the stud begn
to thin rapidly when the stud force reachied approximately 1100 ib (4.9 kN). In
contrist, the liner plate did not begir to thin a preciabgf' in Anaiysis la vntil the stud
force had reacned a value of more than 1500 Ib (6.7 kN). This is consistent with the
results of the stud shear experiments conducted at Sandia. In these tests the studs or
stud welds failed when the force on each stud reached levels beiween 1400 and
1600 Ib (6.2 and 7.1 kN). No visible eviaence of thinning was observed in the liner
plat. at the conclusion ot the test.

The variation in the equivalent plastic strain near the stud is shown in Figrres 5.1.42
and 5 1.43 for Analysis 1a and Analysis b, respectively. In both cases, the gradient of
the plastic strain is significant in the thickness direction. The strains in the elements
that are iinmediately above the head of the stud are believed 0 be artificially hiﬁi\
due to *lie manner in which the displacement boundary conditions were applied. As
expected based on the deformed shapes, the plastic strains in the vic'nity of the stud
are much higher when the initial membrane tension is present (Analysis 1b). This is
oint is further illustrated by the plots in Figure 5.7.44, which show the plastic strain
iistory at a point located at the midthickness of the liner just above the stud at the
12 o'clock position. Figures 5.1.45 and 5.1.46 show how the plastic strain wt the
midthickness of the liner varies as a function of position moving outward, in the
vertical direction, from the center of the stud. In Analysis 1a, the elements near the
fixed end of the specimen were well below the yield point (the von Mises stress in
these elements was approximately 15 ksi (103 MPa) compared to a yield stren%th of
S0 ksi (345 MPa)) when the siud force reached 1530 It (6.81 kN) while, in
Anclysis 1b, the plastic strains near the fixed end of the specimen were between 6%
and 7% when the st ad force reached 1230 1b (5.47 kN).

5.1.4.3 Results from Twe-Dimensional A..als ses

The model problem was analyzed using the four plane stress finite element models
shown in Figures 5.1.47 and 5.1.48. These models are composed of four-node
quadrilateral elements (CPS4) The two-dimensional analyses corrzsponding to the
models in Figures 5.1.47 anc 5.1.48 will be referred to as Analyses 2-5. The
constitutive model in the two-dimensional analyses was the same as the one used ir
the three-dimensional analyses. Geocmetric nonlinearities in the plane of the iiner
plate were accourted for by using the nonlinear geometry option; however, the plane
stress elements do not account for changes in the plate thickness.

The objective of Analysis 2 wis o determine how the plane stress assumption affects
the equivalent plastic strain near ‘he stud anchor as compared to the results obtained
from a thre=-dimensional analysis. In Analysis 2, the finite element mesh was
identica! to .ue finite elemen. mesh used in the plane of the liner plate in the three-
dimensional model described previously. The bcundary conditions anu ioading
history applied in Analysis 2 .¢ i¢zntical to those applied in Analysis 1b; namely,
an initial traction equal to the yield strength of the liner material was applied to the
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lower ¢dge of the mesh, and then the nodes in the circular region above the stud were
moved downward,

In Analyses 3-5 the stud force was introduced at a single node. The only difference
between each of the three analyses is the size of the elements. In Analysis 3, the
elements connected to the stud were square, and the length, h, of cach side was equal
tn twice the radius of the stud shank, R. In the last two analyses, the squarc-shaycd
elements next to the stud were sized so that h=R in Anal;sis 4, and h=R/2 in
Analysis 5. This . ries of analyses was conducted to prove that the equivalent plastic
strain in the elew.ent next to the stud anchor is a strong function of element size when
the stud is modeled as a point load. Furthermore, these analyses were used to test
the hypothesis that when the «lements next to the point load are sized so that h=R,
then the equivalent plastic strain calculated in those elements is a good
apgroximation to the equivalent plastic strain next to the stud anchor as computed in
a three-dimensional analysis,

The equivalent plastic strain is an important parameter that enters into the tearing
criterion introduced in the pirevious chapter (see Equations 5.1.3 and 5.1.4). In
Figure 5.. 49 the stud force is plotted as a function of the equivalent plastic strain just
above the stud for the three point-load analyses and for the three-dimensional
analysis, Analysis 1b. Note that Analysis 4 exhibits the best correlation with the

~ .ts from the three-dimensional analysis. In Analysis 4, the element sides adjacent
to the pcint-load were equal in length to the :adius of the 2tud shank., The
relationships between the stud force and the equivalent plastic strain ahead of the
stud in Analysis 1b, Analysis 2, and Analysis 4 are compared in Figure 5.1.50.

The most important point of comparison hetween the various analyses is the stud
force at the onset of tear initiation. Figure 5.1.51 shows a plot of the "failire ratio" at
four locations through the thickness of the liner plate near the edge of the stud
(Analysis 1b results). Here, the failure ratio is defined as the ratio of ¢ to the failure
strain ¢ defined in Equation 5.1.3. The failure cnterion suggests that the n.aterial at
Point A will fail when the stud force reaches 1120 Ib (4.99 kN). Points B and C reach
ihe failure point at slightly higher values ot stud force. In reality, as a material
element fails it will shcg i's load to the surrounding material, thus increasing stresses
in the adjacent material. In the analyses reported here, the material was assuined to
continue to harden even after the fuirurc point was reached. Judging from the rate at
which the fuilure ratio increases at Points B, C and D, it is likely that a tear would
penetrate through the thickness of the liner plate at approximately 1120 Ib (4.99 kN).

Figure 5.5.52 compares the tailure ratio calculated at the edge of the stud in
Analysis 2 and Analysis 4 to the fuilure ratio at the center of the liner in Analysis 1b.
The failure ration for Analysis 1b was computed at Point B shown in Figure 5.5.51.
From Figure £.1.52, Analysis 1b predicts that *earing will initiate at a stud force of
1130 1L (5.05 kKN, Analysis 2 pre(s‘icts that liner tearing will initiate at a stud force of
1250 Ib (5.56 kN), and Analys's 4 predicts ihat liner tearing will initiate at a stud force
of 1030 1b (4.58 kN).

5.L.5 Closure
The agreement between the experimental results and both sets (No-Tension Analysis
and aad Smeared Cracking Analysis) of axisymmetric finite element results was

reasonably good, especially at higner pressures where the reinforcing steel dominated
the response. In general, the stiffness of the 1:6-scale model decreased much more
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ravidly than predicted by the Smeared Cracking Analysis. The poor performance of
the smeared cracking material model can be partially attributed to the presence of
cracks that existed in the concrete befoie the Structural Integrity Test was conducted.
'a addition, the smeared cracking model did not reflect the fact that the rebar acted
as crack initiators, thus reducing the "apparent” tensile strength of the concrete.

Based on the results of this exercise, it appears that an axisymmetric shell analysis
coupled with a no-tension material model for the concret zan be used to
characterize the global response of a reinforced concrete containt. .« at building with
reasonable accuracy. Although a shell analysis does not model tb- mechanisms that
~n lead to a radial shear failure at the basemat-cylinder wail juncture, it is also
unlikely that the concrete cracking models presentl available can be relied on to
capture this type of phenomenon in a continuum-based finite element analysis. In
short, we feel that for analyzing heavily reinforced containment structures, an
axisymmetric continuum analysis using present-day smeared cracking models offers
no advantage over a simpler shell analysis in which the tensile strength of the
concrete is altogether ignored.

A two-dimensional plane stress ana.vsis of the regioi surrounding a pipin
penetration suggests that the large liner tear that propagated in this region imliatcg
as the result of concentrated shear loads thur developed in the stud anchors as they
attempted to resist slippage between the liver and concrete. This slippage was
induced hy the transition from the thinner line* plate used in most of the cylinder
region to “he thicker liner plate that encircled the viping penetration. Results of the

enetration analysis imply that the liner tear initia\»d at an internal pressure slightly

elow 145 psig (1.0 N{l”a). This is very close to t.e internal pressure at which a
sudden ans very large increase in leakage was observed in the 1:6-scale mode!
expeiiment,

The results from the two-dimensional penetration analysis and the more detailed
studies of che strain field near a stud anchor suggest that that the primary
mechanisms that cuase linei tzaring near penetrations in reinforced concrete
containments are not three-dimensional in nature, but can be captured with a simpler
two-dimensional analysis. If this proves to be the case in general, it will be possible
to avoid the numerical problems associated with analyzing these regions using more
complicated three-dimensional models. Such simplifications are necessary in order
to make the analysis of penetrations tractable in futu: ¢ safety studies of containments
at existing nuclear power plants.



AXIS OF SYMMETRY

Typical element length

a 7 in. throughout the
{ structure

Cylinder and basemat con-
nected using a multi-point

constraint on the slope and
displacement components at
/ these locations

CYLINDER

BASEMAT

Figure 5.1.1 Shell Model Ued in Axisymmetric Shell Analyses
of the 1:6-Scale Containment Building.
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Figure 5.1.19 Plane Stress Finite Element Model
of the Penetration Region With Liner Anchorage
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Figure 5.1.25 Vertical Component of Slippage Between the Liner and Concrete
at 145 psig (1.0 MPa) (Results from Anchorage-Free Analysis)
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Figure 5.1.26 Circumferential Component of Slippage Between the Liner
and Concrete at 145 psig (1.0 MPa) (Results from Anchorage-Free Analysis)
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Figure 5.1.27 Equivalent Plastic Strain in the Penetration Region
at 145 psig (1.0 MPa) (Results From Anchorage-Free Analysis)
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Figure 5.1.37 Model Problem for Studying Strains in the Liner
Near a Stud Loaded in Shear
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5.1.49 Stud Force as a Function of the Equivalent Plastic Strain
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§.2 Argonne National Laboratory

This section was auth.ced by P. A, Pfeiffer and J. M. Kennedy of the Reacior
Analysis and Safety Division at Argonne National Laboratory and A. H. Marchertas
of the Mechanical Engineering Department at Northern Illinois University.

£2.1 Introduction

A prediction of the response of the Sandia National Laboratories 1:6-scale reinforced
concrete containment model test was made by Argonne National Laboratory (ANL).
ANL along with nine other organizations performed a detailed nonlinear response
analysis of the 1:6-scale model containment, which was subjected 10
overpressurization in July 1987, The two-dimensional code TEMP-STRESS [15-19]
and the three-dimensional NEPTUNE [20-22] code were utilized (1) to predict the
global response of the structure, (2) to identify global failure sites and the
corresponding failure pressures, and (3) to idemi{y some local failure sites and
corresponding pressure levels, A series of axisymmetric models was studied with the
two-dimensional computer program TEMP-STRESS. A three-dimensional model of
a cylindrical sector, including one penetration, was analyzed with NEPTUNE. The
comparison of these pretest computations with test data from the containment mode!
has provided & tesi for the capability of the respective finite element codes to predict
global failure modes, and hence serves as a validation of these codes. Only the two-
dimensional analyses will be discussed in this section.

Three axisymmetric models have been analyzed [23] and are displayed in Figures
§.2.1-5.2.3. The first (Figure 5.2.1) is a simplified model which only represents the
cylindiical and spherical containment shell and omits the basemat. The basemat is
included in the two more complex models %Figures $22 and $.23). The comﬁlcx
models also include representations of the foundation and sliding interfaces which
permit separation and sliding between components of the basemat and the basemat
and foundation. The Furpose of this third model (Figure 5.2.3) was to investigate the
potential for failure of the wall and basemat juncture in detail.

The three two-dimensional models all indicated failure at 180-185 psig
(1.24-1.28 MPa). However, the three models predicted 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 fai'ure
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 two-dimensional models all predicted similar sequences of initial damage:
meridional cracking commences at the vessel base at 25 psig (0.17 MPa); yielding of
the liner begins at the midpoint of the cylinder at 100 psig (0.69 MPa) and propagates
qu and down; yielding of the hoop reinforcement starts at 120-125 psig
(0.83-0.86 MPa). More detail is available in Reference 23.

£.2.2 Comparison of Computed Results with Experiments
Low and high pressure tests of the containment were completed in July 1987. The

low pressure test was a structural integrity test (SIT), in which the containment was
subjected to 53 psig (0.37 MPa). This is 1.15 times the design pressure of 46 psig
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(0.32 MPa). No leakage of the structure was observed at 53 psig (0.37 MPa). Crack
mapping, displacements, and strains were recorded at various pressures. The
purpose of the high pressure test was 1o determine the ultimate failure pressure. As
in the SIT, displacements and strains in the containment were recorded at various
pressures,

The experimental results of the hi*h pressure test indicated a maximum internal
ressure of 145 psig (1.0 MPa). Failure occurred due to the liner ripping at various
ocations, which resulted in the release of internal gases through the concrete and

decrease in internal pressure. The locations of failure are around equipment hatches

and penetration insert plates that are at the midheight of the vessel. This agrees with
the results of the analyses, which indicated that the concrete is heavily cracked at
these locations; once the liner rips, the pressure wiil decrease.

The models employed for the analyses all indicated failure at 180 to 185 psig (1.24 to
1.28 MPa). The major reason that the analyses predicted a higher failure pressure
than observed was that the axisymmetric models only cepture the global response.
Details of hatches and insert plates, which cause the stress concentrations, would
have to be analyzed through local models. However, the global models do predict
the experimental displacement and strain response in the free-field (away from the
penetrations) of the vessel quite well,

Displacement and strain gages were distributed throughout the containment and data
were obtained during the internal pressurization. A comparison of the uniform
response data and the pretest predictions is given in Figures 5.2.5 through 5.2.53.
Most of the comparisons are for the first model, shown in Figure 5.2.1, which is titled
‘R. C. SHELL" in these figures. In cases where this model was inappropriate for a
reasonable comparison, the second model, shown in Figure 5.2.2 was used and titled
‘R. C. SHELL AND BASEMAT", No comparisons are given for the third model,
showrl\ in Figure 5.2.3, because it gave essentially the same results as the second
model.

Displacement Response
Table 5.2.1 cross-references the figure number with the data channel number,
azimuthal angle and elevation of the measuring point. For a reference point, the
elevations and azimuthal angles are given in Figure 5.2.4. The radial displacements
of the liner are given in Figures 5.2.5 through 5.2.10 for elevations of 6, 11.2, 13, 15.4,
17.9 and 20.1 f1, resg}ecuvely. Vertica! displacements of the liner are given in
Figures 5.2.11 through 5.2.16 for elevations of 6, 11, 15 ft, the springline and the
dome aﬁcx, respectivcl,y. Figure 5.2.17 is the basemat uplift. A couple of remarks
about the vertical displacement plots should be noted. In Figure 5.2.13 the original
experimental data indicated the displacement gaPe was not zeroed out, so all the data
oints were adjusted downward by 0.086 in. In Figure 5.2.15, the "R. C. SHELL"
pretest) and "STEEL SHELL" (zero tensile strength concrete) results give the
relative displacement between the dome apex and the junction of the basemat and
wall (see Figure 5.2.1). Therefore the experimental data in Figure 5.2.15 was
adjusted by subtracting the basemat uplift (Channel 169) from the dome apex
displacement (Channel 205). No adjustment on the experiment data was needed for
Figure 5.2.16, because the "R. C. SHELL AND BASEMAT" models the basemat

uplift. In Figure 5.2.17, the original experimental data indicated the displacement
gage was not zeroed out, so all the data points were adjusted upward by 0.0338 in.
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A very good comparison between the experimental and numerical results is obtained
for the radial displacements. The nonlinear response due to plasticity in the rebar
and liner is modelled quite well and is evident after 125 psig (0.86 MPa) in the plots.
Figures 5.2.5 through 3.2.10 show a distinct jump between 40 and S0 psig (0.28 and
0.34 MPa) in the pretest predictions. This jump iz attributed to pronounced hoop
crack formation in the concrete throughout the structure's thickness with very little
softcnin* that is, the cracks open up completely and dcvel? fully. (Note: Softening
was included in the analysis, see Reference 23 for details). However, the
experimental resnlts do not indicate this of behavior. A reasonable agreement
for the vertical displacements is obtained only after the pressure reaches about
12§ psi{g (0.86 MPa), although the numerical results are significantly shifted to the
right of the experimental data. This discrepancy probably originates from the same
cause as the jump in the numerical results in the radial displacements.

In the vertical response, it was observed numerically that concrete cracking in the
meridional (axial) direction occurred for pressures of approximateiy 40 to 115 psig
(0.28 t0 0.79 MPa). The experimental data does not support this observation. is
lack of observed cracking will be further discussed in Section 5.2.3. The basemat
uplift, which was depicted in Figure 5.2.17, indicates that this absence of observed
cracking could explain many of the differences in results. However, in spite of those
caveats, the overall agreement is sufficiently good for most engineering purposes.

Liner Strai

Table 5.2.2 cross-references the figure number with the data channel number, and
azimuthal angle and elevation of the measuring point. Maximum principal strains of
the liner are given in Fifures 5.2.18 through 5.2.34 for elevations of 4.1, 5.2, 8 8.9, 9.9,
10.7, 11.6, 13.1, 14.1, 15.5, 16.2, 17, 17.8, 19.2, 20.1, 20.7 and 23.9 ft (springline),
respectively. When the maximum grincipal strain is compared, the direction of the
strain cannot be easily depicted in the plots. In most cases the dominant strain is the
hoop strain, however some axial strain effects near the springline are present
(Figure 5.2.34). The dominance of the hoop strain can be observed from the figures
because the strain jumps between 40 and 50 psig (0.28 and 0.34 MPa) just like the
radial displacements of the liner. After the strain jump, the experiment and the
pretest predictions tor the maximum principal strains compare favorably.

In Figures 5.2.19, 5.2.21 and 5.2.25 the pretest results are at approximately the mean
of the experimental results. For Figures 5.2.18, 5.2.26, §.2.27, 5.2.28, 5.2.29, 5.2.30,
§.2.31, 5.2.32, and 5.2.33 the comparison is very good; even the nonlinear response
above 125 psig (0.86 MPa) is modelled quite well. The results in Figures 5.2 20,
§.2.22, 5.2.23, 5.2.24, and 5.2.34 did not compare very well. In Figures 5.2.20 and
5.2.34 the pretest results underpredict the experiment response, and in Figures 5.2.22,
§.2.23, and 5.2.24 the pretest results overpredict the experimental response. No
rmonablc explanation can be given. Overall, the results of the liner strains look
good.

Rebar Strains

Table 5.2.3 cross-references the figure number with the data channel number,
azimutha! angle and elevation, and rebar iayer of the measuring port. The rebar
layers are ilfustratcd in Figure 5.2.54. The hoop rebar strains are given in
Figures 5.2.35 through 5.2.43, for elevations of 13.4,4.2, 6,75, 9.5, 12.8, 13.8, 16.25, 19
anc 21.4 ft respectively. Figure 5.2.35 is for layer 1 and Figures 5.2.36 through 5.2.43
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are for layer 6. The Tgmest predictions and the experimental hoop rebar strains
compare very well, ¢ nonlinear re;g:nu due to plastic streins in the rebar was
successfully modelled. The nonlinear behavior is pronounced after about 125 psig
(0.86 MPa). As before in the radial displacement and maximum rincipal liner
strains, there is a jur_m in strain for the pretest results at 40 through 50 psig (0.28
through 0.34 MPa). This behavior was attributed to the predicted hoop cracking at
40-50 psig (0.28-0.34 MPa).
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