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AB31RACT
:

!

In July,1987, a 1:6-scale model of a reinforced concrete containment building was
pressurized incrementally to failure at a remote site at Sandia National Laboratories.
The response 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 basts.

Extensive analyses were conducted before the test to predict the behavior of the
model. Ten or ganizations in Europe ud the U.S. conducted independent an_a_ lyses of
the model and contributed to a report on the pretest predictions NUREG
4913). Predictions included structural response at certain predetermin(ed locatio/CR-;

ns 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'

;

L insight into the model behavior are also described. 'Ihe significance of the analysis |
| and testin{; of the 1:6 scale model to performance evaluations of actual containments

subject to xyond 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 model 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 leamed much about the accuracy and sources of uncertainty in current
analysis techniques.

Ten organizations in Europe and the U.S. conducted independent analyses of the i

model and contributed to a report on the pretest predictions (NUREG/CR-4913):

. Sandia National Laboratories (SNL)), USA. Argonne National Laboratory (ANL , USA

. Electric Power Research Institute (EPRJ), USA

. Commissariat a L'Energie Atomique (CC< A , France -

. ~ HM Nuclear Installations Inspectorate

. Comitato Nazionale per la ricerca e per(NI , U.K.luppo dell'Energialo
Nucleare e delle Energie Alternative

. ~ Atomic Encry Authority, Safety and Reliab(ENEA), Italyility Directorate (AEA), U.K.

. Gesellschaft x0r Reaktorsicherheit (GRS), FRG

. Brookhaven National Laboratory

. Central Electricity Generating Boa (BNL), USArd (CEGB), U.K. ,

-

In addition to these ten, Taiwan Electric Power Company (TEPCO) and Japan
Atomic Energy Research Institute
concrete containment model. How(JAERI) also conducted analyses of the reinforcedever, 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 te port 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 3-1contamment modelis sincer/2 years to the analysis of the reinforced concreteely appreciated. In particular, the efforts of the following
individuals are gratefully acknowledged: J. F. Costello

(SNL), J. M. Kennedy, P.(USNRC); W. A. vonRiesemann and J. R. Weather A. Pfeiffer, and R. F.
Kulak (ANL); H. T. Tang (EPR ; R. A. Dameron and Y. R. Rashid (ANATECH);
M. Barb 6, Ph. Jamet, and A. M liard (CEA); I. Todd and R. J. Stubbs (NII D.
Collier and B. Walker (Ove Arup), G. Pino and G. Orsini (ENEA); D. Philhps);and
M. Bleackley (UKAEA), P. Gruner and W. Kuntze (GRS), F.-H. Schl0ter (Univ. of
Karlsruhe), and C. Lomas (CEGB).

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

In the unlikely event of a severe accident, the pressure and temperature inside a
containment building may significantly exceed th~e loads for which it was designed.
Because containment buddings in ligbt water reactor nuclear 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 mitigation, and safety assessment. Testing and analyses of r,cale models of |
Jsteel-and remforced concrete containments pressurized to failure have been |

conducted at Sandia National Laboratories as part of the Containment Integrity

The ultimate objective of these programs is to develop test validated meth(ods fo)rPrograms, which are sponsored by the U.S. Nuclear Regulatory Commission NRC .
i

l

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 July 1987. This model failed due to a lar e tear in the liner
at 145 psig (1.0 MPa) or 3.15 times its design 3ressure of 46 sig (0.317 MPa). ,

Extensive analyses were conducted of this model >oth before an after the test by a
number of organizations in the U.S. and abroad. The pretest analyses and ,

oredictions for the capacity and failure mode of the 1:6-scale model were published

robin analysic(before the test) in NUREG/CR-4913. This final re
> ort on the round-n May 1987

describes comparisons of the pretest predictions witi 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
both the pretest predictions and posttest evaluations are listed below:

. Sandia National Laboratories ( , USA

. Argoane NationalLaboratory( , USA

. Electric Power ResearchInstitute RI), USA

. Commissariat a L'Energie Atomiq(ue (CEA , France

. HM Nuclear Installations Inspectorate (NI , U.K.

. Comitato Nazionale per la ricerca e per lo dell'Energia
Nucleare e delle Energie Alternative (E , Italy

. Atomic Energ Authority, Safety and Reliability Di) rectorate (AEA), U.K.

. Gesellschaft x0r Reaktorsicherheit (GRS), FRG

In addition to those listed above, the Central Electricity Generating Board (CEGB),
, USA, also participated in the

U.K., and Brookhaven National Laboratory (BNL)id not contribute to the posttest
pretest analysis report. However, CEGE and BNL d
evaluations. Analyses were also conducted by Japan Atomic Energy Research
Institute and Taiwan Electric Power Company (both organizations have mformation
exchange agreements with NRC), but because they did not begin their involvement
until much .ater 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 coordinated by SNL. For the
pretest analyses, each organization was supplied with the same basic information,
which included the aonstruction drawings, specifications, and material properties.

1-1
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Descriptions of aretest predictions, which included standard plots and response

milestones in addition to estimates for capacity 1 cation in the pretest anaysis report.
and failure mode, were arovicled to

Sandia in February and March 1987 for pub,
The experimental data was sent to all the organizations 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 Involved 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 exchange ofideas 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
Workshop on Containment Integrity, held in Washington, D.C. from June 14-17,
1988.

>

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 on the test. Second, a large number
of state-of the-art finite element codes were applied to the an is of the model-

' including ABAQUS, ADINA, CASTEM, NEITUNE, NFAP, and TEMP-
STRESS - and validated for global response. Third, sources of uncerta nty and error
in the analysis have been identified and improvements have been made in modelling.
Fourth, there is an emer
criterion for liner tearing. ging consensus on modelling techniques and evaluationTie insights obtained from the posttest evaluations have
been greater than any one group could have accomplished alone; this is lar
result of the diversity in ?erspective und approaches taken by the roandgely arobin '

analysts. Finally the rounc robm analysis has enhanced the exchange of ideas and
information on co, ntainment performance and related topics, and it is sincerely ho3ed
that the contacts and associations that have been formed through this analysis ef fort
w11 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
j posttest investigation of the shear behavior at the cylinder basemat junction under
I contract to Sandia; a progress report on their work is also included in Section 5.
L Concluding comments are made in Section 6. A brief summary of each of these three

sections is provided below.

Pretest Predictions vs. Eroerimental Results

Pretest ('best-estimate') hredictions for the capacity of the model varied from 130 to
'

190 psig (0.896 to 1.31 Pa). Analysts were also asked to provide the maximum I

pressure at which they had high confidence there was a low probcbility of failure;
1 .- with just one exception, these numbers were less thrsn the pressure at which the

.

model failed 145 psi ,1.0 MPa . That estimates for capacity t
be conservativ(e werexlow the a)ctual failure pressure is reassurm, hat were intended to|| 3

| g. '

| The main source of error in the analyses was in the interpretation of failure, not in
I 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 differences in concrete'

;

constitutive models; interestingly, d dome behavior,a no-tension model for concrete appears to provide
'

,

the best results for the cylinder an jL ,

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 i

important reason that failure was not correctly interpreted by most analysts.
| Although most recognized the possibility of liner tearing, the sublective judgement
L was that local strain concentrations would not be great enough, given the high
j. 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 able to accurately predict the range!

for the capacity and the mode of failure (lmer tearing), but not the location of failure.
Unfortunately, EPRI's approach entailed a good deal of subjective judgement,
because their calculated strains were well below the ductility of the material.

|
Certainly the test bears out EPRI's judgement, but posttest evaluations at Sandia,

L CEA, and GRS have led to considerable refinement of this approach, especially into
|- the magnitude of liner strain concentrations and the design features that cause them.
L
! The analysts that overpredicted the caaacity of the model overlooked the liner

tearing mode, in part because they tellec on axisymmetric 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 suggest that the ultimate 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 moments. 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)f
has been estimated at 450 psi 3.10 MPa), or 5.7M at the maximum test pressure o

evaluation criterion). This is si nificantly higher than design codes would allow. An145 psig (1.0 MPa
for shear f ilure remams as a difficult and important challenge.

Posttest Evaluations

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

1) Liner tearing - A number of groups conducted analyses to understand the
major tear that occurred adlacent 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

1-3
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details. Yet, despite the broad diderences 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
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, specificall , the studs. The
studs resist slip between the concrete and the hner. Si ficant slip occurs -

at insert plates because of their high stiffness rela ive to the nominal
ithickness iner and, as a result, the studs impose significant loads on the ;

liner at such locations. With studs modeled, SNL CEA, and GRS '

calculated liner strain concentrations of ten or more t,mes the free-fieldi
strain near the maximum test pressure. GRS considered several different
models for liner tearing,includm
concrete was explicitly modeled. g one in which the stud embedment in the t

CEA performed an interesting sensitivity -

- study; by removmg the first row of studs on the nominal thickness liner
next to the insert plate, they found that the maximum local strain was

. reduced by about half. SNL conducted additional calculations to '

understand the stud shvar behavior that provided two interestingi

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 t
the liner anchorage system failure mode (i.e., stud failure vs. liner r

tearinJ) may be invalid.1 Liner membrane yield loads, which in an '

actual containment precede the development of high stud shear
7- loads, must be represented.
,,

i 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) dis/ penetrations) placement that occurs near major cracks adjacent tois an important mechanism in the formation of hner tears.,
'

Sandia does not feel that this is a significant mechanism in areas with
geometry similar to the mechanicalfelectrical feedthrough penetration

1. The tests typicall,y 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,

1-4
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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, SNI, EPRI, ENEA, and GRS all
adopted the same criterion for evcluating 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 i

; liners. The progress towards an agreement on a strain criterion for liner
tearing is an encouraging development.

! 11) Basemat uplift - There was considerable variation in the pretest
i predictions for.basemat uplift, none of which accurately reflected the
L measured pressure-history response of the model over the entire range of -

4

! pressure. Basemat uplift is significant in that it affects the shear and '

L moment forces in the cylinder wall at the juncture with the basemat, which
may 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 reducing
uplift). Several groups modeled the fill slab explicitly with improved
results. GRS performed an interesting analysis that indicates the
stiffening effect of the fill slab is primari y 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 dams.

,

The analyses also indicated that basemat uplift had little effect on the
stresses or strains in the cylinder and dome at alllocations 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

The effect of these features is uncertain. presentec
in the 1:6-scale model.numerous discontinuities that were not re

iii) 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 stram measurements to estimate the nominal
shear stress at the

linder base. At 145 psig,is high relative to many of the
the nominal shear stress was

which is 5.717approximately 450
'

nfortunately, th. Thisere is still no generally recognizeddesign code rules.
criterion for evaluating shear capacity of reinforced concrete sections
subject to simultaneous application of tensile loads and bending moment.

1-5
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. iv) Precracking - The experimental 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

small diameter of the ) bars used m the modelnot to the same extent .~ Shrmkage cracking, low pressure cycling, and the
properties comparable to the large bars used(nich may not have bond

*

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
night (not an unusual occurrence in the Albuquerque ar(ea). ) from day to

:

Concludinn 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

- developing 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
membrane loading of the liner (before the development of high stud shear

,

'

forces)? -

. To what extent is the magnitude of liner strain concentrations affected by
friction and bond between the concrete and liner; by dislocation motion 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 (

l propagation in the 1mer?
!

| Sandia is develo? ng a plan for ' separate-effects' tests with the objective of addressingi
these questions for remforced concrete containments as well as prestressed concreteE

l

containments, which typically use line anchors to attach the liner to the concrete.

Furthermore, investigation and validation of methods for evaluating other potential
failure modes is still needed. Shear failure is particularly difficult to evaluate; there.

is no generally recognized, reliable method of determining shear capacity of a
I

r

i 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 liner is one means for obtaining much needed data on the shear behavior of the
cylinder-basemat intersection. Fai.ure of large rebars where they are bent around,

: penetrations has occurred in test specimens at relatively low plastic strains

workmg on the available ductility of thes)e bars should be studied further.(compared to the bars ultimate strain in an EPRI program. The effects of cold

The fact that liner tearmg was obtained in the 1:6-scale model does not by itself
areclude different failure modes in actual reinforced concrete containm:nts. For
Lnstance, the faibre mode and capacity can be extremely sensitive to specific design
details. If the stud spacing had been different, CEA's analysis suggest that liner

i

tearing would have have been delayed, thereby increasing the likelihood of a
|
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dif.'erent failure mode. De 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, build up within the containment and anotheri.e., for very high rates of pressurization, liner
tearing may not arrest the pressure
failure mode could occur at slightly higher pressure, his is the basic reason for the

,

emphasis on the development and validation of analysis methods. A reliable
eva luation 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) evaluation for reinforced concrete
containments.

f
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2.0 INTRODUCTION

2.1 Background
!

Containment buildings in nuclear power plants are designed as the last engineered
barrier yreventing the release of radioactive material to the environment. As such,
the per ormance 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 a containment may si,gnificantly exceed
the loads for which it was desig,ned. Under these conditions, it is important to
understand the nonlinear behavior of the structure and its functional limits. This
information is vital to reliable emergency preparedness, accident mitigation, and risk i
assessment.

The U.S. Nuclear Regulatory Commission (NRC) dated methods that can be used tohas established a set of programs
with the ultimate objective of developing test vah
accurately predict the performance of LWR containment buildings subject to loads
beyond the design basis. The emphasis is on methodology because containment
performance must be evaluated on a case-by-case basis as there has been little
standardization in containment designs in the U.S. Experiments are designed to
g;enerate data that can be used to evaluate analytical methods and to make
improvements and modifications to the methods as necessary. The programs are

known collectively as the Containment Integrity Programs [boratories (Sandia).1]; they are managed bythe Containment Technology Division at Sandia National La
:
; Performance of the containment system for loads beyond the design basis is based on
; a functional definition of failure. Since the containment function is to prevent

release of radioactive material and thereby protect the public from harmful
i

. leak occurs, performance can be considered to be compromised when a significant
exposures,

| where significant is that level at which leakage ses a detectable risk to
| the public, genera ly taken to be about 10% volume day. For emergency

pre,paredness and accident mitigation, it is important to ave a high confidence'

I estimate.of the maximum pressure at which the containment will not 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
1

| . the beation of failure.
1

A reliable rnethodology for predicting containment performance must consider these
issues for all potentialfailure mechanisms, including failure to isolate, leakage past

! the sealing surfaces of penetrations, and tearin,g or other material failures of the
containment shell. The failure mechanisms bemg considered in the Containment

of rem,rity Programs are listed in Table 2.1. The focus of this report is on the behaviorIntegi

| forced concrete containment shells.

Because many containment failure modes a.re associated with extremely complex ;

phenomena, including, highly nonlinear structural response, experimental 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

i
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tests to provide benchmark data for validating analytical methods to predict
containment performance. Other completed tests include four 1:32-sca e steel
models, a 1:8-scale steel model includin

g an operable equipment hatch [3 5)d a full-
,3 full-

size electrical penetration assemblies [6', seal and gasket materials [7,8), an
size personnel airlock
and the other pressure u[9]. Two operable equipment hatches, one pressure-seatingnseating, 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 1

Considered in Sandia's Containment Integrity Programs |
)

I. General Shell Failures II. Penetration Failures I
J

A. Structural failure A. Scaling failure I

1. Steel containments: 1. Operable penetrations:
Shell tearing Unseating of covers

Sleeve ovalization
2. Reinforced concrete: Collapse ofinflatable seals

Liner tearing
Transverse slear failure 2. Fixed penetrations:
Rebar failure Electrical Penetration Assemblies

Isolation Valves
3. Prestressed concrete:

Liner tearing B. Structural failures
Shear failure
Rebar failure 1. Bellows expansion joint:i
Tendon failure

2. Bucklin g:

Torisp serical 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 identify potential failure modes,
propose failure criteria, and obtain a ' blind' prediction of tie test outcome, which is
the most credible way to assess analytical capabilities. 'Ihe pretest analyses also are
used to select the type, range, and appropriate ocation ofinstruments 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 philoso,phy was adopted in developing methodology for predicting the
performance of remforced 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 msttest analyses of the model behavior. Because(

I of the growing recognition of the important role of containments, there was
t' widespread interest in the test and analyses.
1~
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2.2 Round Robin Coordination

A sig,nificant effort was made to identify organizations that would collaborate with
Sancla 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. Am. lyses
were conducted by ten different organizations from the U.S. and Europe.2 The

,

participating organizations 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 Inspectorate (NII), U.K.

. Energia Nucleare e delle Energie Alternative (ENEA), Italy

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

. Gesellschaft f0r Reaktorsicherheit (GRS), FRG

. Brookhaven National Laboratory (BNL), USA

. Central Electricity Generating Board (CEGB), U.K.

Each organization was supplied with a standard information package, which included
construction drawin gs and actual material prooerties for most of the materials used
in the model. Eac1 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
aredictions was obtained by comparisons of different analyses as well as comparisons
aetween analytical and experimental results. Third, a large number of state-of-the-
art finite element codes were applied to the
against the experimental results. Finally, problem and the results can be validatedthe round robin exercise led to greater
recognition of the importance of containment performance and reliable prediction

2. In addition 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 subm t 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.

23
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L techniques; it has also facilitated the exchange of information on these and 'other
'

|: 3 related topics.
e J~

| Eact rnember of the group submitted pretest predictions for the performance of the
modes which have been documented in Reference 11. These predictions included

Le plots of the strain and displacement pressure history response at specified locations, i
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.

.|
'

I IAll ten organizations conducted axisymmetric finite element analyses to predict the
free-field response of the structure; in some cases, the axisymmetric calculations were

A number of different computer codes were used, m/or three-dimensional analysis.
augmented by membrane analysis, local aneJysis, and

eluding versions of ABAQUS |
(EPRI, SNL, AEA), ADINA (ENEA, GRS, CEGB), CASTiM (CEA), NEPTUNE '

(ANL), NFAP (BNL), and TEMP-STRESS (ANL). The main differences between l
the analytical models were in the following areas:

. failure criteria
i

. material behavior of concrete I

. soilstiffness

. basemat representation, including consideration of the effect of the fill slab

element formulation (continuum vs. shell elements)

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

The experimental data was made available to the round-robin analysts almost i
; immediately after the test so that they could assess their pretest predictions and '

I conduct posttest analyses, as needed to improve their analytical models. These
; posttest evaluations and the lessons learned from the 1:6 scale model test are the
| primary focus of this report.

2.3 Organization of the Report
.

The report is organized in sevt.n sections. The Executive Summary contains the
major results and conclusions of the study. In the second section, background
information on containment integrit" research and on the coordination of the round-
robin anaiysis is provided. Section $ is a brief synopsis of the design of the 1:6-scale

model and high pressure test highlljIls includes response measurements and failure
hts. The pretest predictions are compared with

experimental results in Section 4.i

| interpretation. Closing re. narks are made in Section 6, and references are listed in
| Section 7. These sections were written by Clauss and may not reflect the opinions or

- beliefs of other participants in the round robin analysis.

Section 5 consists of subsections submitted by each organization participating,in
L posttest evaluations; this section comprises the bulk of this report. Each subsection

contains a description of the experimental comparisons and posttest evaluations by
I each organization of their own analysis. The authors are listed at the beginning of

|
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cach mafor subsection. A brief summary of the posttest evaluation efforts, which was
preparecl by Clauss, is provided at the beginning of Section 5.

Wherever possible, dual units (English and SI) have been used in this report, with
preference given to the author's choice of units. In many of tl.e tables and most, if*

not all of the figures, only one set of units is used. For the reader's convenience, the
following conversions are provided:

1
1

Io sour.cd FIDE ig; Multiply by l

Pressure, stress psi MPa 0.006895 |
WPa psi 145. l

Force Ibf N 4.45
N lbf 0.225

Length in. mm 25.4
mm in. .0394
ft m 0.305
m ft 3.28

Leak rate scfm scem 2.84x104

. - - - . . _ . . . - . . - - _ . . - _ . _ - _ - _ _ _ _ - <
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)3.0 TESTSUMMARY
l

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

,

3.1 ModelCharacterization

A schematic of the model is shown in Figure 3.1. Briefly,ick circularthe model consists of a 40
in. ,(1.02 m) thick flat basemat, a 9-3/4 in. (248 mm) th inder with a

radius of 11 ft (3.36 m) and a height of 22.25 ft (d a radius of 11 ft ( i
6.79 m), and a hemis crical dome >

that has a wall thickness of 7 3/4 in. (197 mm) an m). A steel ;

liner,1/16 in. (1.59 mm) thick alon hi id fhb /
is a(2.12 mm) thick along the dome,g t e ns e o t e asemat and cyl nder and 1 12in. was designed to provide leak tightness. The liner

ttached to the concrete with headed studs. There are eight layers of
reinforcement, inciuding four layers in the hoop direction, two layers m the vertical
direction, and two layers of diagonal (seismic) reinforcement. Additions.1
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 MPa). For the

reader's convenience, the descrip) tion of the model and matenal properties Trovided
in the pretest analysis report [ instrumentation of the 1:6-scale model can be found in11 is reproduced in the Appendix. Additional details
of the design, fabiieation, and
Reference 12.

L 3.2 IAw Pressure Testing

Prior to high pressure testing, a Structural Integrity Test (SIT) and an Integrated
Leak Rate Test-standards followe(ILRT) were performed on the model. The procedures andd in these tests were the same or similar to SITS and ILRTs
conducted on actual containments.

.

The SIT involved pressurization with dry compressed air to a maximum pressure of

53 psig (d from July 6 through July 10,1987.0.365 MPa), which is 1.15 times the model design pressure. The test wasconducte Data from about 1200 transducers was
recorded at 10 required steps in the pressurization as well as several intermediate
steps. Cracks were mapped at six different locations about the model and there was
extensive video and still camera coverage. Crack orientation and spacin were fairlyu

'

uniform; cracks tended to follow the reinforcing, bar pattern. (In the pressure
test, few new cracks were formed; instead, the existing cracks extended nereased
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 pressure decay with
time, the leak rate was calculated to be approximatel
was probably attributable to the isolation valve itself,y 0.14% mass day. Most of this

!

which leaked noticeably during
the ILRT. However, since the measured leakage was within allowable limits, there
was no need to cl.eck the isolation valve and repeat the test.

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.

3-1
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3.3 High Pressure Testing |,

1

The high pressure test was conducted July 28 and 29,1987. The model was
pressurized using nitrogen gas. The loading schedule is shown 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 10.25 psig. Pressure was normally increased by the
desired step size in 10 20' seconds and then held for about 20 minutes (sometimes

before a data scan was initiated. This delay was sufficient for the model to
longer) ally reach an equilibrium state, although it is recognized that creep of theessenti
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 leak e was detected from the model until the ?ressure was raised to
135 psig .93 MPa , when a leak rate of 11% mass / day (8 scim) was recorded. At
140 psig .965 MP ), leakage had increased to 13% mass / day (10 scfm and then at

143 psig 0.986 MPa) to 62% mass / a (50 scfm)). The test was termin)ated after a
capacity of the nitrogen gas supply, w ch was approximately 5000% greater than thelittle more than one hour at 145 ps (1.0 MPa due to leakage

scfm)/ day (185 scfm), but the leak rate increased steadily with time durm)/ day (4000
mass

. The initial leak rate measurement recorded at 145 psig (1.0 MPa was 234%
g this lastmass

pressure hold.

During posttest inspection, the large liner tear near the rectangular insert plate
as shown in

surrounding mechanical /(electrical feedthrough penetration cluster,in Figure 3.2Figure 3.2, was obvious. The bucklinJ of the liner that can be seen|
! occurred during unloading, of the mode. 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 significant thinning in the liner) at the,

:

locations indicated in Figure 3.3. These smaller tears also occurred a acent to insert
plates, with the exception of the two tears near Equipment Hatch B see Reference
13 for discussion of these tears). Furthermore. every tear in t e model was ,

'

|
associated with a stud.

h Analysis of the acoustic emissions recorded during the test (which help to pinpoint a
location of leakage) and posttest measurements ou leakage through the smaller liner

0.931 MPa) wastears leads to the conclusion that the leakage detected at 135 psig (due to unseatingmost likely past the seals on the outer cover of equipment hatch B
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
probably initiated between 140 and 145 p,sig (0.965 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). This propagation constituted a functional failure of the

I containment model.
|

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 dis lacements from low pressure testing are not included. The data taken ,

during the hi h pressure test was m general not modified to account for residal
,

'

reedings from ow pressure testing. As shown in Section 5.9, accounting for effects of
the SlT would produce a perceptible but relatively minor shift in the response
pressure histories. However, this s dift may be important in certain applications of the
data.
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Only some of the experimental data is tard in this report. All of the experimental
data recorded during both high and low presure testing is available in Reference 13.

>

Table 3.1
Imading Schedule for High Pressure Test

Pressure
Sica Data Ilms Insig) IMP.s0

,

1 28 July 11:18 10 0.069
2 28 July 11:50 20 0.138
3 28 July 12:18 30 0.207
4 28 July 12:41 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 0.414 '

8 28 July 15:08. 65 0.448
9 28 July 15:39 70 0.483 t

.

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
f19 29 July 04:10 110 0.758

20 29 July 04:37 110 0.772
21 29 July 05:20 117 0.807 L

22 29 July 06:08 120 0.827
!23 29 July 07:44 122 0.841 '

24 29 July 08:49 125 0.862 4
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 t
32 29 July 18:06 145 1.000

29 July 19:23 Termination of Test
- - . . -.

f
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4.0 PRETEST PREDICTIONS VS. EXPERIMENTAL RESULTS

'This section focuses primarily on the comparisons of pretest prediction with i

experimental results based on the standard plots and other information requested for ;

the pretest round robin analysis report [11). All ten organizations conducted |
axisymmetric finite element analyses to predict the free field response of the ;

mmetric calculations were augmented by I

structure; in some cases, the axisy/or three-dimensional analysis. A number ofmembrane analysis, local analysis, and |
different computer codes were used, includm'_g versions of ABAQU3 (EPRI, SNL, )

AEA)), ADINA (ENEA, GRS, CEGB), CASTEM (CEA), NElrrUNE (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 Ovlinder

L Significant milestones in the pressure history response of the cylinder wall (free field)
I are given in Table 4.1. The initiation of general yielding of the steel liner was

-

predicted over a fairly wide range of pressure, from 82 to 116 psig (.57 to .80 MPa).
'

The variation is at least partly attributable to differences in the analytical models of
the liner; some of the models did not treat the blaxial state of stress in the liner
because the hoop and meridional stiffness are represented with separate elements.,

I 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

the calculated liner yield pressure depends on how much tensile
cracking. Clearly, bility was retained for the concrete in the analytical model after

L

load carrying capa |

cracking and on the value of strain at which the tensile load carrying, capability of the i
concrete was assumed to reach zero. The measured results for the imtlation ofliner |

ielding at the midheight of the cylinder free field),also show considerable variation Iy(see the row labeled ' Test' in Table 4.1)(. The variation in experimental results forI
'

liner yielding may be attributed mostly to: (1) asymmetry in the response of thel

randomness in concrete crackmg and bond
structure due to penetrations, and (2) differences in analytical predictions for linerbetween the liner and concrete. The |

,

yielding do not seem particularly significant in light of the variation in experimental'

I 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 gpite similar results, with most aredictions falling m a range

,

experiment is also much less. With the exception). T1e variation observed in the
between 120 and 130 psig (0.827 and 0.896 MPa!

'

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 I

Since the rebars Jbegin to yield because they predicted failure at a lower pressure.)impler to modelare essentially uniaxial load carrying members, they are much s|

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 I
carry any tensile load. From this standpoint, the agreement is not surprising. (It
should also be noted that the value for the yield 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.)

Table 4.1
Pressure History Milestones (Global Response) for Initiation of Yielding

Pretest Predictions and Experimental Result

Cylinder Hoop Meridional
,

Liner Reinforcement ReinforcementSource @sig) (MPa) @sig) (MPa) @sig) (MPa)
;

,

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 174b 1.20b
GRS NR NR 120* 0.83* 145* 1.00*
BNL 104 0.72 124 0.85 NR NR '

CEGB 82 0.57 124 0.85 142 0.98 ,

Teste 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

'

c) 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

1

hoop rebars, bondable gages B19, B22, B24, and B25 were used; and for the
meridional rebars, weldable sages WR84, WR85, WR86, WR262, WR264 were
used. The von Mises stress calculated from the 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
L
L
1
| .

| In the pretest round robin analysis report, milestones for cracking in the concrete '

F

i 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 thisL

'precracking' are discussed in detail in Section 5 and include the following: shrinkage
,

..
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cracking, cracking due to diurnal temperature variations, cracking due to low
pressure cycling, and poor bond due to small diameter bars. Precrac dng was less
apparent in the basemat. It can be argued that the initiation of crackmg in the
cyhnder and dome is not a particularly significant event for evaluation of the ultimate
performance oflined concrete containments.

Local Response at Basemat-Cvlinder Intersection

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 I

location. Table 4.2 compares pretest predictions for the imtlation of liner yielding,
meridional rebar yielding, and basemat uplift to experimental measurements. The
strains in the liner and ayer 2 meridional reinforcement c e vary ra dly as a
function of elevation at this location (see Figures 4.31 and 4.32 . s, the rst gage
to indicate yieldin is used to determine the pressure reporte in Table 4.2, rather
than tryl g to ind cate a range. For the meridional reinforcement at the cylinder-
basemat ntersection, first yield was measured at bondable gage B2, which is at an
elevation about 2 in. (51 mm) below the liner knuckle. At the elevation of the top of
the liner knuckle, the meridional reinforcement first yielded at a pressure of
approximately 120 psig (0.83 MPa).

l' A number of groups (SNL, ANL, EPRI, ENEA, GRS, CEGB)f 140 to 160 psig,
also predicted

crushing of the outside of the concrete cylinder wallin the range o
except for GRS, which predicted the onset of crushing at 116 psig. Posttest
inspection of the model did provide some evidence of minor crushing at this oint,
but it did not appear to have affected any significant thickness of the wall, o just
the outer face. Sectioning of the model, which may be carried out at a later ate,
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 reoorted in the pretest round robin
I' analysis re ort. The ot locations are oupec into three divisions: free-field

L locations the li er and dome, ( local behavior at the cylin r-basemat .

'

| intersection, and ( ) behavior near penetrations. The latter required 3 D analysis,
; which was only accomplished by a few organizations prior to the test.

| 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.

,

Free Field Response

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

| re ions was exceptional, as shown in Figures 4.1 through 4.8. The radial
,

; di lacement and hoop reinforcement strain are closel relatec; the hoop strain can
be estimated ve accurately as the ratio of the radial disple. cement to the cylinder'

radius. The ana ses tend to overestimate the pressure at which general elding of
the wall occurs he pressure at which the hoop strains and radial dis lacements
begin to increase rapidly), but only by a relatively small amount. Hoop strain is

excellent correlation is reassurm, obal response parameter for predicting failure, so theprobably the most important gl
g.
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Table 4.2
Pressure History Milestones (Local Rn, onse)
Pretest Predictions and Experimental Result

Initiation of Yielding
-

liner Above Meridional Basemat Uplift
Knuckle Reinforcement

at 145 p)sig (1.0 MPa)Source {ptdg) (mea} (psig) (MPa) (in. (mm)
SNL NR NR 127 0.88 0.087 2.2 .

ANL 105 0.72 135 0.93 0.256 6.5
EPRI 60. 0.41 130 0.90 0.882 22.4
CEA. NR NR NR NR 0.853* 21.7*
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 28.4
BNL NR NR 104 0.72 NA NA
CEGB 127 0.88 140 0.97 0.077 2.0 i

. Testb 87 0.60 104 0.72 .21(.441 5.5 11.2
:

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 sage WR293; for the meridional rebar (layer 2) bondable gage
B2; and for uplift, displacement gage D50 and inclinometers I4,16, and 18.

NR Not reported
NC Model did not include basemat, so uplift was not calculated
NA Calculations only cattled out to 131 psig (0.90 MPa).

The correlation for the axial res >onse in the cylinder is not as good. Figures 4.9through 4.12 show measured anc 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 ' snap through' 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 various elevations of the cy)linder in Figures 4.13 throughi

L 4.15. The difference between the various analyses is apparently due to difference m
L cracking models for the concrete, in particular, tension stiffening. The experimental

results suggest that the most accurate representation for the concrete in the cylinderL
E

is a no-tension concrete model. The use of a 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

|
V 1
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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 essentially
'precracked'. In Section 5, there are various speculations as to the causes of this

including the following: shrinkape; diurnal temperature variations; low
precracking, ling; and poor bond associated witi small diameter bars.pressure cyc

The maximum principal strains in the liner are plotted as a function of pressure in
Figures 4.16 througb 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 fi.gures is the considerable variation in the experimental results, for what are all ,

d

measurements. At elevation 20 ft .1 m), the
ostensibly free field (axisymmetric) lotted varied from 0.26% to 1.07% see FigureI
maximum strain of the six gages p.

! 4.18). The strain variation may be associated with bond between th liner and
concrete, concrete cracks, proximity to studs, or effects of penetrations. Whatever

'

the liner response is clearly not axisymmetric even in what would )
the exact cause,idered free field re ions (areas for which penetrations are not closernormally be consL
than about two times their diameter .

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, the dome behavior is of little significance in evaluating containment
performance. For this reason, an in depth discussion of the dome response is not

,.
provided.
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! Imcal Resoone at Ovlinder-Basemat Intersection and Sndnoline |
I

'

Basemat uplift is significant because it affects the shear force and bending moment at I:

the cylinder basemat junction. There were wide variations in the pretest predictions '

| for basemat uplift, as indicated in Figure 4.29. 'Ihe experimenta, data include one j
displaccment transducer (inside the model) and three melinometers. In the latter -

case, uplift was determined by multiplying the measured angle times the arm length

measured and calculated radial disp!acements of the cylinder w)all at elevation 26 in.(see. Reference 12 for further details on the inclinometers . Figure 4.30 plots|
i

! (0.66 m , which is just above the liner knuckle. The response at this point is clso ;
strongly) coupled to the basemat respense. In pretest analyses, the fill slab was either

.

ignored or only its dead weight was considered. A number of grou
'

parametric studies after the test to determine the effect of the fill slab,ps performed|
soil stiffness,'

;

and concrete cracking behavior on the calculation of basemat uplift.' This led to -

| significant improvement in the correlation between calculations and the experimental ;

results. Detailed discussions can be found in Section 5. ;

L r

The strain)in the liner and meridional reinforcement change rapidly '.s a function af i

elevation near the cylinder basemat intersection. The strain gage averages strain
over its gage length and it can be difficult to locate gages at the point of maximum

strain becam,e this often occurs at a pcint of discontinuity!aons with analyses can
or near a weld where ,

application of gages is restricted. For these reasons, compar
be hard to interpret in regions of high strain gradient. Nevertheless, results for the .

'
liner strain above the knuckle, and the layer 2 and layer 5 meridional reinforcement
are compared in Figures 4.31,4.32, and 4.33, respectively. In Figure 4.31, gages

'

WR281, WR287, and WR293 are at different azimutits but the same elevation,
1

F
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approximately 2 ft 0.61 m). These are the closest gages on the cylinder liner to the
.tnuckle. Gages (WR282 and 283 are at the same azimuth as WR281, but
apoioximately 2 in. 51 mm and 4.5 in.
tuy;e:i indi: ate how(quickly)the strain in(114 mm) above WR281, respectively. Thesethe liner decreases away from the knu.kle.
P,PR1 gready overestimated the strains in the liner near the knuckle, but other
analysts came reasonably close to the measured results. De bendidg in the cylinder
is evident from comparison of Figures 4.32 and 4.33. It is interesting that the
maximum bendir.g appears to take place et an elevation of about 1.9 ft 0.58 m ,
which is below the liner knuckle. Dere is a 3 in. (76 mm) leveling course (atop th)e
basemat; it ap wars that the maximum moment is developed at the interrection of the
cylinder with the basemat leveling course interface, and not at the liner knuckle.

The measured response and calculated response at the spring 11ne is compared in
Figures 4.34 through 4.36. Again, thue is clear evidence of hend' g ct this section, asm
can be seen from a comparison of F!gures 4.35 and 4.36. De strains in the liner at
the springline are also elevated (compare Figure 4.34 to 4.18), but not enough to
cause any significant distress or threat to the model integrity.
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3 D Response Near Penetrations

Only two organizations, ANL and EPRI, com)lett.d any 3 D analyses prior to the
aublication of the pretest round robin report. %e standard plots are included here
nor completeness. Figures 4.37 through 4.39 show tne radial displacement of the '

cylinder at three different azimuths at the elevation of the constrained al
penetration. The analysis overestimated the stiffness of the penetration at 11 h
pressure. Thir was also toe case for EPRI's prediction for the outward rad 1

.

displacement of Equipment Hatch B, which is compared to the measured result in |
Figure 4,40. Strain m the liner and meridional rebar near Equipment Hatch B are i

shown in Figures 4.41 and 4.42, respectively. ANL was able to predict ovalization of
| equipment latch B with good accuracy, as indicated in Figures 4.43 and 4.44. It
-

should be noted hue that the ovalization of equipment hatch A was si;Referencenificantly! greater than that at B; for a more complete discussion of ovalization, see
! 14.

"
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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 oads near the functional limit of the structure. liowever, ,

interpretation of these response measures is a much more difficult task, i

Hefore the test, there were three widel recognized failure modes for the
liner tearing, ) rebar failure, and (3) shear / flexural

containment model test: (1)ing was reallzin the scale model, in application tofailure. Although liner tear
actual containment buildin);s, it is important to understand and to develop the
analytical capability to predict all potential failure modes. A completely different

differentloadings.y occur for seemmgly small differences in design details or forfailure mode ma

t

The "best estimate" capacity of the model and the limit state mechanism predicted by
each 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 to 4.1
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 report [11]), they did not undertake

'

the comphcated 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 unaroven, but there was also some feeling that the high ductility
of the liner relative to t1e rebar would preclude liner tearing from occurrm, g 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 ed to some important
developments. There is general consensus that the Davis triaxiality 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 messures, could be used to determine the strain
concentrations in the liner. The features and 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 concentrr.' ion 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

istrain; however, EPRI believes that shear dislocation motion is a more important
mechanism than the anchorage system in causing failure. Furthermore, there are ,

additional questions regardmg the extension of these results to full scale
containments. Although there has been considerable progress, there is a need for
additional testing to resolve the issues described above. This is discussed in more .

'

detail in Section 5.

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 evaluation
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 gross yielding or
rapidly increasing displacements began; SNL, ANL, and GRS correlated failure with
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t

the ultimate strength of a rebar splice. Clearly, there are significant differences in '

the failure criteria that were asphed. The 1:6 scale model test would indicate that
rebars can achieve strains we'l beyond gross yield. However, there is legitimate ,

concern that large bars that are bent around penetration openings could fail before
the ultimate strength of the rebar splices is obtained. This topic merits further
consideration.

,

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 comparison. In the pretest calculations, some organizations based failure
predictions on t1e state of damage in the concrete, otherr, used design code formulas.
For shear failure, this appears to be an overly conservative approach; 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, t

stress) is an important challenge that must be met, j

A final note on failure interpretation: each organization was also asked to indicate ,

the maximum !would nD1 fail (pressure at which they had high confidence the containment modelm contrast, Table 4.3 represents "best estimate" values for failure . Of ;the seven organizations that responded to this inquiry, the reported values wer)e 92,
.

100,105,127,135,138, and 160 psig
Six of the seven high confidence num(0.63,0.69,0.72,0.88,0.93,0.95, and 1.10 MPa).bers were, in fact, less than the actual failure
pressure.

.
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c. Table 4.3 |
1

Failure Predictions for the 1:6-Scale Model'

Failure |

Source Pressure Umit Mechanism |
!

SNL 168 asig Flexural failure at the cylinder basemat junction
1.16 AiPa brought on by crushing of concrete.

.

failure of a hoop rebar splice near I
Either (1)(2) failure of a weld in the liner near the

ANL 180-190 psig
midheight, !(1.241,31 MPa)
basemat, or (3) failure of the liner just above the

i

knuckle. j

EPRI 140-150 psig Liner tearing at the connection of the liner to the
(0.971.03 MPa) knuckle triggered by basemat bending.

CEA 138 asig Plasticity of rebars corresponding to rapidly <

(0.95 AiPa) increasing displacements of the structure. '

NII' 130 asig Transverse thear failure of cylinder just above the
(0.90 AiPa) shear reinforcement, with some smaller chance for

local tearing of the liner around studs.

effect of bending,ylinder base caused by combinedFailure at the cENEA 161184 psig i

tension, and shear.(1,11 1.27 MPa)

164 psi Rebar at the center of the basemat exceeds itsAEA
(1.13 MIp ) ultimate strength.a

GRS 167174 psig Failure at the cylinder basemat junction.
(1.15-1.20 MPa)
174189 psig Failure of hoop reinforcement or liner tearing.

(1.20130 M?a) ,

b
Flexural / shear failure at the wall basemat junctionBNL 128 asi

(0.88 Nil a) or gross yielding of hoop rebars.
,

CEGB 160 asig Flexural failure at wall basemat junction.
'

(1,10 AiPa)

140-145 asi Liner tearing adjacent to insert plates at the cylinderTEST
(0.971.0 Nilp ) midheight, most notably a 22" (56 cm) long teara

adjacent to the large rectangular insert plate

* Lowest bound of estimates, see Reference 11, pg. 251. ;
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5.0 POSITESTEVALUATIONS

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

. Sandia National Laboratories (USA)

. Argonne National Laboratory (USA)
i

. Electric Power Research Institute (USA) |

. Commissariat a 11Energ!e Atomique (France) |

. HM Nuclear Installations Inspectorate (U.K.)

. Comitato Nazionale per la ricerca e p(er lo sviluppo dell'Energia
i

Nucleare e delle Energie Alternative Italy)

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

. Gesellschaft for Reaktorskherheit (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
'

power stations. Brookhaven National Laboratory also did not participate in posttest
evaluations.

, ,

At Sandia's request, the Civil Engineering Department at the University of Illinois i

capacity of the cylinder wa?repared an account of theirinvestigation into the shear
Urbana Champaign (UIUC)

1 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 groupt conducted analyses to understand the !
'

major tear that occurred adlacent 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

51
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,

!

!

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,ficant slip occursthe studs. The !

studs resist slip between the concrete and the Imer. Signi !
at insert plates because of their high stiffness relative to the nominal
thickness .iner and, as a result, the studs impose significant loads on the i

,

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

,

;

study; by removing the first row of studs on the nominal thickness liner i

next to the insert plate, they found that the maximum local strain was
ireduced 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
i

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 Fehavior 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
.

tearing) may be invalid.4 Uner membrane yield loads, which in an iactua; containment precede the development of high stud shear '
loads, must be represented.

;

I

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.
;

| Althou gh they do not explicitly account for its effect in their analysis, EPRI ,

feels that ' shear dislocation motion' (a discontinuity in out of plane
(radial) dispenetrations) placement that occurs near major cracks adjacent tois an important mechanism in the formation of lmer tears. -

Sandia does not feel that this is a s nificant mechanism in areas with r

geometry similar to the mechanical lectrical feedthrough penetration
cluster in the 1:6 scale model. T is 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 evaluating the liner ductility under blaxial '

loads, which is based on the Davis triaxiality factor, ANATECH is
1

-.

,

4. The tests typically conducted un studs and anchors are relevant to liner
buckling under thermal loads. The prirnary design function of the anchorage
system is to prevent therrnally induced buckling.

| S2
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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.

ii) 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 i

'
may change the potential for failure at this location. De effects of the fill
slab, soll stiffness, and concrete tensile behavior on basemat uplift were

,

studied. It was found that the basemat uplift is relatively insensitive to r
changes in soll stiffness, but in order to accurately reflect the measured
behavior, finite element models need to account for two factors that were i

generally not considered in pretest analyses:

I. The fill slab, which stiffened the basemat response (thereby reducing
uplift). Several groups modeled the fill slab explicitly with improved
results. GRS performed an interesting analysis that Indicates the

due to the shear forces that
stiffening effect of the fill slab is primari y!! slab and the liner. These

,

'

develop to resist sliding between the ft!

shear forces produce a moment on the basemat in opposition to the ;
moment from the vertical load imposed by the cylinder, j

. A reduction in actual tensile strength of the basemat concrete to :
,

about half of the laborato measured value. ANATECH proposed'

this approach based on in s u data on concrete dams. I

The analyses also indicated that basemat uplift had little effut on the i

stresses or strains in tM cylinder 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

l effect of internal structures, reactor casities, sump pump pits, and other -

ne effect of these features 's uncertain presented
in the 1:6 scale model.( numerous discontinuities that were not re

I

t

iii) 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 stram measurements to estimate the nominal,

I shear stress at the cylinder base. At 145 psig, the nominal shear stress was
.

!

approximately 450 psig, which is 5.7ff. 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.

iv) Precracking - The experimental results provide ample evidence that theI

L 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 aressure cycling, 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)

5-3
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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' Comparison with experimental results; Investigation of liner tearing with
insert plate and studs; Detailed study of stud behavior..

ANL Ccmparison with experimental results; Analysis of precracking in structure.-

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

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

Nil Comparison with experimental results; Parametric studies to study the effect
of soll stiffness, concrete shear modulus, and concrete tensile strength;
investigation of lmer strain concentration due to insert plate.

ENEA Comparison with experimental results; Analysis of basemat uplift and liner
strain concentration due to insert plate.

AEA Analysis of liner tear and basemat uplift.

GRS Parameter study of basemat uplift; Analysis to estimate likely experimental
scatter in rebar strains; Investigation of liner tearin; including stud effectst

biaxial failure strains for li(ne)r material. Experimental studies of 1 bond behavior and pu!! out of rebars, and (2)

UlUC Data conditioning; Determination of shear force in wall at intersection s,ith
basemat from experimental measurements.

:

i
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5.1 Sandia National Laboratories

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

;

5.1.11ntroduction

The 1:6-scale model experiment has provided detailed information concerning the
structural response of a reinforced concrete containment building loaded by internal |
3ressure. This information will prove extremely valuable when containment i

)uildings at existing nucN. power plants are analyzed to evaluate their ability to !

survive loads that could mw during a severe accident. In fact, the main g,oal of the ,

combined effort of analy4 ac e: sting has been to establish a set of techmques that (
can be used for evaluatt.n! eontainment performance in future safety studies. The i

results of several studies conducted after the conclusion of the 1:6-scale model test i

are documented in this report. These studies fallinto three major categories:
"

1. Comparison of strains and Gisplacements measured in the experiment to
the corresponding results from axisymmetric finite element analyses,

2. Finite element analyses of the liner near the penetration where the largest
tear developed,

3. Detailed studies of the strain field in the liner near a stud anchor that is
loaded la 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 additiona[l sixisymmetric analyses were completed
after the pretest round robin report was released. These two analyses were identical
e>ce9t fm the way in which the concrete was modeled. In one case, a smeared
cracking model 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 the:;e two analyses have been compared to strains and displw 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 were tensile. In general the no-tension essumption for the
concrete produced results that were m clor agreement with' the experimental .

measurements than those obtained with the sma. red cracking model.

5.1.1.2 Liner Tearing,

Two of the main objectives in the posttest anaiysis effort were (1) to determire the
primary mechanisms that caused tears to form in the liner plate, and (2) to atablish
an analytical approach that captures these mechanisms and, at the same, remains
tractable from a numerical standpoint. Ultimately, it is hoped that the we4
described in this report will lead to a method of analysis that can he used to pr-
both the initiation and subsequent pr,pagation of tears in the liner plate,

u
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To expand our understanding of liner tearing, the region surroundina a piping
penetration was analyzed with two plane stress finite element models. The region
that was analyzed was the site where the largest tear developed durin3 the
overpressurization experiment. In the first model, the liner was allowed to sli) treely
with respect to the concrete wall of the containment. In the second anal
was linked to the concrete at discrete points through a flexible anchora 'ysis, the linere system and
was allowed to freely, slip at locations between the anchor points.1 e analytical
results offer convincing evidence that, during the experiment, the largest tear
initiated at an internal pressure near 145 psig (1.0 MPa) as the result of forces that
developed in sturl anchors located alon
surrounded the piping penetrations. .T~g the vertical edge of the thick plate thatnese forces developed as the stud anchors
resisted slip between the concrete and the liner plate.

5.1.1.3 Strain Fle!d Near a Stud Anchor

In analyzing the region near the piping penetration, the studs were represented by
s prin,g elements. This approach introduced point loads into the plane stress model of
the Imer (i.e., all force from the stud anchor was introduced at a single nodal
Since the state of strain near the studs controls the point of tear mitiation, point).it was
necessary to determine if the strains in the liner elements immediately connected to
the point loads were meaningful. To accomplish this goal, a three-dimensional finite
element model was constructed to study the strain : cid that develops in the liner
near a stud that is loaded in shear. The strains from the three-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 results 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 m length to
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 .
equisaler:t 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 the liner did not tear in
previous tests of the liner and anchorage system where the stud anchors were kaded
m shear. The results of the three-dimensional analysis show that this difference is,

| primarily attributable 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 tot

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 Response

| . 5.1.2.1 Sequence of Analytical Models
|
p A series of four finite element analyses were made of the 1:6-scale containment using
'

the axinmmetric 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 ABAOUS was used in all four jcases,

j

In the two shell analyses described in the pret'st round robin report (67], the
concrete was treated as an clastic-perfectly plast : material with a yield surface
defined to 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
relatmnship 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 i
equal to the ultimate tensile strength of the concrete (500 si; 3.45 MPa) as estimated ;

from split-tension and direct tension experiments [1 In the second analysis !
.

reported in Reference 67, tlie tensile " yield" strength o the concrete was set to 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 cmves 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, t

which will be referred to as the Smeared Cracking Analysis is documented in
the softening associated with cracking gave rise to

Reference 65. Unfortunately, linear solution algorithm, preventing the redliction ofnumerical problems in the non
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 r.nalyzed a fourth time.
In this analysis, the concrete was treated as a material with no tensik ;trer.gth. This
was accomplished by using the NO TENSION material option in conpaction with the
concrete model in ABAOUS Version 4 5-171. The displacements and strains
calculated with this analytical model were typically peater than those obtained using
the clastic 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 concrete 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 otrongly suggest that the smeared cracking model does a very poor job of
modeling the mechanical behavior of the concrete. This is most evident in the
comparison of results for vertical strains and vertical displacements in the cylinder
wall.

5.1.2.2 Comparison of Experimental and Analytical Results
,

Before compari".g 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 to 15 psig (1.0 MPa) to determine if the model was leak tight.
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The second pressurization was the Structural Integrity * 'est (SIT). During the SIT,
the internal pressure was increased to 52 ig (0.36 MPa), which is 15% above the

,

design pressure. Finally, during the Hi Pressure Test (HPT , the model was
. pressurized until the liner failec at 145 sig (1.0 MPa). Measu)ements collectedr
during the SIT and HIT are presented in subsequent figures. Both the displacement
transducers and the strain ga
before the start of the HP.[es were zeroed

before bc@ ming the SIT and again
so that in each ten, tie residual strains and

displacements from prior loadings were n,ot 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 i
internal pressure was retutned to 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 HIT data to account for residual strains
remaining from the SIT because a period of roughly one week aassed between the

'

end of the SIT and the beginning of the HPT, and it was felt that the residual
Jeformations at the start of the test could not be estimated accurately due to their
continued relaxation. The last values of strains and disalacements recorded after the

t

SIT are listed in notes contained in Figures 5.1.2 throug l 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 applied load is held constant. Time-dependent structural response can be seen in
the alI' data plots shown in Figures 5.1.2 through 5.1.10. 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 along the curves where
measurements were taken at two different times while the interna: pressure was held '

constant.

Other evidence of time dependent structural response was seen during
depressurization of the containment building. The strains and displacements
measured during the SIT did not reach their maximum values at the maximum test
pressure but, instead, continued to rise during :he initial stages of depressurizatica5
This same phenomenon was also seen when the model was depressuri::ed at the
conclusion of the HPT (look closely at the last two data noints in the experimental
curves for the HPT plotted in Figures 5.1.2 through 5.1.10). Because the stresses in
the reinforcing steel remained well below the yield 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
response observed at the end of the HPT are creep of the reinforcing 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 S)T
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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 lace in the cylinder wall |

i

at an internal pressure somewhere between 15 and 20 psig 0.'0 and 0.14 MPa), in
contrast, the hooa stresses calculated in the Smeared Cr cking Analysis did not
exceed the tensi|e strength of the concrete until the pressure reached 35 psig

(0.24 MPa). Based an a concrete tensile strength of 500 p(si (3.45 MPa), a simplepr/tcalculation also yields a value of approximately 35 psig 0.24 MPa) for the mternal
pressure necessary to cause cracking in the cyhnder wall. The initial hoop stiffness
measured in the SIT was less than t1at predicted by the Smeared Cracking Analysis.
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 SlT
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 tN 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%) la 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
frmn the two finite element analyses. Similar plots in Figure 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 aim 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 the
springline, however, the radial displacements measured during the SIT and HPT tend ,

to fol!ow the nnalytical 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 reinforemg 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 caiculated m 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 elongation of the cylinder shown in Fl ure 5.1.7. Here
,

again, the measured change in the vertical length of the cylinder fo;llows the results ;i

!

from the No-Tension Analysis much more closely than it follows the results obtained
;

iwith the Smeared Cracking Analysis. '
' '

In Figure 5.1.8, com?arisons are made between the analytical and experimental-

results for strains in 11e inside layer 2 vertical reinforcing bars in the cylinder wall

Just above the basemat. Becau(se of ben) ding,he vertical bars located higher in the
! i

the strains in the inside vertical bars in .;"
this region are larger than the strains in t

|cylinder wall. Over most of the pressure range, the no tension model comes closer to
matching the experiraental data than the cracking model.

Com ?arisons 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 near the

|
springline, while in Figure 5.1.10 results are compared at a location halfway,up the |dome. Near the springline, the strains calculated in the No Tension Analysis were
much closer to the experimentally measured values than those computed in the !
Smeared Cracking Analysis. The plot of the strains measured at the gage located i
halfwcy up the dome falls between the res ilts from the No Tension Analysis and the
Smeared Cracking Analysir.,

5.1.2.3 Problems in Modeling Concrete Cracking

Comaarisons of the analytical results and the experimental results indicate that the
tensi e behavior of the concrete was very poorl
Analysis, in fact, at most locations in the model,y modeled in the Smeared Crackhi,g

.:a better agreement between analysis
and experiment was obtained by ignoring the tensile strength of the concretei

'

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 the
! 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 concrcte cracked at a lower value of " average" stress
than what was required to crack the direct tension tert specimens and split-cylinder,

specimens that were used to ectablish a value for the tensile strength. A second
'

factor that was unaccounted for in the concrete cracking model was the presence of
preexisting < racks in the containment structure. Such cracks were observed in the
containment structure before the 1:6-scale model was pressurized in the S!T. These
cracks probably developed as the result of shrinkage m the concrete during curing,
and as the result of tem
and nighttime cooling. perature gradients that developed during daytime heating and

The no-tension model for the concrete performed quite adequately for evaluating tF
response of the containment model at most locations. The no tension model
behaved better numerically than the smeared cracking model. Unfortunately, t'
tension model is limited in that it must be used with shell elements
elements were used, the wall of the containment would be unable m(if cont v:arry a m
shear forces), and it is definitely not suitable for use in evaluating the aci.it
section to resist shear loads that act normal to the wall (radial shear). y o'

&!
;

Alt..augh
.
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radial shear loads are a major concern near the basemat/ cylinder wall .iuncture, it is
doubtful whether any of the concrete models presently available can be used to :

evaluate the load carrying capability of a section su ected to this type of loading.
Given the large uncertainty that exists in the "effe tive" tensile strength of the i

concrete and a so the large uncertainty in the initial state of the concrete (cracked vs.
'

uncracked), an axisymmetric shell analysis with a no tension material model for the i

concrete should provide the same le' vel of accuracy in predicting the structural
response af a heavily reinforced containment building as a more complexd in.axisymmetric finite element analysis where continuum elements are use
conjunction with and a smeared cracking model for the concrete.

i

5.1.3 Analysis of the Liner Near a Piping Penetration

initt element analyses were conducted to determine which mechanisms were"

ry !ause of the large breach in the liner shown in Figure 5.1.11. These
| s strongly suggest that the tear formed as the result of large strain
| , thui cvolved in the 1 16 in. (1.59 mm) liner plate along the edge of
| a-

| ked Die that surrounded e cluster of pipi penetrations. The change in
'lebs. m this region caused the liner to slip r ive to the concrete wall. The

!

7.mt@n that ultimately caused the initiation of the tear was produced by1

.itet ferces that developed in the stud anchors as they resisted slippage
r. .he Ner cnd concrete.

cr!ption of the Penetration Region-

I the ciuster of penetrations next to the large tear was centered at the midheight of the
cylindrical section of the containment building. A detail of this region is shown in
Figure 5.1.12. The liner plate in this region had a nominal thickness of.1/16 in.
(1.59 mm while the thickened late immediately surrounding the penetration had a
nomina; t tickness of 3/16 in. (4. 6 mm).

Both the liner and the thickened plate were anchored to the wall by headed studs
that were welded to the outer 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 system 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 thickened 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 iii.

spacing represents an accurcte scaling from a typical full sized
(51 x 51 mm) hile the 6 x 6 in. (152 x 152 mm) spacing was ned further away from

'

containment, w
the penetrations as a compromise in the 1:6 scale model to reduce the cost of
construction. The first column of studs next to the vertical edge of the thickened
plate 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 conducted to determine the shear strength and shear force-
deflection characteristics of the stud anchorage system (12]. The specimens used in

5-11

_-_ _ __



_

g

i
-|

)L

these experiments were fabricated by welding studs onto strips of a 1/16 in. l

(1.59 mm) thick plate that was identical in thickness and material type 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 I

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
function of applied load. The force displacement curves measured in each of these
tests are shown in Figure 5.1.17. In this figure, the force that is plotted is equal to the

q
total load applied to the specimen divided by the number of studs on the saecimen.
Two of the single stud specimans apparently had weaker welds than the other |

specimens. If the data for these two specimens are ignored, the force per stud at i
maximum load in the remaining tests is approximately 1450 lb (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 neglected in both models. The
reinforced concrete wall was not modeled explicitly m these two analyses. Instead,
the motion of the reinforced concrete wall was assumed to be unaffected by the
)resence of the penetrations and identical to that of an infinitely long hollow cyhnder
onded by internal pressure. This infinite concrete cylinder was assumed to be lined

with 1/16 in. (1.59 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 stren3th of the concrete was neglected in the infinite cylinder
analysis. Details of the in|inite 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 in a
vertical reinforcing har and a horizontal re.aforcing bar, both of which were located
behind the thickened linct plate. The excellent agreement between the measured
and computed strains justihes 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 cyhnder wall is unaffected by the presence of the
penetration and, therefore, uniform over the region.

5.1.3.3.1 Model without anchorage

The model shown in Figure 5.1.18 is a quarter-symmeay finite element model that
was used to determine the strain field that would develop near the cluster of pipin,g
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 for the model were chosen based on the assumption that displacements on
tne top edge, left edge, and pipe boundaries n;atch the displccements of the idealized p
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vifinite cylinder mentioned earlier. Referring to Figure 5.1.18, the boundary ,

conditions used in the analysis are as follows: |
,

< Right Edge: u = 0(symmetry condition) ;
x ;'

. Left Edge: u, = x r3(p) ,

w ,

. Bottom Edge: u, = 0 (symmetry condition)

/ - . Top Edge: u, = y.7,(p) ,,

. Nozzle Boundaries: u, s x.7 (p), u = y.7,(p)3 y ,

/ where,

p = ?ressure inside the containment,
1 x,y = aorizontal and vertical coordinates relative to the lower right-hand

1
-

corner of the model, '

u ,u, = horizontal and vertical displacements relative to the lower right handL , x
)- corner of the model, and .

r ,r, = hoop and vertical strains from infinite cylinder analysis. jI

n

L The displacement boundary conditions were applied in the finite element analysis

| thrcugh the use of a " user" subroutine linked to the ABAQUS code. This routme,
which was executed at the beginning of each load increment in the analysis,I

determined the displacements at each location on the boundary based on the strains r

| supplied from the infm' ite cylinder analysis.
-'

5.133.2 Model with anchorage e

1

The plane stress finite element model shown in Figure 5.1.19 was used to evaluate
how 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 aroblem was analyzed with the nonlinear geometry ,

option in effect to account for arge 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 blaxial tension). The Imer plate was modeled using 4-node bilinear ,

guadrilateral elements (CPS 4) that were integrated with 2x2 Gaussian quadrature.
Each stud was modeled using a discrete spring element (SPRINGA . This particular
spring element'has the property that the lit.e of action for the fo)rce in the spring

-

element remains parallel to the ime segment joinin 3 the two nodes that form the ends
of the element. In the analysis, the two nodes :or 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 ,

specified 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 i

tests that were desenbed earlier. The idealized force-deflection curve is shown ir
Figure 5.1.21. ;

The boundary conditions for the Point Anchor Analysis were very similar to those
specified in the Anchorage-Free Analysis; however, the size of the finite element

y
-
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model was reduced in the Point Anchor Analysis. This was accomplished by
- liminating the portion of the mesh between the vertical centerlines of the first twoe

alping 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 basis of the results obtained from the '

Anchorage Free Analysis, which showed that the circumferential slia along this !
vertical centerline was small. Specifically, the boundary conditions used For the mesh
in Figure 5.1.19 were:

, ,

f

. Right Edge: u, = 0 (symmetry condition)

. Left Edge: u, = x.7 (p)3
.

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

. Top Edge: u,=y.r(p)y,

Nozzle Boundary: u, = x r (p), u, = y.7,(p)a

Concrete Side of Stud Springs: u, = x r (p), u, = y.7,(p)s

; 5.1.3.4 Liner Material Properties
. <

'

' 5.1.3.4.1 Unlaxlal stress strain data

A number of uniaxial tensile tests were conducted to determine the material
pro)erties of the thin liner, plate (1/16 in.; 1.59 mm) and the thick liner plate

'(3/16 in.; 4.76 mm). The thm 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 approximately 50 ksi 345 MPa). Both the A414
steel and the A516 steel show considerable strain hardeni(ng after yielding. The A414
steel reaches a true stress of 82 ksi(565 MPa) at maximum load while the A516 steel
exhibits sli htly more hardening and reaches a true stress of approximately 92 ksi
stram, MPa) g(634 at mrximum load. Figures 5.1.22 and 5.1.23 show the engineering stress-

curves of the A414 and A516 steels, respectively. A total of four uniaxial
tensile tests were conducted on the thin liner plate: two m the rolling direction, and
two in the transverse direction. The elongations at fracture were 21.3% and 30.0% in
the rolling direction and 99.1% and 27.8% in the transverse direction for the A414

|
,

steel.o
!

Figure 5.1.24 shows the equivalent stress-plastic strain curves used for the A414 steel
and the A516 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 maximum load, these curves were based on "true"

>

stress and "true" strain as defined by the relationships

r=(1+cc)oe (5.1.1)
o

,

c.r = log (1 + ce) (5.1.2)

where or is the "true" stress, og is the engineering stress, er is the "true" strain, and cs
is the engineering strain.

'

,
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The equivalent stress-)lastic : train curves used in the analysis without liner
anchoraj;e were essentia 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 inith!
yield plateau was climinated in the Point-Anchorage Analysis to circumvent
numerical problems associated with stiffening of the material.

5.1.3.4.2 Falluit criterion

Several empirical criteria have been proposed for estimating the point of fractere in
'

metals subjected to multiaxial loadtng conditions [46,68). The empirically based
criterion proposed in Reference 46 suggests that the Von Mises strain at failure, c ,c
can be determined from the telation: ,

= c.2[1-TFo] (5.1.3)er
-

where c is the tensile elongation end TFo is the Davis Triaxiality Factor defined by

"112 + "A
D (5*1*4)TF = ((,x.,,):4(g,.0)2+(,3.og)*]a53

In Equation 5.1.4, oi, a , and o3 are the princi)al stresses, and tensile stresses are .
s

considered positive. Equation 5.1.3 holds for TPo > 0. For TFo < 0, the fracture
strain is assumed to be equal to twice the elongation in uniaxial tension.

At the present time, there is no data which can be used to establish the accuracy of
Equation 5.1.3 for estimating the fracture strain of t.m liner material under a multi-
axial state of stresc. In this work, 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

5.1.3.5.1 Analysis without anchorage

In the Anchorage Free Analysis (Figure 5.1.18), kinerranc 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 fini:e element analysis and
that a pressure boundary condition was not applied directly.

The ABAQUS code uses an " absolute" error tolerance to determine convergence in
nonlinear problems. 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

error tolerance of(45 N) was used for pressures below 130 psig (0.90 MPa), and antolerance of 10 lb
50 lb (220 N) was used for internal pressures above 130 psig

(0.90 MPa).

Since there was no anchorage or frictional loa :ing on the liner in tE model, the liner
was free to slip relative to the concrete. The components of slip in the
circumferential d:rection, au , and in the "ertical direction, au , were computed fromx y

,

_
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the displacements obtained in the finite element analysis through the following '

relationships:

Au, = u, - x.r (p) (5.1.5)a

au, = u, y.r,(p) (5.1.6)

where u, and u[ie components of slip in the vertical and circumferentini directicas atare the displacements in the circumferential and vertical directions,:
rerpectively. T
145 prig (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 thickened plate. At this location, the slip
was primarily in the hoop direction.

The largest liner tear observed in the 1:6 scale model experiment pro,pagated at an
interna pressure of 145 psig (1.0 MPa). The equivalent plastic strain m the free-
field, uway from the penetration, was 1.5% at 145 psig (1.0 MPa) according to the
r.sults from the infinite cylinder analysis. At this pressure, the maximum value of
equive.ient plastic strain computed at any location in the penetration region was
2.8%. Figure 5.1.27 shows that this maximtar. was reached in the 1/16 in. (1.59 mm)
liner plate near the corner of the 3/16 in. (4.76 mm) plate.

An equivalent plastic strain of 2.8% is far less than what is needed to initiste a tear in
the hner. The Davis Triaxiality Factor (see Equation 5.1.4) must be less than or
equal to two for a state of 31ane stress. The elongation of the 1/16 in. (1.59 mm)
thick liner plate in uniaxia' tension is approximately 30%, making the equivalent
plastic stram necessary to cause liner tearing at least 15% based on the t'ailure
criterion in Equation 5.1.3. The fact that the maximum equivalent plastic strain
computed in the Anchorage Free Analysis was much less than 15% indicates that
critical details were excluded from the analytical model.

5.1.1 F2 Analysis with anchorage

Vhen the penetration analysis without liner anchorage failed to produce strains
wfficient 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 conditions were applied to the edges of the
model and to one node on each of the spring elements. The displacements specifiedg

E for the nodes on the boundaries and springs were increased incrementally based en
the strain history calculated in the infinite cylinder analysis. The ABAQUS
convergence parameter was set to 10 lb 45 N). This value is 0.7% of the limit load
measured for the studs. The convergenc(e criterion was satisfied in each step of the
analysis. The dimensions of the elements between the first column of studs on the

l 1/16 in. (1.59 mm) liner plate and the edge of the 3/16 in. (4.76 mm) ) late were
0.1 in. (2.54 mm) in the horizontal direction and 0.25 in. (.35 mm) in tie vertical

o

direction, or 1.35 and 3.4 times the stud shank radius, respectively. The dimensions
of the elements attached to the stud have a significant influence on the strains
computed next to the stud anchors. This point is discussed in more detailin Section
5.1.4.

As the containment wall deformed, forces developed in the studs as they attempted
to force the thickened plate to follow the motion of the wall. 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 plate increased until a local maximum was reached in the
stud force at approximately 70 psig (0.48 MPa) internal presure. This corresponds
to the pressure when the Jiner began t( yield locally around the studs in the first
column. The forces in studs S3, S6, and S7 began to increase again at 90 psig

of approxim). This increase continued until the stud forces reached a maximum valueately 1425 lb (6.34 kN at 145 psig (1.0 MPa) internal pressure. The peak(0.62 MPa i

!

value of the stud forces reached i)n studs S3, S6, and S7 was 25 lb (0.1 kN) le s than I
'

the shear strength of the stud. Above 145 asig (1.0 MPa) the stud forces began to
rapidij decrease, and the shear strength of tle stud was never reached. This second
interval of decreasing stud forces began when the equivalent 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 mm)) liner plate, the same was not true for the studsconnected 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 shear strength of 1450 lb (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 internal pressure of 145 psig (1.0 MPa). The strains between the 3/16 in.
(4.76 mm) liner plate and the first column of studs on the 1/16 in. (1.59 mm) liner
plate were much larger than those existing elsewhere in tne liner. The largest plasti:
strains were reached in the elements that were directly connected to the stud anchors.
The sequence of plots in Figure S.I.34 shows the maximum principal strain as a
function of distance from the insert plate in the first row of cundrilateral 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 pressure increased, the strain became increasmgly
localized in Element A, the element connected to the first stud next to the 3/16 m.
(4.76 mm) plate. Figure 5.1.35 shows the strain concentration factor for Element A.

Here, the stain concentration factor is defined as the r aximum princip(the infinite
al strain in

Element A divided by the maximum principal strain in the free-field
cylinder solution). Before yielding, the maximum principal stram in Element A was
twice as large as that in the free-field. As the liner be an to yield locally near the
stud, the strain concentration factor rose to approximate 11 and remamed i elatively
constant for internal pressures between 100 psig (0.69 M a) and 130 psig (0A0 MPa).
Above 130 psig (0.90 MPa), the strain concentration factor began to rise at an
increasing rate as strains began to localize 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 failure criterion in Equation 5.1.3,
the fracture strain cf was computed at each lecation in the model. A value of 30%
was used for the elongation at failure in uniaxial tension. The predicted fracture |

'

strain was then compared to the equivalent plastic strain, r . Figure 5.1.26 centainsp

contour plots of the ratio of r, to cr t three different internal pressures. Failure isa
predicted to occur when this ratio becomes greater than or equal to one. As |

expected, the failurt. ratio was largest in those elements connected to the first column
of studs next to the insert plate. l'he feilure ratio first reached a value of one at an |

|
i

|
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internal aressure of 143 psig (0.986 MPa). This fact is not reflected by the contour
plots in 3igure 5.1.26 because the strain wa(s so localized that te averaging processi

used in the plotting routine reduced the peak values of the failure ratio.) ion wasAs the
internal pressure increased, the zone of neaterial in which the failure criter

. satisfied merensed in size. In the neighborhood of the studs. Equation 5.1.3 predicted
that the equivalent plastic strain necessary to cause fracture was approximately 60%
of the elongation at failure in uniaxial tension.

.

-

;

5.1.3.5.3 Liner thickness measurements

After the test, nn 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 3/16 in. (4.76 mm)
plate. These measu)rements were made 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 rela'ive to the strain in the hoop direction, then the thickness strains obtained
from the measurements should be approximately equal in magnitude and opposite in
si n to the maximum principal stram and the equivalent plastic stram. The mam

ective was to determine the conditions that existed prior to the growth of the tear.
F this reason, measurements were taken along the co
frem the end where the large tear was located. The lm,ge of the insert plate oppositeer strains along this edge of
the insert plate should be very similar to those that existed in the tear region shortly - *

before the large liner tear propaga:ed

Small areas of the liner near each stud were visibly thinner than the rest of the liner
in the region. Unfortunately, the areas exhibiting the greatest thinning were so small
that the liner thickness could not be measured at these locations using the acousd

,

e
transducer. The smallest liner thickness measurement made with the acoustic
measuring device was 0.063 in. (1.60 mm
approximately -7% in the thickness directio). This corresponds to a strain of-

n. Becaust. of uncertainties in the
thickness measurements ( .001 in.) and variations in the initial thickness of the liner
( .001 in.), the actuti 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 where the liner tear ^

could have initiated were highly localized around the studs.

5.'.4 Detailed 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 spring elements introduced point-loads into
the plane stress model of the liner. In a contmuum problem (as opposed to a beam

or plate problem), a point load results in a stress singularity (ion analysis, this implies
i.e., the stresses become

infmite at the pomt of load application). For the penetcat
that 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 smaller liner elements, the criterion for liner tearing would be satisfied
next to the studs at successively lower aressures. Since the strains near the studs are
used to estimate the pressure at which liner tears initiate, it is necessary to determine
if and when the strams in the ewents next to the point-loads are meaningful. To
investigate this point, the strain seld in the liner
using two-dimensional and three dimensional fm' plate adjacent to a stud was studied<ite 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 radms.

i
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Finite element analyses were als ; used to explain why the liner tore in the 1:6-scale :

anchorage system in which the stud anchors were loaded in sh[ ear.] of the liner and
model test while the liner dia not tear in separate tests 12

In the stud shear
experiments, all of the specimens failed either by fracturing of the stud or by
fracturing of the weld between the stud and liner plate. The liner plate did not
exhiHt appreciabic 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
that airrounded the ec uipment hatches and pi)ing penetrations in the 1:6 scale :

model. The results of t le present investigation slow that this difference is primarily :

attributable to the presence of membrane tension in the liner beyond what is ,

supplied by a single stud acting alone. l

| 5.1.4.1 The Model Problem
l

The model problem that was analyzed is shown in Figure 5.1.37. In this, problem, a j
square strip of liner plate is modeled. The upper ecge of the strip is fixed against 4

vertical motion. Initially, a traction of magnitude c is applied along the lower edge i
o

of the specimen. This stress is held constant while the center of the strip is pulled
downward under displacement control to simulate the loading resulting from the
shearing of a rigid stud. The initial stress, o , is applied to simulate the fact that the ;o
liner in the 1:6-scale model was in a general state of tension before large stud forces i

developed. These loading conditions are not intended to e: cctly duplicate the {loading seen at a specific location in the containment, rather the model problem was ,

constructed to address tne following questions: j

1. How tre the liner strains near the stud affected when the stud loading is
accompanied by a general state of membrane tension in the lincr? !

| 2. How do specific modeling assumptions (two dimensional versus three- |
'

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 threc dimensional finite element model
| shown in Figure 5.1.38. This mesh is comoosed of eight-node brick clements
,

C3D8H). Two different loading conditions were analyzed. In the first analysis
| Analysis la), :be initial stress ao was set eaual to zero. In the second anal sis

Analysis Ib), the initial stress a was set equal to the yield strength of the liner ete| o
to more closely simulate the conditions that developed in the 1:6-scale maJel. oth
Analysis la and Analysis Ib 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 |
i

j. strain curves measured in uniaxial tensile tests (64). In these experiments, the true
; stress and true strain were determined bv interrupting each tensile test several times
| during the experiment and measuring tfie instantaneous cross-sectional area of the I

specimen. The true axial strain c was then computed from the relationship:
|

c = |n(Ao/A) (5.1.7)

|

l
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where Ao is the original cross sectional area of the specimen, and A is the
instantaneous cross sectional area. The average value of the true strain just before

'

final fractiire 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 plots from Analysis la showing side views of the
deformed hape of the liner .t four different levels of stud force. Figure 5.1.41-

contains similar plots from Analysis 1b. Figure 5.1A0 sha vs that in Analysis Ib,:

where an imtial membrane tension was applied, the liner p!:.te next to the stud began
to thin rapidly when the stud force reached approximately 1100 lb (4.9 kN). In

contrast, the hner plate did not begin to thin app (reciabl in Analysis la tmtil the studforce had reacned a vahie of more than 1500 lb 6.7 k . This is consistent with the i

results of the stud shear experiments conducted at Sand a. In these tests the studs or
'

stud welds failed when the force on each stud reached levels between 1400 and '

plate at the.2 and 7.1 kN). No visible evidence of thinning was observed in the liner
1600 lb (6 '

conclusion of the test. t

The variation in the equivalent plastic strain near the stud is shown in Figt'res 5.1.42
and 5.1.43 for Analysis la and Analysis Ib, respectively. In both cases, the gradient of
the plastic strain is significant in the thickness direction. The strains in the elements i

that are finmediately above the head of the stud are believed :o be artificially high
due to *.Le manner in wh!ch the displacement boundary conditions were apolied. As
expected based on the deformed shapes, the plastic strains in the vicinity of the stud
are much higher when the initial membrane tension is present (Analysis Ib). This is
30 int is further illustrated by the plots in Figure 5.1.44, which show the plastic strain
listory 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 at 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 la, the elements near the
fixed end of the specimen were well below the yield point (the von Mises stress in
these elements was a i i

Analysis (345 MPa)) pprox mately 15 ks (103 MPa) compared to a yield strength of50 ksi when the stud force reached 1530 lb (6.81 kN) while, in
Ib, the plastic strains near the fixed end of the specimen were between 6%

and 7% when tl e st.id force reached 1230 lb (5.47 kN).

5.1.4.3 Results from Two Dimensional Anahses

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 (CPS 4). The two-dimensional analyses corr.:sponding 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 in
the three-dimensional analyses. Geometric nonlinearities in the plane of the liner,

plate were accourted for by using the nonlinear geometry option; however, the planeL

stress elements do not account for changes in the plate :hickness.

The objective of Analysis 2 wr.s to determine how the plane stress assumption affects
the equivalent plastic strain near the stud anchor as compared to the rcsults obtained
frora a three dimensional analysis. In Analysis 2, the finite element mesh was
identical to nie finite elemera mesh used in the plane of the liner plate in the three-
dimensional model described previously. The bcundary conditions and loading

b history applied in Analysis 2 . .e ickntical to those applied in Analysis 1b; namely,
an initial traction equal to the yield strength of the liner material was applied to the

1

5-20

1
- - - ---- _ _ _ _ _ _ _ _



I I

1

- lower t 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 each side was equal I

I

to twice the radius of the stud shank, R. In the last two analyses, the square shafedelements next to the stud were sized so that h=R in Analysis 4, and h=R/ in
Analysis 5. Thir vrics of analyses was conducted to prove that the equivalent plastic
strain in the elenient 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 elements next to the point load are sized so that h=R,
then the equivalent plastic strain calculated in those elen.ents is a good
approximation to the equivalent plastic strain next to the stud anchor as computed in
a three-dimensional analysis.

The equivalent plastic strain is an important p(arameter that enters into the tearing
,

I criterion introduced in the previous chapter see Equations 5.1.3 and 5.1.4). In
| Figure 5..J9 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
I analysis, Analysis Ib. 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 radiu. of the ;tud shank. The

,

relationships between the stud force and the equivalent plastic strain ahead of the'

stud in Analysis Ib, Analysis 2, and Analysis 4 are compared in Figure 5.1.50.

The most important point of comparison between the various analyses is the stud
force at the onset of tear initiation. Figure 5.1.51 shows a plot of the 'falh:re ratio" at
four locations through the thickness of the liner plate near the edge of the stud
(Analysis Ib results). Here, the failure ratio is defined as the ratio of r, to the failure
strain e defined in Equation 5.1.3. The failure criterion suggests that the n.aterial atr
Point A will fail when the stud force reaches 1120 lb (4.99 kN). Points B and C reach
the failure point at slightiv higher values or stud force. In reality, as a material
element fails it will shed its' load to the surrounding material, thus increasing stresses
in the adjacent material. In the analyses reported here, the material was assumed to
continue to harden even after the failure pomt was reached. Judging from the rate at
which the fr.ilure 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 lb (4.99 kN).

Figure 5.5.52 com ares the tailure ratio calculated at the edge of the stud in
Analysis 2 and Ana sis 4 to the fa!!ure ratio at the center of the liner in Analysis 1b.
The failure ration f r Analysis 1b was computed at Point B shown in Figure 5.5.51.
From Figure 5.1.52, Analps 1b predicts that tearing will initiate at a stud force of
1130 lb (5.03 kN), Analysis 2 predicts that liner tearing will initiate at a stud force of
1250 lb (5.56 kN), and Analys's 4 predicts that liner tearing will initiate at a stud force
of 1030 lb (4.58 kN).

5.1.5 Closure

The agreement between the experimental results and both sets (No-Tension Analysis
and and Smeared Cracking Analysis) of axisymmetric finite element results was
reasonably good, especially at higher pressures where the reinforcing steel dominated
the resporse. In general, the stiffness of the 1:6 scale model decreased much more
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ranidly 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.
!n 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 concrete can be used to

characterize the global response of a reinforced concrete centalmwat building with
reasonable accuracy. Although a shell analysis does not model the mechanisms that
en lead to a radial shear failure at the basemat cylinder wall juncture, it is also
unlikely that the concrete cracking models presently 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 anac/ sis of the region surrounding a piping ,

penetration suggests that the large liner tear that propagated in this region imtrated
as the result of concentrated shear loads thu develoaed in the stud anchors as they
attempted to resist slippage between the lh.er anc concrete. This slippage was
induced by the transition from the thinner line. plate used in most of the cylinder
region to the thicker liner plate that encircled the oiping penetration. Results of the

3enetration analvsis imply)that the liner tear initiand at an internal pressure slip,htly3elow 145 psig (1.0 MPa . This is very close to t.ie internal pressure at which a
sudden and very large increase in leakage was observed in the 1:6-scale model i

experiment.

The results from the two-dimensional penetration analysis and the more detailed
studies of the strain field near a stud anchor suggest that that '.he primary
mechanisms that cuase liner tsaring 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 i

to avoid the numerical problems associated with analyzing these regions using more
complicated three-dimensional models. Such simplifications are necessary in order

.

to maka the analysis of penetrations tractable in futuu safety studies of containments
at existing nuclear power plants.

|

|

|,
L
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5.2 Argonne National Laboratoiy

This section was authued by P. A. Pfeiffer and J. M. Kennedy of the Reactor
Analysis and Safet Division at Argonne National Laboratory and A.11. Marchertas
of the Mechanical ngineering Department at Northern Illinois University.

5.2.1 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 sub ected to
overpressurization in Jul 1987. The two-dimensional code TEMP STRI SS [1519]

code were utilized 1) to preciet the
and the three d!mension 1 NEPTUNE [20 22)dentif global failu(re sites and theglobal response of the structure, to i

corresponding failure pressures, an to identi some local failure sites and
corresponding pressure levels. A series o axisymmetric models was studied with the
two dimensional computer program TEMP STRESS. A three dimensional model of
a cylindrical sector, including one penetration, was ana 7ed with NEPTUNE. The
comparison of these pretest computations with test data rom the containment model
has provided a test for the capability of the res7ective finite element codes to predict
global failure modes, and hence serves as a va:idation of these codes. Only the two-
dimensional analyses will be discussed in this section.

Three axisymmetric models have been analyzed [23) del which on!and are displayed in Figures5.2.15.2.3. The first 'gure 5.2.1) is a sim lified mo ' resents the
cylindrical and spheri containmerkt shell nd omits the basemat. basemat is

models also include representations of the oundation and sliding m). The comalex
included in the two more complex models igures 5.2.2 and 5.2.3

terfaces which
permit se aaration and sliding between components of the basemat and the basemat
and founc ation. The purpose of this third model (Fig,ure 5.2.3) was to investigate the
potential for failure of the wall and basemat juncture m detail.

The three two dimensional models all indicated failure at 180135 psig
(1.24 1.28 MPa). Ilowever, the three models predicted three different failure
mechanisms: 1) hoop failure of the vessel at midheight following failure of a splice
in this area, ( ) failure of a weld in the liner near the basemat due to excessive
strains, and (3) failure of the liner just above the knuckle due to compression failure
of the concrete. In reality, simultaneous failure in more than one mechanism is
unlikely since the onset of failure in any one mechanism will reduce the pressure and
therefore reduce the stress on other possible sites of failure.

The two dimensional models all predicted similar sequences of initial damage:
.17 MPa yielding of

meridional cracking commences at the vessel base at 25 p(sigthe liner begins at the midpoint of the cylinder at 100 psig 0.6 MPa) an propagates
um and down; yielding of the hoop reinforcement starts at 120125 psig
(b.83 0.86 MPa). More detailis available in Reference 23.

5.2.2 Comparison of Computed Results with Experiments

I.ow and high pressure tests of the containtnent 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

i
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(0.32 MPa). No leakage of the structure was observed at 53 psig (0.37 hiPa). Crack i

mapping, displacements, and strains were recorded at various pressures. The !
. purpose of the high pressure test was to determine the ultimate failure pressure. As i

m the SIT, displacements and strains in the containment were recorded at various
pressures.

The experimental results of the high pressure test indicated a maximum internal
aressure 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 alates that are at the midheight of the vessel. T1is agrees with '

the results of the ana yses, which indicated that the concrete is heavily cracked at
these locations; once the liner rips, the pressure will 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. Ilowever, the 3 obal models do predict1

the experimental displacement and strain response in the :ree 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 mternal 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. SiiELL" m 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. SliELL AND BASEMAT. No comparisons are given for the third model,
shown in Figure 5.2.3, because it gave essentially the same results as the second
model.

Displacement Resnonse ;

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 3 ven in Figures 5.2.5 through 5.2.10 for elevations of 6,11.2,13,15.4,i
17.9 and 20.1 : t, respectively. Vertical displacements of the liner are given in

L Figures 5.2.11 through 5.2.16 for elevations of 6,11,15 ft, the springline and the
dome apex, respectively. 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|
points were adjusted downward by 0.086 in. gage was not zeroed out, so all the dataIn Figure 5.2.15, the "R. C. SliELL";

(pretest) and STEEL SliELL" (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 wasI

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. SliELL AND BASEMAT models the basemati

| uplift. In Figure 5.2.17, the original experimental data indicated the displacement
| gage was not zerced out, so all the data points were adjusted upward by 0.0338 in.

|
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A very good com arison between the experimental and numerical results is obtained
for the radial di lacements. The nonlmear response due to plasticity in the rebar

!and liner is mode led quite well and is evident after 125 psig (0.86 hiPa) in the plots.
'

O.34 hiPa) in the pretest predictions. This j, ump between 40 and 50 psig (0.28 andump is attributed to pronounced hoop
Figures 5.2.5 through 5.2.10 show a distinct j

crack formation in the concrete throughout the structure's thickness with very little
softening, that is, the cracks open up completely and develo) full Softening
was included in the analysis, see Reference 23 for detaifs'. (Note:), llowever, the
experimental results do not indicate this type of behavior. A reasonable agreement
for the vertical displacements is obtained only after the pressure reaches about

right of th(0.86 hiPa), although the numerical results are significantly shifted to thee experimental data. This discrepancy probably originates from the same'
125 psig ,

cause as the jump in the numerical results in the radial displacements. !

meridional (axial)ponse, it was observed numerically that concrete cracking in thedirection occurred for pressures of approximately 40 to 115 -)sigIn the vertical res

(0.28 to 0.79 hiPa). The experimental data does not support this observation. This
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 obsen'ed
cracking could explain many of the differences in resulth, llowever,in spite of those
caveats, the overall agreement is sufficiently good for most engineering purposes.

Liner Strains
I

Table 5.2.2 cross references the figure number with the data channel number, and
azimuthal angle and elevation of the measuring point. hiaximum principal strains of
the liner are given in Figures 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, L5.5,16.2,17,17.8,19.2, 20.1, 20.7 and 23.9 ft (springline),
respectively. When the maximum principal 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 h1Pa) just like the
radial displacements of the liner. After the strain jump, the experiment and the
pretest predictions for 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, 5.2.27, 5.2.28, 5.2.29, 5.2.30,
5.2.31,5.2.32, and 5.2.33 the comparison is very good; even the nonlinear response
above 125 psig (0.86 hiPa) is modelled quite well. The results in Figures 5.2.20,
5.2.22,5.2.23, 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 m Figures 5.2.22,
5.2.23, and 5.2.24 the pretest results overpredict the experimental response. No

;reasonable 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,
azimuthal angle and elevation, and rebar layer of the measuring, port. The rebar
layers are illustrated in Figure 5.2.54. The hoop rebar strams are given in
Figures 5.2.35 tbrough 5.2.43, for e1evations of 13.4,4.2, 6.75, 9.5, 12.8, 13.8, 16.25, 19
and 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 pretest predictions and the experimental hoop rebar strains (
compare very well. 'lae nonlmear response due to plastic strtins 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 principal lmer i
strains, there is a jump in strain for the pretest results at 40 througi 50 psi; (0.28 '

through 0.34 MPa). This behavioi was attributed to the predicted hoop crac dng at :
40-50 psi (0.28-0.34 MPa).8 '

.

The meridional rebar strains are given in Figures 5.2.44 through 5153, for elevations
.

t

of 4,10.9,13,16.7,20 and 21.6 in layer 2 rebar and for elevations of.7.3,13.2,19.1 ;

and 20.1 in layer 5 rebar, respectively. In pencrat, the vertical rebar strains agree

only after the pressure reaches about 125 psy (he experimental data. This trend was0.86 MPa). Evera after this pressure -

the numerical results are shifted to the right o t
also noticed in the vertical displacement response discussed ear,'irr for the pretest
results. Discussion of these discrepancies is given in the following section.

5.2.3 P veracked Behavior

in general, good agreement was observed between the analytical prediction and the
test results regarding the global behavior of the structure. A nuttber of notable i

discrepancies between the analysis and test data were observed, the most apparent of :
which was in the vertical displacement, meridional tebar strains and m the uplift of '

the basemat for the containment.

One possible explanation for the discrepancy is that the test structure was " pre-
cracked" before the test. This possibility was pursued by analyzing a shell model I
(Figure 5.2.1) that completely neglected the tensile strength of the concrete. This
model assumed that the tensile strength of the reinforced concrete was solely due to

,

'

the reinforcement. It was found that this analytical model yielded sianificantly better
agreement with the test data on vertical displacements and strains. The results of the
analysis, labeled " STEEL SHELL," are plotted in Figures 5.2.5 through S.2.53. *

,

The main observations of the " STEEL SilELL" results when compared to the pretest
results and the experimental data are the following:

T

1. In the radial dis
31acements (d 50 psig (0.28 and 0.34 MPa)is a)bsent

Figures 5.2.5 through 5.2.10 the
displacement jump 3etween 40 an
for the " STEEL S11 ELL" analysis. This is because the concrete is.

modelled as pre cracked. In the higher
(0.86 MPa) and up) of the * STEEL SilLLL" pressure analysis (125 psigthe results are shifted to the
left of the pretest analysis. Thus, the * STEEL SliELL" analysis provides
a better comparison with the experimental data.

2. In the vertical displacements (Figures 5.2.11 through 5.2.15) the * STEEL
SilELL" results are shifted up for the whole pressure ran e and shifted to
the left for the higher pressure (125
compared to the pretest results. Also,psig (0.86 MPa and up) whenthe "STEE.L.S lELL" analysis
compares very well with the experimental data, whereas the pretest
analysis did not. -

3. In the liner strains (Figures 5.2.18 throug)h.5.2.34) the strain jum)between 40 and 50 psig (0.28 and 0.34 MPa is absent for the "STEE
,

I

SilELL" analysis. The higher pressure results are shined to the left of the
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|the " STEEL SliELL" analysis
pretest result. Other than the strain jump, inst the experimental data.compares as well as the pretest analysis aga

gures 5.2.35 throu the strain jum a |
. 8 and 0.34 MPa) gh 5.2.43)for the " STEEL4. In the hoop rebar strains

Ls absent !between 40 and $0 psig
SIIELL" arialysis. De hi er pressure results are shifted to the left of the

the ''S'mEL SliELL" analysis !pretest results. Other than the strain ; ump, inst the experimental data, j
compares as well as the pretest analys s aga

5. In the meridional rebar strains (Figures 5.2.44 through 5.2.53) the
" STEEL SilELL" results, in general, are shifted up for the whole ,ressure r

125 psig (0.M MPa :
ranje and shifted to the left for the higher pressures (Also, the '' STEEL) j
anc up) when compared to the pretest results.
SilELL" analysis generally compares very well with the experimental t

data, whereas the pretest analysis did not. ;

model to 53 psig (037 MPa)prooftesting (structural integrity test) of the containmentpressure was responsible for cracking of concrete or the.

It was believed initially that

loss of tensile strength. It was noted, however, that the vertical displacement !

discrepancy in that test was of the same magnitude. Dus, the loss of tensile strength '

of the model could not be attributed to the prooftesting (SIT) phase.

Because of the excellent agreement of the " STEEL SiiELL" model results with the .

experiment, an explanation was sought for the low tensile strength of the concrete |

before the tests. Several reasons were suggested, namely: j
.

a) Shrinkage cracking, which takes place during the curing process of the
concrete.

b) Cracking during the diurnal thermal cycling as well as seasonal ,

temperature changes.

In order to investigate the cracking possibility of the concrete structure due to diurnal
tem erature fluctuations, a shell model (Figure 5.2.1) for a thermomechanical i

anal sis was set up. A sinusoidal temperature variation was imposed on the outside
'

:

wall f the model with an assumed amp)litude of 20*F for a 24 hour cycle. The insidetemperature of the containment (liner was initially at 70'F and allowed to change
'

with transient thermal analysis. In the heat conduction anal _ysis only the concrete was
modeled. The thermal properties are given in Table 5.2.4. The coefficient of

ansion for both the steel and concrete were assumed to be
'

thermal exp/*F (5.6x104 m/m/*C). The resulting damage (hoop (and meridional1.0x10 5 in/indue to the outside temperature varying from a high of 90*F 32'C) to a low
cracking)(10'C) on the outside (see Figure 5.2.55 for thermal loading) results in the|_

,

'

of 50*F
damaged areas shaded)in Figure 5.2.56. In general the concrete is cracked (hoop
and meridional 2/5 of the t alckness from the outside surface in the cylinder and
cracked 1/5 of he thickness from the outside surface in the dome. Although the
structure is not completely damaged from this one day hypothetical thermal cycle,
there is no doubt that actual daily temperature fluctuations and seasonal changes will
cause the structure to be somewhat precracked or damaged. This precracking will
also enhance shrinkage cracking, by providing pathways for the moisture in the
concrete to escape. We believe that the temperature effect and shrinkage are mainly
responsible for t1e concrete being in a precrackec' state. ,

.
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Other reasons for the containment exhibiting 1 precracked state might be due to !
differential thermal expansion between the reinforcing steel and the concrete; and/or i

;

l

>oor (no) bonding of rebar with the concrete. These areas should also be examined t
'

x:t were not evaluated here.
I

,

I '

5.2.4 Summary i

i

The reason that the vertical displacements and merldlonal strains of the pretest !
predictions and the experimenta; data did not compare well was due to the actual
structure being softer or less stiff. Even the SIT test in which the structure was not
cracked beforehand) exhibited the same trend. This (mdicates that the concrete was|

:
precracked or the concrete and reinforcement bond was very low or even nonexistent. :
As a check, the two-dimensional model was re run with zero tension concrete, with

!only the steel liner and rebar having tension strength capacity. The liner,

displacements and strains and rebar strains of this altered model check very well with!

the experimental results.

As for the failure of the containment, the pretest L obal analysis performed wouldl ;

have to be used as input for localized models in order to predict the failure pressure i

of global an(alysis of r)einforced concrete structures. In light of the liner failure, whichof 145 psig 1.0 MPa . There seem to be no obvious remedies for the shortcomings
;

limits the maximum pressure of the vessel, analytical effort should shift somewhat to !
focus on the local fai ures. 'Ihe prediction oflocal failure of the vesselis not so much

i
restricted by the limitation of the present analytical ca) abilities but rather the ;

knowledge of local physical constraints. It appears that if the anchorage of the liner i
to the concrete vessel were well defined, and the physical parameters known, the .

aresent day anal tical methods (would be able) are adequate to predict the range of
.iner failure, hduch more experimental data on the specific types of anchorages ,

;

would need to be available to the analyst for the failure prediction.
,

The situation would seem more hopeful if the types of anchorages could be !
standardized - limiting the number of experimental data to be generated. With the :
limited number of anchorage types, expenmental data could be generated for needed
input to the analytical computational programs With such information available,
rather simple computational methods could be utilized for the prediction of liner
failure.

,

In general, a very good comparison between the experimental and pretest predictions ;
was obtained for much of the global behavior of the structure. Strain and
displacement responses where major discrepancies existed between the analysis and
observed test data could be explained by precracking. ;

,
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Table 5.2.1 Displacement Locations of Uner
i

Data Arimuthal Elevation |
Figure Channel Angle (Deg.) (ft) Measurement j

'

5.2.5 215 228.37 5.98 Radlal ;
|

5.2.6 218 228.57 11.21 Radial .

5.2.7 206 134.10 13.00 Radial '

5.2.7 219 228.57 13.00 Radial ;
'

5.2.7 228 315.01 13.00 Radial
5.2.8 220 228.48 15,41 Radial |

'

5.2.9 221 228.27 17.93 Radial ;,

'

5.2.10 222 227.85 20.07 Radial',

5.2.10 225 289.43 20.09 Radial
,

l 5.2.11 214 225.20 5.97 Vertical
5.2.12 217 227.62 10.98 Vertical'

5.2.13 223 222.97 17.97 Vertical !

5.2.14 224 225.95 23.93 Vertical
35.00 Dome Apex5.2.15 205 ,-

minus minus r
i

169 83.72 2.00 Basement Uplift !
'

35,00 Vertical for5.2.16' 205 --

Dome Apex

5.2.17 169 83.72 2.00 Basement Oplift

,

t

:

e
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Table 5.2.2 Uner Maximum Principal Strain locations |

!

Data Azimuthal Elevation 5
Figure Channel Angle (Deg.) (ft) .

!

5.2.18 1323 44.18 4.10 .

5.2.19 1326 45.03 5.49 !
5.2.19 1480 315.00 5.18 ;

5.2.19 1429 22833 5.30 '

5.2.20 1442 228.47 7.69 :
5.2.20 1483 314.92 8.31 !
5.2.21 1341 44.95 8.84 :
5.2.21 1422 221.85 8.93 !
5.2.21 1445 22830 8.88 .

5.2.2" 1344 45.08 9.83 i
5.2.22 1448 228.60 10.02
5.2.23 1347 44.30 10.68

'

5.2.24 1527 44.90 11.63
5.2.25 1540 45.07 1337
5.2.25 1606 133.65 12.93
5.2.25 1685 22837 13.08 i
5.2.25 1729 314.88 13.02 ;

5.2.26 1543 45.1 14.12
1

5.2.27 1688 22837 15.46 ;

5.2.28 1546 45.52 16.20
5.2.29 1701 228.36 16.98

,

5.2.30 1549 45.88 17.82
5.2.31 1562 4632 19.15 i
5.2.32 1802 112.67 20.07
5.232 1867 292.05 20.13
5.233 1748 44.47 20.75
5.233 1826 224.65 20.71
5.2.34 1761 44.53 23.88 |
5.234 1887 134.20 23.91 :
5.2.34 1840 228.30 23.93 '

5.2.34 1808 315.43 23.88
i s

I

l
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Table 5.23 Robar Strain Locations ]
|

Data Azimuthal Elevation .

Figure Channel Angle (Deg.) (ft) Layer i

i

5.235 1104 135.00 1338 1 !

5.236 680 4533 4.15 6 !

5.237 681 45.50 6.75 6

5.238 682 46.00 9.54 6

5.239 1107 135.00 12.82 6

5.2.40 1109 46.50 13.75 6

5.2.41 1120 45.50 16.25 6 -

5.2.42 1048 242.00 19.04 6

5.2.42 1029 46.00 19.21 6 :

5.2.43 683 44.50 21.90 6

5.2.44 562 44.10 4.00 2 ,

5.2.45 563 45.50 10.88 2

5.2.46 1105 134.00 12.98 2 i

5.2.46 529 305.50 13.08 2 i

5.2.47 564 46.00 16.71 2

5.2.48 540 305.00 20.04 2 i

5.2.49 565 46.50 21.58 2 ;

5.2.50 1040 45.50 7.33 5 |

5.2.51 1041 45.50 13.42 5 ,

5.2.51 1106 134.50 13.04 5
'

5.2.51 620 305.50 13.08 5

5.2.52 1042 47.00 19.13 5

5.2.53 622 331.50 20.08 5
.

i

,

!

Table 5.2.4 Concrete Thermal Properties

;

949 J/kg/'CSpecific Heat =

8x105 in8/st/*F |

1.85 J/m/s/*CThermal Conductivity =
i

0.2771 lb in/st/*F

2.25x10-4 lbf st/iniMass Density =

,

!
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5.3 Electric Power Research Institute

This section was prepared by ANATECH Research Corp. (formerly ANATECH
International). The prmeipal investigators were R. A. Dameron, R. S. Dunham, Y. R.
Rashid, and M. F. Sullaway. The work was conducted for the Nuclear Power .

-

Division of the Electric Power Research Institute (EPRI), where the project manager
was H. T. Tang.

5.3.1 Summary

This EPRl/ANATECH contribution to this report describes work done by
ANATECH after the test to compare pretest predictioas to measured results, fine->

tune analysis techniques based on the measured results, and to study the largest liner
tear / leakage location in detail. The text to follow is a condensed version of an EPRI
publication [24). This work represents much of the analysis portion of the Third
Phase of EPRI's research program " Methods for Ultimate Imad Analysis of Concrete
Containments". An important objective of the orogram was to establish criteria and
guidelines for predicting liner tearing and leaiage in concrete containments. The '

| development and justification of these guidelines is the topic of the EPRI Thirdr

Phase Report [26), in which many of the posttest comparisons made here areI

described m more detail. In parallel to the development of the leaknge prediction
methodology, advanced analytical techniques, particularly in the area of 3D
continuum modeling, have continued to be developed and compared with
experiments. To this end, the Sandia 1:6-scale mode' has offered a unique
opportunity to test these new analytical techniques; the authors of this Section!

gratefully acknowledge the efforts of all those involved with sponsoring and running
the test.

The pretest analysis published in Reference 11 predicted leakage failure and the
correct leaka ressure that occurred in the test, namely a leakage pressure range of

140 to 150 ) (0.96 to 1.03 MPa) was predicted, which bracketed the final test
pressure of : psig (1.0 MPa). The posttest comparisons with experiment that were
conducted show good correlation between global results such as cylinder
displacements, rebar strains, far-field liner strains, etc. In fact, most of the pretest
analysts who participated in the pretest prediction program showed very good
agreement in these categories. However,in the bending areas of the cylinder, namely
at the springline and at the wall base juncture, the round robin pretest predictions
showed a wide variation and significant departure from the test results, while
ANATECH's predictions generally, speaking track the experiment well in these
bending regions, it is felt that this demonstrates the validity of the analytical
methodology for computing global response comaonents. This is important since the
computation of the global response with standardized two-dimensional analysis was a
goal of the current research phase, forming the framework for the newly developed
EPRI guidelines for predicting containment leakage.

The calculation of local response, on the other hand, is much more difficult, and
involves significant labor and computer time intensive efforts to develop and analyze
fine local grids with advanced constitutive and material interaction modeling
techniques. Several local regions of the 1:6-scale model were analyzed by
ANATECH in the pretest work and this resulted in a list of potential liner rupture
locations in which the regions horizontally adjacent to thickened liner inserts around
?enetrations were given a high probability of developing leakage. As can be seen in
Figure 5.3.1, these locations agreed with the liner tears that were observed after the
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test. The liner knuckle connection at the wall base juncture was predicted to tear
several psi earlier than at other locations, so it was listed as the location most likely
to tear and leak. With the aid of hindsight from the test, the liner tearing criteria has
since been modified to require membrane strains to exceed the tearing en,teria rather
than bending strains; the predicted tear at this location was based on a very localized
bending strain at the knuckle (on the order of 6 to 7%), while membrane strain
remained less than 1% At the same pressure, the pretest analysis predicted some
local liner membrane strains to reach between 4 and 6% Based on a membrane
strain tearing criteria, these locations become the most likely candidates for liner
tearing and this was exhibited in the test. The current work looks into the local liner
tearing in further detail including a 3D local analysis of the mechanical / electrical :

,

fecdthrough penetration where the largest tear occurred. !
:

The two global response parameters that showed significant variation among analysts !

(including ANATECH) and between analyses and experiment are the effect of the
concrete tensile strength cutoff and basemat uplift response. At lower pressures '

(below 100 psig,0.69 MPa), where the concrete tensile strength significantly affects
the response, most analyses overpredicted the strength of the concrete in tension. 1

The calculated quantities such as hoop rebar strain and radial displacement typically

show a sharp jump when the concrete cylinder cracks (jump.en 40 and 50 psig,0.28betwe
and 0.34 MPa), but test ga es did not show this sharp Analysis predicts very
small early response for di lacement, rebar strain, etc. In the uncracked structure;
then all the curves
cracking occurs. jump an match the measured data after the analytically predictedThe measured data would indicate that the structure makes a
smoother transition in stiffness from the before cracked to the after-cracked

response. Reasons that have been put forth for this include (1)ditions and exposurelow in situ concrete
cracking strength, (2) pre existing micro-cracks due to curing con
to weather, (3) close bar spacing and small amounts of cover over outer bars causing
pre cracking during curin
susceptible to a loss of bond m,g, and 4) small bars (1/2 in. (12.7 mm) diameter)a purely tension structure. All four reasons contribute
to the phenomenon, but the crac:dng strength is the only adjustable parameter which
can be incorporated into the constitutive model. Moreover, in ANATECH's view a
constitutive model for use with general purpose finite element codes should deal only
with plain concrete in order to separate the constitutive modeling from the modeling
complexity associated with the concrete
bond strength, pre-crackin3 ue to curin/rcinforcement interaction. Accounting for,

d g and crackconstitutive formulation on the bond characteristics /bar interaction requires specialwhich depend on bar sizes, bar
s aacings, and development length (the length required to develo) the full strength of

,

the bar through rebar to concrete bond stress). This level of modeling becomes
impractical for global analysis, although it has been attempted for special local effects ,

earlier in the EPRI research program [26,28]). Concrete strength, on the other hand,
can easily be adjusted to better match the experimental results, and there is much ,

| experimental evidence supporting the occurrence of low in-situ concrete tensile
strengths. Taking these results into consideration, a cracking strain of 50x10-8 in/in
was chosen as a best estimate for the actual in-situ concrete cracking strain in the i

test. With this input to the constitutive model, posttest axisymmetric analysis ;

produced improved correlation of global response in the low pressure range, |
;

[ meluding basemat uplift.
h

Basemat uplift was investigated with a series of posttest correlation analyses that ,

demonstrate the sensitivity of this response component to various parameters, it is !

Important to note, however, that the behavior of the cylinder at high pressure, I

including liner tearing and leakage near the penetrations, was largely unaffected by
'
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fine tuning the basemat parameters. The first discrepancy in the pretest grid that was
rectified was to add the 12 in. (0.3 m) thick unreinforced fill slabe , which was
previously ignored on the basis that an unbonded, unreinforced concrete layer would
not contnbute significantly to the basemat bending stiffness. In the posttest analyses,
this slab was included by way of an interface layer facilitated through ANATECH's
UMAT (use of UMAT and the EPRI-sponsored finite element code, ABAQUS-
EPGEN is described in the pretest report [11]). The interface layer was given the
same properties as ordinary concrete, except that cracks were introduced in the plane
of the interface a priori. The next modeling parameter subject to varying
interpretation was soil stiffness. It was found by varying this parameter that softer
soil causes uplift to occur 10 to 15 psi (0.07 to 0.10 MPa) earlier than with stiffer soil.
However, by far the most significant im 3rovement to basemat uplift prediction was to
lower the conciete tensile strength for t le reasons cited above. Progressive reduction
in concrete cracking strain caused the uplift to turn up at lower and lower pressures.
With cu = 50x10 6, the uplift turned up at around 72 psig (0.5 MPa), :.nd this curve
matched the measured results the best.

Because of the major hatches that were located every 90* at the cy(linder mid height,the model showed behavior that varied significantly with azimuth measured around
the model's circumference). Displacements were somewhat less at the heavily
reinforced hatches than the free-field containment wall. Liner strains also showed

wide variations with azimuth because of vary (ing effects from the hatches in the fourquadrants. At the end of the test (145 psig 1.0 MPa) pressure), the measured free-
field strains in the four quadrants ranged from 0.8% to 2% These results clearly
demonstrate the inadequacy of axisymmetric analysis alone to predict the variation of
response around the circumference, and comparisons are made between the test and
the 3D pretest global quarter model that was used to drive local submodels with
displacement boundary conditions.

Important correlations have been made between the liner strain measurements and
the local 3D predictions near penetrations which have helped validate the liner strain
concentration factors being used in EPRI's concrete containment leakage prediction
criteria. Gage locations did not always coincide with peaks of strain concentrations,
but in some cases illustrated herein, gage placement was such that the experimental

'

data could be used to establish general stram concentration trends and to validate the
analysis.

| A final posttest study was performed for a grid that was similar to the pretest local
effects grids, but that 'vas much finer than before in the peak strain region. The latest
grid also utilized discrete stud modeling and an interface element layer to allow the
iner concrete stud interaction to enter into the results. The grid is a local quarter

model of the mechanical / electrical feedthrough penetration cluster. The analysis
| shows sharp strain concentration in the first two inches out from the edge of the

insert plate, which coincides with the long tear that occurred in the experiment, and it
; further validates the conclusions from the pretest local analyses which showed similar
! strain concentrations. The analysis also showed locally elevated strains at the first
I welded stud line adjacent to the 3/16 in. (4.76 mm) insert, but it is not felt that the

1

6. After the analysis was completed, it was realized that the fill slab is actually mildly
reinforced, llowever, this would not be expected to change the results significantly

i

1 because the fill slab is in compression and therefore almost all its stiffness is due to the

| concrete.

|

I
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strain,y themselves caused the tear; however, within a region of generally high local
studs b '

they may have directed the tear, i.e., from stud to stud. Stram contours
developed from the analysis show that the strain field is co<tstant all along the edge of
the insert, making it easy for a small tear to pro,pagate until reaching a lower strain
field near the corners of the insert. This is consistent with what was observed in the.

test.

. A vast amount of information has been compiled as a result of the 1:6-scale model
test for analysis code validation and for assessing reinforced concrete containment
response to overpressure conditions. Experimental verification of the notion that
concrete containments leak before they burst catastrophically was an important
objective that was realized. For ANATECH's analytical support of the test, the
research has been valuable in verifying the EPRI sponsored concrete containment
leakage prediction criteria that have been developed. In terms of general analytical

..

lessons learned from this work, it has been shown that, because of insufficient grid
refinement,2D models alone cannot predict the detailed response and the local hner .
behavior near stiffness discontinuities in the structure, and highly detailed 3D models
are much better suited for this pur)ose. Further, two-dimensional analysis can be
significantly im) roved by using a c etailed concrete model with a verifiable in-situ
concrete tensi e: strength and by fellowing certain guidelines that have been
established in the EPRI research for grid density and other modeling parameters.

5.3.2 Introduction

During the EPRI research program, the concrete analysis methodology that has been
Jeveloped has continued to be refined and extended to more challenging problems
and complex computational grids. The first analyses
specimens without liner plate as tcsted at Construction T[26] modeled simple, panelechnology Laboratories [271
in order to validate the newly developed concrete constitutive model. In Phase 2 of
the program [28J, the methodology was extended to more complex laboratory
specimens with hners, stiffness discontinuities and penetrations [29] and to global
containment analysis of typical reinforced and prestressed concrete containments
subjected to overpressure and to various temperature / pressure combinations.
Detailed enhancements to the concrete model were made to investigate liner-
concrete and rebar-concrete interaction and their effect on liner tearing mechanisms.
Extensive analytical support was provided for various specimen tests. All of these
analyses, however, were performed in two dimensions. It was not until a detailed ;

investigation of all aspects of a pa .icular containment was required that three-
dimensional analysis became a necessity. Of course, this computational advancement
carries with it a manyfold increase in grid development time and computation time.

Three dimensional modeling was undertaken because of the challenge presented by
the Sandia 1:6 scale modeL. While analyses of containment prototypes had been
conducted before, never had comprehensive detailed prediction calculations been
performed for an as built structure with the recently developed methodology. The
posttest work described herein builds on what was reported m the pretest study and
therefore begins by comparing the pretest results with test results. The new analyses
include a 2D global parameter study to assess the sensitivity of concrete tensile
strength and other parameters, and a detailed 3D analysis of the
mechanical / electrical feedthrough penetration. All analytical tools, namely
ABAQUS-EPGEN with ANATECH's UMAT concrete model are the same as those 1

described in the pretest work, so this information need not be repeated here.
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5.3.3 Pretest Analyses Compared with 1:6. Scale Model Results

5.3.3.1 General Conclusions from Posttest inspection

Upon posttest inspection, many small tears were discovered in addition to the one
large tear; they were i.1 located in the narrow strain concentration region associated
with penetrations, as predicted by ANATECil in pretest local effects analyses. (See
Figure 5.3.1 introduced in the summary section The cause of the strain
concentrations appears to be due partly to the change).in liner thickness that occurs
next to the liner insert plates and partly due to out of. plane dislocation motion
through the thickness of the liner due to the difference in wall ar.d liner stiffness at
the penetrations compared to away from the penetrations. The latter effect causes
shearing st ains, r2nd this was evidenced in ANATECII's pretest and posttest
Analy",es. At the largest tear adjacent to the mechan * cal / electrical feedthrough
peaetration, there is a set difference in radial displacement of about 1/4 in. 6.4 mm)
or 4 liner thicknosus across the tear, with the free-field s!de of the tear sho(wing the
Izrger radial displacement than the penetration side, liowever, this may simply be a
product of unloading behavior ant may only show the trend of differential radial
dispiacement rather than a measure of the total dislocation. The liner appears to
have buckled s.nd shifted somewhat upon unloading.

At 140 psig (0.97 MPa), the total measured leakage has been reported to 1 e 13% .

mass / day. Between 140 and 145 sig (0.97 and 1.0 MPa), leakai;c measurements of
234% mass / day and 354% mass day were recorded. By holding the pressure as
steady as possible at 145 psig (1. MPa) for approximately one hour and continuing <

to increase the pumping rate, the large (22 in. (0.56 m)ler tears caused leakage
long) tear next to the

mechanical / electrical feedthrough combmed with other smal
to become very large (approximately 4000 sefm of nitrogen). In ANATECll's view,
the large increase m leakage after 140 psig (0.97 MPa), posttest examinations of the
liner, and local leak rate tests conducted by Sandia tend to support the conclusion

that all the liner tears occurred between 140 and 145 psig (be attributed to leakage
0.97 and 1.0 MPa), and

that minor leakage below 140 psig (0.97 MPa) can probably
through hatch seals.

A1: of the tears near penetrations and corresponding high strain locations predicted
by analysis occur just outside of the thickened liner except at equipment hatch B.
There, the highest calculated and measured strain occurs at the root of the embossed
concrete due to the liner attempting to straighten itself across a corner. (Note,
equipment hatch A and the personnel airlocks have embossed concrete on the
outside only, so liner corners do not exist at those locations.) The only structural
components acting to prevent this motion are the studs, and with this liner
deformation they are subjected to direct pullout. This is offered as an explanation of
why the tears near hatch B appear to be more of a puncture related to stud pullout
rather than an extensional tear. The analysis of this region predicts elevated strain at
this liner corner, but not as high as the strains near other penetrations, llowever, the
3D pretest analyses did not model the Muds discretely, so this puncturing action that
was exhibited would not be predicted by the analysis. The other tear locations
appear to be true extensional tears caused by the liner being stretched to its ductility
limit. flowever, the long tear at the mechanical / electrical feedthrough appears to
have run from stud to stud. Thus, the studs may act as very localized stram risers.
Posttest analysis described herein and an independent analysis performed at Sandia
(described earlier in this report) demonstrate the very localized strain around the,

| base of studs. llowever, ANATECII feels that the studs in these locations are not
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the direct cause of the tearing; rather, their presence vis a vis positive liner i
anchorage is a necessary condition for the large strain field to occur at points of ;

differential radial displacement.
|

The conditions for liner tearing that the EPRI leakage criteria attempts to predict are ;

large peak strains which occur irrespective of studs, provided that positive liner i

anchorage exists to concentrate the strain. Therefore, the addition to tbe strain field I
of very ocalized stud effects around the root of the stud is not addressed by th:se

'

criteria, nor can it be with the experimental evidence that is currently available. For ,

the purposes of these criteria, this climinates the questions that arise regarding the '

adequacy of the stud scaling in the 1:6 scale model. Clearly, the studs that were
chosen provided enough anchorage to elevate the btrain and cause tearing i

mechanisms to occur, similar to tears that have also been demonstrated by analysis.

5.3.3.3 Two Dimensional Axisymmetric Analysis Comparisons

As described in the pretest report,2D global pretest analyses consisted of an
axiaymmetric grid convergence study and several axisymmetric grids. The

,

i

computational grid a shown in Figure 5.3.2 to support the pretest analysis
comparison discussion and the posttest analysis discussion. Detailed description of
grid development and convergence studies may be found in References 11 und 14.
Concrete was modeled with S node axisymmetric continuum elements (3 elements !

through the wall thickness), rebar with ABAQUS 'REBAR sub-elements, and the :

liner with 3 node shell elements. The basemat soil interface was modeled t, sing
acalinear no tension springs.

Several quantities and locations have been selected for comparison with experiment
from the set of standardized prediction plots requested by Sandia early in 1987. The
few plots presented in the allowed space are not necessarily those with the ''best fit",
but they are a variety of quantities and locations to present an overview of global
response comparison. Figure 5.3.1 also shows the locations of the comparisons and

i

serves as a reference chart for the figures that follow. Each figure shows the
experimental measurements of the High Pressure Test (HPT) shown as crosses (+)
and the pretest
are given below. prediction shown as a ime. Figure numbers, locations, and quantities,

Units are indicated on the plots. ,

1.uts_f!! Ouanti y Locationt

13.3 Radial Displacement z = 11 ft
d.3.4 Vertical Displacement Relative to Basemat z = 11 ft
5.3.5 Radial Displacement z = 18 ft
5.3.6 Mnximum Principal Inside Surface Liner Strain z = 13.75 ft, # =45'
5.3.7 Axial Strain Layer 6 Hoop Rebar z = 13.75 ft, # =45' i

5.3.8 Maximum Principal Inside Surface Liner Strain z = 22 ft, e = 45'
(springline)

'

5.3.9 Axial Strain Layer 8 Seismic Bar z = 22 ft, e = 45'
(springline) *

5.3.10 Maximum Principal Inside Surface Liner Strain & = 72', e = 90' (dome)
5.3.11 Axial Strain Layer 5 Meridional Rebar & = 72', # = 90* (dome)
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The agreement for these global results quantitles is generally good, hiost of the
computed quantities show a significantly stiffer structure prior to concrete cracking
than was exhibited in the experiment; therefore, there is consistent deviation of the
measured and computed values below 50 to 60 psig,(034 to 0.41 hiPa). This aspect
of response is explored in detail in the next subsection. In the high pressure range,
which is felt to be the most important part of the response, the strains and
displacements were predicted very well. Comparison of basemat uplift has been left
out of this set of plots since it is also a subsection topic.

The computed radial and vertical displacements of the shell wall (Figures 533 to
53.5) generally lag the measured response by 5 to 10 psi (0.03 to 0.07 hiPa). This
observation can also be made for most of the other pretest analyst's predictions.
Since this is consistent >y true for vert cal and horizontal displacements, but not fori

rebar or liner strairf., the explanation may lie in the displace:nent measurement
technique. The shapes of the carves are still reasonably close. Rebar and liner strains
show very good agreement at the cylinder midheight (Fipires 53.6 and 53.7) and at
the springhre Figures 53.8 and 53.9). This not only vahdates the ccastitutive model
and wmpu.ati(onalgrid but also the ABAQUS EPGEN plasticit~v alconthm and the
conlinear material data thr.t was input for the various steels bried en Sandia's
coupon tests. Global quantitles in t' e dome (Figures 53.10 and 5.S.11) are moren
susceptible to the influence of the apparently low concrete tensile strength
discre'pancy as mentioned earlier in this section, and this is evidenced in the
comparis9n plots.

,

lobal comparisons are very encouraging for validation of the containment
The g! analysis guidelines that have been established in EPRI's leakage criteriagloba
development report [25).

5.3.3,3 Investigation of Effects of Varying Concrete Tenslie Strength

As was seen in the previous discussion, ,;lobal response parameters predicted by
pretest analyses matched the measurec response very well at high pressures.
However, at lower pressures (below 100 psig,0.69 hiPa), where the concrete tensile '

strength significantly affects the response, most analyses, including ANATECH's,
overpredicted the strength of the concrete in tension. The calculated quantities such

as hoop rebar strain and radial displacement typ(ically show a sharp) jump when theconcrete cylinder cracks between 40 and 50 psig 034 and 0.41 hiPa , but test gages
did not show this sharp jump. Consider, for example, the low pressure portions of
Figures 53.7 and 53.9 as illustrated in Figures 53.12 and 53.13. The crosses are the
high pressure test (HPT) gage data, as before, and the triangles are the same gages

i from the Structural Integnty or 1.ow Pressure Test (SIT). The reason for includm3
both is that the SIT is assumed to begin with an uncracked structure, but the SIS
itself goes beyond hoop cracking. Thus, the liPT be;; ins with a cracked structure. It
should be noted, however, that the gages were all "re zeroed" after the SIT, so
comparisons of the SIT with the liPT should be made with caution.

:

The analysis concrete material properties were chosen based on standardized test'

data, reported by Sandia (11).

| f' = 6500 psi (44.8 hiPa)
$ = 4.8x106 psi (33 GPa)
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cy = 0.2

f = 500 psi (3.45 MPa), maximum tensile stressi

Using fi = 500 ps! (3.45 MPa) and E = 4.8x105 psi (33 GPa) gave a tension cutoff
strain of e , = 105x10-$ in/in

b., is the primary tensile strength input parameter to the concrete model developedc

y ANATECli for use with ABAQUS. The stress vs. strain failure surface also '

predicts cracking based on the strength cutoff, f t this depends on the stress and straini ;

state in the pioblem. '

In Figures 5.3.12 through 5.3.14, c , = 105x10 5 corresponds to the dashed line, which :

was the pretest analysis result. These figures and the previous figures (5.3.3 through
5.3.11) show that analysis predicts very small early response for rebar strain, etc. m .

the uncracked structure; then all the curves
the analytically aredicted cracking occu.s. jump and match the measured data after

'

The measured data would indicate that ;

the structure ma es a smoother transition in stiffness from the before cracked to the
after cracked response. Possible reasons for this behavior that have been collectively
put forth by the pretest analysts include: -

1. The cracking strength (and strain) of the in situ concrete is lower than that
incasurd by cylinc er tests.

,

2. The concrete in the model may contain micro cracks due to curing :

cor.ditions and exposure to weather, whereas cylinders cured in a
controlled environment would not. .

3. The close liar spacing and the small amount of cover over the outer bars in-

the model may have caused pre-cracking during curing due to the bars ;

themselves. Some surface micro-cracks were reported at 45* angles (the
orientation of the outer seismic bars) prior to either pressure test. This -

argument is particularly important to evaluate since it would probably not
occur in a full scale containment where spacing anc cover are
comparatively very large.

4. The small bars (1/2 in. (12.7 mm) diameter) are susceptible to a loss of
bond in a purely tension structure. This also would be prevalent in the

| scale mode , rather than at full scale. This is a particularly strong argument
to explain the lack of a sharp meridional cracking cutoff. The extstence of
the meridionn.1 bars at 4.5 in. (0.11 m) intervals serve as hoop crack '

(vertically oriented cracks) initiators, so hoop cracking would coincide with

the meridional bars. Given this condition, as the hoop cracks open up,is a
the

meridional bars begin to lose bond. The development of bond stress
gradual process, hence, so is the development of bar stress. This would
result in a gradual stiffness change from a fully bonded condition where

,

I the bar stress is a function of 11e effectiveness of the bond to a fully
cracked condition where the bar stress is independent of the bond. Tlus
behavior is apparent in the structure and cannot be predicted in analyr.es
that do not account for bond stress history.

ANATECH attributes the phenomenon to all four reasons, but in particular to
reasons 1 and 4. However, ANATECil's ultimate goal is to incorporate this
experience into a reinforced concrete analysis methodology as has been done in the

|
1
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leakage criteria development report [25); hence, the cracking strength (or strain) is :
the only adjustable parameter which can be incorporated into the constitutive model. |

It is important to point out in this regard that a constitutive model for use with
general purpose finite element codes should deal only with plain conciete in order to
separate from the constitutive modeling the modeling complexity associated with the I

concrete / reinforcement interaction. Accounting for bond strength, pre-cracking due |

bond characteristics /rebar interaction requires special constitutive formulation of theto curing, and crack !
'

which depend on bar sizes, bar s pacings, and development length
(the length required to develop bar stress through rebar to concrete bond stress), and ;

this leve l of modeling becomes impractical for global analysis.
.

On the other hand, concrete strength can easily be adjusted to better match the
experimental results, and there is much experimental evidence that supports the
occurrence of low in i.itu concrete strengths. Raphael demonstrated in a study of
concrete tensile strength in concrete gravity dams that in situ tensile strengths were -

actually about half of the usual assumption of 0.lf' [30). lie points out three typical
causes for the occurrence of lower tensile strengths than that measured in test
cylinders. (It should be noted that his findings are for plain concrete without rebar.)

| First, curing conditions for the actual structure are different than the cylinders that
| are poured at time of construction. Fart drying and exacsure to weather have
I adverse effects on tent.iie strength. Second, banng tensi e strength e7.timates on
| cylindet splitdng tests can produce resul;s that are too high, eten accounting for the
t usual knockdown factors applied to split cyliader data. Split cylinder tests are

normally used becat.se the cylinder sample is the sr.me as that used for the'

compressive tests, anc the data h'ts auch less scatter than typical direct tension tests -

'of unreinforced concrete ssmples. While teneoaks stich as Reference 31 advise that
direct tension tests produce tensile strengths of 75% to 80% of split cylinder tests
because of the mechanics of the stress state in the test, Raphael gives data that shows

; that in laboratory direct tension tests where sample end effects are carefully
| controlled, direct tension strengths can be as low as half that of split cylinder results.
; For the round robin aretest analyses, both types of tests were used to choose the f =i

500 psi (3.45 MPa); '10 wever, Raphael's work would suggest choosing a much lowerl .

I numxr. The third effect involves the duration of the test. Imading rates seem to
have an even larger effect on tensile strength than on compressive strength. Most

|
split cylinder tests are conducted on the order of secor ds, but tests extended to
hundreds of seconds can give significantly lower tensile strengths.

,

L
'

Taking these results into consideration a cracking strain (cg) of 50x10 e in/in was
chosen as a best estimate for the actual In situ concrete cracking strain that existed in!

the model at the time of the test. With this input to the constitutive model, aosttest
axisymmetric analysis produced the solid curves in Figures 5.3.12 through 5.3.L4. The

| most significant improvement occurs for meridional response as can be seen in
Figure 5.3.14 showi meridional rebar strain. Since meridional cracking occurs later
than boop cracking i.e., ideal clastic cylinder meridional stress is 1/2 that of clastic
cylinder hoop stress , the shift in crackmg pressure is more significant. law pressure
response in the dome was also significantly improved by using the lower cracking
strain. The effect on the basemat response was the most significant of all, as will be
seen in the paragralhs below. The remaining variance between analysis and
experiment below 3C

psig (ted previously. While one may argue t1at the test results
0.21 MPa) is attributed to pre existing cracking for the

reasons (numbered 1 to 4) ci
might be matched even better with zero tensile strength concrete, many full scale
panel tests in the EPRI sponsored test program [27,29] gave results that show a sharp

|
Jump in response related to cracking; there, the cracking model tracked experimental
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results very closely, it is felt that any further modifications to the model to match the |
1:6 scale model results would be an overspecialization of a general purpose concrete ,

model.

5.3.3.4 Basemat Uplift Behavior and Soll Stiffness Sensitivity
i

Basemat uplift was significantly overpredicted by many of the pretest predictions
including ANATECil s. It has been the topic of many of the posttest discussions |
including SMiRT 9 Session J, the November 1987 posttest meeting at Sandia, and the

'

4th Containment integrity Workshop. The pretest predictions of the ten
organizations who participated in [11: are all shown compared to the incasured value

,

in Figure 5.3.15. The cun'c patterns : or each orj;anization are indicated, but it is not i
intended to judge any of the predictions on this 3 asis; the importance of the figure is i

to show the scatter in the predictions for this particular quantity. There was generally
very little scatter for the prediction of many global response parameters in the
cylinder, such as radial displacement and hoop rebar strain, but because the basemat
uplift quantity showed widely varying analysis results, it was investigated by '

ANATEC11 with a series of posttest correlation analyses that demonstrate the
sensitivity of this response com mnent to various parameters. It should be stated at
the outset, however, that the behavior of the cylinder at high pressure including liner !
tearing and leakage near the penetrations, was imaffected by fine tun,ng the basemat ii
parameters. The axisymmetric grid used for these analyses was shown in Figure 5.3.2, !

and an fenlarged view of the basemat modeling is shown in Figure S.T.16. The i.

measured basemat uplift is plotted compared to the results of five different
ANNFECli analyses with varying treatments of the basemat in Fi i

parameters that were varied in this study are outlined in Table 5.3.gure 5.3.17. Tne1 to help identify'

the curvcs in the figure.
!
!

4.s |

Table 5.3.1 : Basemat Edge Displacement Labeling !

(See Figure 5.3.17)
,

12 in. Foundation
Curve Fill Slab Stiffness Concrete Tensile

Number Modeled (ksf/ft) Cracking Strain

1 ---- ------ Experimental Results ----------------
2 No 13,400 105x10-8
3 Yes 13,400 105x10-6
4 Yes 1,340 70x10-8
5 Yes 1,340 50x10 e
6 Yes 1,340 105x108

.

Basemat uplift occurs because of the upward force exerted by the wall on the outer
edge of the mat, which causes radial bending near the center of the mat. The analysis
must handle the nonlinear shifting of the contact pattern as it shrinks radially inward
along the bottom of the mat. The first discrepancy in the pretest grid that was
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rectitled was to add the 12 in. (0.3 m) thick unreinforced fill slab Figure 5.3.16)? ,
wh!ch was previously ignored on the basis that an unbonded, unrei(nforced concrete
laytr would not contribute significantly to the basemat bending stiffness. Curve
number 3, which shows large reduction m uplift, includes the 12 in. (0.3 m)he sameconcrete
layer along with an interface layer facihtated through UMAT with t
properties as ordinary concrete, except that cracks were introduced in the plane of ,

the interface a priori. The interfacia, shear friction between the concrete and liner I
was modeled by limiting the shear stress to:

r. =0 for e, > 0 or o, > 0 j
!

= 50 psi for 100 < on < 0 psi |
!

= |0.5 o,| for o, < 100 psi !

I

where o, Negatl"sre the stress and strain normal to the crack; 0.5 is the coefficient of
andc

friction. e stress or strain represents compression, i.e., stress or strain acting |

to close the mterface. Note that the sign of r is always positive, but r is used I
as an absolute naximum on shear stress; whetEer positive or negative, the sign of the

o my

shear stress 's unchanged. The algorithm for the shear stress subject to the r mo
condition isif ,

r <0 e = MAX ( e, rmo)
r >0 r = MIN ( r, r,,o ) ;

,

ne shear modulus was also modified t.s follows:
,

G = E/(1 + v) for o, < 100 psi

= |o,|E/100(1 + v) for 100 psi < o, < 0

=1 for o, > 0

The purpose of settin 7, G = 1 is to set G to a relatively small number without causing
an ill-conditioned stiffness matrix.

The next modeling parameter subject to varying interpretation was soil stiffness. The
value reported by the soil testin
was 390 ksf/ft (61.26 MPa/m)g firm (Western Technology,Inc.) retained by Sandia
value and represents a relatively soft value for analysis,gnized as a foundation design

. Since this was reco
ANATECll's

was given a foundation stiffness of 13,400 ksf/ft (2100 MPa/m) pretest analysis ,

based on an
assumption of 0.001 in. (0.025 mm) displacement under the structural dead load.
This was a convenient arsumption for purposes of analysis. The justificat!on for this ,

assumption was based on past experience, which showed that soil stiffness has little
effect on the eventual contact pattern of the basemat at high pressure, itis
interesting to note that this conclusion is supported by the 1:6 scale model test and
the postlest analysis results plotted in Figure 5.3.17 (i.e. by comparing curves 3 and

7. After the analysis was completed, it was realized that the fill slab is actually mildly
reinforced. Ilowever, this would not be expected to change the results significantly
because the fill stab is in compression and therefore almost all its stiffness is due to the
concrete.
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6). It was found that the softer soil causes significant uplift to start 10 to 15 psi (0.07 :

to 0.10 MPa) earlier than with stiffer soil, but the concrete tensile strength cutoff has (
a much more significant effect on the results. The soil stiffness for ANATECll's

'

The stiffness selected was K,y re examining Western Technology's plate test data.
:posttest analyses was chosen b

= 1340 ksf/ft (210 MPa/m) w |

design value and represents a dead load disp!acement of 0.01 In. h
ch is 3.4 times the

j(0.25 mm).

The final modification to the analytical model was to lower the concrete tensile
strength for reasons discussed in detail in the previous subsection. The reduction in
concrete cracking strain caused the uplift to turn up at lower pressures. With to =
70x1G4, the uphft response turns up at around 95 psig (0.66 MPa). With cu=
50x104, the u alift response turns up at around 72 psig (0.5 MPa), and this curve
(curve 5) matches the measured results the best. Of the changes that were made, the
soil stiffness appears to be the least important, i.e., there is not much change moving
from curve 3 to curve 6. j

5.3.4 Investigation of Wall Base Juncture and C linder Wall Hending3

and shear !
This subsection is aimed at discussing the complex sub ect of bendinfy has shearbehavior in the containment cylinder wall. It is complex ecause not on
and bending in concrete structures proved to be difficult to calculate, but it also has
been difficult to formulate failure criteria for shearing mechanisms from an analytical |

and a design code standpoint. At the analyticallevel, calculation of bending and I

shear res >onse is a globally driven phenomenon (as opposed to very localized liner i

tearing), but the mechanics of a bending or shear failure are highly dependent on the
nurnerical representation of the details within the wall se,ction. While smeared i

compzta6ona| models have been shown to be very accurate for the " breathing" mode i

of the shell, they do not provide the detail necessary to model shear and bcnding at a :

sce'.lon. Bendm3 response is captured fairly well by discretizing several concrete '

elements with inc ividual rebar layers at various de aths in the section, as was done by
ANATECH for the 1:6 scale model (discussed be ow). Ilowever, the rebars in this
model do not alone carry any shear or bending so dowel effects are ignored; in the ,

actual structure, concrete rebar interaction across a shear crack plays a major role in
governing a potential shear failure. Detailed calculation of the mechanics occurring ,

within a sigmficant shear transfer zone would require very fine local grids with rebar ,

modeled as beam or continuum elements and concrete rebar bond transfer modeling +

incorporated into the constitutive model.

At the design code level the issue is presumed to be solved with conservatism, but no
insight is provided into the mechanics of failure. Codes governing concrete structures
for nuclear power applications such as ACI 349 86 establish allowable shear stress
values for concrete or steel dowels acting alone, but these values are based on testing
of conventional beams and slabs where the mechanics of shear failure are much
different than shear failure in a containment wall. It is well known that shear
capacities of sections are significantly influenced by the effectiveness of the shear
reinforcement, the crack opening size, the stress field around the crack, etc. The ACI
code even recognizes one aspect of these effects in its Section 12.1.1 governing shear
in " deep beams". Application of this section of the code to massive concrete
structures can lead to mereases in the allowable concrete shear stress by a factor of *

two or more. While, by following the code, containment designers and analysts can
be sure that the shear capacity of their structures can withstand pressures well in
excess of design pressure, t bey cannot, with currently available methods, predict when
shear failure will occur and what sort of breach of the containment will result. Of
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utmost importance it to predict whether or not a shear failure will occur before a

test [ge failure. Dose analysts who predicted shear failure in the 1:6 scale model
leaka

L1] did so because of numerical instabilities that occurred at the wall base
,
uncture late in their analysis and not because a specific shear failure criterion had
xen met. The discussion below is not intended to fully answer these questions, but
by examining the calculated shear and bending response for the 1:6 scale model we
begin to focus attention on this aspect of behavior that heretofore has not been
addressed in the pretest work. The lack of conclusive analytical or experimental
evidence as to if or when shear failure was imminent in the test further identifies the
shor: comings of the current state of the art in shear failure prediction.

5.3.4.1 Cylinder Wall Bending

As mentioned earlier, an important part of the leakage prediction guidelines being
developed in the EPRI sponsored work is to standardize an accurate but
computationally efficient global results model. A variety of axisymmetric grids and

chosen included various numbers of concrete elements through the[11]; the grids
constitutive models were used by the pretest analysts as reported in

c)1inder wall
thickness. Although shell element models with composite properties have been used
by some analysts, ANATECH has found such models to be madequate in the shear
and bending regions, in our methodology guidelines, we recommend the use of
discrete liner and concrete elements. At least three concrete continuum elements
through the wall thickness are required to adequately separate the rebar/ concrete
layers and properly simulate the cylinder wall bending response, nrough several
years of experience with containment global analysis, we have found that shell

shear distribution in bending regions of f.ie wall. properly predict the shear flow andelement representations of the entire wall do not
Moreover, shell elements make it

more difficult and less rclia ale to post process individual rebar and liner stress and
strain histories.

Figures 5.3.18 through 5.3.20 have been included to illustrate the response prediction
in regions with bending. With regard to global response in the containment, the only
bendmg that typically occurs in the cylinder wall is at the springline and at the wall-
basemat juncture. Figures 5.3.18 and 5.3.19 show analysis vs. experiment strain
history comparisons for the two meridional rebar layers at the sprin line. The
difference in strain in these rebar layers, which are separated by 4.5 in.g(114 mm)l,

indicates the bending present at this section (refer to Figure 5.3.24 for typical wal
cross section). The first plot in each figure shows the pretest result from all the
analysts compared to experiment results as reported by Sandia, liere again the
purpose of the plots are to show the relatively wide variation in computed results, in
contrast, at cylinder wall sections where there was no bending, results were predicted
more uniformly by all the analysts, and with good agreement with the experiment. As
shown in the figures, the ANATECil/EPRI pretest and posttest analyses predicted
the bending fairly well with some improvement in the low pressure prediction gained
with the reduced concrete tensile strength used in the posttest analysis. It is felt that

constitutive models,ght of the wide variation of results produced by other grids andthis apectaent, in li
validates the global containment analysis guidelines that have

been developed in the EPRI Research. A similar comparison is made in

the pressure side. yer 2 rebar at the severe bending region at the base of the wall on
Figure 5.3.20 for la

|

|
;
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5.3.4.2 Wall Basemat Juncture uner Connection

As has been reported in previous papers and reports, ANATECll's failure prediction
consisted of a list of potentialliner tearing locations which were predicted to occur
between 140 and 150 psi
juncture liner connection (g (0.97 and 1.03 MPa). These includecthe wall basematthe knuckle region as shown in Figure 5.3.21) and the liner
thickness transitions at the 3 o' clock and 9 o' clock positions of most of the
penetration inserts. Surface strain at the wall base liner connection was predicted to
exceed strains near penetrations, so the wall base juncture was predicted to develop
the first leak. With the exception of the wall base location, the predicted locations
and leakage pressure agreed very closely with the experiment. It has been concluded
that the lack of agreement between the failure prediction and the test results for the
wall basemat juncture is due to the fact that the liner strain at that location is
predominantly bending strain. The liner tearing criterion developed in the EPRI
program has since been modified to distinguish between membrane strain
concentrations and bending strain concentrations. The modified criteria has since
been re applied to the 1:6 scale model which resulted in a liner tearing prediction at
the wall base juncture of approximately 154 psig (1.06 MPa).

To examine what ANATECll believes actually occurred in the test, an "as built *
sketch of the knuckle detail is shown in Figure 5.3.22, which is a modified version of
the idealized detail shown in ANATECil's pretest reports. Next, consider the
idealized displacement mechanism predicted by the pretest analysis as shown in |

Figure 5.3.23 (also taken from earlier pretest reports). The pretest prediction
analysis allovced the knuckle to slip free from the surrounding concrete, and the thin :

liner just above the knuckle gave little resistance to bending. This modeling resulted
in large uplift and rotation of the knuckle itself, which clearly is the cause for the ,

large bend' g strains predicted in the pretest analysis at the top of the knuckle.m

By re examining the construction detail sketch in Figure 5.3.22, or.e can envision two |
key factors that would serve to keep the knuckle in the actual experiment from lifting '

u ) and causing the large bending strains predicted in the pretest analysis. First is the i

effectiveness of the bond or " sticking" between the knuckie and the concrete. The i

pretest analysis used springs to approximately model the stud behavior, and this
modeling probably did an adequate job at the studs (the first stud is about 2 in.
(51 mm) above the top of the knuckle . But below the first stud, the liner and
knuckle elements were modeled with )no connectivity at all to the concrete. In
retrospect this was probably a poor assumption. Second is the size and irregularity of ,

the weld bead at the to) and bottom of the knuckle, which was information
unavailable to ANATECli at the time of the pretest analysis (drawings indicated a
butt weld which was assumed to be ground smooth). The extra thick sections at both
of these severe bending locations significantly impede possible upward rotation of the
knuckle. Ther,e reasons can possibly account for the lack of any observed liner
distress at the wall base juncture. No posttest analysis was conducted to further
evaluate the effect of these two factors, because assumptions used in modeling the

" sticking"llyjustified other than to guess and hope to match the test behavior.of the knuckle and the shape and behavior of the weld beads cannot be
,

analytica

Because of the proximity to the weld bead, it was impossible for Sandia to place

gages any closer than about 0.5 in. (12.7 mm) lysis mdicate that tne bending strainaway from the top of the knuckle.,

dowever, the strain profiles from the pretest ana -

concentration is only 0.25 in. (6.4 mm)in the gages. This (combined with the factorslwide; thus, elevated strains associated with the
top of the knuckle were not recorded

.
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discussed in the ;) receding paragraph that sen'e to restrain the knuckle from rotating)
explains the lac c of any sigmficantly elevated strain measurements in the test near
the wall base juncture.

This location is still considered a point of concern in reinforced concrete :
containments because of the shear transfer and the knuckle rotation phenomenon
exhibited in ANATECH's analysis (albeit an analysis based on modeling assumptions
that perhaps exaggerated this rotation). Unfortunately,little more can be learned
from the test measurements to c.dd to the liner tearing database to be used for
general containments. To further study reinforced concrete containment wall base
liner junctures, detailed local analysis and further experimentation is needed.

5 3A 3 How Close was the Model to Wall Base Shear Failure?
,

4

Posttest examination of the model indicates that minor concrete crushin
occurred on the outer edge of the base of the wall, but other than this,g may havethe model
gives no indication of sigmficant distress at the wall base juncture, llowever, this is :
the nature of shear and brittle failures in general; they give no early warning before
massive failure occurs. Several of the pretest analysts have proposed that the model
may have been close to a wall base juncture shear failure, but little or no analytical or
exacrimental evidence has been offered to date to support this hypothests. This
su asection attempts to draw some conclusions on this subject based on analysis
results.

The construction geometry of the cylinder wall at the wall base juncture is shown by
the idealized sketch in Figure 5.3.24. The shear transfer and moinent at the wall base
can be approximated by hand calculations as follows. Assume the basemat provides a
rigid clamped edge to the base of the cylinder (deformed grid plots indicate this is
approximately true). For a clamped cylinder with internal pressure.

Mo=2 (5.3.1)

E
0: = 'p (5.3.2)

M,=Dh 0,=Dh (5.3.3)

D= (5.3.4)12 2)

3I
s4 = (5.3.5)r,

where E is Young's modulus, t is the idealized cylinder thickness and v is Poisson's j

ratio, P is cylinder Pressure, M is meridional moment in Ib. in/in and O is shear i

through the cylinder wall in Ib/in. Reference 32 also gives: )

=[D [sMop(sx) + Oo (sx)) (5.3.6)w s

h"2 [2sM,((sx) + 2Oo((sx) (5.3.7)

h=D [2sMo((sx) OoS(sx)] (5.3.8)
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where t, e, d, and ( are tabulated. This completely determines the disalacement of
the wall and the bending moment, moving u
homogeneous clastic cylinder. Of course, the prob p from the clamped edge for acm is significantly compheated by:

the fact that the wall is highly inhomogeneous and inelastic, and the effective
thickness t varies with the response. At high pressures, however,let us assume that
the effective t is the transformed thickness o: the cracked wall section. Using this |
approach for estimating meridional bending is a reasonable assumption because, for
the first one or two feet 0.3 to 0.6 m) above the wall base, the basemat confines the
cylinder to little or no cra(cking in the hoop direction. A more detailed explanation of)
the transformed bending thickness calculation may be found in Reference 24. For the
cement abbreviated discussion, the hand calculation methods produce

t , = 6.1 in. (155 mm) at p = 100 psig (0.69 MPa). |i

Using this thickness and Eqs. 5.3.1 through 5.3.4 gives

A = 0.044
,

i

At p = 100 psig (0.69 MPa)

Mo(100) = 25,826 lb in/in ;

'
Oo(100) = 2,273 lb/in (0.4 MN/m)

taking positive shear outward. I1y 140 to 150 psig (ding at the wall base bending
0.97 to 1.03 MPa), analysis

demonstrated that the inner steel showed significant yiel
section (e.g., see strain history in Figure 5.3.20) Consequently, the joint rc,tates so
much that the outermost concrete at the wall base becomes somewhat effective at
carrying compression and contributing to the moment carrying stiffness of the section.
Ilased on this the effective transformed thickness was assumed to increase to ;

approximately 8 in. (203 mm). It is important to note that, because of the extensive *

remforcement and the dia gonal shear ties, the concrete that does contribute will be ,

highly confined and will exliibit high residual strength. With this change,

p = 0.039

Mo(150) = 49,800 lb in/in

Oo(150) = 3,863 lb/in (0.68 MN/m)

. Then using Eqs 5.3.5 and 5.3.6 and the tables in Reference 32, one may solve for
dtw/dx8 and d8w/dx8 and ,

M(x) = (5.3.9)12( .v2)

(5.3.10)O(x) ' 12( 2)

This exercise has been performed to compare with the finite element results and
thereby establish a basis for discussion of the possibility of shear failure at the wall.

as part of the
'

base juncture. The finite element results were reported in [11)hese plots, total
<

| standardized plot package requested by Sandia prior to the test. For t

|
section moment and shear were plotted versus wall elevation starting at the inside

!

4
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base of the wall and extending up five feet (1.5 m). To our knowledge, these plots
have not been extensively used m postlest analysis discussions. Total moments and
shears were computed based on the finite element nodal pcN force output available
in ABAQUS EPGEN. The results of Eqs. 5.3.9 and 5.3.10 are pletted versus those
pretest prediction results in Figures 5.3.25 and 5.3.26. These plots show a reasonable
correlation (given the crudeness of the hand calculations) between the finite element
model and a closed form solution where assumptions of transformed thickness were
made according to the above discussion.

There is no known data available on specific levels of shear required to cause failure
in this type of structure. To evaluate how close the structure was to shear failure, the
only option available is to look at the individual meridional bars and assume that :

before shear failure occurs enough shifting of concrete must occur so that the bars
are all acting in pure dowel action. This would probably quantify the limit state of a >

massive shear failure. Ilowever, before this happens, a substantial shift of the
concrete at the shear crack must occur, and this would probably be enough to tear ther

| liner and cause leakage. This supports the leak before break failure scenario even
'

for a shear failure location. (For a detailed stud ofliner strain concentrations due to
dislocations at major cracks, see Reference 26 If the bars, through dowel action,
have plenty of reserve shear capacity once this s ift takes place, then the leak before-
break scenario is likely to occur.

'

Pursuing the question of ultimate shear capacity even further, however, one must
I investigate the behavior of the individual c owels. From the transformed section
I calculations in Reference 24 the distance to the centroid of the transformed section,
I = 3.83 in. (97 mm) from the outside concrete surface; l = 18.6 in' (774 cmi).

y*herefore, the stress in the bar layers can be found byiI

! o, = (N,/A ) + Mo(150)(yt yi)/1 (5.3.11) :

| This gives component stresses of
1

| liner: c, = 30,114 + 15,850 = 46,000 psi (317 hiPa)
layer 2: c, = 41,300 285 hiPa
layer 5: o, = 28,560 197 MPa (5.3.12)
layer 10: a, = 38,270 264 MPa

,

seismic: o, = 23,200 > 160 MPaI

and the meridional bars at this section ((see Figure 5.3.20) that the in)nermost banIt is clear from the strain gage histories and analysis strain histories for the liner|
i

| (layer 2) and the liner hnve reached yield by the end of the test, while the outer bars
(e.g., layer 5) are still well below yield. These strain results can be shown to be

_

'

| consistent with the approximate component stress results above by considering the
| Von Mises yield condition that is assumed for the bars:
|

unlaxial o i.ia = [1/2 ((o, o )2 + (o, o,)* + (a, o,)y + 3dy + 34, + 34,P 5(5.3.13)y y

| Assuming that in the rebar (acting in combined tension and dowel action) the only
non zero stresses are o, and r,y, we can solve for e,y in terms of o,

hJoh.iao!' (5.3.14)=r,y

1
1
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If we then establish the criteria for catastrophic shear failure of the section to be the
yield of all the bars (acting in tension plus dowel action), we can solve for what the
shear stress would have to be at a = 150 psig (1.03 MPa) in order to meet the
criteria. Using Eqs. 5.3.12 and 5.3.14 and yield stresses of 50.2 ksi (346 MPa) for the !

liner and 66.6 ksi (459 MPa) for the bars, we get

liner: 11,600 80 MPa)=r,y
layer 2: r, = 30,160 208 MPa 'y

layer 5: r,y 34,750 240 MPa=

layer 10: r,y 31,460 217 MPa '=

seismic: r,, 36,043 249 MPa=
>

When dowel action initiates, it is impossible to tell from the data available what the
distribution in shear is between the layers; however, because of the bending of the

.

'

section, one can assume that dowels will start carrying shear from the inside moving -

out. ("Ihe concrete will be less likely to slip and create dowel action on the outside ,

where the bending component of stress is compressive.)ilable contribution fromIf the total shear (as
computed earlier) is 3863 lb/in (0.68 MN/m), then the ava
the different layers is

Vuri,, = (1/16)in.x 11,600 psi = 725 lb/in 0.13 MN/m) ;V
V y,, , = ((0.440.2/4 )in.x 30,160 psi = 1340lb/in 0.23 MN/m)i

i io = )in. x 31,460 si = 3076 lb/i (0.54 MN/m) (5.3.15)V .,,,,,s= 15441 n (0.27 MNi, -

V
V,.i,mi, = 24031 n (0.42 MN i

,,,i ao,,i up,,ii, = 9088 lb/in (1.59 MN/m)

With the assumption that the dowel action becomes effective from the inside out, it is i

clear that at a minimum, the liner and layer 2 bars are at maximum cap)acity (andtherefore yielding, which is consistent with the m:asured strain results and the
:

remaining shear can be carried entirely by the large (0.75 in. (19 mm) diameter) layer !10 bars,

V .,,,in = 3863 - 725 1340 = 1798 lb/in (0.31 MN/m) (5.3.15)i

To calculate the pressure at which massive shear failure would be reached would
require several more iterations even using the very approximate methodology given
here because the x values continue to change as the pressure increases and so do the !

wall section prop (erties (t ,, y, I, etc.). Ilowever, the conclusion that can be reached isi -

that at 150 psig 1.03 MPa), which was itself unreachable in the test due to leakage,

elsewhere, t1ere is still substantial reserve shear capacity considerin dowel action of
I

I

the rebar. The total capacity from Eq. 5.3.14,9088 lb/in (1.59 MN is more than !
twice the shear at the section at 150 psig (1.03 MPa),3863 lb/in (0.6 N/m). *

,

5.3.S 3D Analysis Comparisons

| Many of the 1:6 scale model test measurements and analyses that have been'

performed show results that have emphasized the need for threc dimensional
analysis. To name a few examples of 3D dominated behavior:

| 1. *Far field" liner strain measurements (away from penetrations showed
widely varying results in the four different azimuthal quadran)ts of the
model, indicating the non axisymmetric nature of the response.
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2. Displacement gradients and " dimpling" at the major hatches show the
effect that the hatches have on global behavior.

3. *liatch ovalization" requires local 3D modeling.

4. Liner strain concentrations that resulted in leakage require local 3D )
modeling. ;

,

This section summarizes the global and local 3D pretest analyses that ANATEC11 ,

performed and compares them to the test. ;

5.3.5.1 Brief Summary of 3D Pretest Analyses

The main response component that cannot be determined with certainty by 2D
analysis is the interaction between hoop and meridional deformations around the
hatches. The modeling must include local rebar details built in complex patterns
sweeping around hatches, and the analysis must be capable of capturing the
difference in the hoop direction stress state and the meridional direction stress state
and the interaction between the two. In order to compute displacement boundary
conditions to drive local 3D models, a relatively coarse quarter model geometry of
the wall and dome was analyzed from azimuth 270' to O'. *llidden line" plots of this
grid with examples of rebar layers were plotted in the pretest work [11). The rebr.r
ayers were constructed in the computational grid with a spatial rebar generation

program ANATECll developed for use with ABAOUS EPGEN. By searching the
fm' ite element grid for bars that intersect element faces, ABAQUS 'REBAR input is
generated. The rebar generation program has recently been released in a proprietary
2PRI report [33).

Following the global analysis, local 3D grids of the equipment hatches and two
smaller penetrations, an 8 in. (203 mm) and a 4 in. (102 mm), were analyzed with
edge displacement boundary conditions from the parent grid 'Ihe local 3D grids
were finer than the global grid, and the liner was modeled with two layers of
continuum elements rather than with a single layer of shells as in the global grid in
order to better calculate the hner shearing and liner strain concentration response
due to the difference in out of plane displacement of the penetration relative to the
free field shell displacement. Unfortunately, because of the complexity of the
multiple penetration clusters at the mechanical / electrical feedthrough penetrations
(as will be seen in a later Subsection), none of these small penetration groups were
analyzed prior to the test, and one of these is where the largest liner tear occurred.

5.3.5.2 Global Quarter Model Comparisons

As discussed in Section 5.3.2, most of the measured quantities showed good
agreement with the quantities predicted by global axisymmetric analysis. 'Ihese
include liner and rebar strain versus pressure histories away from stiffness
discontinuities (referred to as " free field" quantities) and most displacement histories.
Ilowever, because of the major hatches which are located every 90' at the cylinder
midheight, the model showed behavior that varied significantly with azimuth
(measured around the model's circumference).

Displacements were somewhat less at the heavily reinforced hatches than the free-
field containment wall. In a Containment Integrity Workshop paper on synopsis of

i
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the test results [34), Horschel compares the radial displacements of the cylinder wc]l
midheight at various azimuths, including free field and hatch locations. Those
comparisons indicate that the free field dis
location radial displacement by about 40% placements exceeded the average hatchThe maximum displacements at 145 psig
(1.0 MPa) at these locations reported by Horschel are:

Radial Displ. Calculated in
Location at 145 psig 3D Global Analysis,

Free Field, Azimuth 315' 1.81 in. 1.83 in.,

Free Field, Azimuth 134' 1.70 in.

Free Field, Azimuth 229* 1.31 in.

At Fersonnel Airlock "A" 1.35 in.

At Equipment Hatch "B" 1.17 in.

At Equipment Hatch "A" 1.12 in. 0.71 in.

Unfortunately. there was no series of gages at the 270' to O' quadrant for direct
comparison of the displacement profile; however, a qualitative comparison of the
general behavior can be made in Figure 5.3.27, which shows a ceformed grid
(section plan view) of the pretest global quarter model at 145 psig (1.0 MPa). Two of
the dis? acements from the above tr.ble above are indicated on the figure. The 315'l
azimut a displacement matches the calculated result vey well, but the hatch A radial
displacement exceeds the calculated value. For this coarse quarter model grid, the

,

'

stiffness of the hatches is apparently somewhat exaggerated compared to the free-
field shell.

<

As expected from the displacement variation, iiner strains also showed wide '

variations with azimuth because of varying effects from the hatebes in the four
. .

quadrants. Liner principal strain measurements from gages well away from '

penetrations are shown in Figure 5.3.28 compared to the 2D axisymmetric pretest
analysis results. At the end of the test (145
strains in the four quadrants range from 0.psig (1.0 MPa) pressure), the measured 8% to 2%; all of those measurements
presumably represent free field measurements. These results clearly demonstrate
the inadequacy of axisymmetric analysis alone to predict the variation of response
around the circumference. '

The 3D pretest analysis procedure has been further validated by additional
comparisons made in Reference 24 between global response parameters of the 3D
quarter model, the 2D analyses, and the experiment. Displacemenit history
comparisons and far field rebar strain comparisons show a close agreement between
the 3D results,2D results, and the test. The quarter model grid is too coarse,
however, to make local rebar and liner strain comparisons with localized measured
results,

l

|
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5.3.5.3 3D local Effects Analysis Comparisons f
Important correlations have been made between the liner strain measurements and i

the local 3D predictions near penetrations that have helped validate the liner strain !
'

concentration factors being used in simplified concrete containment leakage
prediction criteria. These local 3D analyses were the key to leakage prediction in the i

1:6 scale model pretest analyses. ;

Prior to the test, computer time, man )ower, and schedule commitments allowed four
'

grids to be developed and their ana yses to be completed. These were equipment
hatches A and B, an 8 in. (203 mm) penetration and a 4 in. (102 mm) penetration.
The first three of these represented three very different penetration geometries; the
personnel airlocks were not analyzed but had very similar geometries to that of '

'

equipment hatch A. The fourth analys,is (4 in. (102 mm) penetration) had a geometry
similar to the 8 in. (203 mm) penetration; thus, it required a similar grid and did not !
represent extensive additional grid generation effort. That analysis was used to make
a direct comparison between smaller and larger penetration sizes of otherwise
similar geometries) and also to investigate the effect of the loc (ation of the

~

;

penetration occurring lower on the wall and nearer the wall bending zone. As
mentioned earlier the clustered mechanical / electrical feedthrough penetrations ,

could not be analyzed in the pretest scope of work; as will be seen in the next
subsection, the grid development and analysis effort for this was significantly more
extensive than any of the pretest grids.

~ '
The analvses that were chosen did nrovide useful and diverse results for the ditferent
. hatch atId pent.tration types. Tb.e trend for equipment hat:h A and the small ,

penetration' was for a severe strain concentration to develop in the thinr:et liner '

material imrr.ediately adjacent to the thickened liner insert. This theme has been a
recurring one in many of the posttest observations, analyses, and correlations made
by various groups, but it was Drst introduced in the ANATECH/EPRI pretest work
(e.g., see Reference 11). It wr also observed ar.d studied earlier in ANATECH's
support of the Construction Technology Laboratory specimens with penetrations.
After significant study, analysis, and discussion of the subject at posttest meetings of
the analysts, there appears to be a consensus of those pr.rticipating in the experiment
that we shall take the liberty of summarizing: the level of strain concentration
appears to be caused and g,overned to varyin; degrees by at least three competing
mechanisms. These mechamsms are illustratec m 11gure 5.3.29.

1) The first is the strain concentration that would exist in a alain, flat piece of
liner with no concrete and no anchorage, simply due to the transition from
the thick material to the thin material. This effect is partly due to the
sudden stress transfer from the thick to the thin material and partly due to
the eccentricity of the midplanes of each material (see the figure) causing
shear and bending. From simple 2D approximate analysis of a flat plate,
the concentration factor from this effect alone ranges from about 2.5 to
3.5.

2) The second is caused by radial displacement differential between the free-
field and the penetration assemblage as shown in the figure. The presence
of the heavy penetration sleeve (to which the liner is ngidly attached) and
the increased steel area of the wall section at the penetration versus that at
the free-field can cause significant radial displacement differential, with
the free field displacing more than the penetration. This combined with
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the fact that this displacement differential (or out of plane dislocation;

motion) tries to occur across a major crack that is likely to occur within the i

,

first one or two inches of the penetration insert can highly concentrate the ;

strain in the liner. The stram due to this out of plane dislocation has a
large shear component. The magnitude of this concentration varies from
one penetration to the next, and it even has some randomness to it because

iof unpredictability of precise crack locations.

3) The third effect is a highly localized strain at the root of welded studs in '

the vicinity of where tle strain is already clevated for reasons 1 and 2
above. This mechanisms's effect on the liner was demonstrated in the
early stud pullout and shear tests conducted by Meinheit [35) with the

'

same stud and liner sizes and geometry in preparation for designing the '

model. In direct shear loading, the 1/2 in. Iong 12.7 mm) studs all bent
over and pulled out of the concrete with little d(istress to the liner. The

3/4 in. (19 mm) ding around all penetrations, showed different results. studs, which were used throughout the upper parts of thecylinder, inclu '

Exactly half of the tests " failed" due to liner plate tearing at the root of the I

stud. The other half failed by stud pullout or shearing of the stud shank. ;

ANATECll is of the opinion that the liner strain peak associated with this !

mechanism has a width limited to approximately the diameter of the stud
plus approximatel one liner thickness. This highly localized stud effect
was demonstrated ana'ysis by Weatherbyrepwt) as it occurs n conjunction with the m(see an earlier section in this :

plane" strain concentration,
i.e., the first strsin concentration type described above, liowever,

.

!
Weatherby's 2D annlysic ignmed reason 2 in the preceding paragraph and ;

perhaps overestimated the stud's effect on the liner due to the overly -

hatch" tmture of his assumed disphNment boundary conditions. As his :
anal cis demonstrates, however this third effect can only be predicted by
anal"ysis with an extremely firse grid, finer than practical for a 3D |

'

continuum analysir, that includes the concrete. ;

The local 3D pretest arealyses conducted by ANATECH predicted strain

concentrations with large shear comdescribed above. The posttest analysis discussed90nent with contribution from both the first and r

second strain concentration effects
in the next subsection combined more refined calculation of both of these with the
addition of the welded stud effects, although not with the grid refinement or stud
degrees of freedom that is probably necessary to completely define the welded stud
effects. The results of the pretest calculations indicated varyin
concentrations dee to the varying geometries of the penetrations,g levels of strain

-

and these results
were validated by the test. Gage placements were generally not extensive enough nor
closely spaced enough to give precise validation of strain concentration peaks, but i

families of es that were placed near several of the major penetrations have agreed
with the ana ' sis strain concentration trends. Maximum principal strain profi es at ;

145 psig (1.0 ipa) compared to gages are shown for the 8 in. (203 mm) penetration,
equipment hatch A and equipment hatch B in Figures 5.3.30 through 5.3.32,

.

,

respectively. These are the only penetrations that have a number of,; ages arranged >

in a closely spaced line for a profile comparison. A detailed breaidown of what
ANATECll considers to be the most useful liner strain gages and their locations is
listed in Reference 25.

In Figure 5.3.30, the largest gage measurement is about 4.5%, whereas the peak
calculated strain is 6% Note that the same peak strains were measured next to two

4
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identical penetrations separated 180' opposite each other on the model, thus giving

even more credibility (to the strain measurement. The closest gage to the insert plate'
i

is about 3/4 to 1 in 19 to 25 mm) from its edge, and it remains unclear whether a
!somewhat higher strain may actually have occurred between the gage and the insert

plate. Horschel at Sandia ubnendently reached this same conclusion in his postlest

effect on liner strains by p{otting expand per, he also took a closer look at the stud'ssynopsis of results" paper 34]f in Jwt pa i

d profiles of * strip" gages that were placed i

across studs. In the case of the stnp gage placed near penetration "R 2"(one of the .

two 8 in, penetrations)), seven channel readings are available that span a length of
i

about 1.5 in. (38 mm . These show a downward trend moving out from the
penetration insert (moving away from the peak strain) reading from 3.9% down to ;

'

on the
about 3%. Between the second and fourth reading, however,is a reading % downunderside of a stud location; this reading shows a sharp drop from about 3.8
to 3.4% at the stud then back up again to 3.7%. Because the range along the strip |

gage is not very large, and because the x axis in Figure 5.3.30 is expanded to show the
peak strain versus far field strain, the strip gage has been shown as a point (avera;c
strain of 3.5%) in this figure. The calculated strain concentration trend is genera ly ,

in close agreement with the measured results.

la Figure 5.3.31 for equipment hatch A, the comparison benefits from having a
closely s? aced line of gages alona a line moving horizontally from the center of the
penetrat on (the 3 o' clock line). Rete a ain, the strain concentration trend is in good
agreement, while the , peak strain is sli tly higher in the analysis (3.5%) than in the
gage closest to the insert plate (2. ). The lower overall strain next to the
equipment hatch seems to indicate that, since the thicker embossed concrete on the
outside of the shell extends beyond the edge of the 3/16 in. (4.76 mm) insert plate it
may help to spread out and diffuse the strain concentration cuoek ted with both in- ,

plane and out L 91ane effees. The transition in stiffness of the overall sh:ll wa:t is
made more gradsily than in the smaller penetrations, thus, the strain concentration :

'
next to the insert plate is lower.

Equipment hatch B shows even more convincing evidence supporting this explanation
of the diffusing of the strain concentration associated with the inscrt plate. The
embossed cancrete on the inside surface of the wall mr.kes it so that the liner
material next to the insert alate never sees elevated strains, or in fact, has lower
strains than in the far field, nstead, the liner ptoblems here occur at the root of this
embossed concrete (or as llorschel describes (3,4] at the intersection of the conical
surface with the cylinder wall) liere again a stnp gage result has been condensed to
a point. The complex local behavior is predicted reasonably well by the pretest
analysis. The liner goes into tension and bending as the cylinder expansion forces the :
liner to straighten across the re entrant corner at the root of the embossed concrete. '

The studs act to prevent the liner from straightening and are thus put into direct ,

pullout by the liner. One of the tears that occurred near equipment hatch B a) pears :
to be associated with stud oullout. Another strain profile in Reference 341as an ,

expanded x axis and shows tfie readings from a strip gage near a stud. Because of the
local bending at this re entrant corner, part of the liner actually shows compressive
strain, even at the end of the test.

More insight into the liner strain distribution near these penetrations has been gained
with strain contours and other plots in Reference 24, but space does not allow them
to be included here.
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5.3.6 3D Study of Mechanical / Electrical Feedthmugh Penetration -

t

A final postlest study was performed for a grid that was similar to the pretest local i

effects grids diseassed in the previous subsection, but that was much finer than before '

in the peak strain region. The latest grid also utilized discrete stud modeling and an
interface element layer to allow the hner-concrete stud interaction to enter into the '

results. The grid development and analysis te 3 resent a signifimt level of effort, and '

many difficulties were encountered, particuhr y because of thm .nerical behavior of
the 3D interface element layer. Nevertheless, the completed analysis showed sharp
strain concentration in the first two inches out from the edge of the insert plate,
which coincides with the long tear that occurred in the experiment, ar.d it further
validates the conclusions v>hich have been drawn from the pretest k> cal analyses.

5.3.6.1 Computational Model

A pers >cetive view of the postlest local grid is shown in Figure 5.3.33. The grid detail
in the il h strain rei.lon is best viewed m elevation, as shown in Figure 5.3.34. The
3/16 in.g(4.76 mm) thickened insert plate is a rectangular shape with rounded
corners. Note that in these figures, the 3D plotter being used does not include the
midside nodes, which greatly improves the efficiency of the 31 otter, if the midside
nodes were plotted, however, the rounded corners and eues of the grid would
appear much smoother and appear to more accurately mode the structure. These i

nodes are, in fact, present in the anal
properly curved element boundaries.ysis in their apptopriate positions to produce the

The !!nar, (nterface, and concreto cleraents are AHAQUS C3D20R elements,20
node bricks with 'redue:d" 2x2x.2 intepetion. The penetradon 1.leeves were initiauy
modeled as 8-node shells (SSR), but hi the axirse of the work it was dis: overed tant
the presence of even a few shell cletnents in a 30 ' continuum * grid causes ABAQU3
to construct a stiffness with an enemively large solver front width, thus the udution

,

time was much higher than what shot,ld have bean nece.ssary for u prob'em of this
size When the shell elements were removed, tht, frontwidth ano solutic.n time,

dropped signifiumtly. They were sr.bsequently repkced vith beam elements that at
least provfded the sun,e eqdvalent stiffness in the plane of the cy!!ndet wall. The
out of. plane stiffness was not of much concern since the concrete wall is reasonably r

stiff in this direction anyway, it is felt that these grid approximations had little effect
on the peak liner strain area, which was the primary focus of the analysis.

The concrete was modeled with the same 3D constitutive model developed prior to
the pretest work. The same concrete 3roperties were used as in the posttest 2D
clobal analysis discussed in Section 5.h.2 with a tensile cracking cutoff strain of *

50x10 $. The liner and rebar were modeled the same as in all the pretest and mostlest
analyses. The rebar input is shown graphically in the grid of Iigure 5.3.30, rebar '

input is generated by the FORTRAN ?rogram mentioned earlier that checks the
intersections of the input bars with 11e existing element faces and generates
AHAOUS rebar input accordingly.

The studs were modeled in several different ways before arriving at the final scheme.
A detailed report of the stud pullout and shear behavior was provided by Sandia [35),

,

and this formed the basis for the final stud modeling. The use of beam elements to
model studs added unnecessary complexity and de ;rces of freedom to the grid, and a
way could not be devised to handle the rotational )oundary conditions at the ends of
these beams in order to accurately model the studs. Note that the continuum
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elements have no rotational degrees of freedom so the studs modeled as beams j

would have to have some type of slope restraints at their ends. To avoid making i

these approximating assumptions, the studs were modeled as springs between the :

nodes on either side of the interface layer, separated by the Interface thl kness j

(3/4 in.,19 mm), which corresponds to the length of the studs. The test results in
'

Reference 35 produced force displacement histories for the studs in pullout and

shearing modes, and these were input in piecewise linear fashion for the sp/4 in.
rmg

equations. The average maximum forces and displacements achieved by the 3
0.457 mm) in

(19 mm studs in the tests [35) were 934 lb (4.16 kN) and 0.018 in. (in shear. The
:

tension direct pullout) and 1408 lb (6.27 kN) and 0.156 in. (3.96 mm)
:

stud spr ng equations in the computational model were specified accordingly. The
compressive stiffness of the studs was modeled as zero because the concrete carries
the compressive force transfer from the liner.

Boundary and force conditions applied to the grid are similar to that used for the
pretest local effects analyses. Although the mechanical / electrical feedthrou,;h (

penetration does not lie in the 270' to 0' quadrant, it was assumed as such, and tic .

displacement conditions were taken from the 3D quarter model analysis as shoivn in
Figure 5.3.35. Displacement boundary conditions between nodes in the parent grid

iwere approximated by quadratic interpolation.

The interface concrete proved to be the most significant modeling difficulty,
primarily because of numerical problems. A 3D interface element was deveicped for
this research and is described in more detail in Reference 24 ,

,

Because of this behavior, the interface was ever.tu;11y c odeled with elastic properties ,

s modulus, fxitH psi (6.9 Ch) (compared :o
with a com':arttively weak Young'he concret:). This mtgelj improsed the stability4.8x10c psi 03 GPa) for the rest of t

,

of the solution be:ause the oscillatory beiiatior described abore was climinated as 1

well as any unconverged force residuals due to meking in the interface layer. The
drawbacks and potential solution uncertainties introduced with this modeling are:

,

1. Tne rerpunse transition from the untracked structure to the cracked i
structure will be iniluenced, as wel!. as the amourit of tensile stress carried

'

by the concrete wall. However, this effect can be quantified, and it is not
very cignificant.

2. The compressive behavior of the interface will also be " soft." This is
probably not overly significant since the stresses in this direction are only
approximately as large as the pressure, which is relatively small compared
to the model stresses.

i

!

3. The studs probably will not build up as much shearing or pullout force as
in the actual structure because the as modeled interface concrete will i

always transmit some force between the liner and the main concrete. In
'

the actual structure there will be a tendency for the liner and concrete to
slip in zones of chan ing relative wall stiffness; this is what causes stud
forces that impose hi her strains on the liner near the root of the studs.
Unfortunately, it is di ficult to quantify this modeling discrepancy. Since
the modulus used is only 2% of the original modulus (Young's modulus
and shear modulus), it is assumed that the model still allowed significant
relative movement between the liner and the primary concrete and, thuc,
approximated the buildup of stud shearing forces fairly well.

5 133



_

i

i

(
5.3.6.2 Results

!

Deformed structure plots in Figures 5336 and 5337 at 120 asig (0.83 MPa) pressure !
show the displacement response of the mechanical /electrica: feedthrough gnd. Note ;
that the last two rows of elements at the right hand edge of the
removed for case in post processing. The figures show that the free grid have been.field side of the
grid has larger radial displacement than the penetration side of the grid. This helps
to drive the dislocation type of liner strain concentration discussed earlier
(mechanism 2 in Figure 53.29). Displacement gages were not placed closely enough ;

on the model to validate this behavior near the small penetrations, but this type of |

behavior was validated at most of the large hatches. The deformed shapes
throughout the post cracking regime look about the same, but have progressively
larger displacement magnification factors. Figure 5336 is a perspective and top

.

!
views of the entire grid, and Figure 5337 shows the liner only.

1

A good summary of the analysis results may be ascertained from a liner strain !
contour plot at 145 psig (1.0 MPa), the end of the anal ' sis, as shown in Figure 5338. i
The contours represent percent strains (1%,2%, .. 7/c) for the calculated effective i

plastic strain. As expected, the highest strains occur along the edge of the insert
alate, and there are a few local stram risers around welded stud locations (shown as

,

!arge dots on the fi
!model tear location)gure). !he effective strain band all along the insert (along theis uniform at about 5%. The highest strain in the grid occurs

'

;

within this zone at a stud; there the strain reaches about 73%. The plot shu,vs the
attencation pattern next to the top cf the insert plate. Detailed strain profiles of the' r

strain components given in Reference 24 are siniller to the Uner strah profi!cs ;

reporteu near other penetrations lu t'ec pretest enalyses. This helps to val;dste those
earlier analyses that t. sed coarser grids than the current model. The primary |
difference in the pmfiles are the effects of 'he studs. Mu!tiale peaks in the strain [profdes corre!, pond to the welded stud locations at which the strain is further
concentretcd. *

5.3.f 3 Conclusions of Mechnn! cal /Electr! cal Feedsbrough Study
,

Comparison of the strain contour (Fig (ere 5338) to strain centours for the local:
pretest analyses of other penetrations see Reference 24) shows why, even though '

tears occurred near many penetrations, the longest tear occurred next to a
rectangular penetration. The long lines of equal strain along the edge of the

,

rectangular insert serve to guide or orient the tear and make it easier for a tear to '

extenc
in an equip (otential strain field. As soon as the tear reached a significantlylower strain field at the top of the insert), the tear stopped. Next to the circular

penetrations, on the other hand, the strain ahead of a liner crack tip is much more '

diffused making it difficult for a tear to run. Earlier research in the EPRI sponsored
program [28,29] has examined the crack propagation potential for concrete
containment liner tears, and it has been ascertained both experimentally and ;

analytically that the concrete backing and anchorage redundancy allow only ductile
tearmg; in other words, crack extension occurs only under increasmg load rather than
brittle tearing where a crack can run once a critical pressure is reached. However,
the tear next to the 1:6 scale model mechmical/ electrical feedthrough indicates that
a tear at least as long as the vertical edge of it rectangular insert plate may occur in
an actual containment, even under gradually increasing overpressure conditions, t
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To summarire, the ?osttest detailed analysis has behed to evaluate the causes for the
large liner tear tiet depressurized the 1:6 scale containment model. Strain
concentration effects can be traced to three mechanisms: (1) the strain concentration
that would exist at the unction of the thin and thick material, regardless of the
penetration geometry;( the strain concentration occurring due to differential racial

and pro bly coinciding with a major concrete crack); and (3) the
displacernent (d strain rise at the base of welded studs. The cause of the uniformhighly localize
elevated strain field is the first two mechanisms, and the welded studs may serve to
hel) initiate and guide the tear from stud to stud. The tear can rapidiv extend to the
ful: height of the edge of the thick insert plate because the strairi contours are
marallel and uniform over this range. At round insert plates, the strain field around
iner tear is not so conducive to liner crack extension.

:

I
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5.4 Commissariat a L'Energie Atomique

This section was authored by J. Rivi6re and B. Barb 6 (CEA/IPSN/DAS), A. Millard
and Ph. Jamet (CEA/IRDI/DEMT), and V. Koundy (CISI/INGENIERIE)

5.4.1 Intmduction -

Forecasting the behavior under pressure of the 1/6 scale model has already been the ,

subject of two axisymmetric finite elen ent calculations. In one, the foundation soil
was considered to be infinitely rigid and in the other it was assigned a modulus of .

61.26 MPa/m (390 ksf/ft). In these calculations, the fill slab and protective course at
the bottom of the basemat were disregarded.

Agreement of the theoretical r.nd experimental results was found to be generally
.

satisfactory, lues were some three times greater than those measured experimentally
'except for lifting of the outer edge of the basemat, for which the

calculated va
[11,36).

Subsequent to this initial study, several other calculations were made l
particularly, with allowance made for the additional rigidity caused by the fill cla[37],b at
the upper surface of the basemat, of the sensitivity of the results to the value of the '

modulus of the soil, and of more accurate values of the thickness of the leak-tight
liner supplied by Sandia.

All these theoretical results are reviewed in this report and are systematicall,y i

compared to the experimental results. Also, the accuracy of the calculation results is
,

evaluated by examming the effect of the convergence tests used in the INCA code
L calculation algorithm.

Lastly, it is exliner ir. the viem,plained how, as indicated in the experimental results, the leak tightity of a mechanical penetration is subjected to sufficient plastic strain
to cause it to be torn.

,

5.4.2 Overall Behavior of the Containment

iAfter having described the different calculations with the basic data and hypotheses,
a comparison is made of the different numerical results, both for global deformed
shape and for cracking of the concrete. Finally, these results are set against the

,

experimental values obtained with the scale model.

5.4.2.1 Description of the different calculations
'

In this report, the following nomenclature is used:
'

. Calculation 1 - Calculation carried out earlier [11,36) with a ground
modulus of 61.26 MPa/m (390 ksf/ft) and in the absence of the fill slab.

. Calculations 2 and 3 - Calculations made with allowance for the additional
rigidity caused by the fill slab and soil modulus considered to be
61.26 MPa/m (390 ksf/ft) and then 10 MPa/m (64 ksf/ft), respectively.

4
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p.

These calculations are summarized in Table 5.4.1. In Figure 5.4.1, the grid for
L calculations 1,2, and 3, as well as the numbers of certain nodes corresponding -

'

to the positions of the measurement points, are shown.

_

Table 5.4.1 - Summary of Calculations'

Calculation 1 Calculation 2 Calculation 3'

''

Basemat Without With fill With fill
fill slab slab - slab

. without slip without slip

Concrete - Ultimate 3.45 MPa' 3.16 MPa 3.16 MPa i

tensile strength . (0.50 ksi) (0.46 ksi) (0.46 ksi)

Concrete - Ultimate 46.90 MPa 43.44 MPa 43.44 MPa
L compression strength (6.8 ksi) (6.3 ksi) (6.3 ksi)
|

Thickness ofleak-tight 1.59 mm 1.73 mm 1,73 mm
liner at cylindrical (0.0625 in.) (0.%8 in.) (0.068 in.) ,

section and basemat !

Thickness ofleak-tight 2.12 mm 2.29 mm 2.29 mm
liner at dome (0.083 in.) (0.090 in.) (0.090 in.)

Stiffness of soil
61.26 MPa/)m61.26 MPa/)m

10 MPa/m
-(390 ksf/ft (390 ksf/ft (64 ksf/ft)

i

:

Calculation 1
,

The finite element model generated by the GIBI code consists of: 1

1,162 nodes,

3,826 three node triangular elements,

688 two node shell elements, and !

419 one-node cable elements.

The mechanical calculation, which allows for damage to the concrete and plasticity of
the reinforcing steel, is carried out using the INCA code. Post-processing of the ;

results is carried out using the ALICE code. |
!

The properties of the materials used are the following:

|

1
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,

Concrete:
. Young's modulus 33,100 MPa (4800 ksi)
Poisson's coefficient 0.2
Density. 2,300 kg/m3 (144 lb/fts)
Ultimate tensile strength

3.45 MPa (0.5 ksi)i)Ultimate compression strength 46.90 MPa (6.8 ks

Reinforcement:
Young's modulus 214,000 MPa (31000 ksi)
Poisson's coefficient 0
Density 7,800 kg/m8 (486 lb

459 MPa (66.6 ksi) /fts)Yield point ,

Ultimate stress 682 MPa (98.9 ksi)
Ultimate strain 4.57x10 2

Ixak tight liner:
Young's modulus 207,000 MPa (30000 ksi)
Poisson's coefficient 0.3
Density 7,800 kg/m3 (485 lb/ft8)

13asemat Liner:
Yield point 346 MPa (50.2 ksi)
Ultimate stress 482 MPa (69.9 ksi)
Ultimate strain 16.4x10 2

Cylinder and Dome Liner:
Yield point 354 MPa (51.3 ksi

489 MPa (70.9 ksi))Ultimate stress
Ultimate strain 14.9x10 2

Ground:
The stiffness of the ground is taken to be 61.26 MPa/m-(390 ksf/ft)in
calculations 1 and 2 and 10 MPa/m (64 ksf/ft) in calculation 3.

,

Calculation 2

Here, the three layers of concrete covering the upper part of the basemat are added
to the model. Its thickness is 0.457 m (18 in.), which is roughly half that of the
basemat itself, of which the thickness is 0.978 m (38.5 in.). We assume that the fill
slab and protective course, which necessitate adding 78 nodes and 300 triangular
elements, do not slide on the upper part of the basemat.

The properties of the materials, on the basis of the indications given by Sandia, are
modified as follows:

4

Concrete:
Ultimate tensile strength 3.16 MPa (0.5 ksi)
Ultimate compression strength 43.44 MPa (6.3 ksi)

Leak tight liner (thickness):
Cylindrical section and basemat 1.73 mm instead of 1.59 mm

(0.068 in. instead of 1/16 in.)
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Calculation 3

The third calculation is identical to the second, except that in this case the stiffness of
the soil is taken to be 10 MPa/m (64 ksf/ft) I

1

5.4.2.2 Results of calculations

The results of the different calculations are successively compared for global
deformed shape, cracking of the concrete and vertical movement of the basemat. q

Comparison of deformed shape

The displacement amplification coefficient is taken to be 30 in all cases. Figure 5.4.2,
which shows the strain of the scale model subjected to its own weight alone for the
three calculations, shows that:

,

The weight of the fill slab with a ground modulus of 61.26 MPa (390 ksf/ft) as.

i' used in calculations 1 and 2 has little effect on the initial settling. .

Settling is roughly six times greater with the ground modulus of 10 MPa.
,

(64 ksf/ft) used in calculation 3, i.e.,6 mm (0.24 in.)
,

Figures 5.4.3 to 5.4.6 give the deformation of the scale model under the effect of

internal pressure (excluding its own weight)he following comments: varying between 0.4 MPa (58 psig) and1.05 MPa (152 psig). These figures require t '

When P = 0.4 MPa (58 psig), deformation is very similar in all three.

calculations..

When P = 0.5 MPa (72 psig), the radial displacement of the containment is.

substantiall identical with all three calculations. On the other hand, the
vertical dis acement is greater with calculation 1 due to the lifting of the
basemat, w ich is absent when the ri ity introduced by the fill slab is taken
into consideration (calculations 2 and .

When P = 0.98 MPa (142 psig), radial displacement is slightly less extensive.

with calculations 2 and 3 than with calculation 1. There is no doubt a
relationship between this and the increase in the thickness of the leak-tight
liner. The lifting of the edge of the basemat, as measured relative to its
center, is some three times greater withcalculation 1 than with calculations 2
and 3.

When P = 1.05 MPa (152 psig), displacement rapidly increases in the.

cylindrical section and the dome. On the other hand, no additional flexing of
the basemat than in the previous pressure step appears to occur.

Comnarison of cracking

Development of cracking as a function of pressure,in meridional plane RZ, is shown
in Figures 5.4.7 to 5.4.12. The cracked zones are plotted in the outline of the strained
structure. It is found that:
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l The first cracks appear in the three calculations at P = 0.2 MPa (29 psig) '.

| where the cylindrical section joins the basemat.

. When P = 0.4 MPa (58 psig), cracking is observed to appear at the center of.
,,

the basemat with calculation 1; this cracking, basemat (see Figure 5.4.3).
which occurs earlier than in*

,L calculations 2 and 3,is due to the bending of the 1

When P = 0.5 MPa 73 psig), the basemat begins to crack with calculation 3
whereas this is not th(e case with calculation 2; this difference in behavior is no

.

C doubt attributable to the rigidity of the soil in calculation 3, which is six times .
lower than in calculation 2.

,

Above P = 0.6 MPa (87 psig), the dome and the cylindrical section are'
.

L completely cracked with all three calculations, while cracking of the basemat
contmues to increase.

Vertical displacement of bottom of basernalt

t. r

Displacement of the inner surface of the basemat as a function of pressure is given
for the three calculations in Figures 5.4.13 to 5.4.15. It is found that:

The rigidity introduced by(calculation 1)(.the fill slab calculation 2) reduces the sinking of
.

i

the center of the basemat
,

Using a lower ground modulus in calculation 3 increases the sinking of the.

center of the basemat, which becomes comparable to that in calculation 1.

The area of contact between the soil and the basemat increases from '.

calculation 1 to calculation 3. This area depends both on the stiffness of the
basemat and the stiffness of the soil. It will be noted that in calculation 3, the
basemat bends about the same point as when the pressure increases. '

When pressure P = 0.98 MPa (142 psig), the displacement of the end of the.

basemat as measured relative to its center is respectively 25,9.6 and 10.6 mm '

(0.98,0.38, and 0.42 in.) with calculations 1,2 and 3.

5.4.2.3 Comparison of numerical and experimental results *

.

The displacement transducers and the corresponding nodes are shown in
Figure 5.4.1.

Before the comparison is made, it must be remembered that the scale model has
undergone an imtial design pressure test which has in all probability already cracked
the concrete. This being the case, the theoretical results, which do not account for
this initial cracking, are not directly comparable with the experimental results. This
reservation explains that the theoretical curves, unlike the experimental curves, show
a sudden discontinuity in slope in the vicinity of the design pressure.

Radial displacement

Comparison of the radial displacement obtained with calculations 2 and 3, along a
generatrix of the cylinder, with that obtained by experimental measurement with
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transducers D96, D97, D100, D101, D102 and D103 (Figure 5.4.1) is given in I
Figures 5,4.16 to 5.4.23. -

These figures require the following remarks:

Firstly, it is found that there is no significant difference between calculations 2 -.

and 3; this means that radial displacement is independent of the value of the
soil modulus.

As a general rule, the theoretical curves show a alastic step which appears *
.

with pressure values ap, proximately 0.1 MPa (1t.5 psi) above that of the
experimental curves. This systematic shift is partly due to the measurement ,

accuracy and basic data, but above all to the convergence criteria used in the ,

calculation algorithm.

Vertical displacement

A comparison of the vertical displacement between the measurements and
calculations 2 and 3 is given in Figures 5.4.24 to 5.4.27. The measured values are all
higher than the calculated values. The displacement at transducers D95, D98 and
D104 is slight. For sensor D104, a significant difference appears between the
theoretical curve and the experimental curve, no doubt due to mcorrect adjustment
of the zero point of the sensor. .

For transducer D105 (Figure 5.4.27), which is located at the point where the
cylindrical section joins the dome, the displacement is more significant. Agreement
between the experimental and numerical values is good.

The discontinuity in the slope of tiie theoretical curves at between 0.5 and 0.6 MPa
(73 and 87 psig) corres )onds partly to cracking of the basemat and to a lesser degree ,

discontinuityis not found in the experimen(Figures 5.4.10 and 5.4.11). This slope
to cracking of the cy'indrical section

tal curves as the cracking is more gradual.

Lifting of the basemat

Figure 5.4.28 re) resents the lifting of the periphery of the basemat relative to its
center. The disp acement values at close to 1 MPa (145 psig) are:

. measured 8.6 mm (0.34 in.)

. calculation 1 24.0 mm (0.94 in.) <

'

i

. calculation 2 9.6 mm (0.38 in.)

| . calculation 3 10.6 mm (0.42 in.)

These values thus show that allowance for the rigidity caused by the fill slab results in
an improvement in the numerical results. On the other hand, the stiffness of the soil
has little effect on the intensity of the lifting, as is shown with calculations 2 and 3.

|
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i Vertical movement of center of dome

Vertical movement of the center of the dome as a function of pressure is shown in'

Figure 5.4.29. The analysis of the curves of this figure indicates that:

The displacements obtained with calculations 2 and 3 vary only slightly.L .

" The experimental curves and those obtained with calculations 2 and 3 are in.

close agreement,
,

Up to a pressure of 0.5 MPa (73 psig), displacement is virtually identical.

whatever the calculation model. Above 0.5 MPa (731sig), the differences
become significant between calculations 2 and 1 on one hand and

f- calculation 1 on the other. Indeed, the maximum displacement values are of'

the order of 45 mm (1.77 in.) with calculation 1 and of the order of 27 mm
L (1.06 in.) with calculations 2 and 3 and with the experimental curve, 1

Strain

' Total strain as a function of pressure is given in Figures 5.4.30 to 5.4.40.
Figures 5.4.30 to 5.4.37 relate to the vertical remforcement of the cylindrical section
and Figures 5.4.38 to 5.4A0 relate to the circumferential reinforcement. The oosition
of the nodes and the intensity of the strain obtained with a pressure of 1.05 MPa
(152 psig) are given in Table 5.4.2.

_

v
Table 5.4.2 '

Strain (%) Strain %)
for ou(terMesh Elevation for inner

nnde [[Q reinforcement reinforcement Figure Remarks !
L

---- -- Vertical Reinforcement ------ |

363- 23.92 0.17 30 I

f366 23.92 0.23 31
435 20.00 0.2 32 Plastification '

543 13.75 0.24 33 from
558 13.00 0.17 34 1.05 MPa
665 6.75 0.17 35 |

815 2.10 0.12 36
818 2.10 0.18 37

-- -- - llorizontal Reinforcement -------
435 20.00 0.63 38 Plastification i

543 13.75 0.9 39 from '

665 6.75 0.53 40 0.925 MPa
;

I
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The table shows that maximum total strain of the vertical reinforcement bars is slight
compared to that of the circumferential reinforcing bars (between 3 and 3.75 times
less). The high strain value is recorded at node 543, and is of the order of 0.9%.

Overall, the measured and calculated strain of the vertical reinforcement bars are
comparable except for the nodes located between the lower part of the cylindrical
section (Figures 5.4.36 and 5.4.37). The slope discontinuity observed in the curves
corresponds to cracking of the concrete (compared with Figures 5.4.7 to 5.4.12: thei

reinforcement picks up the loading up to the point to which the concrete cracks).'

i

For the circumferential bars, in which the strain values are higher, the calculated and
measured values are in closer agreement, the measured values being significantly
higher than the calculated values.

*
5.4.2.4 Evaluation of stress

Figures 5.4.41 to 5.4.43 give curves showinh stress as a function of pressure
respectively in the concrete, the leak-tight liner and the outer reinforcement. Stress

same heig ;iven for nodes 553,554,555,556,557, and 558, which are alllocated at theit at the middle of the cylindrical section where the radial displacement islevels are ,

greatest. The positions of these nodes are shown in the following diagram:

Thickness
I

- ,

1R -. !4 553 )
i

55556 558 557 555
Middle of
cylindrical section -- | j

i
.

Leak-tight Inner Outer Seismic Outer
liner reinforcement Reinforcement Reinforcement facing

In the mesh, these nodes (except 557) belong to both the concrete and the )
reinforcement.

!Stress in concrete

Figure 5.4.41 shows that the axial stress is practically uniform throughout the ;

thickness. The concrete attains the tension damage criterion at 0.55 MPa (80 psig)
for the vertical direction and at 0.2 MPa (29 psig) for the circumferential direction.

,
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Stress in liner and reinforcement

The curve in Figure 5.4.42 shows a decrease in vertical stress in the leak tight liner
corresponding to an increase in the vertical stress of the vertical bars located close to
the outer liner of the wall (see Figure 5.4.43).

| 5.4.3 Accuracy of Calculation '

In the nonlinear calculations made with the INCA code, the convergence of the
iterative method can be tested in two different manners.

|

5.4.3.1 Global criterion

As a general rule, the tests are carried out with global variables, i.e., variables such as

[ nodal displacement, nodal force or event energy.

In the case of the INCA code, this test is carried out at all the nodes of the grid and
concerns the increment in aq displacement for the loading step considered.

I Iac (n+ 1)- Aa (nilI < p
lag (n+ 1)| |

~

,

where n is the index ofiteration and P = 0.01 is the accuracy criterion adopted.

5.4.3.2 Local criterion

The tests on local variables are more stringent as they relate to quantities defined at
certain points of the element (integration points) for which there is frequently a less
accurate approximation than for the global variables from which they are derived.

in practice, with the INCA code, these tests are made on equivalent plastic strain i,

| increment ac* and on plastic energy W dissipated at allintegration points of the grid
|, and for each load increment considered,

i Iac'(n+ 1)- Ac'(n)I | < p
'

y

| |ac'(n+ 1)| |i

? I I AWi(n + 1) - AWi(nll l < p,
jaw (n + 1)| |

where AW = kod'; with 5 = @ $ "b
and oij = stress at start ofincrement ;

o[j = stress at end ofincrement
~.

n = iteration index

P and P' = accuracy criteria adopted = 0.01
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L 5.4.3.3 Application to scale model'

i Calculation of behavior of the model under pressure is re 3eated with allowance for |

; the local criteria. The results obtnined are compared to tiose made (calculation 1)
using the global criterion.

- Global strain
'

| Figures 5.4.44 and 5.4.45 show that:

I For pressures of 0.3 and 0.4 MPa (44 and 58 psig), axial displacement is.

( virtually identical. On the other hand, vertical displacement is considerably'

p greater when the local criterion is used.

, lifting of the basemat is observed to start only
When p = 0.4 MPa (58 psig)lculation with the global criterion (Figure 5.4.4 -

L .

above 0.5 MPa (73 psig) in can

calculation 1).,

Cracking

The cracks in plane RZ are indicated in Figure 5.4.46 which shows that:

Distribution of cracks in the cylindrical section is denser when P = 0.3 MPa in.

calculation with the local criterion than with the global criterion.

Tipping and cracking of the basemat is more extensive at a given pressure.

(Figure 5.4.47), when the local criterion is used.

Conclusion

As a general rule, use of the local criterion indicates that, at a given pressure, the ,

structure shows significantly more damage than when the calculation is made with the
global criterion. Overall, this tendency for damage to occur in the structure at an
earlier stage results in better correlation between the experimental and theoretical
results.

The difficulty in using the local criterion in the numerical converg,ence process is due
to the considerable number of iterations necessary to attain co lapse of the
containment. For this reason, the calculations have been limited to a pressure of
0.4 MPa (58 psig).

_

5.4.4 Local Study in the Vicinity of a Penetration
|

The pressurization test of the 1/6 scale containment model was limited to a pressure
in the vicinity of 1.0 MPa (145 psig) due to the appearance of tears in the leak-tight
liner. The largest tear, which was 0.55 m (22 in.) in length, was located at midheight
of the containment close to the edge of a insert plate surrounding a set of three

L penetrations (Figure 5.4.48).

|

|
|
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5.4.4.1 Goals

Global analysis of the containment using axisymmetric finite element calculation |

codes does not allow modelling of special features such as penetrations. Thus,
determination of the rupture mechanisms was investigated by a local approach.e

Indeed, the results of the experiment showed that the tear phenomena were due to
stress concentrations near studs. These secure the liner to t1e containment concrete
to avoid buckling in the event of heavy thermalloading.

The goals of the following study are firstly to determine by finite element calculation !
the behavior of the liner in the vicinit of the insert plate and secondly to show the ;
role of the studs in the appearance of t e tear. |

!

5.4.4.2 Geometry

The system consisting of the insert plate, the leak tight liner, the studs and the wall of
the containment is shown in Figure 5.4.49. The thickness of the liner is 1.5875 mm
(1/16 in.), that of the insert plate is three times greater, i.e.,4.7625 mm (3/16 in.).

The studs are ap, proximately 20 mm (3/4 in.) long and are 3.43 mm (0.135 in.) in ,

diameter. In typical areas, the studs are welded to the liner in a 152.4 x 152.4 mm !
(6 x 6 in.) grid pattern. In the vicinity of the insert plates, the grid density is increased |
to 50.8 x 50.8 mm (2 x 2 in.). !

5.4.4.3 Modelling ,

The leak tight liner and the insert plate are modelled over a length of 78 cm (30 7 in.)
and allowance is made for 13 studs providing a link with the concrete.

The grid used (Figure 5.4.49) comprises:
!

633 nodes,
'

.

|
144 isoparametric 8 node elements, and.

6 isoparametric 6 node elements.' !.

The liner and insert plate behavior law is given in Figure 5.4.50, the maximum |ductility being 16%. !

! The stud behavior law (Figure 5.4.51) is calculated using the shear tests carried out
L by Sandia.

i

| 5.4.4.4 Ioading |
L !

|. Three types ofloading are applied: ;
;

pressure on inside surface, |
.

tangential displacement (u ) imposed at the studs, and. y

imposed vertical strain..

I i
,
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Pressure

The pressure imposed on the inner surface of the model is that corresponding to
pressurization of the containment. This pressure which is relatively low com pared to
the other forms of loading will oppose any tendency for the liner to separate : rom the
insert plate. The nodes m contact with the concrete have unilaterallinks that allow
separation of the insert plate and the liner.

Tangential disolacement U,

To simplify the local study, the curvature of the containment is disregarded and it is
considered that the studs move with the concrete. This hypothesis provides freedom
from the need to model the concrete by imposing on each stud the tangential
displacement calculated on the basis of the experimental strain of the concrete
(Figure 5.4.52) which is evaluated in the following manner:

Uai = Le,

wherc Uai s the tangential displacement of stud i, Y is the distance of a stud relativei i
*

to the fixed nodes, and c, is the tangential strain of the concrete wall.

Vertical deformation

The calculation is based on generalized planar strain obtained by imposing the ;

experimental vertical strain of the concrete (Figure 5.4.52) at all the mesh nodes.

, 5.4.4.5 Results

Two calculations are made:

one under the exact conditions of the scale model under pressure,.

one with the stud (G4) welded to the liner in the immediate vicinity of the.

insert plate deleted.

Calculation 1 |
|

This calculation is made at up to 0.95 MPa (138 psig). At this pressure, the maximum I

equivalent Von Mises strain is located in the liner close to the insert plate
j (Figure 5.4.53). The strain is of the order of 15% making it possible to assume that

the conditions of tearing of the liner are reached, especially if allowance is made for|

the residual stresses induced by the weld bead. Furthermore, it is found that bendin
of the insert plate involves separation of around 0.4 mm (Figures 5.4.54 and 5.4.55). g

|

The Von Mises stress in the studs, located on either side of the liner insert plate joint,
reaches the plasticity level at a pressure of 0.95 MPa (138 psig), as shown in
Figure 5.4.56.

I

|
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Calculation 2: Deletion of stud G4

. Deletion of a stud gives lower Von Mises strain than in the preceding case. Indeed,
| the maximum strain at 0.95 MPa (138 psig) is roughl

compared to 15% calculated in the presence of the stud. y 7.3% (Figure 5.4.57), as"

Strain at 1 MPa (145 psig) is close to 10% (Figure 5.4.58). The liner has thereforet.

not yet reached its breakmg point (approximate,y 16%).

The strain at a pressure of 0.95 MPa (138 psig), Figure 5.4.59, shows that there is less
.

separation of the liner than in the preceding case.
'

The stresses in the studs (Figure 5.4.60) are of the same order of size.

F - 5.4.4.6 Conciusion
!

This analysis indicates that the mechanisms res3onsible for tearing of the liner are
effectively represented. The tear is caused by t ic combined action of the following
two factors:

|

Firstly, the difference between the stiffness of the insert plate and that of the.

leak tight liner,

Secondly, the stud at the edge of the insert plate induces a major stress i
..

concentration by limiting displacement.
1

Deletion of a stud reduces the strain, nevertheless, it remains to be determined !

whether its deletion is compatible with the design basis accident thermal loading.

5.4.5 General Conclusion !

Study of the behavior of the 1
containment under pressure indic/6 scale model of a pressurized. water reactor;

ates that the theoretical and experimental results t

for the structure, wh ch is assumed to be perfectly axisymmetric, are in good general ;
agra.nent:

1 i

The maximum strain and displacement occur at mid-height of the| .

!. containment. If it is assumed that liner integri,ty is preserved, collapse of the
| containment would only occur when the horizontal reinforcement ductilit,y ,

| limit is reached under a pressure of the order of 1.05 MPa (152 psig), which is |
about 3.3 times the design pressure.

;

The rigidity of the soil has no significant effect on the overall behavior on the-

containment,
j

Flexing of the basemat and the resulting cracking and liftin
vary greatly with the rigidity value used in calculation. g of the outer edge

.

,

In particular, the "

hypothesis that there is no relative movement between the basemat itself and <

the fill slab appears to be realistic.
|

The overall convergence criterion used in the calculation algorithm gives a.

perceptibly stiffer structure than the experimental structure. The use of a
more constraining local criterion tends to make the structure more flexible,
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I but its use for pressures corresponding to substantial cracking of the concrete
raises numerical convergence problems.

,

Study of the behavior of the leak-tight liner in the vicinity of a mechanical-

penetration indicates that:

In view of the method used to secure the liner to the concrete and the.
.

|; additional rigidity introduced by the insert plate, plastic strain in the vicinity of
a vertical line close to the penetration reaches a level that can explain the

.

tearing of the liner,
i

Deletion of the stud closest to the insert plate reduces plastic strain by about. -

half. It remains to be determined whether such deletion is compatible with
the design basis accident thermal loading.

As a whole, this study bears out the calculation code used (INCA) and makes it I
possible to envisage moving on to study the behavior of a prestressed containment i

with greater confic ence. !
,

.

i

5 167

-_____ _ -_____-_-_____ _ -



;.- ... - - .- -- - - ,.

,
. , ,

(} !
. (. ,

j

l

;),1

l'

1

304 (D103)-

430' (Ol03)

472, (0102 et D104)

513, (Ol01)
]
l

554, tosco) i

I
192, (099 et 093) i

435, 097) ,

1

685, (Die et D93)

.I
Jch.149)

m!Luut I cm.AA 18 mth I en.cu. a et a restitspe os massa umas W:stuta
-

(position of experimental noce,)

Figure 5.4.1 Mesh for Calculations 1,2, and 3 ;

N
v.

h

1

,

i

5

)

(. . .. t ,.
-

. . . . . . . . ...

Calcui i Calcut 1 Calcul 3

Figure 5.4.2 Deformed Mesh Under Dead Weight

5 168

.. - . - . - .. -



p P+d; , t (- .

, p 9) .,. z:
,

n ... ,

,' >

,,

I

'? ' , -

t. ,'
t

.,
..;.

1
i
L

i :
'

i. ' ' ;. .
,

|.-
I i .

t 5
-

. : :
.

;

[- | ! :

i
'

?

i i.

L.-
I
;

!4

! )
.;

j
i , .

i

' ~1 . L. !
. .

,

~~ .-.-.

. f,Calev1 i calcut ! Calcul 3
'

Figure 5A.3 Deformed Mesh at 0.4 MPa (58 psig),

i

'N ,N *%;ge N'

i

N, :. g%..'' . *
,

M.
., (s\

*

..\

\
.

"

s .g i
t

1
*:, ..

I ! i- i !'

: i i !
I i

:
i

:
;
*

.i

! i
: , .

't : : .

i ! | t
'

; t
| 1

j
.

f,
e

:
. ,

L. L- .i
._.

-.

i
t,.,

>- ,

~ "G icv 1 1 catevi catwi : ,

Figure 5.4.4 Delormed Mesh at 0.5 MPa (73 psig) j
.t

i

5169 |
-

,

~.



,;. 77
- _ _ _

,
,

|
'

_

i '

(,

.

.,. , ,

,'t.' - , ,.

' . .

.
_

.

c cq C==%. *-%.,
*

't .

'
,.g

>

\
<

I l. r

,
g' .

.

: t
'

.:

?.

,i'

4,

, ,

.

i

,

5..

!

j- : ',
,

,

i
,

i
-,

I
1;;

^t
..

'

(
- '

<
,

.
. . . - . . . . . - - '

'

_ . . . -

. .
-

_ . . . .
.- -u- .

. -cg.,i i . - c.icvi : ' -~~GGLi '

Figure 5.4.5 Deformed Mesh at 0.98 MPa (142 psig) '

.L

*=:': c:.::.
'%;.

.

s't, '%. 's-
,

3
,- ,

., s

t iI

'
}

i !
e

.

t-
.;

|
:

-|
I
.

-i
t
:

T'

e
' "

'!

I // I
.| i| :

=
. / |/ 1

-

:
7 ;, . ... - j, . j j

.
:

=. n.icui : --
i

;

- - riye;
..s.)

^ ...

c
i3 ;J

Figure 5.4.6 Deformed Mesh at 1.05 MPa (152 psig) !

i
i
t

5 170
i

'
t / s

.. . - . . .



. ;r n$44. e x ., ,

, , - - - - . . - , - .

f , ' ' , , , : , , ' '.
'

\u. s

, .,> , - ., i i. t
,

!'

,;b ,',
' . '

,

: a..
,

m'f v. ' ' '' ' ' '

p, , ' ' :f . . , ,
,

.

%l: . ,/ , , . % ,

Q) ', , \,
-

""

,

:,
.;

''

c: '?,

.. ,t
\ -

, ' >,; ,
,

, *
,

t >

i'

jt

.-

,t-

t

-
.

k

e

i
'

.r

I
.

L~ !

.b .
b. |

'''

"
,

'
.

J - ,

.

Calcul 1 Caltv1 2 Calcul 3
--

1

!

Figure 5,4.7 Meridional Crack Pattern at 0.2 MPa (29 psig) ,
t

'
i
;%,, >

.

<
,

h

;

'. I

i
.;

n r

i

t; r! '(
<

- ,
-

;,

p
t

'ti
>
i,

pc

.I,
, ,

t

I.
i

i f'~ l
}

, 4 <
, .

.

p ,s - ,

r ,
!

t .q .
.y . q' r

,

,
,,

!
I

Calcul 1 Calcul 2 Calcul 3 l

Figure 5,4.8 Meridional Crack Pattern at 0.3 MPa (44 psig) |
>
.

:,v i

5 171
'

^ *
,'

3r ;,

'! ,' '

t,

. . _ . . . - , - , - -- , - - , ... ---



i

.

,

,

| 1

I

f
i! s

l

4
.i )

i

,

L

;

! !

(.
a",

,

)
.

) -

, b
.. - '

: ,

Calcul 1 Calcul 2 Calcul 3

Figure 5.4.9 Meridional Crack Pattern at 0.4 MPa (58 psig)

-
c=w a

k
| \

-

i "

) , ,

.'

U j

I

|

>

.
,,

! ,
.

|
, a.i

. ,

,jf[ .k. '

'3
.

| Calcul 1 ~

Calcul 2 Calcul )

Figure 5.4.10 Meridional Crack Pattern at 0.5 MPa (73 psig)
,

|

5-172
1

.



T
,

|

' ,

== % :
3-
;

L
i

6

'

9
.

$ 1 i
'a
j -

; ! '

' .

-
.

-

t' t

? F
"

.

.'

2 .g.

-
. l'

f !
..

b

>,

u

4t
-

[w.. .- ). h '\.h ' .j , 40
~-

,

,

:. c. ..,..,. . _

p. -

:c.: . . , .

mr~ 3;;; _
-

Calcul 1 gaig,g g Calcul 3
,

Figure 5.4.11 Meridional Crack Pattern at 0.6 MPa (87 psig)
l
t

C"1
.

|

t

P

f - f

h i
1 '.;

[
1

W
,!,

E .5
i ,

! 1*

..
,i

*

' .'
'

5

.!

- #

?.' |IL: <0k 51
ibfy ',, 'h

*

'

hiQ... '[h, *
' ,') ii', E. }) p,,y, .;

-

'', j.t.' ' -,

my;,
Calcul ! Calcul 2 Calcul 3

Figure 5.4.12 Meridional Crack Pattern at 0.98 MPa (142 psig) ,

.

5 173



y __

' "* g i i i . . . i i
c. law.mm|

-'

i, . . -

| |
.

-
-

. . . . e. w .-
-

t- i .
> .

. . . . .

\ / o. w i
-

-
'

-

5. i-

|
-

o. w . .

)
' ,

'. . . -
-

| o. w . :
-,

j
, .....-

3.n -
-

| /- ,-7'... _~~_. . .o.<*s '

. . . . - ;._ ._.. ..- . - . - . - - ; r,-; o.w. -

, ,

i,........,...
.

. . . -
-

,

,.
-. ,, .

... -
-

.
.

.i.

,- -

R (m,m)
* * .... . . .l

. . . . im . .. im . .. ..i...m....i...,. . . n. . . . ..i .
.

. i . . . .
,

. .. .
.

. . . . .

Figure 5.4.13 Vertical Displacement of Basemat Calculation 1
5

!

''" 'at .- . i i i i . . . i
mm;

.

i
s. ** i 1.o!Wa

| o.9754 4
-

i c.9Wa .
'

i

| o. w s
'." ~

-

e
i 9

f** -

, . o. w e -

i
| o. w .

.

---- m m -- =- . '=a.--....-.. . ~ .
. ,

\ ,-
,

'

-

i
.t.M ,-,.

-
,,

,

I '
r

... .
,

'
R (mrr.),

.

I ,........i... . 1= . ca. .., . i . _...i.,,..n,...., , S.. . . a. . ...
. . . i. ,

. .
. . . ,m . g . . g ..,

Figure 5.4.14 Vertical Displacement of Basemat Calculation 2
P

P

5 174

_



p-
_

!

i

i-
i

''"
j sg g e i 4 a i i i .

< i

| 1.05MPa
0.975MPs .ts.co -

.,

0.9MPa'

| *
0.smP.'

|

' ,

,- o. esp.
| .. .e .i-

i
,
- i .,.

--- .0M 8..| _.....L..................----,('.
.. -

p.na,.n. .

,
.i.

',-i

|
.. . . . -

L
, .. -.

i .
.

i. .
4.00 -

1

) .
. . . - .

R (mm) .

,
*.

...I
.i . . . .

i... .
.... ..n .. . . m . ....cc.

. .. .

,,,,, .. ...-.....m...-... . ...

Figure 5.4.15 Vertical Displacement of Basemat Calculation 3 |
,

.

.

*' ' '
, i e i i . .

mm .-

Lw.e -

- tssAt . .

cu cut t Du 3 .w.e -

.

*
u.e -

.

w.e .-
.

.

..... .

..

.8.00 =

.

...n. .

.

*.. -

.

4
_...- - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..................... . w.

Pression (jiga) .

0 0,2 09 05 0,,8 ,
-

' t
, , , i,

. t . 90

Figure 5.4.16 Radial Displacement at Node 685 - Transducer D96 ,

5 175



=-- ~

.

r
. .y ._

i

Is.
t: t

,

f3 .

L. . n. .
- 1,

;
-, , i e i i i

-

mm ;
p. .

. ,

k

n..- .

+ = (1 sal r
.

.
&

C CALCUL 2 00 3- |<;

t :
n.. .-

+

.

'
.s <, *

(i

..
-(

,
.

.

s
!.. . . . .

,

.fv .

.{
.

*
?.. . . . - . -_ __............

. . . . . . . . . . . . . . . . . . . . . . . . . . Ki P a )
. . . . ,

iPression ( t
;.

1
'

o 0,2 O'" 0,6 0,8
!, , , , ,... , , ,

.

Figure 5.4.17 Radial Displacement at Node 635 - Transducer D97 f
;
t

I
M.0 >

m a i i 4- , -
?

F
' mm L

< r

,r3.. e . .

.
&

I
. . i

$ salM.. .
;'

CALCUL 2 00 3 !
,

.

.o . *

l.
l

. .
.

:.

n.e ,.

j.

-

4
..

i. . . .
*

r
+

i
'

,

. f' .n .

. t.

t

'

.
.. ...

_

. ............. ............................ .

Pression (MPa)' !0 02 0,4 0,6 0,8 1 !
, 3 f . f f f.t. '

,

i

Figure 5.4.18 Radial Displacement at Node 592 - Transducer D99 '

,

:

!
,

1
.

5-176 :
,

t 6

,- - w- . - . - . . . - _ , - - - - - --- ,v .-- , - , , . . - , + ,



. - - ._--

I
1

L'
i.

h.

l'
"'

, e i . . ,

mm , .

n.e -

+++++ (15AI .,

CALCUL 2 00 3 +,,, . ,,

.

j. ..e - .
,

-.
'

n.e - .
,

J:
-

-

*w.. - .,

+ .

I e
' .= - .

.

+
.. ..._. -__-............... ..........................

Pression (MPa)
'

O 0,2 0,4 0,6 0,8 1
'

! I I I f. ,., g , ,,

,

Figure 5.4.19 Radial Displacement at Node 556. Transducer D100 i
,

'
,

"'
, i i e i i .

.

so.e - -,

+++++ (15AI '

,

'CALCVL 2 00 3m.e - -

4
.

n.e - -

+ .

,

n.. . .
,

''
+ .

L
w. , - .

+
.

.

.
i.= - . '. ,

.
.. ... -___.................. .......................

Pression (MPa) I
.

0 0,2 0,4 0,p 0,8 1,, , , , ,, , , , ,

t

| Figure 5.4.20 Radial Displacement at Node 513 Transducer D101
1 i
l

,

S 177



-

r ,

4

.

"'
, i i i i e

mm
. ,

!
"'' * *

+++++ ($$At
'

CALCUL t DU 3 '-

w.e - -

F

! +
.

t

n.ej. . -

- .

'
, . . . - . -

!
*

.

t

t . . . - -

!
'

!
*

+
''" ~ ~

Pression (MPa)
~

'

0 0,2 0,4 0,6 0,8 |
i . . , i. i ., .,,,,,

Figure 5.4.21 Radial Displacement at Node 472 Transducer D102

a' , i i i . .

mm a

se.s . -

*
, .

+++++ tl5Alto. e --

CALCUL t OW 3 '

,
n.s - -

. .

u.. - -

'

6
w. - -

- .

so.e - -

*
e

1.90 - *"

*
.

s - -

*
.

*l.90 - -

+, .

.
.. _.... _ _ _ _ _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............

0 0,2 0,4 0,6 0,B i Prest. ion (Y Sa)
1 f f f i,,,y

Figure 5.4.22 Radial Displacement at Node 436 - Transducer D103

5 178



-

>
.

,

I r

,

P

DEPg, CEMENT Cmm) .

tl%Al(0100)-

7
.

40- !

,

e CALCUL ! 00 3 ,

30 ;
-

e :
I -

:
y.*CALCUL1

l':!
'20
i
'

.f 8
-

ij .;
/ .8

10 f.' ,

.. *4,,
. . 4

,. . . . . . . . . . ,

.00 .20 40 .60 .00 1.00 -

PRESSION (MPa) .

t

Figure 5.4.23 Radial Displacement at Cylinder Midheight . Transducer D100
f
I'

'

s

' ' "
rai . i i i i e ,

'

,/ ., . . . . .

i '

/' '* *+ tssat * +

cAten ! ,/' ' ' ' ~ -
,

!- -- CALCE *J /
'

|
'+s.n . .

|
' .

,

. . , , . . .e.ew .

_ . . . ' ;
-

.~ >e.na . ,

/..-
,

.

. >

!e. . .
,

.-', ,

'
e. . .

* .

e.ew . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............

Pression (MPa)o 0,2 OA 0,6
.

, , , , , o,8 , i.. . e._, .

Figure 5.4.24 Axial Displacement at Node 685 Relative to Node 864 Transducer D95
,

t

5 179



-.

ic- ''

_

, ,

b(1

l' - *"
. : i i . .

. U, (mm) -.

i.. . ..

. . + - + tssAl
,

.

CALCE t , ,s.,

..... CALCE 3 .,, ,

.s.m .

4 .

- .w ..
.,

, .,

s ke N .- g
'

,,

+,

{ s.n ..

+
.

.
4

~

i .. m .. .

+ .,

.
; .. . . . . - ..................................................
" Pression (MPa) -

0 0,,2 OA 0,6 i 0.8 i 1

.

'. , , ,
..

3

Figtwe 5.4.25 Axial Displacement at Node 592 Relative to Node 864 Transducer D98

|>

l-

7?
'

4 i 4 { 4*
- U, (mms .

.

+. ~ tssAt4.= . -
.

CALCE t .
.

'
-***** CALC E 3

, ,,, _,

*

i +-

' ...= .
.

'+
;

-
4.= .

j .

.,n +
,

,

+ 1

/.ft
..

*
.,

s. . . .

..

.. ...- - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pg,.g. .g .
0,2 0,4 0,6 0,8 1

'

0
i , , , ,4 .,, ,,

Figure 5.4.26 Axial Displacement at Node 472 Relative to Node 864 Transducer D104

5 180

.



f~
o

!

i . . i ., |
*

/ )U, (mm)
'-

*
|cssai... --

CALCUL 2 ), ,

+++ . CALCVL 3 |;,
e.= -

4 '

r
'... - -

s

i
'

4 |... - -
,

! h*
. .

. :
te.w -- +

+ !
,

I*
, .

.. - - - .

Pression (MPa) |

Q 0,2, , 0,4 , 0.6 , o,s , t

|,,,,,

Figure 5.4.27 Axial Displacement at Node 364 Relative to Node 864 Transducer DIOS
:
i

i

DEPgACEMENT (mm) i
6 !

i
CALCUL I !

20- |
|
.

'

15- '

,

10 C4CR 3

,,,.. .eCALCUL ! ;

,... ,* '** t

r *'.... ***'
*855'I l5-

!
-

i

e _ _ -
12 -

3

I I 3 3 i j ( I | g ) .

,

.00 .20 40 .60 80 1.00. .

PRESSION (MPa) i

Figure 5.4.28 Basemat Uplift (Node 878 Relative to Node 1201) . Channel 169

t,-

r

5 181

p ,



. __. _ - _. . - _ _

_ _ _ _

-.

DEP CEMENT Cmm)
,

_
.

essai f<=

,/-
-

40- calculi:
i [

-- u--- catcut3 /30-
: calcut2 j ,

/
essai

20- ,

w
. s
'

13

: 10-

0.:W" :

-10
1 I i i i i i i ,

0 1 2 3 4 5 6 7 8 9 10
P R E S S I O N 00-1 MPa)

f

Figure 5.4.29 Axial Displacement at Dome Apex

4
_ _ _ _ _ _ _ - - - _-. - .. . . - . - - . . . . ,,-. . . - - - - . - - - - _ . . - . _ . - . . - - - _ - . -- -



F

i-
i'

i

!
#

h. M
g g g | | g g F g Is v 1 T 4 Vv

g ge i

g - .

4. tese4e> - + -
!.

|*

... Essai '

|s. sees * *
- Calcul 3

.

*

[4. .

2e8 00 - -

!+,

. -

I

6.Seen-te r= -
j

. .

e. sees ee += = ,

. .

S.este-se l= =

. + !.

4. tees te - -
!,

.g. .

6.Spee4D - -

4 f
*

g,ess - . ..-- ------------ - -- --------- . ------

Prenion (10*8 MPa), ,

i I l 1 e i i I i i
s. a. i 1.. . i

m i i i i i . a e
i4,,,,, gr.g po 1. M s. N s.N 4. N s.M s.M 1. N s. M 1 11.0
i

Figure 5.4.30 Strain in Layer 5 Meridional Bar at El 23.92 ft (Node 363)
i
|

i
,

9. gees-te .?. g ; g g 3 g i. . . . g g ; y. i .
,

*

(8 !
*

9.gese-se - -
7
,

.
.

..* Essai 46. eses-se
[

- '.-

- Calcul ).
-

4. 21st-ce -
-

1.
.

0, tees-te - 4 -

|
.

.

N..es - -

-

.

4. Sees-ee - + - ;
.

.

6.1ess es - + -
,

.
.

0.0e00-40 + '-
-

.
.

*4. sees-es -
-

e.coe - - + - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- Pression (10*I MPa) .

-' "" ow 1e l.i s.e. i 1 .e . 1. e. . e.e. i e.w
l 1. I 1 1 1 1..i

- i i i
i

t. s. N .. e. u..

|

Figure 5.4.31 Strain in Layer 2 Meridional Bar at El 23.92 ft (Node 366)
1

1

i

5 183



. _ .

,
t

L

,

i
'

,

* I g g g g g g g g g g
W T I T T 3 I T I I

g *. .

s
-

, ,

s. esse e + =

i
' '

.. Essal !e.nuse Calevi ) !
. ~-

!. .

,

[e.isse-es - + -

. .
,

4.seende -
j-

- .

[e, ness ee 4- -

;. .

1

e.1ess-se - -
+. .

" *
.'.
;e. - +- -
.

. .

e. sees-ee + --

i
. .

gese _ . 4, _ |_ - - - . . - - - - . - ~ ~ - - - . . . - . . . . - - . . - - - ~ ~ . .

Pression !!0*I MPa) '

.
,

I t i. 1i ! t f '' I r

*""tta . f.i
, i . i i . i

s. . e. n e. s. e.en e.n sa s. e.se se.e n.. ;

;

Figure 5.4.32 Strain in Layer 5 Meridional Bar at El 20 ft (Node 435) {
.

t

e.Inse-se . .i ,
i i ; g ii ; g g y g. . . i . .

* kg *.-

e.seen.es - - t

+. .

t=i ;e.,e,s.ee -

, - Calcu! } 6
,

e.118e-es - -
,

;. .

9
4. sees-en - - ;

. .

9.teme-es - -

i. .

;.. ine. - , -
.

. .

e.1ese-se - -
4

. .

e. sees-ee - -

.
* '

.

*e.sese-se = -

. + .

*e.een ,~~--m--~~--------~~~.----~~~~----~~~.-~T~Pa)~~~~~~~~~

Pression (10' M
,

I I ! t I t I i t t I. i i , . . . i i .,,, ,g 's I .0 2.0 3.0 6.0 ).O 6.0 7.0 4.0 9.0 10.0

Figure 5,4.33 Strain in Layer 5 Meridional Bar at El 13.75 ft (Node 543)

5 184
/

. - .



-

..

h

I

! l
!

0' j' i i 4 I I I I' ' ' ' ' T I I,' '

E's ' I
-

J

.
.

!- -
,

... Essal ;, ,

- Calcul 3 .
t8. sees.es - + -

!. .

'
- -

,, ,

;. .

je.tese-se - +

i.

6. eses 4e - -

.t
'

. .
,

+ :e. esse.es -

:. .

6.tese4e - .-
,

;. .

e.sese4e - *. - j
i

.

.

+
t6.ees - - - - - - - - - . - - - - - - - - - - - - . - ~ ~ . - - - - - . - . - . - - - . - - - - . . - . . - -

Pression (10*I MPa) I
.

I l I I l l ! . 1 l! . i i . i . . .

le. . 1s.$*
_ i

p.i us i.es 5. 4 e.W LW e.N e.se %W e.W e.M ,

Figure 5.4.34 Strain in Layer 2 Meridional Bar at El 13 ft (Node 558) ;

,

i

i
4.1880 4 8 :

i t.. . i i i i i i. . , . i . . .

. E, i
S.esm4e =4-

eee Essal -.

i

i- Calcul 3 + -s. sees.es -

!

;. .

!e. tee H e -- 4
I

. .

4.188e48 - + -
.

r

;-..

e.seseas -- ,

l
. . t

r

8.sese4e = +
,

-

I. .

i

4. teen.Ge -- 4 ,

[. .

. . ies -

t
. .

+ .

$.M " * - - -

Pression (ID'I MPa) !
.,

l l l
l.. 1.. 1..1 I. l .l i i ii.-_ .* e:w s. = e. e.n t. e. e. su B.m e. = w.e i s..

Figure 5.4.35 Strain in Layer 5 Meridional Bar at El 6.75 ft (Node 665) ;

5185

:
__ _. .-__.



2

1

I

( 6.tsee ee
i I I l i i I

' ' ' ' ' ' '' i '
6 i' '.||s'

,- -
t

i

! 6. tete 48 +,. Essal- -

L
L - Calcul 3
p - .

'
s

6.esmage - -

'
~ .

| s.

e.comede - -

r

j - + .

6.sess4e - -

- + .

6.sese-se 4- -

+
- + .

4
------6-----------------*----------0.0e0 --

Pression (10*I M Pa)
- .

1 f I . I. 1 f. t-* n . t.,- I.. I..
__ . . . . .

i. e. p. = su s. = e. se s. e. w.e is.e

Figure 5.436 Strain in layer 5 Meridional Bar at El 2.10 ft (Node 815)

c. = = -, , , , , ,, . . , ,, , , ,, , , ,, , ,

- 6, f-
e.inse-en - .-

++ + Essal- , .

- C aicui )e. - - -

- .

+
D. tees-ee - -

- .

4.isse-se - -

- e .

s eess ee - -s.. ,

- .

6.sege ee - -

+- .

e. M - -

- , .

6. sees-ee - -

Pression (10* I MPa),
,

,

W. 1 . I I t, t 1 1 I i !. i . i . ,g,,,, ..e n s.es e.n e.m su e. e.e. . see e.se e. = a.. is.e

Figure 5.437 Strain in Layer 2 Meridional Bar at El 2.10 ft (Node 818)

5-186

._.



y i

): ., *
'

;
b .1

t

I

i
I'

r

8. M
g i g ; g g

i i i i i i

i e + .

0.essede .

t-
* ee Ental ;*

r

- Calcul 3 +. s esse-es -

' *
L |
L

D.Weede - - .

b+. .

I0.0000-4s =

;!4. .

/ i
S.esos-te .}.

=
|-

.
* * *

,

| tD. seen-ee -

. .

+
'

0.ese - . - . - . . - - . . - . .-

, . Prellure (10'O MPa) .

,

I' ' e, 's. '.. e. ' .. :
- ' - - - - -

+. a= = ,. . . . . s. . . ,
.

Figure 5.4.38 Strain in layer 611oop Bar at El 20 ft (Node 435) !

;

'O l

{' 'f
8* 8"''" 'st,3 | i I

' ' ' ' i I*
,

+. .

!e.sese-se - -
,

. .

.* * Essal I0.iess-er - ;-

- Calcul 3 i
+. .

,

o. sees-ee - -

. .

! +

s.eens-se ,! t- -
,,
;. .

+

e. Wee-se - -
.

. ,

I

a.sese-se- -

!
. . ,

6.esos-se - -
,

. .

.. -ee ;- -

.
, .

4g.000 --.. . ___ . ... .--.. . .. .... ... ......

IPressure (if MPal -

's. ' . . ' . . . '.. ee ' ..- - ' - '- -- . = = . .. e ., .
'

Figure 5.4.39 Strain in Layer 6 lioop Bar at El 13.75 ft (Node 543)
r

5 187



c

|
l r g

* v v g g
y y s y y

L .
.

e. - -

+
.

... tms -

.

- C.lcul 3
6.Is -.D = +' .

.

6. - - + _

,

.

L .. - . .

h

.c - . .

' ,

;; c. s -e. - -

>1 - "

i.

,; -

.
, .. ________ _______________________________ ____________

Pressure (10*I M P.) .

1.. . t.. I.. .
t 1. i , . ..

-*5=*. . . .. s. = w.e i.. e

Figure 5.4.40 Strain in layer 6 Iloop Bar at El 6.75 ft (Node 665) :

i

..
nts .' | l | '' ' '

( ( i '' '

. . .

.. . = =. . = - . . . . -

. _ . . . me
_ _ _ . . . =.

. ._ _ m . . m -

m. =
..M = .

'/

//
'

7/1. N = .; j- 7,

/
i. .

.. ?
g, ,. _ a

t

j. .

9...o. - . .

_ _ _ _ _ .,__. _______________ - II. ..
. .

-C. - -

.
Pressure (10*I MPa)

.

i i, ,

i. .
, . .. . . . , .

-5a .. .. . . . .. .. a.. u.. w..

Figure 5.4.41 Vertical Stress in Concrete at Cylinder Midheight (Node 553 to 558)
,

'
5188

i -

i
,



C'

L
,

b-
\

i

I

w* * 8 i i' ' 'Isis = / ses i t* ' .

"' *
Tangentielles"

,

.-

I .
--

- .

^

see. - -

. vertscales .

| m. --

Calevi 2 Calcul 3
soo. - ,

- .

f"' ~~
'

.
--

.-

30.0 --

- .

4.Doo
Pressurcil0* 3 MPa) ,

,,

-"'.. l.. . f.. . I. . . I.. . (a... . . i , .
si. .

L Figure 5.4.42 Axial and Hoop Stress in uner at Cylinder Midheight

|
|
'

sec.
sse/ sis 4 Ee' I ' l ' I ia '

- .

| 200. -

|
- .

Tangentielletoo. -

- .

800. -

ertscales
- .

; 900. - -

- .

see. - ,,,

1r
't

- .

| 6.000 - ,,,

l'

|

Pressure (10*3 MPa)
~

l| .seo, o.= .=
j _

f .. .
l

l. I=i . . . ..

i is. .

Figure 5.4.43 Stress in Hoop Rebars and Vertical Rebars at Cylinder Midheight
1
i

1 5 189

- -__ _ _ _ _ .



= . .

( 4

[I $

U' !

'

g,~ ui.N
\'

,

.p.

f' s
n

'

>
. ( 4 ''

,

,
,

i !

l
';

..

c- ,

!~. !

s[
. .;,
Lr

,

:.
>.

k

. .

1. Without k. cal criterion 2. with local criterion
o

Figure 5.4.44 Deformed Structure at 0.3 MPa - Global and Local Criterion+

dis
,

h
, .

. .

,;
-

,

.

,

..

..

o' .

'
.

,

!;
,

.

,

'
:

I
;

4 :

! .

:..

: :

i i:

! i
: '

f |

.
_ . . , .

< -.

W i. without socei cenerion 2. wawioc.i.enerion

L Figure 5.4.45 Deformed Structure at 0.4 MPa - Global and Local Criterion
i-

.

5 190
,

' . , k'
- - - . - . . . - - . -



f

V Ch

i .1

1

?'

'
.

1

I >g i b.

_

l. 5 6thout lxal criterion 2. With local criter6on

Figure 5.4.46 Meridional Crack Pattern at 0.3 MPa - Global and Local Criterion

c:ac ,- e

1

y J

J

4 ::. * ..
.

hu.
1. Without local craterion 2. Wit % local critetson

Figure 5.4.47 Meridional Crack Pattern at 0.4 MPa - Global and local Criterion

5 191

.__ -__________-_____ __-_____ _ _ __- __



-.-.-... _ - =- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - -

i

1
1

|

|
|
|

1

. ,
. |

-

'

. , A3 '
*

-

1..,-- ,t
,

-

4 . ., ,

. + ,
-y.

.
.

. :. , .

.

. I.. 1.
*

.( . - 8

I < + gih .-
*

4
'

,, ,

..
a, , 'p' g-

-

. . , ,
. ,

, 3 .3 i
'

-

|' ' . p
|

*

4.,. [ '

|._
. w . 1:. , .

'

, , .

.,.
. . ,-*

.- 4
,

. .% ' =
|

'

$ l, .. , *
441.

9, . - 4
- -

. '%, j

,

. .
+ .; : . .>.

p.p -g - -
.

,

4. efky ,u . 3 . gmg

, , . . , '.
'

,.

,(g .

,, . s.
.

. f . 5 gpf
w

-
>. , j .. ,

.

Qs .

k
.

.

.. . pfe q;wn., qq? ::&
|

' * ; .M
1 q

| . . , - .;
-

,

. i
,

- , .

.s .. m.w,i
- ~.

,
.

,

ng* %.. L.i M. a y? ~'.. *
1 . , .

,

.

. t. '' .w:: . .

f$
, n. . w, ' &)

'' ' -

,A..
, } .. ,, >

* y

%, ,, < &,k9 9. -
,.

.< .\
. ,

.-

. - .s, (a y# - y . .

. h .,[m.e,Jf 'M[' ] [f. "
.

h. ,,
,

, , . . .
. 4

' * '' '

- y , J{ p
,,,,\- *

-s

-

f
-

S $pfj-(q .(gQjgj
-

,
,

'
I

, 3 ..
, . ;Y , pa,..q .q .,1

<-
,

+
c;

i'r k',
'

s-
'

*
. h.

,,

* '

,

- .' ;4 :q@t.s
- + r . . .

. c3 v.:Q . .. si

1 - -
.

'
n-! gpqe. ,,.j .

.-. . .,. , . w. y-

. . .

. f.t .:
' ~

?|n y .m; '
mp,1 :;

'

' ~ . ;.:
_

, ,,

.
. ;;i xy; :, &, .., *,a,. $ ' -

.

a-

v, .. ... . s . y; :. w.-: -
. .. %. van p..

$ - 1.',, .' - - ; _j' g.

.- . ' QQgw;lf- Q
'

, . .
._+

p(p,(' Q [lp,

' '' '

q
* ''f y ' . , .' i g.' '

j.*

..Qyt:m)e
n ;

.
.

.

. y g- .:,
.

.
.,

..
i . . .- w. . yty n,. .

.

g 1.
,. V

&. . y y: .
>, n . . .e

-

.

5- - - 74.

. p -. -..y,

( d ., $ ., f - ' '4 . }
;,

.

,'
,

* '
'

L
#

.

.
. ;* 1,

.
- ''

. ; .: . s .- .:'.." .a r. .

,1 '...
.

.!

Figure 5.4.4S 22 inch I.iner Tear l ocated Near a Piping l'enetration

5. De

. _ _ _ - . - _ . . - _ . _ . - _



_

,

r
fr
l'

i

i-
li

5'

N':
.

.i G I) O -

'

liner > . D(e : 1,59 mm) .
a

O Q'*'
.,

.

'

O-o O
. .

'

stud anchors e .

O.

- O
' * C Concrete

(e : 247 mm)* *

%
9:: ,

o
G6

.3
'

.,

*

I, G5 g Q
D*

, G 4' .

'

.,
*

a G30
Insert plate ~* 0-

'

(c' = 4.76 mm) > G2

2 GlCircumferential
d cetion .. . . . . ........

h O Vertical
direction penetration

!(adial
- cfirec tion ~ N '

~ ~ ~ - ~ ~ ~ ~ ~ ~_

m

888 ETUDE LOCALE 888 |

Figure 5.4.49 Model of the Liner and Insert Plate

5 193



a w. .a i_,w. _ __ ..-. 4-as -m .a-, _ J. ._ -..a 2-_ aw.a,_a

l
'

!

f
f

!

r

f

,

e

-

>

5 :
1-

i

I

5- -
*

l
l

|

I I
- - )

e j

b I

a
2
1 $ ;

~

a |
s E :

_

1 6 i
= |

I a-

8-

a

I. E, !-

>
,. W l

.

8
iPo

I, Li:
-

E I-

1
-

I ;-
I I i :

I 5 R E E |
*-

om aumeca 1

!
1

J

5 194

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . __ _ _ _ , - _ .__ _ . _ __. _ - . ,



.- _.

f
,

'

| |; e

I6me-.

:! :

! Lese- .

I

4. est- ''|
!

i
't

L 000-

|

1.000 -

f
1. 000 -

!

O i i i i I i 4

.00000 .90819 .000N .900M .00H4 . lith .00hl .0N78 .00000
MPU G e # W ,

(a) Shear Force Displacement Curve :

I
,

!
og

h !

IM-
:
,

M-

!

H-
|

r

tt-
'

i
,

15 -

,

10-
,

!5-

I

8, I
i i i , i i i e i

.006 . 018 .0ft .IM . 044 .H6 .h4 . lM .000 .0M .1M
nmnem

b Von Mises Stress Strain Curve
Figu(re)5.4.51 Material Behavior for Studs ,

. ,

5 195 <

- _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ . _



7_

l'U.s .

4

N

b
~ s _.

p W %

't
i

1 -.'
', 5
\ u

9i -.
% k
i u

\ -~ =
\ O'
i w
\ e-*
'
; 'jn
, e :

\ ,

; z :

i 1 !
-, a .

|

-- ~

l, * '

.v.
-N N

I, E {
u:

h h ! -w

: .,

| ',
,

, .

~ ~ ' ~ E
| g g | g | k

I B I I I I I Ia a a a a a a a
WI1M336

i

5196
,
,

h



_- _ _

, .
.

p = ':. .. ; & - ;; ^
' i , -L

_

+--

''_ . . ~ . - . _ - . - . . .y
' '

. ...
_

~
_

. -

M
_ .. -. _

-

'

-

=
--

=UNITES: *
; __

-

=
0.4690659E-03 %

, ..

:' -0.174A354E-01

58 'i - -

4

- 0.3449121E-01 ;

10.5151099E-01

'

0.6852456E-01 .,

fi- ..| :::
,

.

O.8553023E41
tsi

I:. . . . .|s :::: 3
c
4

0.1025513
x ,

= a
' ' ' ~

'

|||||l|||

O.1365*193 ,

... =I:|
0.1535323 - I

'

J
'

,

.

-
,

'

.

~

_ i

:_.- - -

Figure 5.4.53 von Mises Strain Contours at 0.95 MPa

._ ..-_ _ ~ _ .__ _ . _ _ , _ . - . . ._ . _ . _ . .. . _ . . . . . . . _ . . . . _ . , . . . ~ . . _ _ . _ . _ _ - . . _ - _ - . _ _ _ _ . . _ __



~~< '' }

.' 4

|

[
-

}q-,
s

e , ,
.iI

'l','.

'

t

O
.) . *

'
| | |

' 3 s g , ,

. io *

g~

E~ .

a-

i :s -1

e

.
i| ,

g ,'-'I *
.- e_ a '

I g -

| j .
t .

l C
,

-

t 8
.

r8 |-

.
.

8
. 4 s~

I e ;

I -E
t

.

I C~

I
g

$v1
-.

,; _ -

.. -.
rg o

' J e-
-

:m

.
.

_ .! z,18
-

-

d L

2-~ ,
.

1 8 & -

j d E
.

-
_

i
i-

,
-

i g .<

:-

i .

|! I
~
~ . >

,------------__ ___ ----------______.______ g
re a
i-

*

5i ( l I | | ,'I ! g, ' i i ,'
, . ,- ,

?. 9
.

k b $ $ $ $
e e e e e y y , ,

oo

i

5 198

_ _ _



. .,p , .

,

t' . , 6
- 4 '

..

A

; . ,

, ', ,.f'

r.
j

k

s

1

1

'.

bJ< , ,, .. ,. . . . r - - n , -

k -1
iW

Do :

~ 1
N

1

.E|: I

b
2 I

I

a .

du -

m
.!9'

9
m
o

'

g_

~c a .
_

.

T

1

k
i

Y

.I

+

n

"
5 199

.
<

_ _



..
_ , _ c, . . . - - - > c- - - _ ,- g ;-

.

-1

.--

-. _ ..

1

49 - a|n
.

e
-

f
.

i
1

'm
O! 35 - /

'

$ -- G83 j
f
r

--- G94 * :

35 - __-- /;

- Gt5 a'
I
I

25 -
- G96 /

/
/

r -I
1

/
/

28 - / .

a ;
/ E

w ,' Ih s' -

o -
o 15 - e'

a'
,.

- *

, , - , j
'
~ r

1|- , %e -

,
a

a

/
_

, ,1 7-rK\
-

.-
.

%.-/_y ~ \_%.*5- : /. ./ .-. r s

'

.j . . . -. ,s -

................
********''''.,/ ./' '.

/
$ i I I I i I i i i ie

i 1 2 3 4 5 6 7 8 9 18 11

hTSSION (IDES Pa)

Figure 5.4.56 von Mises Stress in Studs 3-4-5-6

i

d
_ _ _ _ . _ _ -__ ~. -_ _ , . . m_ , .- _ _ _ _ _ _ _ _ . _ .. . . , ; . _-



-

- ~=...~:. :,4 ~ -- ,.x-

,

- - .c : [, [
'

' _. -

j. - .
-

. . - . 3.
_

g- %
7:n

. . .P.
. _

.
-

,,,

}; ,

|UNITES:
. .,

. :. ,
' >S o.w-os - {i:1 p,

.;; : t
j

O.8592296E-02
'| s

. R
-

' |
.

? -|
|

0.166 Fa3E-01 p
.

g-
<

I . . . I
.seewsw:-ot .o : .

. ..

,i

0.32'11952E-01
,

|:. : :j b:
s>,

t' . .0. N -01 -

n I . . . . .I
.

b l.....I ......

_o 1:-'
0.48802BGE- 01

l b g'

\ q =
, ' ,

I.0.36844 pee-01
.

,

bb I, .:

-. !.:.-
;

. -:::'

o.e.eese2E-o1
-

i i
-

;;____-e .

i.
e.a,

! ifo.z2sesesE-o1
!!

-4 le

!!a

E F
!! :3

,

>

i
--

__ _ _ _ - 9

Figure 5.4.57 von Mises Strain Contours in Model without Stud G4 at 0.95 MPa ,.

I

1

'~ ~ * ~ ~ v w- v-<+, , a - _ _ _ _ & __ . _ _ - _ __.-u. a._-.x-=._-w _ - _ - - --.



- .-.
..- -.

._.

-

# , J T
--

4.-
-

1,
-

WN' .

* I.-
7: : 0.6450630E-03 <

I - - '

*| I
,

,|::
|*

;t;; ;
v

0.121*I518E-01 |, g

I
'

. jf -

0.23r205ag 41 ,is
.8

*

I I
'~'

s.

0.4 EMS 553E-01 .

I:. :il : ,.
::;

. ,I[.*
0.38295EME-01 ,

1:,:,:. . I :::::
.

0.68825'19E-01 'I i
,

u
6 \\ '
c
N * *

0.813559 E-61 .; , '

lilllllll n
[.}*

O.sesesosE-01

FFA 1

!
0.loguez ,j

i.-

,

,I,l .__
-

11I

', ij-

!,

= ,

,
A

_3 ,i,____---

Figure 5.4.58 von Mises St. min Contours in Model without Stud G4 at 1.0 MPa

_ _ _ . _ _ _ _ _ _ _ - _ _ _ _ . . _ _ . _. _.. . . ;. . - . _ , .. - - -. . a_



'
.. - ;. _= - .

_ ..

- ~ - -
- - -_. ;

_

f~- -

-
..

.

..

,
.

I

!
'

i

i
!

B

I g

I[l ,

w
S$

'

u

C

,

:(
)

,

Figure 5.4.59 Deformed Mesh (without Stud G4) at 0.95 MPa

. . _ .. . . . .~ .., ,. . . .. ._ . . - . - . .. -. . . -



-
_- y -

.

f . - - -
-

, _f
~

, __

n--

.

ms.o
' 'vntst 3| I '- I I- ''

| ' I *
- 1

I -

40.0 - I
I _

wrs a m
- E wIs up tas

. .I - mts e tes
55.0 - I

1 _

-

| .

|30.0 -

_

I
-

g .

EO - | _

l
-

g .

1 tp 30.0 -
I
g

to
32 -
g

'

.

I
35.0 - g

-

1
i - g .'

,/
-

i
10.0 I-

- ! /
,t- )

_
E -

se I ~-

i |
%, _

1, /,-,%. _ s "'E
.

-

0.000 --- --
- - - - - - - - - - - - - - - - - - - - -

I
- I

! I I I 1 D ". 85.go . . . . . .-e.co c.coe a.co a.co a.se a.co is.e in e

Figure 5.4.60 von Mises Stress in Studs 3-5-6 (Model without Stud G4)

,

r -r. - r+ - , -~ , +, -+ , -,r,- +,, r + -. .+, - - - -~ ~ . , -



7
-

i,

>,'

5.5 H.M. Nuclear installations Inspectorate
,

The authors of this section are 1. W. Todd and R. J. Stubbs of HM Nuclear
Installations inspectorate and B. Walker and D. Collier of Ove Arup and Partners,

! United Kingdom.

5.5.1 Introduction

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

L
! Arup and Partners (OAP).

The requirements of the Inspectorate with regard to structural analysis are rather
different to those of the licensee. The licensee is responsible for ensuring that the
structure complies with statutory requirements, and is also economical. The
regulator, on the other hand, is concerned less with the detail of the design than with :

the adequacy of its approach. Such analysis therefore tends to concentrate on
sensitivity studies, and to take a somewhat broader view. For this reason, the
approach adopted for the Sizewell structure was not a full nonlinear analysis, but a'

a linear analysis is performed, to which
more simplified approach. Basically, ions and at those load levels at which it is
nonlinearity is added only at those locat
required. The method is therefore highly economical, requires a greater level of
engineering judgement, and in addition, provides a diverse check on the more
sophisticated analyses submitted by the licensee.

It is this technique that was used for the pretest predictive calculations of the-

behavior of the Sandia model containment, incorporatin,; some improvements since
the Sizewell work. For example, nonlinearity was introc uced by the use of pseudo-
loads rather than softening of the element stiffness; this is more economical m terms
of computer time and al ows a greater number of variables to be modified. The
technique is, however, fundamentally the same, and the Inspectorate was interested

| to see how its predictions compared with those of more advanced techniques.

| The comparison of the pressure test results with the OAP predic ons is given in
d

Section 5.5.3. In Section 5.5.4, a number of recommendatiens for further study are
,

i made.

The method adopted by OAP was seen to perform well when compared with the
sophisticated nonlinear methods used by the other participants. However, the
method overestimated the axial stiffness of the cylindrical wall and the aressure
required to yield both the hoop and meridional bars. It was deciced that
investi ations should be made into the effect of altering i) the concrete shear stiffness
and il the foundation stiffness of the soil. Section 5.5.5 of this report contains the
result from these two parametric studies.

At 'a latter stage it was discovered that the stiffness of the seismic reinforcement had
been overestimated in the original pretest analysis. The containment with the revised
seismic reinforcement was re-analyzed, and the results from this are reported in

|
,
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Section 5.5.6. Also reported in this section are the results from a third
study,in which the tensile strength of the concrete was assumed to be zero. parametric.- '

Finally in Section 5.5.7 an investigation into the strains in the liner around the major
; liner tear is reported. The analysis in this section was performed using the nonlinear

finite element code NIKE2D.o

'

5.5.2 Containment Structure

L A brief description of the 1:6 scale reinforced concrete containment model is'

presented in this section. A more detailed description of the structure can be found
; m [11]. |

I The containment consists of three basic structural elements; a foundation mat,
cylindrical shell and hemispherical dome (Figure 5.5.1). The foundation mat is a,

! 1.016m (40 in.) thick circular base,3.810m (25 ft) in diameter. The cylindrical shell is

0.2476m (9.75 in.)he foundation mat to the spring line at the base of the dome Thethick, with an internal radius of 3.3528m (11 ft), and a height of6.7m (22 ft) from t
.

hemispherical dome wall is slightly thinner than that in the cylinder, being 0.1778m
p (7 in.) thick. The containment has an internal mild steel liner anchored to the

concrete walls by shear studs, which are 3.75 mm (0.148 in. in diameter. The liner
plates have a nominal thickness of 1.59 mm _1/16 in.) excep)t for those in the dome
where the thickness is 2.12 mm (1g12 in.). (The reinforcement arrangement in the-

cylinder wall is shown in Figure 5.5...
i

5.5.3 Comparison of Results

5.5.3.1 Introduction

The pretest predictions at a number of positions are comaared with those of the
other participants and the measured results in Fi ,ures 5.5.311 rough 5.5.30. It can be3
seen that for nearly all plots there is a signinicant scatter of results. The best
agreement is shown m hoop strains, and the widest divergence in axial strains. On
average most particiaants overpredicted the stiffness of the containment vessel,
especially in the meric ional direction.

5.5.3.2 Comparison of OAP Predictions and the Test Results

Basemat

The stiffness of the basemat was not iterated in the analysis. At each pressure level
the stiffness of each element in the base was calculated depending on the moment -

present and whether the basemat was cracked or uncracked.

it appears that the approach adopted which included modelling the stiffness of the
foundations using nonlinear sprmgs,,is satisfactory. The uplilt at the edge of the
basemat was accurately predicted in the OAP calculations (Figure 5.5.3).

Radial Disniacement and Hoon Rebar Strain

From the plots of radial displacement of the liner in the cylindrical section of the
containment (Figures 5.5.4-5.5.7) it can be seen that although the initial slope was
reasonably predicted, the initiation of nonlinear behavior was consistently predicted

.
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late. This phenomenon is also shown on the plots of the axial strain in the hoop
rebar (Figures 5.5.8 5.5.10).

It also appears that the bending and/or shear stiffness used in the analysis for the i
Icylindrical wall was too high. Figure 5.5.4 shows the radial disalacement of the liner

close to the wall base. At this lomt, the analysis indicated a delayed onset of yielding |
due to the stiffness of the wal . However the results of the test indicate no delayed !

'

yield and if anything the reverse.

Vertical Displacement and Meridional Rebar Strain
,

A comparison was made of the vertical displacement of the liner relative to the
cylinder base at a number of heights up the wall (Figures 5.5.11-5.5.14). It can be
seen that the OAP analysis consistently underpredictec the axial displacement.

The analysis also underpredicted the meridional rebar strains (Figures 5 5.15 5.5.20)
apart from those at the wall base where there was a large curvature. A useful point
to note is that in the meridional direction there is a similar area of steel
(reinforcement and liner) as in the hoop direction but only half the stress. This
means that the concrete in tension plays a much greater role in determining the axial"

stiffness of the section.

Tension stiffening (not to be confused with geometric tension stiffening) was
introduced in the analysis (see 3.7, [39]) to better represent the behavior of concrete
in tension and to overcome some numerical problems. It is possible that either the
tensile stiffening adopted was incorrect and everestimated the effect, or the tensile
capacity of the reinforced concrete as built was not correctly represented by the
material tests carried out.

Liner Strain

A comparison of maximum strains in the liner up the height of the cylinder are shown

and as expect.ed they) follow the strains in the hoopin Figures 5.5.21-5.5.25
reinforcement (with the exception of Fig. ire 5.5.22. The problem with the liner is
that it is in a state of biaxial strain, which has to be interpreted into elastic or plastic
biaxial stresses. Therefore to obtain, for example, the correct hoop stress it is
necessary not only to predict the correct hoop stram but also the correct meridional
strain and, if yielding, the strain history.

Figure 5.5.21 shows the maximum principal strain on the inside surface of the liner at
the knuckle. This shows that, as predicted, the wall base has insufficient restraint to
generate any significant strain in the i ertical direction.

Figure 5.5.24 compares the maxim.tm principal strain in the liner at the springline
with the predictions. Again the onset of nonlinearity was predicted late, due
probably to the restraint of the dome being overpredicted.

I Seismic Rebar ,

| Figure 5.5.26 shows the axial s'. rain in layer 8 seismic rebar in the cylindrical wall
| com)ared with the predictions. The seismic bars are at 45', therefore the strain in

the 3ars is half the sum of the meridional and hoop strains in the wall. As the

|
|

|

|
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meridional strain in the wall was underpredicted, this is reflected by a slight.
underprediction in the seismic bars.

Dome

The vertical displacement of liner at the dome apex is shown in Figure 5.5.27.
Although the figure shows that the displacement is significantly underpredicted it is *

attributable entirely to the underprediction of the displacement in the wall (see
Figure 5.5.14). The dis
was correctly predicted. placement of the apex of the dome relative to the springline

,

Figures 5.5.28,5.5.29, and 5.5.30 show the com 3arison of the maximum principal
strain on the inside surface of the dome liner anc the meridional rebar stram in the -

dome with the analytical predictions. It can be seen that OAP predictions fit very
well to the experimental results, which indicates that the decision to treat the dome
as a membrane structure and not soften on every iteration was justified.

5.5.4 Recommendations for Postlest Study

5.5.4.1 Introduction

The method adopted by OAP to carry out the pretest analysis for the NII was seen to
perform well when compared with the so,phisticated nonhnear methods used by the

. other participants. Although it overestimated the axial stiffness of the cylindrical
| wall,it correctly predicted overall behavior of the containment and the range of the
| failure pressure.

| The main conclusion to be drawn from the pretest work is that although the different #

L analytical methods adopted predicted the overall behavior of the containment vessel
'

in general with reasonable accuracy, there are a number of areas where modelling
| technique: could be improved and areas where more experimental testing is,
! required. For example:

t
L - The concept of tension stiffening needs to be investigated more thoroughly '

to assess if it is a real or artificial phenomenon.

- The interaction between the liner and the concrete is not fully understood.
For example, how does the site and sha
performance of the liner, and how wellis the lm,pe of the studs affect theer tied to the concrete?

- Methods to establish the ultimate strength of the liner require
development, including the local strength of the liner around the studs.

- Experimental work is required to establish the ultimate limit strength of
reinforced concrete under biaxial tension and bending moment. Also
more work is required to establish the loss of shear stiffness of reinforced
concrete under high binxial tension.

The following recommendations for further study were made. These are split into
three

. OAP; parts: firstly, recommendations foraosttest analysis work to be carried out by
secondly, posttest analysis work to 3e carried out by Sandia; and finally, work

by others.
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5.5.4.2 Postlest Analysis by OAP

Posttest analyses to investigate the following five areas were recommended;
,

(i) The overestimate of axial stiffness in the cylindrical wall, particularly with
regard to the effectiveness of the liner, and the tensile strength of the
concrete. ;

(ii) The effect of reduced shear stiffness on hoop forces.
,

(iii) The effect of soil spring stiffness on basemat movement.

'i (iv) The strain distribution at the major liner tear.

(v) The effect of studs on the ultimate strength of the liner.

L Items (ii) and (ii,i) above were conducted as a series of parametric studies and are
| presented in Section 5.5.5. The results from an investigation into item (i) are covered

in Section 5.5.6. The strain distribution at the major liner tear, item (iv), was;

L investigated using the nonlinear finite element code NIKE2D. The results from this
i analysis are reported in Section 5.5.7. At this stage no investigation into local effects
'

around the shear studs has been performed.

5.5.4.3 Work by Sandia

Consideration was also g,bilities include repressurization using an internal bladder to
,

iven to further tests that could be carried out on the 1:6 scale
containment. The possi
try and produce a failure at the wall base, internal explosion, and detailed sectioning !

for further examination. Although the idea of repressurization is an interesting one, |
the problems involved in producing liner failure, and interpretation of the results,
probably exceeds its usefulness. The most cost effective tests would be to section the
wall at a number of locations (for example; at the wall base, at the penetrations, and
at the tears in the liner) to obtain information about the state of the concrete,
whether the concrete has delaminated, the behavior of the studs, and where cracks
initiated.

5.5.4.4 Work by Others

Although the predicted failure at the wall base did not occur, there was evidence of
concrete crushing and the general consensus was that a failure at the wall base was
imminent. It is therefore important that a reliable method of predicting ultimate
shear failure in conjunction with high axial tensile forces and bending moments is
developed. This is probably only possible with an experimental test program. Other
areas where experimental programs are required to provide data include;

- individual stud tests

- panel tests to assess the interaction between liners and
reinforced / prestressed concrete

panel tests to investigate loss of rebar bond stress under biaxial tensile
stress.
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5.5.5 Parametric Studies,

t

5.5.5.1 Introduction 4

:
In this section two parametric studies are reported. The first study investigates the
sensitivity at the structure to the foundation stiffness. In the second study the effect i

of varying the concrete shear modulus is investigated. In both of these studies the
pretest analysis reported in [39] is used as the base case,

m
,

The pretest analysis was performed over five pressure steps, with internal pressures '

of 0.365,0.6,0.8,1.0 and 1.2 MPa (53,87,116,145, and 174 psig) being considered.
For the two parametric studies reported here the same five pressure steps were used,

k

5.5.5.2 Subgrade Modulus Variation >

t

In the original analysis of the containment a Winkler-t e foundation was assumed
with a sub grade modulus of 40 MN/m2/m (255 ksf/ This value was obtained
from plate bearing test results supplied by Sandia [38). r this sensitivity study the
analysis was repeated using sub grade modull of 20 MN/m2/m and 80 MN/m2/m
(128 ksf/ft and 510 ksf/ft).

The response of the structure was found to be very insensitive to changes in the
.

!
subgrade modulus. This is illustrated in Figures 5.5.31 and 5.5.32, which show the
radial displacement and the vertical dis lacement measured relative to the cylinder
base at an elevation of 3.3528m (11 f . At the lower pressure levels there is no
difference between the analyses, and nly a small difference is noticeable at the
highest pressure case. This insensitivity to the sub. grade modulus arises from the '

massive nature of the foundation mat, which is very stiff in bending. The only
noticeable effect of changing the sub-grade modulus is in the global meridional,

displacements. This is illustrated in Figure 5.5.33, which shows the meridional
displacement at the outer radius of the basemat, a positive displacement indicating ;
that uplift from the foundation has occurred. It can be seen that at an internal.

pressure of 1.2 MPa (174 psig) the basemat has lifted up from the foundation in all r
three cases.

The greatest uplift is 3.5 mm (0.138 in.) for a sub-grade modulus of 80 MN/m2/m
'

(510 ksf/ft) and this reduces to 0.01 mm (0.00039 in.) for a modulus of 20 MN/m2/m
(128 ksf/ft). However, when the meridional displacement at the wall base measured
relative to the centre of the basemat is considered, the three analyses produce similar
results (Figure 5.5.34). This shows that the amount of dishing enerienced by the -

foundation mat is relatively unaffected by the sub-grade modulus. Thus, a change in
sub grade modulus produces only a rigid body type movement to the structure and
has no effect on the stress within the structure.

.

5.5.5.3 Concrete Shear Modulus Variation

In the original analysis the following approach was used to calculate the shear
modulus of the concrete. The three ortho
(subscripts M: meridional, H: hoop, R: radial) gonal clastic moduli Eu, En, and Enare calculated from the previous load
case. %e shear moduli are then calculated from [39];

Eu
- ME')-

2(1 + Pr
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where Pr is Poisson's ratio, taken to be 0.15 for an uncracked section or zero for a
cracked section. A section is judged to have cracked in a particular direction when
an axial tensile strain of 0.0007 is reached.

,

The above method for calculating the shear modulus is uncertain, but owing to the
lack of conclusive data, is a reasonable assumption to make. In order to test the
importance of the value used for the concrete shear modulus the containment was re-
analyzed using shear moduli 0.5 and then 2.0 times the values used in the original
analysis. All other values in the analyses were kept the same.

The shear modulus was found to have negligible effect on the results, with values
changing by generally less than 0.1% This is illustrated in Figures 5.5.35 and 5.5.36,
whic1 sbow the radial and vertical displacements at an elevation of 3.3528 m (11
feet). Thus, the method employed to calculate the shear modulus of the containment
wall is not critical as the structural response is relatively unaffected by its value.

5.5.6 Re-Analysis

5.5.6.1 Introduction .

After completion of the parametric studies it was discovered that the stiffness of the ,

diagonal seismic reinforcement had been overestimated. The effect of this was to
stiften the structure in both the meridional and hoop directions. In this section two
re analyses of the containment using the revised seismic reinforcement are reported.

In the first analysis the method used in the pretest analysis is used to model the

stiffening,pacity of the concrete [39). In this model it is assumed that, due to tension
tensile ca

the tensile stren th of the concrete reaches its peak valve at a tensile strain |
'

of 55 per cent of the split linder failure strain. The strength then decreases linearly
to zero at a tensile strain o 0.0007. In the second analysis the tensile capacity of the
concrete was ignored and assumed to be zero.

For these two analyses the number of pressure steps was increased to six, with
internal pressures of 0.365, 0.6, 0.8, 0.9,1.0 and 1.1 N Pa (53, 87,116,130,145, and
160 psig) being used.

5.5.6.2 Re-Analysis with Tensile Concrete Strength

As expected, the change to the stiffness of the dlagonal reinforcement produced a
considerable improvement in the results obtained. This is illustrated in
Figures 5.5.37 to 5.5.42, which show the results from the re analysis compared with
pretest analysis and model test results.

The radial displacement of the liner at an elevation of 3.3528m (11 ft) is shown in
Figure 5.5.37, and the meridional displacement of the liner at the same elevation
measured relative to the cylinder base is shown in Figure 5.5.38. At the lower
pressures there is great improvement in the agreement with the test results, especially
in the meridional direction. The point of yielding of the structure is also reduced and
agrees more closely with the test results.

Similar improved agreement between the re analysis and test results is shown in
Figures 5.5.39,5.5.40 and 5.5.41, which show the axial strains in selected reinforcing
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bars. Figure 5.5.39 shows the axial strain in a layer 5 meridional rebar at an elevation
of 4.119m (13.75 ft), and Figure 5.5.40 shows the axiel strain in a layer 6 hoop rebar,

at the same elevation. The axial strain in a layer 8 seismic rebar at an elevation of',

6.096m (12 ft)in in the liner at an elevation of 4.191m (13.75 ft), where a similar
is shown in Figure 5.5.41. Finally Figure 5.5.42 shows the maximum

principal stra
improvement is again obtained.

,

'A further improvement that could be introduced is to model the increase in hoop
_ force that occurs when the radial displacements become large. However this large
dis)lacement effect is not considerable and for the final pressure case considered1

4

(1.'. MPa) the hoop force is increased by only 2% at the mid-cylinder position.

5.5.6.3 Re Analysis with Zero Tensile Strength Concrete

In the previous analysis the structure is still too stiff in the meridional direction at the
lower pressures. This was clearly illustrated in Figures 5.5.38 and 5.5.39. However,
in the hoop direction there is better agreement between the analytical and test
results. Figures 5.5.38 and 5.5.39 are repeated in Figures 5.5.43 and 5.5.44 with
inclusion of the results from the zero tensile concrete strength re-analysis. It is
noticed that by removing the tensile capacity of the concrete the structure is less stiff
at the lower pressures. However, a)ove 0.9 MPa (130 psig) there is very little
difference between the two re analyses, since the concrete is almost fully cracked at
this pressure. At the lower pressures the test results fall between the two re-analyses

i showing the concrete to have some tensile strength, indicating that this was possibly
overestimated in the original analysis.

.s

The hoop strains are approximately twice the meridional strains and consequently the. .

concrete cracks considerably earlier in the hoop direction than 5 the meridional
direction. Hence the tensile strength of concrete is less critical in w hoop direction.
This is shown in Figure 5.5.45 which gives the radial displacement at 3.3528m (11 ft);
very little difference between the two re analyses can be seen.

The reason for the lower concrete tensile strength is uncertain and can be attributed
to a number of possible reasons. For example:,

L (i) concrete was cracked by the structuralintegrity test
,

(ii) shrinkage cracking during the curing of the concrete [30)

(iii) test used to obtain the UTS over estimated the strength of the
.46 Concrete.

(iv) test specimen in UTS test stronger than concrete in structure

5.5.7 Analysis of Liner Strains

K' 5.5.7.1 Introduction
|

I
| It was reported in Section 5.5.4.3 that the main tear in the liner occurred next to an~

L insert plate containing instrumentation ports. The position of this tear is illustrated |
L in Figure 5.5.46, from which it can be seen that it extends along the entire height of
| the insert plate. The actual length of the tear was measured to t e 0.51m (20 inches).

From the axisymmetric analyses reported in Section 5.5.7, the maximum hoop and

|
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meridional liner strains at mid cylinder height were found to be 1.6% and .15% )
respectively. This level of strain is not considered to be great enough to initiate a '

liner tear, liowever,it is probable that the insert plate acts as a stress raiser and the j
strain levels in the vicinity of the plate are consequently much higher. An :

investigation of the liner strain around the insert plate was undertaken using the |
finite element code NIKE2D [40].

'

NIKE2D is a two-dimensional implicit finite element code that can model such
nonlinear features as thinning of shells, finite deformation and nonlinear material |

aroperties. It is the combination of these three features that made the code suitable
for the present analysis.

5.5.7.2 Liner Finite Element Model

The liner was modelled as a 2 D flat sheet, assuming a state of planc stress, and

analysis. y applying edge displacements obtained from the previous axisymmetric
loaded b

The area of liner modelled had to extend far enoup from the insert plate
and penetrations for the free field displacements applied to ac correct. The section
of the liner modelled is shown in Figure 5.5.47. Symmetry boundary conditions were
applied along two edges and calculated displacements corresponding to the state of
strain in the axisymmetric analysis were a 3 plied along the other two. The liner was
discretized using four node quadrilatera elements. Figure 5.5.48 shows the finite
element mesh and boundary conditions. Also shown on the figure are the four areas
of different thickness. Area 1 corresponds to the standard liner thickness of
1.5875 mm (1/16 in.). Areas 2 and 3 correspond to the thickened liner plate around
the instrumentation ports and equipment hatch A, where the liner is 4.7625 mm
(3/16 in.) thick. Area 4 has been added to model the equipment hatch tube.

Before proceeding with the main analysis, an initial verification analy' sis was
undertaken to demonstrate that the non uniform mesh would not influence the strain
results. In this analysis the thickness of the whole model was set to 1.5875 mm
(1/16 in.). The boundary displacements to be used in the main analysis were then
applied to the model, along with additional displacements around the penetrations,
so that every node on the boundary was either restrained or given a specified
displacement. The displacements were such that a uniform strain field over the
whole model should result. Thus if the e!cments in the mesh were to behave in a
non-uniform mamter or to lock up (that is, to induce areas of local stiffness), it would
be shown in this analysis. This was not found to be a problem, as the variation of
equivalent plastic stram across the model was from 1.72% to 1.73%.

liaving established the validity of the mesh a thickness for area 4, the tube within
equipment hatch A, had to be determined. The tube is 12.7 mm (1/2 in.) thick and .

consequently)this is the width of the ring of elements in the 2-D analysis, and over0.5m (19.7 in long. In determining the t1ickness to use in the analysis, the reduction
of the tube thickness from 12.7 to 6.35 mm (1/2 to 1/4 in.) and stiffness of the end
cover were both considered. A thickness of 140 mm (5.5 in.) was calculated and used
in the analysis.

The strains applied to the liner boundaries, as calculated from the axisymmetric
analysis, are given in the following table.
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Pressure (MPa) Meridional Strain (%) Hooo Strain (%) )
0.365 0.004 0.088 1
0.600' O.072 0.133

'

O.800' O.106 0.188
0.900 0.129 0.220

|- 1.000 0.139 0.600 |

j.' 1.100 0.147 1.600 !
l,

The NIKE2D analysis was performed using 15 load steps, one step between each of |

the first five pressures and 10 steps between 1.0 and 1.1 MPa (145 and 160 psig). The 1

10 steps between the last two pressures was found to be necessary as the linerj becomes higMy nonlinear at this stage. |
i

L 5.5.7.3 Results

The effective plastic strains in the liner, obtained after the fifteenth load step are
L shown in Figures 5.5.49-5.5.51. Figure 5.5.49 shows the distribution of strain over the

whole area analyzed, and Figures 5.5.50 and 5.5.51 show the strains in the region of..

| the insert plate and equipment hatch, respectively..

L It can be seen that around the insert plate a peak strain of 7.0% is obtained and
'

around the equipment hatch the peak strain is 5.7%. The location of these peak
,

| strains corresaond well with the positions of the tears in the liner shown in
| Figure 5.5.46. Lt is noted though that the strains are considerably less than the 16%

obtained in the uniaxial test on the liner plate. However, other work has shown that,
in a biaxial state, failure strains of 5% are not uncommon in steel plates [41).

| 5.5.8 Conclusions

(i) The method adopted by OAP to carry out the pretest analysis for
the NII was seen to perform well when compared with the

i: sophisticated methods used by other participants of the round robin
L pretest analysis.

(ii) The method correctly predicted the overall behavior of the<

I' containment and the range of the failure pressure.

(iii) The axial stiffness of the cylindrical wall was found to bei ,

| overestimated in the analysis.

|- (iv) An investigation into varying the sub grade modulus has shown that
1 the response of the structure is relatively insensitive to this

parameter, owing to the massive nature of the foundation mat. The *
,'

L only noticeable effects were in the amount of lift-off shown by the
foundation mat and the global displacement of the whole structure.

,

(v) An investigation into varying the concrete shear modulus has shown
the structure to be insensitive to this parameter.

(vi) At u later stage it was discovered that the stiffness of the seismic
reinforcement had been overestimated in the original pretest

|
|
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analysis. A re analysis of the structure using a new model for the
seismic reinforcement produced c'>nsiderably better agreement with
the test results.,

(vii) A further re-analysis.was undertaken ignoring the tensile strength
of the concrete. This analysis showed that the best agreement with
test results would be obtained by assumirig the concrete to have
some tensile capacity, but this ca 3acity had been overestimated by
the method origmally used to moc el the tension stiffening.

(viii) A nonlinear analysis of the liner has been performed which predicts
y large strains in the areas where tears formed in the test.
i
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5.6 ENEA. DISP
|

' Itis section was prepared by G. Orsini and G. Pino.
;

5.6.1 Summaryt

Pretest analysis results obtained at ENEA DISP are compared with test measures,
looking mainly at the critical sections where global structural failure might have
initiated if the liner had not leaked. Also, major differences between analytical and
test results are presented. Finally, results of posttest analyser,for examining the liner
tearing and the effects influencing basemat deformation are discussed.

1

5.6.2 Pretest Analyses vs. Test Results

5.6.2.1 Finite Element Models
,

An extensive description of the finite element moc'el used with the ADINA code for
pretest analysis is reported in [11). The main feature of this model is to have
neglected the basemat, having firmly clamped the c
element modelis an axisymmetric continuum model,ylinder wall bottom. The finiteconsisting of 300 concrete ei
node isoparametric elements,252 ring elements representing the hoop rebars, ght-and

283 two node truss elements rearesenting hoop,d by ecuivalent truss elements (99
meridional, diagonal and shear

resisting rebars. In addition, the Liner was modele
ring elements and 100 two node meridional elements). T1e number of nodes is 1109 '

with 2197 degrees of freedom (DOF).

After the model test, a second finite element model that included the basemat and
soil structure interaction, which was represented by Winkler springs with no tension

'

strength, was analyzed (Figure 5.6.1) del, the contribution to the basemat stiffnessrhe number of nodes is 1448 with 2854 DOF.,

In this second finite element mo '

provided by the mildly reinforced concrete fill slab above the liner was neglected.
The contribution of the fill slab to the model stiffness appears to be one of the major '

cause of disagreement between analytical predictions and test results and it will be
discussed later on.

The material model for concrete in both finite element models has been represented
by the modelimplemented in the ADINA code. The main parameters are:

initial tangent modulus = 5700 ksi(39300 MPa)
Poisson's ratio = 0.15
uniaxial cut off tensile stress = 0.4 ksi(2.7 MPa)
uniaxial maximum compressive stress = 6.5 ksi (-44.8 MPa)
after cracking, normal stiffness reduction factor (STIFAC) = 1x104
after cracking, shear stiffness reduction factor (SilEFAC) = 0.5

The material model for steel is clastic plastic with isotropic hardening: -
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initirl post yielding,

_- tangent modulus yield stress tangent modulus

rebars 30000 ksi 69 ksi 470 ksi
(209000 MPa) (476 MPa) (3200 MPa)

liner 30000 ksi 51.5 ksi 110 ksi
(209000 MPa) (355 MPa) (700 MPa)

in solving the finite element system, equilibrium iterations were used until extensive
,

i cracking of concrete occurred at about p = 0.67 Pa (Pa = 46 psig or 0.32 MPa, which
is the design pressure). Above this pressure level, it was impossible to obtain r

solution convergence. Thus, a small prenure increment was used (0.005 Po) without
equilibrium iterationst however the stiffness matrix was reformed at every step. The
results requested by Sandia in terms of displacements and strains were reported in !
[11] based on the first finite element model, which neglected the basemat. Results of '

the second finite element model were presented at the 4th Workshop on i

Containment Integrity [42] along with test results, and will be further discussed in
what follows.

5.6.2.2 Analytical Predictions vs. Test Results

The test was concluded at 145 psig (1.0 MPa) when high leakage developed, due -

primarily to a large tear l's the hner adjacent to a thicker plate of a penetration
cluster. In the pretest analyses, local :were not examined because we wanted, potential liner failures around penetrationsat first, to look at the capability of getting '

reliable results on global ultimate structural behavior using a nonlinear computer
program. Our prediction of the structural failure mode was bending ru 3ture due to
concrete crushing at the cylinder wall base at an internal pressure a 3.5 ?, (161 asig, ;

1.15 MPa), in the tested model, clear evidence of crushed concrete at the wall 3ase

was not observed after havint. reached the 3ressure of 145 psig (1.0 MPa).
Nevertheless, looking at material strains measurec durin ; the test, it is possible to say
that the section at the wall base was going to be a critica point together with the wall '

midheight section. Therefore, we deem it interesting to compare computed and
meneured strains and displacements in these locations. When comparing rebar !
strain, the strain variation between adjacent cracks must be taken into account. A
maximum value is reached at positions where cracked surfaces cross the rebar, and a [
minimum at half distance between cracks. In Figure 5.6.2, from [43), rebar strain >

variation from the average c is indicated. In Figure 5.6.3, also taken from

shown that se, rep) resents the contribution of concrete in tension between th[43), it is
m

e cracks :

(tension stiffemng , which follows a hyperbolic relationship approaching the line c,,
asymptotically for stresses in excess of o.,. It has been shown experimentally that c,
can be represented by the relationship: ;

6c. u(o.,/a,),6c =
,

which in the specific case of the cylinder wall at midheight gives this scatter
bandwid'h:
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,

p/P. 0.72 1.29 1.94 2.59 3.2
__

o' 1113 2000 3000 4000 5000
(kg/c'm2)

6e 4.6x10 4 2.6x10-4 1.7x10 4 1.3x10-4 1.x10 4

_

(>linder Wall Base
,

Strain in layer 2 merldlonal rebar (inner wall face), in layer 5 meridional rebar
wall face) and maximum principal liner strain were measured. Test results and(outerfinite
element analvsca results for Layer 2 meridional rebar are shown in Figures 5.6.4,
5.6.5, and 5.6.$a along with the scatter bandwidth calculated as before said: '

6c,m,(c.,/o.2)6c =

(c.mu is computed using N. M from a simple hand analysis of the containment >

structure clamped at the cylinder wall base and considering the contribution to
resistance of the vertical and diagonal rebars and of the liner. The results obtained
are:

I

c,i, = 5.1x10 5

c , = 2.2x10 4

6 c = (c, ,- c,i,)(o.,/o, ) = (2.2x10 4 5.1x10 5)(450/a, )
i

.

p/Pa 0.6 1. 1.5 2. 3.1
-.

o,' 750 1255 1900 2500 3927
(kg/cm2) '

i

6e 1.x10 4 6.1x10 5 4.x10 5 3.x10 5 1.9x10 5
,

Good agreement is observed in the range 0.7P 2.8Pa (Figure 5.6.4). In the initial4
part of the graph, at 0.7P , the effect of generalized concrete crackm, g,in the finite4

element models is clearly indicated by the sharp strain increase in the rebar
(Figure 5.6.5) Below 0.71a, the test results show less stiffness than the analytical
results, as though cracks were alread present in the concrete mass. As a matter of
fact, the containment model was sul ected to the design pressure for the Structural
Integrity Test before fligh Pressure 'est, which helps to explain the differences, in
the final part of the graph (Figure 5.6.4), it can be seen that the yielding begins at
3Po, with a strain a little greater than 0.2c/o whereas in the finite element models the
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elastic limit strain was input exactly as 0.2%. After this point the plastic strain ,

increases following the same law for both test and analytical results, with a small gap !
with respect to the curve for the finite element model without the basemat. For the
finite element model including the basemat, the plastic curve is shifted forward due
to the basemat flexibility which lowers the bending moment at the wall base junction.

'Ile maximum strain in the igi a), which is still quite distant from the rebar materialer 2 meridional rebar measured during the test was
!

about 0.9% at 145 psig (1.0 M i

ultimate strain. ,

For the liner strain in this section, very different results are computed with the two
finite element models (Figure 5.6.6). 'this fact can be explained by observing that in
the finite element model clamped at the cylinder wall base, the liner and rebars werc !
fixed in this section while in the second finite element model the liner was bent over

'

the basemat, which is a better representation of the actual construction. The actual !

liner strain in this section shows flexibility of that liner restraint and this behavior is |

well represented by the finite element model with the basemat, it is also evident that
the contribution of the liner to the section strength is small, due to the lack of
sufficient anchorage, and the small strain measured indicates liner cracking is '

unlikely, largely cracked in this area.
unless it could come from local excessive strain due to the interaction with

concrete

For the layer 5 meridional rebar, located near the outside wall face, the analytical
results closest to the test measures come from the finite element model not including .

the basemat and soil representation (Figure 5.6.7) Particularly in the higher
1ressure range, the agreement is good. These bars do not reach yielding. As for the !

ayer 2 bars, the effect caused by concrete cracking at about 0.6P is also exhibited in *

4
the finite element model, but the experimental behavior does not show any sharp
reduction of stiffness.

,

,

This section was predicted to be the location where failure would have started, owing ,

to concrete crushmg in the outside wall face, at a minimum internal pressure of 3.5Pa. '

in the postlest ins)ection of the containment model, no evident crushing of concrete ,

has been seen at t le wall base caused from the internal pressure applied of 3.1Pa and
no measures of concrete strain are available. To obtain a rough evaluation of how
far the prediction was from the reality, we can use measurec layer 2 and 5 rebar
strain and, assuming a linear strain distribution through the thickness, the concrete
strain at the outside face of the wall base can be determined as shown in Figure 5.6.8.
Concrete strain at 3.1Po comes out to be 0.45%, quite greater than the uniaxial
ultimate compressive strain of 0.35%, which can be justified by considering the
confinement effect of the basemat. This result shows the high risk of structural
failure in this section, in accordance with the prediction. .

Cylinder Wall Midheight Section

The section considered is at elevation 13.75 ft (4.12 m) and in this location the rebars
reach the maximum strain,1.2%. The stress state is membrane tension along hoop i

and meridional directions. The two finite element models give almost the same
,

responses up to 2.8P , when the beginning of yielding causes redistribution of forcet '

4
(Figures 5.5.9, 5.5.11, 5.5.13). Liner and hoop rebar strains are of roughly the same
value, showing the effectiveness of the liner as resisting element. In Figures 5.5.9 and
5.5.10, liner maximum principal strain is reported; the most significant points are:
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. the finite element models' response is affected by concrete cracking at'

about 0.7Pa in the same way as previously noted, whereas the test results
h

do not show any sharp change of stiffnesst

. after 0.7Pa the responses of the two finite element models are practically
the same and until 2.5P the gap with the test measures is small and4
constant (6c = 0.04% maximum).

. The liner, yields at 2.5P in the test and the computed response shows liner4
zeneral yiciding at about 2.8Pa, even though yielding beginning is showed
ocally before 2.5Pa in the analysis.

. The final maximum liner strain reached in the test is about 1.1% and it
compares well with the first finite element model response at 3.1Pa. As
already observed, in the second finite element model the foundation
flexibihty makes the response to shift a littic forward, keeping however the
same trend.

Judging the comparison among measured and computed values, one must remember
that in the finite element models the liner has been represented with equivalent hoop
and meridional truss elements, which neglects binxiality effects on the stress strain
relationshi3. This explains the greater computed values in the clastic range and the
anticipatec general yielding, in fact, considering the blaxial stress strain state of the
liner and that the membrane stresses are:

ahoop = pR/t

o ., = choop/2m

strains are computed by:

hoop * (ahoop - v0 hoop /2)/Et

assuming v = 0.3:

ca.op o 0.85thoop,,oi,ia ,

Confirmation of this result could be inferred by observing in Figure 5.6.9 that test

| results are slightly below the analytical ones until p = 2.5Pa.

In Figures 5.6.11 and 5.6.12, the computed and measured strains in la er 6 hoop rebar
! near the cylinder midheight are compared. The agreement is goo over the entire >

| pressure range, and particularly for the finite element model without the basemat at
the final pressure va:ues. Obsetving the initial part of the graph in Figure 5.6.12, the
concrete pre cracking caused by the Structural Integrity Test can be noted as a ,

gradual loss of stiffness wher eas High Pressure Test results are more nearly linear in
| the low pressure range. As already observed, there is a small shift between the

results of the two fimte element models. In this case, the experimental general
yielding is predicted better with the second finite element model but then, at 3 3.1Pa,
the test result is closer to that obtained with the first finite element model. It must be
added that simple 3 retest hand calculation, using membrane stress state formulas,
gave as hoop yieking pressure the result of 2.9P , which is very close to the4
experimental and analytical results. Further considerations should be made
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| observing test results of liner maximum principal strain, layer 6 hoop rebar axial
L strain, both at elevation 13.75 ft (4.19 m), and radial displacement at elevation 11 ft
! (3.35 m), slightly below the previous point of measure. The radial displacement

should be the same fer inner aul rebar, thus one would expect equal strains, with
increasing internal pressure, as resulted from the analyses of the finite element
models. Test results show concordant behavior of liner and radial displacement
(Figures 5.6.9 and 5.6.14), whereas hoop rebar behavior is stiffer (Fi;ure 5.6.11) after
p = 2.5Pa and more in agreement with analytical results. Radia displacement is

obvious, while some slipping between |
good agreement with liner strain should bemeasured on the liner surface, thus
mer and concrete, and between concrete and

provided by a few small tears found in the liner adjacent to the studs,pping could be
rebars seems to take place after 2.5Pa. The evidence of this sli

which attached
the liner to the concrete wall.

For the layer 5 meridional rebar, placed at the outer wall. face, the results are
compared m Figure 5.6.13. The finite element results that approach better the test
results are those of the simpler model without the basemat and soil structure

strains, as expected.g is only just reached and meridional strains are well below hoopBelow IP there is the effect, already seen, of concrete cracking
interaction. Yicidin

4 .

in finite element models, in this case at noticeably different pressures.

Looking at the radial and vertical displacement, the latter relative to cylinder base, .

the agreement is good for the former one (Figure 5.6.14), showing differences at the .

beginning of generalyielding (as already remarked)te element model are virtually
, but then approaching the same

final value at 3.1P . The results of the two fim4 ,

identical. The comparison of measured and computed vertical displacement is in
Figure 5.6.15 and also in this case the simpler model gives better results. !

'
The results so far discussed are related to the two sections indicated as more critical
for the global structural stability. The comparison among finite element results and

,

test measures shows a fairly, good prediction of the experimental behavior. Maximum "

rebar strain,1.2%, and maximum liner strain,2% at springline (Figure 5.6.16), are far
from the ultimate strain of materials used, therefore, as far as steel resistant elements
are concerned, the containment structure is still capable of sustaining additional
pressure.

Of course local liner failure due to strain concentration at discontinuities or due to
interaction with studies is neglected in this respect. Extrapolating test measures up to
3.5Po, maximum hoop rebar strain reaches the value of 2.5%, which makes
reasonable the prediction of structural failure at the cylinder wall base due to >

bending and crushing of concrete, subjected to a compression strain greater than i

0.5%, as pointed out above.

In the dome of the containment model structure, pretest analysis results do not agrec .

sufficiently with test measures. There are two points of strain measurement at*
"

& = 72* and 4 = 37' above the springline. At the first point,4 = 72', test measures
diverge from finite element results (Figures 5.5.17 through 5.5.19) Analytical models
show a stiffer behavior, which could be caused by not having adequately represented
the meridional rebars whose actual total resisting area is reduced by 50% in this .

zone. Anyway,it must be observed that the maximum strain value is a bit less than
0.2% and thus this zone is not critical for structural etability. At the second point, at
& = 37*, liner measured strain is in good agreemera with computed strain, with the
usual difference due to concrete cracking up to 0.7Pa (Figure 5.6.20), whereas the
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strain in layer 5 meridional rebar (Figure 5.6.21) shows, at a less extent, similar
difference observed in the previous pomt at & = 72'. The same conclusion reached

& = 37* point at 4 = 72* (it is not a critical section for structural stability) holds also at
for the ;

, because the maximum strain is below 0.14%. |

Also the basemat uplift is a major point of disagreement between test measure and
prediction of the analysis. This issue will be treated in the next section, which is
dedicated to posttest analyses.

.

5.6.3 Postlest Analyses vs. Test Results

in the posttest analyses, two subjects have been treated: 1) the basemat uplift,
considering the soil stiffness, the residual cracked concrete stiffness influence, and ,

the contribution of the concrete layers above the foundation plate, and 2) the major
liner tear observed in the test.

5.6.3.1 Hasemat Uplift

in Figure 5.6.22, test measures and finite element model results of the basemat edge
displacement relative to the basemat center are reported. Computed results have
been obtained changing the Winkler modulus, represented by soll ec uivalent springs,
and the value of two parameters of the ADINA code, STIFAC and S; IEFAC, making
an attempt to consider better the stiffness of uncracked concrete blocks in the
basemat. Two soil stiffness values have been considered; for the first one, on the
basis of site bearing, plate tests, the Winkler modulus of 29 ksf
evaluated and equivalent truss elements as soil springs we/ft (4.56 MPa/m)wasre introduced at the
basemat bottom nodes; for the second case, the soil has been considered infinitely
stiff by giving a high Young modulus to the trusses representing the soil. The
disagreement between test result and finite element results showed in Figure 5.6.22 is
very large, and change of soil stiffness and computer code parameters is not sufficient
to approach more closely the experimental behavior. Observing the computed
curves, it appears that stiffening the soil has limited influence after 1.5Pa and
changing computer code parameters no influence at all, practically.

Based on the belief that the computer code gives auncracked concrete contribution to the mat stiffness, poor representation of the ,

a simphfied method, which
accounts for the " tension stiffening" effect in concrete, has been used to calculate

displacements. This method, adopted by CEB [43)iceability limit state, the moment.
, is known as the '' bilinear method"

and is based on the observation that, for the serv
deflection relationship may be approximated by a bilinear relation (see Figure 5.6.23,
from [43)).

The approach adopted is to calculate the limiting deflections a and a , correspondingn n

to state I and 11 respectively, from the basic der ection a, (calculated clastically using
the appropriate stiffness of the concrete section alone, El ). In state I, uncracked

e

sections are considered, with the t.ontribution of the stiffness of the reinforcement,
and in state 11 the concre'e is only considered to be effective in compression. The
appropriate formulas are
method are the following: (given in Figure 5.6.23. The assumptions used in thisa) the coefficient n, which in reality varies alonelement, is replaced by a constant value 0 calculated for the critical section (i.g thee.,at
the center of the plate in this case); 3, b) the limiting deflections at and a ,( n

correspondin,g to states I and II, respectively, are calculated on the basis of the
characteristics of the critical section alone. The effect of variations in the

5249



a A

!

reinforcement along the member is thus neglected. The other symbols in '

Figure 5.6.23 are: '

M = M,4 = W,.(fo N/A ), cracking moment for the critical section;
t

W = section modulus of the concrete section alone;

A, = concrete section area; and

M = m> ment of the critical section under the loading considered. i4

Calculations have been performed by hand, considering a s!mplified structure
constituted of the circular foundation plate simply supported alang the junction with
the cylindrical wall, subjected to the internal overpressure and to forces and moment :
transmitted by the wall
a long cylind r clamped (Figure 5.6.24). M, and N, have been calculated considering

-

he bottom and ubjected to internal pressure.

Two resistant sections have been considered. The first one has thickness 40 in. (1016 i
mm), Figure 5.6.25A, and is the same adoated in the global finite element models, i

The second one is 58 in. (1475 mm) th"ck, Figure 5.6.258, and comprises the '

unreinforced concrete slab above the liner, in Figure 5.6.26, results of hand '

calculations are compared with finite element analysis results. The first thing to *

observe is the extreme importance of the contribution of the unreinforced concrete
slab above the mat, which makes experimental results and bilinear method results fit
very well.

The second point of note is the small and constant gap between the first finite |
clement model results and the bilinear method results, considering the mat section
with thickness 40 in. (1016 mm). This gap of about 0.1 in. (2.5 mm) until p = 2.5Pa

,

should represent the effect of tension stiffening due to uncracked concrete and it >

appears not so lar
diverge; however, ge as it was thought at first. After p = 2.5Po, the results begin toit must be considered that the bilinear method has been proposed

,

only for deflection calculation in the elastic range.

In conclusion, it appears clearly that the correct analytical model must include the
contribution of the unreinforced concrete layers above the mat. In this regard, the :

shear stress transfer at the contact surface of the top layers must be effective to
enable the entire section of thickness 58 in.1475 mm) to resist external forces. To
scheme in Figure 5. ject, simplified hand calcu(lations have been performed using the

'

investigate this sub '

6.27.
,

The neutral axis is at about 6.7 in. (170 mm) froni the top of the fill slab. According
to classical theory for reinforced concrete sections, the shear stress is constant and
equal to the maximurn value below the neutral axis, in this case:

,

,

mo - T/(0.9x1.44x1.00)r

In the following table, shear forces and stresses related to the foundation plate model
of Figure 5.6.27 are reported:

I
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i

,

p=Po p = 1.5Po p = 2.0P4 _p = 3.11',
Location in T r T r 'I e T r

Fig. 5.6.27 120 kg/cmt en kg/cm2 inn kg/cm' 120 kg/cm2 !
t

1 56 4 83 6 111 9 174 13

2 37 3 56 4 74 6 116 9

3 19 2 28 2 37 3 58 5

; _ -

The shear stresses calculated are sufficiently low, referring to friction between :

concrete layers and bond between liner and concrete, to not allow slip between the
surfaces considered, r

!

With the aim of evaluating the basemat behavior by a finite element analysis and !
checking the hand calculations, an axisymmetric finite element model of the basemat
was developed. The mesh of the model is shown in Figure 5.6.28: It is a >

representation of the basemat alone, where, in contrast to the global model used in ;

pretest analyses, the fill s!ab has been included too. j

The analysis has been performed in order to evaluate the influence of the fill slab on
the basemat uplift. About material models, a nonlinear clastic model for steel in
tension has been used, with a particular stress strain curve calculated to take into
account tension stiffening effect (Figure 5.6.29). The model is made up of 186 2 D
eight node isoparametric elements with 9 integration points to represent the concrete

:
and 102 truss elements representing rebars. The total number of nodes is 640 with
1211 DOF. -

The standard ADINA concrete model has been used to model the concrete behavior
with the same parameters used in the previous analyses. Steel rebars have been
represented in two ways: for rebars in compression, the elasto plastic model has been
used, for rebars in tension, the material behavior has been modeled with an clastic-
nonlinear relationship (Figure 5.6.29).

The necessity to operate in this way comes out because the ADINA Code does not
Oow the use of an clasto plastic multilinear materia model with different stress-

,

strain relationships in tension and compression. Anyway, for the specific load path '

applied to the structure, there is no difference using nonhnear elastic or elasto plastic ;
model.

The stress strain steel curve for the nonlinear elastic model has been calculated with '

the intent to evaluate the effect of the concrete between two cracks on the rebar 4

stiffness. To do this, an analytical method has been employed according to 45. :That paper deals with the behavior of the reinforcement during the early sec[on]d
stage, which is characterized by very small values of crack opening and steel being in
the clastic range, liowever, in this case, the gap evaluated at the end of the elastic
range between the stress strain curve of the naked bar and of the bar in a concrete
member has been maintained beyond the reinforcement yield point extrapolating
theoretical results into the plastic range. The typical stress strain curve for a bar
between two cracks is shown in Figure 5.6.30: it is possible to see the influence of the
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steel ratios. As the steel ratio decreases, the influence of the concrete around a bar ;

becomes more important.
-

A medium value for the steel ratio in the basemat of the Sandia 1:6 scale model is
about 0.4%, which is the value used to determine the curve in Figure 5.6.29. Wita
reference to the cracked section, the relationship between the steel stress and the ;

corresponding displacement is: ;
i

a = E.(u/(1/2) + DS) [
,

where f is the crack spacing and DS is the strain increase with respect to the average

strain u/(femng effects. About the crack spacing,it is not an independent aarameter.1/2) close to the crack plane. The localized stress increase E.DS is due to
.
'

bond stif
The formulation usually found in the literature takes into consideration tie average
bond stress r, the bar diameter +, the steel ratio, and the tensile strength of concrete. i

The following formulation has been assumed:

1 = T (E,/r *) +/(np) = T (E,/r ') +/g '

where: E, and E, are the Young's moduli of the concrete and the steel respectively. ,

r * is representative of the chemical adhesion: until the bond stress is smaller than r ', !

slip between bar and concrete does not happen. The value of T is not subjected to
large variation and can be assumed to be within the range 0.5 0.8x10 5 (45). !

stress curve shown m Figure 5.6.29: g values have been assumed, to obtain the stressIn the present analysis the followin

r * = 0.2 ksi (1.38 MPa)
p = 0.004 (steel ratio)

*

T = 1.x10 5
E, = 25850 ksi(178 GPa)
E, = 5100 ksi(35 GPa)
c, = 0.065x10 s (strain at concrete tension failure)
n = E,/E, = 5.1 |

t

These parameters have been chosen in order to agree with test results reported in
[44). Only the parameter T and the steel ratio y have been independently set, using
the appropriate values related to the basemat configuration.

'

Computed results are shown in Figure 5.6.26. To make a comparison in the same
chart, results obtained without the fill mat, results from the original global model,
and results from hand calculations are also shown. The agreement among analytical :

and test results is evident for the cases including the fill mat.
'

As a confirmation of the hand calculation results that were previously treated, the
effect of the fill mat seems to be very important. On the other hand, the effect of the
tension stiffening phenomenon does not seem im

,

the transition zone from stage I to stage 11,portant: only in correspondence ofa better representation of the '

phenomenon in the material models can lead to a more stable and realistic solution.
Moreover, the behavior of the model with the effect of tension stiffening taken into *

account seems to be too stiff with respect to test results at higher values of the
internal pressure. The modifications introduced for the steel stress-strain curve,
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evaluated ss previously depicted, seem to be too large and a better refinement of the
analytical method used should be done.

5.6.3.2 Liner Strain Concentration Analysis

Containmer.t model pressurization stopped at 145 psig (1.0 MPa) owing to a vertical
large tear of the liner very close to a thicker penetration cluster plate. Posttestc
analyses have been performed to study the importance of the perturbation caused by
the stiffer plate welded to the liner, in terms of stress and strain concentration, using,
in this phase, only plane' stress finite element models and neglecting other
contributions, such as from stud induced displacements bv both inalane and out-of-
pltne movements due to concrete cracking. Two finite ele ~ ment moc els with different
mesh refinements have been used to test the sensitivity of the analysis. The first
moitel is made up of 220 2 D eight node isoparametric elements with 9 integration ,

olats and 1361 DOF. The second model consists of 419 2 D elements and
$575 DOF (Figures 5.6.31 and 5.6.32). Material properties are the same as those in
the pretest analysis and the applied load consists of boundary nodes displacements as
computed in the global finite element analysis. Elastic plastic analyses using ADINA

ecjuilibrium iterations, and
computer code were performed with step by step loading,ldmg takes place near thestiffness reformation at every step. At about 1.1Pa yie
corner of the thicker plate whereas in the global axisymmetric analysis the liner
begins to yield after 2Pa. At 3Pa the maximum effective strai:1 in the liner is 6.3%
near the penetrationplate corner compared to boundary strains of 0.22% in the hoop
direction and 0.169o in the meridional direction. In Figure 5.6.33 strain values >

through two section linc at the corner are plotted. Using the ductility criteria for
failure proposed in (46J, which provides the ratio of ultimate effective strain to
uniaxial ultimate tensile elongation, C.rr, as a function of the Davis Triaxiality Factor,
TF:

IN#1-i 22 + "A =2TF =
[(oi-o ): + (o -o3)2 + (o3-oi)2]ass n

The liner is in a plastic state, practically, considering the boundary strains of 0.22%
and 0.16% Thus, oi-o , o3 = 0 andn

1#
Crr " 2 = 0.5

This means that the maximum effective strain bestable by the liner is about 50% of
the test tensile elongation.

The uniaxial tensile clongation of the liner material should be in the range 20-30%,
therefoce ;.he strain concentration due to the thicker plate is not yet sufficient, even
though it is an important contribution, to initiate the tear and thus other probable
contributions quoted before have also caused the definitive start of the rupture.

5.6.4 Concluding Remarks

The stop of the pressurization at 3.lPa (145 psig,1.0 MPa) due to a loca' liner tear
did not allow the model to reach the global structural failure. Therefor- Jefinitive
proof of accuacy of the finite element analysis predictions about glob structural
failure was not obtained. Nevertheless, it is possible to compare test measures and

,

; finite element analysis results over a wide range of pressure loading and a few
interesting observations can be drawn: |

L
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a)' The most probable critical structural sections have been identified a'nd
i their strain computed with a good approximation (i.e., the cylinder wall

base and midheight wall sections);

b) About the prediction of the behavior of the two critical sections, the
simpler fimte element model with the cy;linder wall clamped at the base
gives good results; only the liner restraint at the base section must be
)etter represented; q;

'

c) Observing the' strain measured during the test at the wall base, it is our
,

. opinion that the concrete in the outer face would have become crushed by
further limited rising of internal pressure above 3.lPa, which would have
led to structural failure at the wall base; i

d) The basemat deformation has been analyzed two ways; using CEB bilinear
method, which' accounts for tension stiffening effects in concrete by simple

z, hand calculations, and using a partial finite element model of the basemat
along with a modified stress strain relationship for the rebars, considering '

the stiffness increment owing to the surrounding concrete. More
important, two thicknesses of the resistant section have been considered: ,

the first one considers only the structural concrete below the basemat
liner; the second one is thicker and includes the protective concrete layers
above the liner and the fill slab. It appears that the contribution of these
concrete layers is fundamental to make analytical results and test measure

,

fit fairly well. At first it was supposed that tension stiffening effect in -

concrete was not adequately simulated by the computer code, but the '

results obtained by the bilinear method show only a small gap from the
finite element results, which is unable,' by itself, to explain the
disagreement of the pretest analyses;

c) A local refined model of the liner around the penetration where the
tearing took place, shows effective plastic strain concentration with a
maximum value of 6.3% Considering the biaxial state of deformation, the

.

computed strain approaches the material limiting ductility. However,
other contributions - mainly from interaction with the studs and, perhaps, a <

welding caused defect - must have also been present to start the rupture.

,

k

|

!

,

b
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5.7 Safety and Reliability Directorate, U.K. Atomic Energy Authority

L . This section was authored by M.11. Bleackley.
!

5.7.1 Summary

A postlest study on the major liner tear and the measured basemat uplift of the 1/6th
i scale Sandia reinforced concrete containment has been conducted. A 45 degree

section of the containment wall in the region of the observed 22 in. (560 mm) hner
tear has been analyzed. The basemat uphft has been investigated by modelling the
12 in. (305 mm) concrete floor slab lying on top of the basemat and modifying the,

uniaxial material properties of the concrete.

o 5.7.2 Introduction

In July 1987 the Sandia 1/6th scale reinforced concrete containment modelt

(Figure 5.7.1) was internally pressurized by nitrogen gas to a maximum pressure of

Subse uen(t examina) tion of the model showed a 22 in. 560 mm)djacent to an msert
145 psig 1.0 MPa . At this pressure major leaka e of the gas was detected.

vertical tim- in the
leak ti t membrane liner had occurred at mid-cylinde height, a
plate a penetration cluster.

Prior to the actual experimental test, ten organizations participated in a numerical I
Round Robin to predict the ultimate failure pressure of the containment. Although i

similar failure pressures were predicted amongst the participants as occurred !
experimentally, the location of the major liner tear was not. *

There were major discrepancies amongst the participants in the prediction of
basemat uplift; it was underestimated by a maximum of 4x and overestimated by 5x at
the maximum test pressure. Seven participants had modelled soil structure
interaction with the soil stiffness value used varying a factor of 15 between the
participants. It has been suggested by Dameron et al. 7] and Bachmann et al. [48]
that the discrepancies are partly due to lack of st ness in the floor slab (see
Figure 5.7.1) and how it interacts with the basemat. The actual floor slab is lightly >

reinforced and ' floats' on a 1/16 in. (1.6 mm) thick steel liner, atop the basemat. '

There is no mechanical connection between the liner and floor slab or basemat. In
previous analyses of the containment response (e.g., [11]), it had generally,gone
unnoticed that the floor slab possesses some reinforcement. SRD's [11] original
analysis had assumed that the floor slab possessed no significant bending or ,

membrane stiffness and was modelled as an equivalent pressure loading.

5.7.3 Analysis
.

Liner Tear

A finite element analysis was undertaken to understand the mechanism which gave
rise to the 22 in. (560 mm) vertical tear in the 1/16 in. (1.6 mm) thick liner, which led
to the depressurization of the containment.

It was known from posttest examinations that the concrete area behind the liner was
heavily cracked. A 45 degree section of the wall, incorporating this heavily cracked
concrete region and the 3/16 in. (4.76 mm) insert plate was modelled - see
Figurc 5.7.2.
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The containment wall section was modelled by sixteen 4 node shell elements with
single point integration (ABAQUS type S4R) incorporating two layers to represent
the liner and the concrete - Figure 5.7.3. The 4 layers of hoop rebar in the concrete
at mid cylinder height were numerically modelled. This model represented a section -
of a ring with the only vertical constraint provided at the lower edge.

The material properties used are shown in Figure 5.7.4. The version of the finite
element program used (ABAOUS 4.6.161) is without the benefit of an implicit

-

; concrete model. Consequently, the concrete was treated as an elasto plastic material
with the same uniaxial material properties in both tension and compression (e.g.,4

( yield stress values). In the heavily cracked area of the wall section, the concrete was
considered as havmg no strength in tension.8

Basemat Unlift

In SRD's original prediction of the containment performance 11 the finite elementcode ABAQUS version 4.5.171 was used. This version inc[orp), orates an implicit
concrete model capable of representing yielding, cracking and crushing of the
concrete.

The concrete model was represented in stress space by two surfaces, the inner one
representing yielding of the material and the outer one representing tensile cracking
and compressive crushing. The inner surface is defined by the tensile and
compressive yield stresses of the material while the outer surface is defined by
uniaxial plastic strain values.

At the tensile failure surface, the concrete could be modelled with a tension stiffening
effect to represent rebar debonding as the concrete cracks. In the original analysis, a
uniaxial strain of 1.0% was used (see Figure 5.7.4b, curve 3) after which, the concrete
was no longer capable of sustaining tensile loading.

The containment was modelled with axisymmetric shell elements, providing a crude
but economical representation.

Three new analyses of the containment response were undertaken, but as mentioned
previously, the current version of ABAOUS used by SRD does not aossess a working
concrete model, i.e. a model capable of representing yielding, cracting and crushing
of the concrete. In the new analysis, the concrete of the containment was
implemented by superimposing two element sets to represent the basemat. One

'

element set possessed only compressive and the other only tensile properties. The
tensile concrete was implemented in one of two ways, as an elastic perfectly plastic
(EPP representation with a finite stress at 500 psi (3.5 MPa) - Figure 5.7.4b, curve 1
- and)with a tension cut-off at 360 psi, (2.5 MPa) - curve 2 - with strain softening to
72.5 psi (0.5 MPa). This plateau was introduced as the program could not cope with
zero values of stress in the strain softening regime. The different ultimate tensile
strengths of 500 psi and 360 psi (3.5 MPa and 2.5 MPa) arise as follows: the former

8. Ed. Note: Near the max test pressure, the concrete at cylinder midheight is completely
cracked both in the free-field and near penetrations. By assurning only a localized
section is cracked, an artificially strong stiffness discontinuity is created, which of
course results in a severe strain concentration.
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was an estimated value by San'dia ([11], pg.17) and the latter comes from an
ABAOUS default setting in the origmal concrete model of 6% of the maximum
compressive stress. In the dome and cylinder region of the containment the concrete
was represented simply as a no tension materia:. Only the compressive element set

allowed shear stresses. Using the same implementation as Weatherby ([11], pg. 49)d,

the concrece shear modulus, G, was reduced by 4/5ths to account for the reduce
shear stiffness after cracking.

Two finLn sement models were used for analyzing basemat ualift. The ori |model empfoyed 46 3-node axisymmetric shell elements (ABAOL S type SAX 2)ginal '

11
representing the basemat,20 the wall and 15 in the dome - with a single element
through the containment thickness. Each element in turn was divided into two layers
so as to represent the reinforced concrete and steel liner. The 12 in. (305 mm)
reinforced concrete floor slab and 3 in. level and 3 in. (76 mm) protective
course that rest on the basemat liner (76 mm)igure 5.7.1 - were analyzed as an- see F
equivalent pressure loading, implying that they possess no significant membrane and
bending stiffness.

For the three new analyses, the original element configuration in the dome and
cylinder wall was retained but the eleven 3 node shell elements in the basemat were

changed to eleven 2-node (SAX 1) labFigure 5.7.5. As there is no mechanicalshell elements. An additional eight elements werej
added to represent the floor s '

connection between basemat and floor slab, a friction interface between the two
layers of elements was introduced via gap elements which allow for a changing
contact pattern by the gaps o)ening (but not contracting) and sliding - subject to a
coefficient of friction, assumec to be 0.5.

Table 5.7.1 is a summary of the various analyses:

Table 5.7.1: Bas mat and Concrete Implementation

Coefficient Concrete
Analyses Floor Slab of Friction Representation- |

| ML Modelled interface ses_ Figure 5JAh

L 1. No No curve-1 (EPP)
'

,

2. Yes =0.5 curve-2
3. Yes fully bonded curve-2
4.* No No curve-3 !

* Original Analysis

|:
1

L |
, y

The three new analyses assumed the floor slab is unreinforced. Subsequently,it was ;
realized that the floor slab had some light reinforcement ([12], pg. 25). This i

reinforcement essentially consists of two orthogonal mats at the top and bottom faces|

| of the slab consisting of #3 rebar at 12 in. (305 mm) spacing. Consequently, Analysis
,

No. 2 was repeated with reinforcement in the floor slab.
|

The addition of a floor slab may modify the uplift characteristics of the basemat by:

L
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j i) . Increasing the bending stiffness by combining the floor slab and basemat.

ii) Modifying the pressure loading on the top of the basemat from a uniform
gas pressure loading to a non uniform contact pressure.

This would change the bending moment distribution on the basemat. At an extreme,
the basemat uphft could be mmimized,if the points of contact were confined to the
edge of the basemat, by the basemat hogging and the floor slab remaining flat. Thisa
would result in a maximum restoring moment about the pole of the basemat.

junction (see Figure 5.7.5) so as to preserve the right angle connection during loa / wall
The new ana'yses incorporated a multipoint constraint (MPC) at the basemat

ding
of the containment.

With the new analysis, soll structure interaction was modelled by the use of no-

tension sp) rings which allowed the basemat to deflect a maximum =0.004 in.(1/100 mm under dead loading.

5.7.4 Results

Liner Tear

The section was loaded internally, by uniform pressure until a radial displacement
=1.8 in. (46 mm) was reached. This dis lacement corresponded to the experimental

measurement of 1.75 in. (44 mm)) dis lacement of the containment wall at mid-cylinder height at 145 psig (1.0 MPa [4 ].

At a radial displacement of 1.3 in. (46 mm), the internal pressure of the numerical !

1.18 MPa). This higher pressure was necessary to compensate |model was 171 psig (ilever' bending which the containment undergoes but not thefor the lack of ' cant
modelled wall section. At this pressure, the maximum tensile hoop stress in the
uncracked concrete region was 415 psi (T.86 MPa). !

1.18 MPa) of the wall section is shown in ;

A radial displacement plot (at 171 psig,isplacement will give rise to hoop bendingFigure 5.7.6. This variation in radial d |

stresses.

A plot of the strain around the cylindrical section is shown in Figure 5.7.7. A ' spike'

of 8.5% hoop strain is ap(parent at approximately 35 degrees, which corresponds tothe position of the 22 in. 560 mm) tear in the liner. The single element integration

rule chosen does not allow the strain p)ak location to be defined precisely but it iscentered on a line some 4.5 in. (110 mm from the edge of the insert plate.

The 8.5% hoop strain in an unrestrained ring is equivalent to 1.68x8.5 = 14.3%
effective strain in a biaxial environment. (Assuming a biaxial strain ratio of 2:1, then
the effective strain is 1.68 times the hoop stram [50]). A strain of 14.3% is
approaching that at the ultimate tensile strength of the material- Figure 5.7.4.
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Basemat Uplift

!
The effect of various concrete and floor slab representations is shown in Figure 5.7.8.,

' ;

The stiffest resp (onse is obtained when the floor slab is assumed to be rigidly bondedto the basemat Analysis No. 3). The model with a friction interface
and that without a floor slab but with a rigid clastic-plastic represe(Analysis No.2)

-

ntation for the ;

concrete (Analysis No.1) show an equivalent response up to 72.5 psi (0.5 MPa). At -

this pressure the concrete in the former ' cracks' after the maximum tensile unlaxial
stres's is exceeded and thercafter loses strength, whereas in the latter, the strength of ,

the concrete is retained at maximum stress by virtue of the finite tensile -

representation of the concrete.

An analysis using a zero coefficient of friction, has also been undertaken, but when ,

plotted, the vertical displacements of Figure 5.7.8 are superimposed on the curve for
.

a coefficient of friction = 0.5. Only in the horizontal plane do their displacements
differ, with the floor slat i the latter being stretched slightly - but a 2nd order of
magnitude smaller than in the vertical direction. There is also no discernible
difference in Figure 5.7.8, for the results of Analysis No. 2 with or without a
reinforced floor s ab.

The addition of right angle multipoint constraint at the wall /basemat junction, has a
minimal effect on uplift, verified from two equivalent analyses, run with and without '

M PC's.
.

During loading, all the results incorporating an interface between basemat and floor
slab show them to be in contact sharin g a common curvature. Figure 5.7.9 shows the
contact force for Analysis No. 2 provided by the gap elements between the basemat
and floor slab.

,

it has not proved possible, because of convergence problems in using superimposed
elements to represent concrete and tensile properties, to exceed an applied pressure
of =116 psig (0.8 MPa).'

Nominally, the friction interface model shows a good comparison with the "

experimental results. SRD's original 3x understiff model with no explicit floor slab
representation and a concrete model with a tension cut offis shown.

The effect on basemat uplift by the incorporation of either high or zero soil stiffness
under the basemat had a minimal effect on basemat uplift.

5.7.5 Discussion

Liner Teg

SRD's recent analysis has postulated a mechanism which would lead te high local
strain concentrations in the liner that could result in liner tearing. The prediction is

only(valid if the concrete is assumed to be severely cracked in the region of the linertear and not cracked elsewhere) with consequently no strength in tension, at least in
the hoop direction. This will result in localized hoop bending in the containment
wall. The hoop bending will be accentuated by the increased stiffness of the insert
plate which will tend to focus the deformation more dramatically in the tear region.
Jn the actual containment, the strain concentration would probably be further
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accentuated by the liner studs that attach the liner to the concrete. Around the areas
of the insert plate the studs are at 2 in. (51 mm) centers. Hence the local liner
deformation predicted numerically could be further concentrated over just a 2 in.
(51 mm) distance.

From an axisymmetric analysis alone, there is no way of inferring the concrete in the I
experiment would be heavil !predicting the localliner stram,y cracked in the observed region and hence no way ofconcentration arising from the cracking.

Basemat Uplift

From Figure 5.7.8, the predicted uplift from the three new analyses (1,2 and 3 are
all less than the previously predicted values. However,it is difficult to discern w)hich,
if any, are the most viable. Analysis No. 2 incorporating a friction interface and a ~ !
concrete model embodying a tension stiffening effect wou d seem to overestimate the !experimental dis

!0.08 in. (2 mm). placement at maximum pressure (145 psig,1 MPa) by possiblyHowever, interpretation of the experimental rest'lts is open to
question, as at pressures below 72.5 psi (0.5 MPa), the displacements are negative. !
Ignoring this anomaly would suggest Analysis No. I with a finite concrete tensile !

uniaxial
representation gave a good (extrapolated)d, it would suggest that it is not

comparison with the maximum
experimental displacement. If Analysis No.1 is vali
necessary to model the stiffness of the floor slab.

Intu!tively, Analysis No. 2, which incorporates a friction interface between the
basemat & floor slab and a concrete model possessing a tension stiffenin I

,

would seem to be the most viable model. Tais model would give a fair,g effect,though 4

understiff, representation of the maximum experimental displacements, if the latter
were zeroed and the maximum displacement increased by =0.02 in. (0.5 mm).

Tension stiffening would seem to provide the most realistic representation of
reinforced concrete and is more defensible than a perfectly,-plastic uniaxial response. j

The use of an elast,c-perfectly plastic response may be justifiable for concrete underi
high confining pressures, wnere concrete is known to manifest ductile behavior !
before fracture. 1

As mentioned in Section 5.7.3.2, Analysis No. 2 incorporates, for numerical reasons, a
,

small finite post yield concrete tensile strength of 72.5 psi (0.5 MPa). This may have I
augmented the increased stiffness imparted by the floor slab to give the reduced

'

basemat uplift, compared to SRD's origmal analysis. ;
i

The difference in response of modelling the floor slab with an interface or a rigid '

attachment can be ascribed to the integral bending stiffness of the former being less i

than the latter. Along the interface, both the floor slab and basemat share a common
- curvature. The bottom face of the floor slab will be in tension and hence prone to
. cracking, which will reduce its stiffness. Therefore it behaves as a beam with reduced
stiffness lying atop of another beam, instead of one thick beam of basemat and floor :

slab combined with the floor slab thickness lying in the compressive (concave)
curvature part of the beam.

With a rigid attachment, the floor slab is more prone to tensile membrane effects.
Under internal pressurization, the walls are pushed out and hence apply membrane
forces to the basemat which are then transmitted directly to the floor slab to cause
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cracking. However, these tensile membrane stresses are small compared to those of
bending.

It is not possible with these analyses to ascertain the effect of non uniform contact
pressure loading on the basemat uplift. Shell elements were used to represent both

- the basemat and floor slab and hence no vertical (contact) stresses are available. The
contact forces in the gap elements in Figure 5.7.9 reveals little about the contact
pressure. If F is the integrated contact force,

dF = 2nr.P.dr

and if P, the contact pressure were uniform, then F a r*, which is similar to the form
of the curves in Figure 5.7.9. Similar forms of curve can be obtained,if c.g. P a r,in-
which case F a r8. The reason the contact force in Figure 5.7.9 declines slightly at the
floor slab edge is unknown, but is thought to be a numerical artifact.

-

i

In practice, if the floor slab were to be substantially cracked along its bottom face,it |
.

could be expected that the nitrogen gas nressure would enter the fissures to provide !

an upthrust on the floor slab, which mig'ht wholly or partially negate the downward
gas pressure on the top face. Consec uently, there would be a net downward thrust on ,

the basemat and the floor slab wouk; not contribute a stiffness. I

i
5.7.7 Conclusions i

\

A simple numerical representation of a section of the Sandia reic. forced concrete |
containment has been analyzed. The analysis has demonstrated, arovided heavy 3

localized concrete cracking has occurred, that the liner material attac led to this area {
of concrete is capable of locally reaching high strains that are not much less that the i

strains at the ultimate tensile strength.
,

i

In SRD's original analysis, it has been shown that it was not a valid judgement to |
6 assume the floor slab had minimal effect on the performance of the basemat uplift. 1

The floor slab should have incor) orated a bending stiffness with a sliding interface l

between basemat and floor sla1 However, as we are unable to make a direct |

comparison with our original analysis there is the possibility that other factors other,

than the incorporation of a floor slab provide a stiffening effect. Such an effect may
be due to incorporating a finite, but low, post-yield concrete tensile strength.
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t 5.8 Gesellschaft fur Reaktorsicherheit
!
'

This section was authored by P. Bachmann, P. Gruner, W. Kuntze and 11. Schulz of
I Gesellschaft (Or Reaktorsicherheit, and J. Eibt and F. II. Schl0ter of the Institut f0r

Massivbau und Haustofftechnologie, Universit!it Karlsruhe

5.8.1 Summary

Posttest investigations of a 1:6 scale lined and reinforced concrete containment
model which was subjected to internal pressurization at the Sandia National,

Laboratories in July 1987 are reported. Measures employed to trace and to reduce
'

dev!ations of pretest analysis results from the experiment are discussed.

A considerable amount of our investigations was devoted to gather the reasons which
have led to the enhanced analytical response for basemat uphft.

To validate the analytically predicted strains of reinforcement an estimation of
scattering of retiar strams due to cracks in concrete was performed.

The problem of accounting for strain concentrations in the liner at geometric
irregularities was approached by employing section models for the respective
structural area where the major tear in the hner was discovered after the test. The
assessment of local liner tearing on grounds of computed strains was supported by
experimental studies cf the posttest phase performed at the University of karlsruhe.

The numerical analyses and the supplementary (BMFT) to whom the authors
tests were sponsored by the

Bundesminister f0r Forschung und Technologie
express their gratitude.

5.8.2 Introduction

Pretest analysis results of the structural behavior of the 1:6-scale lined and reinforced
concrete containment model, which was subjected to internal pressurization at the
Sandia National Laboratories in July 1987, were presented in a number of reports
[11,51,52).

Although the predictions obtained with an axisymmetric finite element model of the
containment met to a large extent the global performance of the structure in the test,
further investigations were considered worthwhile to trace causes of deviations
between test and analysis results at structural positions where agreement was less
favorable. The largest discrepancies were found with respect to deformations of the
basemat and of the dome. Ilere the measured displacements were overestimated by -

data are compared, y a factor of two to three, depending on the pressure level wherellence, a considerable amount of effort was devoted to gather
the pretest analysis b

the reasons, which have led to the enhanced analytical res)onse. To trace the causes
of the discrepancies, anticipated effects were studiet by employing simplified
analytical tools. From these mvestigations it was found that the interaction between
a one foot thick concrete mat on top of the basemat and the basemat is mainly

.

responsibb for the deviations, in the pretest model this interaction was not t

considered. Accounting for this effect in an analysis with the finite element model of
the pretest computations yields with respect to test results significant improvements
of calculated deformations of the basemat and of displacements of the dome apex as
well.

!

>
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A further topic to be dealt with in the postlest studies concerns the comparison of
computed and measured strains of reinforcement that is embedded in cracked
concrete. Strain measurements may be influenced to some extent by concrete cracks
that cross the reinforcing steel in the vicinity of strain gages. To qualify the
analytically predicted strains, it is important to know the range witbin which
measured respective data might scatter. Estimations of possible aandwidths show
that computed strains are located to a large extent within the scattering bands.

The high pressure test was terminated at a pressure of some 1 MPa (145 psig);
pressurization could not be continued due to increased formation of leakage paths
through the liner. After the test, a major tear in the liner was discovered near an
edge of a thickened portion (insert plate containing penetrations) in the liner shell.
Since geometric irregularities cannot properly be modelled with a highly symmetric
idealization, the stram levels as computed with the axisymmetric mode are too low to!

indicate liner failure within the pressure range which was scanned during the test. To
account for strain concentrations at geometric irregularities, the problem was
approached employing section models for the respective structural area. To
distinguish stram contributions due to changes in liner thickness from strain
concentrations at studs, which are restrained by embedment in concrete, plane stress
finite element models were used. The boundary conditions rnd the deformations
applied to the section models were chosen to reflect the as in the structure states.
Strain enhancement factors as functions of deformation are derived, which can be
related to internal pressure. The results are compared to failure strains as obtained
from biaxial tests as well as to uniaxial ultimate strain data considering multiaxial
stress conditions in the vicinity of a stud.

To predict with the lane stress model a posteriori liner failure as it occurred during
the test near 1 MPa 145 psig),it is necessary to estimate the dependence on internal
pressure of liner de ormations. This was attempted by use of a plane strain finite
element model of a containment wall section that was composed of the liner and of
supporting concrete as well as of the embedded reinforcement and which accounted
for the coupling between the liner and the concrete via the action of a stud. Due to
numerical difficulties the results of this investigation were however restricted to
some 0.83 MPa (120 psig). Elimination of the causes responsible for the diverging
results and resumption of the studies were beyond the budget scope,

llence, a somewhat less sophisticated approach is presented to obtain an
a aproximation to the pressure deformation relationship. This analytical model
a' lowed for the combined action of in plane liner forces and forces in the hoo ) rebars
as well as in the seismic reinfmcement. Concrete was regarded as acing a
compression /no tension material. The liner / stud interaction was described
parametrically.

The experimental studies of the posttest phase were performed at the University of
Karlsruhe. They are intended to yield failure envelopes under biaxial strain
conditions for the liner steel. The results of these tests serve as references for the
assessment of liner tearing on grounds of computed strains. Further experimental
investigations are related to the reduction of the load carrying capacity of rebars that
are terminated within concrete when the bonds between steel and concrete
deteriorate on account oflateral straining. The latter tests yield vabmble information
for the evaluation of the ultimate strength of reinforced structur * * ..ons such as

'

'
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the cylinder basemat transition region. The test results are presented in
Seetion 5.8.8.3.

5.8.3 Investigations to improve the Calculated Response of the Basemat

From the comparisons of analytical and experimental results for strains and
displacements 01 the 1:6 scale containment model was deduced that one of the major
deviations from measurements consists in the calculated displacement behavior of,

'

the basemat, as previously stated. The computed vertical displacement difference
between a position near the cylinder basemat junction and the center of the top
surface of the fill slab overestimated the measured response. There are a variety of
causes that might be responsible for this discrepancy, such as, too low stiffness of
lower bending reinforcement; too soft soil reactions; and interactions between fill
slab, protective course, leveling course and liner bottom as well as between basemat
and mudmat. 'the effects of the fill slab and the mudmat were not accounted for in
the pretest analysis model. The impact of these model features on the structural
behavior will be dealt with in the next paragraphs.

5.8.3.1 Effects Contributing to the Hending Stlliness of the Hasemat

To evaluate the influence of some of the effects mentioned above on the bending
behavior of the basemat, the single contributions were estimated using
approximations based upon simple elasticity concepts, As a criterion to check the
relative importance of an effect, the level of mternr.1 pressure at which cracking at the
lower basemat starts, i.e., when tensile stresses reach the tensile strength of concrete,
was used. The following assumptions were made:

'

. Below the clastic limit of concrete, strains in concrete and strains in the
lower bending reinforcement are assumed to be equal.

. The states of deformation at the rebars have central symmetry.

. The bending moment and the shear force at the cylinder basemat junction
are assumed to be equal to those of a long clamped cylinder subject to
internal pressure.

Balancing radial moments with respect to the center of the basemat yields a formula
to determine the amount of critical internal pressure, P at which cracking at them
lower surface of the basemat is initiated (see Section 5.8.8.1). Application of this
method helps to quantify the influence of various modelling conditions on the critical
pressure, as may be seen from the following summary:

(a) Neglecting contributions of the fill slab and of the levelling and protective
courses yields a critical pressure of 0.349 MPa (50.6 psig).

(b) Assuming the conditions as in (a) but increasing the cross section areas of
rebars of the bending reinforcement by a factor of two leads to a critical
pressure of 0.370 MPa (53.7 psig).

(c) Taking into consideration the stiffening of the basemat due to the
interaction with the fill slab and the courses by use of an effective thickness
for the basemat, the critical pressure amounts to 0.575 MPa (23.' usig).
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These considerations suggest that the influence of the bending reinforcement on the
bending stiffness is rather small. Hence, errors in modelling the stiffness of the
reinforcement, whleh might arise from transforming a rectangular mesh of rebars into
an equivalent assembh' of radial rebars and hoop rebars (as required in the case of an
axisymmetric modeI), do not have a significant im act. On the other hand,
contributions due to the fill slab affect the overall bendi ; behavior of the basemat to
a large extent. The approach used to determine the in luence of the fill slab tends,
however, to overestimate the effect. The magnitude of tangential forces transmitted
through the interface between fill slab and liner bottom will be limited by the contact
friction. If the friction force is exceeded sliding along the contact surface will occur.
To estimate P,, due to friction the formula m the appendix had to be extended
slightly.

Based upon the conditions of (a) the interaction between fill slab and basemat was
modelled by tangential frictional forces which act at the top surface of the basemat
(see Figure 5.8.1). The method considers in a simplified model the dependence of
the frictional forces on the internal pressure, assuming that the contact pressure is
nearly uniform and equal to the internal pressure. The coefficient of friction was

against steel. The critical pressure P , amounts to 0.507 M[61) (for friction of concrete
estimated to be 0.38 according to values reported in

Pa 73.5 psig)in this case.

A similar estimation of the influence of friction between basemat and mudmat
showed that major changes of P,, do not occur, because the normal forces due to the
weight of the structure are much smaller than the normal forces due to internal
pressure at levels of some 0.5 MPa (72 psig) and higher.

From these results it was concluded that a major improvement in the calculations for
the performance of the basemat could be expected if,in the finite element model thr't
was used for the pretest analyses, the interaction between fill slab and basemat is
represented by use of frictional effects.

,

,

Results of such a finite element analysis are discussed later, ,

.

'

5.8.3.2 Studies of Basemat Uplift

At the University of Karlsruhe, the mechanisms of basemat uplifting were studied by
varying structural elements of a basemat model. The axisymmetric section model of
the 1:6 scale containment consisting of the basemat with soil spring foundation
beneath, the 1 foot (305 mm) thick fill slab above, and parts of the lower cylindrical
wall is shown in Figure 5.8.2. The fill slab is connected to the basemat by an
orthotropic interface that has reduced stiffness in horizontal direction. The model
calculations considered mainly variations of steel reinforcement, soil springs, and
relevant material properties of concrete. The results of the various numerical
analyses are shown m lugure 5.8.3 and are discussed as follows.

The measured displacements of basemat uplift relative to its center with increasing
internal pressure are denoted by " experiment"in Figure 5.8.3. As the experimental
curve starts with small negative displacement values, which seems to be somewhat
unrealistic, the experimental curve was shifted in parallel tianslation to a zero value
of displacement for zero pressure. This shifted experimental curve was taken as a
basis for comparisons with numerical results.
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The uppermost curve (1) represents the result of the pretest analysis, GRS 8,7. Major !

deviations from the experiment are evident; these deviations increase rap) idly after
'

the beginning of heavy cracking in the basemat at about 0.4 MPa (57 psig , in the
'

axisymmetric model of the 1:6 scale containment that was used in the pretest analyses
by GRS the basemat was modelled with all relevant reinforcing steel in particular ;

the upper and lower bending reinforcement without cons!dering effects of steel !,

concrete interaction as it was done in the containment shell. The fill slab and the !
mudmat were not considered in the model GRS 87. The basemat was founded on i

soil springs with a total spring constant of K = 7.5x108 MN/m (4.28x108 lb/in.). !

The results of parametric studies at University of Karlsruhe concerning the uplift of f

basemat are exhibited in Figure 5.8.3 as curves no. 2 to 5 and 7 to 10. Table 5.8.1 ,

denotes the legend to these cun'es describing in short terms the structural variations
'

performed at the basemat model shown in Figure 5.8.2. In the first parametric
calculation (curve 3), not considering resultant forces at the cylinder basemat i

junction but using a basemat model with fill slah, the final uplift at 1.0 MPa (145 psig) i

was nearly cut in half in comparison to the pretest analysis curve 1 (GRS 87), which
did not consider the fill slab. As compared to the experimental findings, however,
this final value is siill too large by a factor of almost 3.

The first calculation (curve 3) was done using a bilinear elastic plastic material model ,

for the steel reinforcement. Considering the tension stiffening effect by modelling i
the interaction of steel and concrete after cracking of concrete b a modified stress- :

strain behavior of reinforcing steel [f c] racking was observed. The isplacement values
44 led to curve 2,in which on a slight alteration >

of the steep slope after beginning o
for curve 2 are virtually identical to those for curve 3 at pressure levels above
0.5 MPa (72 psig). The aarametric variations show that the displacement values of
uplift become smaller with increasing stiffness of soil springs, as indicated by curves 4, t

5,7. An enhancement of the shear stiffness of concrete has the same effect. As the ;

basemat is stiffened by the parameter variations the initiation of first severe cracking i

in the middle region is postponed to higher internal pressures as can be seen in ,

Figure 5.8.3. The height and the slope of the step differ only slightly when it is !

shifted.
;

t

Curves 8 and 9 were obtained by incorporating into the analysis the restraining
moment and lateral force acting at the junction of cylinder and basemat. Curve 8 i
results from a rather rough estimation of the moment. Curve 9 represents a more
arecise consideration of tle restraininj moment and lateral forces that are produced
)y internal pressure and prescribed cisplacements as obtained from linear analysis ;

acting on nodal points at the lower cylindrical wall. By all these efforts in modelling !
realistic basemat behavior a strong improvement in agreement of numerical and t

experimental results was achieved: the maximum uplift at a pressure of 1.0 MPa ,

(145 psig) was reduced from some 28 mm (1.1 in.) in curve 1 to 9 mm (0.35 in.) in
curve 9, which is reasonably close to the maximum value of about 6 mm (0.24 in.)
measured in the experiment. In spite of this, there remain major deviations between i

numerical and experimental curves. This is especially true for the distinct flat slope
of displacement step measured in the experiment when enhanced crack spreading t

occurred; this feature of the experimental curve could not be matched satisfactorily
by any of the performed analyses.

!

5288

I



m

,

!

Table 5.8.1
Basemat Uplift Relative to Center of Basemat
Parametric Studies by University of Karlsruhe

Legend to Figure 5.8.3'

Curve Descr:ption

basemat with steel reinforcement (linear clastic p)lastic)3
soil springs K = 1.16x104 hiN/m (6.62x107 lb/in.3

fill slab with reinforcement on an orthotropic interface, reinforcement of
;
' mudmat considered

I 2 same ns 3
* tension stiffening" of steel reinforcement considered

.

'
4 same as 2

soil sprin;p K = 7.5x102 hiN/m (4.28x106 lb/in.)
shear stif: ness parameter of concrete (shefac) increased from 0.2 to 0.5
reinforcement of mudmat at lower nodal points of basemat

.

5 same as 4
soil springs K = 1.16x104 hiN/m (6.62x107 lb/in.) p3

7 same as 4 ,

'
rigid foundation

10 same as 3
lower bending reinforcement increased by a factor of 8.

8 same as 7
consideration of restraining moment at cylinder basemat intersection ;

'

9 same as 7
more precise consideration of restraining moment by internal pressure and
presenbed displacements at lower cylindrical wall.

,

5.8.3.3 hiodification of Hasemat in Global Containment hiodel

Following the parametric studies of influences on basemat uplift, a modification of i
'

the global axisymmetric model used by GRS for pretest analysis was performed.
Figure 5.8.1 illustrates the modifications of the basemat implemented into the pretest

'
model GRS 87, now called GRS 88 F.

In the modcl GRS 87, the stiffness of the orthogonal net of rebars of the lower
bending reinforcement was distributed nearly uniformly to the circumferential ring
trusses and longitudinal trusses in radial direction of the axisymmetric idealization.
Now the lower bending reinforcement of the basemat of postlest model GRS 88 F

!
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consists mainly of ring trusses standin
'

of radial rebars is negligible.11ence,g for hoop reinforcement, whereas the stiffnessthe in plane stiffness of the orthogonal net of
.

:
'

lower bending reinforcement was nearly completely simulated by using ring trusses in
the representation of the axisymmetric model GRS 88 F. The stronger ring trusses
aroduce a stronger confinement of concrete near the center of the basemat resulting ;
.n a shift in the initiation of hoop cracking of concrete to higher pressures. The t

overall influence of the bending remforcement upon basemat uplift was found to be
rather moderate as was already discussed in section 5.8.3.1 '

:
In the pretest model GRS 87, the 1 foot thick fill slab resting oa the basemat with !
intermediate concrete courses protecting the bottom liner was not modelled at all. In
the postlest model GRS 88 F, the reactions between fill slab and the basemat were |
considered by frictional forces acting on the upper surface of the basemat as '

indicated in Figure 5.8.1. The friction forces are determined as a function of internal '

pressure acting upon the fill slab. A friction coefficient of 0.38 was chosen for friction :
of concrete against steel [61), i.e., between fill slab and liner bottom including i

protective and leveling courses. |
t

In the basemat model the horizontal friction forces were assigned to nodal points of -

the basemat liner according to the respective portions of surface area. By this means -

,

a moment that tends to diminish the uplift of the basemat is generated. '

The result of posttest analysis with the modified model GRS 88 F is shown in !

Figure 5.8.4. In comparison to pretest analysis GRS 87, an evident improvement in :

the approximation of the experiment can be recognized. The final value of uplift at a ;

pressure of 1.0 MPa (145 psig)The characteristic slope of increasing displacementwas reduced to less than a half but remains still about :
double the measured value.

. values is shifted towards the measured position but its height, though diminished in
;

comparison to model GRS 87, is overestimating the slope measured in the '

experiment. The results from model GRS 88 F are outlined also in Figure 5.8.3 as
curve No. 6 and can be compared with the other results of the parametric studies. ,

'

If a real structural model of the fill slab would be integrated into the global
containment model combined with a stiffer soll model and consideration of the
mudmat, a further reduction of uplifting displacements seems to be possible and

,

'

realistic.

The global behavior of the containment shell was in general not influenced '

significantly by the modifications in the modelling of the basemat, as shown in
Figures 5.8.5 through 5.8.109 Yet, a distinct improvement of the calculated vertical
displacements of liner at dome a
basemat, is observed in Figure 5.8.pex, which are related to the upper center of11. This is a direct consequence of the more
realistic displacement behavior of the basemat.

5.8.4 Estimations of Scatter of Rebar Strains Due to Cracks in Concrete

Cracking of reinforced concrete is observed to happen preferentially at positions
where rebars cross tensile stresses. E.g., hoop craccs begin to form very often at
meridional rebars of a concrete cylinder, whereas meridional cracks likewise start at

. - . -

9. The shaded areas are referred to in section 5.8.4.
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hoop rebars. Due to the regular arrangement of the reinforcement the spacing
between major cracks may be quite constant.

In the space between adjacent cracks the strains in a rebar vary. They reach highest
values at positions where cracked surfaces cross the rebar. Thus, measured strain
levels may depend on the position of the strain gauge,

in order to judge whether computed strains fit reasonably well measured data, the
possible bandwidth of strain scatter should be known. For this reason, the variations
of strains along rebars were estimated using exaerimental experience combined with
simple equilibrium concepts. The strains in rebars between cracks may be assumed
with good approximation to vary according to a second order parabola like that
shown in Figure 5.8.12. Considering a stress state for which the crack pattern is
completely formed and requiring balancing of forces (carried by steel only) at the
position of a crack with forces in the center between two cracks (carried by concrete
and by steel) yields the following upper and lower strain limits:

c =cm + ac+u

c=c - ac ,m

where

ac+ = (2/3) . (1/s) . a . f /(u, . E.)i

ac = [1-(2/3) . (1/s)] . a . f,/(u, . E )

As shown in Figure S.8.12, e denotes the average strain as measured across the totalm
length s between adjacent cracks,1 measures the length over which concrete and
steel are bound. The ratio 1/s amounts in general to some 0.8. The stresses carried
by concrete in the center between cracks are estimated to be some 0.65 (= a) of the
tensile strength of concrete, f, well below yield point. Sig,nificant reduction of thei
scattering bandwidth is to be expected above the yield point of the steel
reinforcement due to progressing bond deterioration. Young's modulus of steelis E,
and , denotes the steel content.

As an example upper and lower strain bounds for the hoop reinforcement of the
cylindrical section of the 1:6 scale containment model are depicted in Figure 5.8.13.
T he scatter bandwidth amounts to some 0.9x10-8 strain.

As may be seen from Figures 5.8.5 through 5.8.10, where computed and measured
strains are plotted for various areas of the structure together with the strain bounds,
theoretical and experimental data generally agree very well over a wide range of
pressure within the limits of uncertainty.

It may therefore be concluded that further modifications of the global model that aim
at an even better correspondence between measured and computed strains should
not be taken into consideration.

5.8.5 Analyses of Strains in the Liner Near an Insert Plate

The axisymmetric idealization of the containment structure applied in pretest
analyses was suited to describe the global deformation behavior, but it was not
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tailored to investigations of local effects of shell loading with sufficient precision.
Thus, the local major tear in the liner that occurred in the high pressure test near a
thickened insert plate of the liner could not be predicted with the global
axisymmetric model. The strain concentrations in the liner due to geometric
irre ;ularities of the structure, which are assumed to have caused the ma,or liner tear,
sha 1 therefore be investigated in this posttest phase of analyses ay means of
appropriate section models of the relevant local liner region.

The insert plate of interest is located at cylinder midheight between Equipment
11atch A'and Personnel Airlock A and has a wall width three times larger than the
surrounding free field liner sections. The major liner tear formed along the vertical
edge of the insert plate (on the side nearest to Equipment liatch A) reaching a total
length of about 50 cm (20 in. . Enhanced straining is expected due to the change in
wall thickness of adjacent line)r sections. Further straining may be anticipated due to
neighborinr studs and concrete hoop cracks as well. Fizure 5.8.14 depicts the local
assembly o ; structural parts in the relevant liner region. Jn the drawing, it is assumed

i

that a hoop crack was mitiated at the position of a meridional rebar.

Because of these features, an enhancement of strains with respect to free field liner
straining can be expected in the thin liner sheet between the edge of the insett plate
and the adjacent liner stud.

In the following three paragraphs the potential for liner tearing due to the mentioned
structural inhomogeneities is evaluated employing two dimensional finite element
analyses of the respective liner section.

5.8.5.1 Investigation of Strain Enhancement Due to local Stud Effect

The effect of strain enhancement in the vicinity of studs is analyzed with a plane
stress model of the relevant liner regior, including the influence of the insert plate.
The finite element mesh of ap, proximately one half of a relevant stud field with
spacing 50 x 50 mm (2 x 2 in.) is shown in Figure 5.8.15. Two similar models were
investigated; they are distinguished with respect to boundary conditions, which
simulate either the presence or the absence of a localized stud in the corner of the
modeled rectangular liner sheet where the mesh is refined. Thus, strain values with
and without stud effects can be obtained for comparison. The different wall
thicknesses of the thin liner where the stud is located and the thick insert plate with a
chamfered edge are shown in Figure 5.8.15. The axes of the model coordinate system

|. coincide with the circumferential (y axis) and meridional (z axis) directions of the
i

global containment structure. The long side of the models with a length of 50 mm
(1.97 in.) reflects the spacing between two stud locations in the structure, whereas the
length of the short side is one half of this dicance. The boundary conditions of the
models are as follows:

1

. The short side with or without stud represents a rigid boundary. Thisi

L means that in the model with stud, the circular footing of the stud is also
i rigid.

| . The long edges are clamped allowing displacements only in y-direction of
the global coordinate system (see Figure 5.8.15)

|

For the th!n liner sheet of 1.59 mm (1/16 in.) between stud and insert alate the
material curve shown in Figure 5.8.16 is used as obtained from materia tests by
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Sandia. The stress strain relationship is characterized by a distinct yield plateau
between strain values from about 0.18% to 1.8%. This stress strain curve is described
in the analysis by the multilinear clastic plastic material model available in ADINA
[53] For the thick insert plate itself a linear clastic material model is used. The

direction by prescribed
modeled liner section is loaded in circumferential y late opposite to the studdisplacements acting upon the short side of the insert p
location. In the meridional z direction total strains are assumed to be zero. This
assumption seems to be ;ustified by an evaluation of liner strains in the global
containment structure resu ting in a ratio of circumferential to meridional strams of
about 8:1. The loading function of displacements applied to the modeled liner
section is shown in Figure 5.8.17 as a function of internal pressure. It was obtained
from the strain resu ts of the global axisymmetric containment analysis at liner
midheight. At the pressure of 1,0 MPa (145 psig), where liner failure occurred in the
high pressure test, the displacement prescribed to the liner section model amounts to
a value of about 0.6 mm (0.024 inch).

When the liner model without stud is loaded in this manner with a certain
displacement value it strains uniformly. The deformations of the modeled liner
sections without stud are demonstrated in Figure 5.8.18 when loaded with a
displacement of 0.6 mm (0.024 inch).

Strains in y c'irection are plotted in Figure 5.8.19 over 'he y coordinate values of the
liner section model. The corresponding loading pressure is marked as legend to the
curves, if no stud is present, mainly two different strain levels can be distinguished
over the whole modeled liner section. In the region of the insert plate the steel
material remains elastic and the strain level is very low. Higher straining is

hner
recognized in the thin liner sheet where the yield point of the 1.59 mm (1/16 in.)is nomaterial is already exceeded r.t a pressure loading of 0.8 MPa (116 psig). There

,

variation in strain level over the whole lateral area of thin liner as stated before, that
is, in this case of uniform structure and loading the strain value is only a function of
wall thickness. The presented results for the elementary model of a liner section
without stud serves as a basis for comparisons with the findin;s from the analogous
model containing a local stud, which will be discussed in the fol owing paragraph.

The deformations of the liner section with stud are shown in Figure 5.8.20. The
model is again loaded with the prescribed displacement value at failure pressure of
0.6 mm (0.024 in.) as it was done with the hner model without stud according to
Figure 5.8.17. At first sight there is little difference to be seen between the
deformations of the two corresponding models with and without stud. However,in
the vicinity of the local stud some deviations in deformations can be distinguished.

Straia development in the vicinity of the stud with increasing displacement loading is
shown in Figure 5.8.21. The plot shows 12 curves representmg strain values at the
integration points of the 4 elements near the stud in the circular mesh pattern (see
Figure 5.8.20) following the direction of the y axis at the long side of the hner section.
In the linear range at strain values not over 0.18% the straining of all studied
clements is nearly identical. At 0.2 mm (0.008 in.) prescribed displacement, where
the end of yielding is reached, the strain values come close together for a value of
1.7% approximate y after a first strong enhancement of strains in the element nearest
to the stud. Thus, an almost smooth distribution of strains is achieved in the stud
vicinity after yielding. The strain hardening region begins with a steep slooe of the
stress strain curves causing more divergence with increasing straining. T1e upper
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curve of strains nearest to the stud footing reaches a value of about 11% when the
loading displacement amounts to the value of 0.6 mm (0.024 in.).

The distribution of strains around the circular footing of the stud according to the
nearest element inte ration points is shown for certain separate moments of loading
in Figure 5.8.22. Ili iest strains in y direction are reached obviously at the corner of
the guarter stud fix to the clamped long side of the section model. They diminish
contmuously to the stud corner fixed to the rigid short side of the model.

The strain field in the liner section model with stud for the disolacement loading of
0.6 mm (0.024 in. is shown in Figure 5.8.23. The arrows of', principal strains are

completely ligned to the y direction; orthogonal strains m x direction cannotnear
be i ntified because of the clamped edges of the section model. The drawing of
strain arrows illustrates the strain concentration in the vicinity of the stud footing.
The plot of the stress arrows in Figure 5.8.24 demonstrates in contrast to this that two
principal stress directions are developed clearly in the liner section mostly coinciding
with the y and z directions of the model. In the vicinity of the stud where largest
stresses occur a small rotation of principal stress directions can be observed similar to
the strain directions, see Figures 3.8.23 and 5.8.24

The strains along the long side of the section model that is coupled to the stud are
presented in Figure 5.8.25, which may be compared to the analogous Figure 5.8.19 of
the model without stud. The strain level over the whole area of thin liner sheet is
lifted by the local stud effect. The strain enhancement is concentrated at the stud
footing where the strain curves raise into a sharp peak see Figure 5.8.25). At the
relevant pressure loading of 1.0 MPa (145 psig) 11e peak (value of strains amounts to
about 11% in the thin liner sheet nearest to the stud. When this value is compared to
the strain value at the same liner location without stud action, which can be taken
from Figure 5.8.19 as a value of about 4.3%, a strain enhancement factor of about 2.5
can be derived. Another comparison can be made to the global strain value of 1.2%
in circumferential direction which was calculated the axisymmetric containment
model at midheight of the lindrical liner. This gl al strain value is enlarged by a
factor of nearl 10 caused the local stud effect and the interaction of the insert
plate with the t in liner sheet. ,

In general ultimate uniaxial strains will be reduced under multiaxial loading >

conditions. This well known fact c:..n simply be expressed by use of a factor FAKT:

= FAKT . c ,c um o

where c is the multiaxial ultimate strain, c , is the uniaxial ultimate strain, andom u

FAKT = 21. rr

where TF is the triaxiality factor
54) factor TF is determined as a function of the two

| . For a biaxialloading case, which is relevant to
the containment liner, the triaxia ity *

i principal stresses:

TF = "I + "8-
(of + ol- oio )1/2

'

n

where oi, og are the principal stresses, which can be calculated from the stress
components in y- and z direction of a structure according to the following relation:
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o , = 0.5.(o, + o.) 10.5[(o, c.): + 4 r .]i/8n y

in this way the reducing factor FAKT can be derived from the stress analysis of the
liner section model with stud, which can be transformed subsequently into a
multiaxial failure criterion.

The evaluation of the triaxiality factor for the element with highest strains next to the
stud according to Figures 5.8.20 and 5.8.25 is shown in Figure 5.8.26 as a function of
displacement loading of the liner section. For displacement values above 0.5 mm

the triaxia ity factor remains nearly constant at a value of approximately
(0.02 in.) h is roughly equal to the ideal va'lue (D)d i Fi1.72, whic for cylindrical vessels under

n gure 5.8.27, leading to ainternal pressure. The resulting factor FAKT is plotte
value of about 0.61 for bl;her displacement loadings. When a uniaxial ultimate strain
value of approximately 2t% is taken into consideration accordinj; to the test values of
Sandia for the 1.59 mm (1/16 in.) liner sheets, e multiaxial ultimate strain of about
14% can be determined by this method. This strain value can now be taken as a ,

failure criterion for the biaxially loaded liner sheet in the vicinity of a stud. Going |
back to Figure 5.8.25, it can be recognized that this strain level is reached in the stud |
vicinity at a pressure loading of a60ut 1.01 MPa (146.5 psig). According to the
loading function of Figure 5.8.17 a prescribed displacement value of 0.65 mm

corresponds approximately with this pressure. In comparison with the !

(0.026 m.) displacement loading of 0.6 mm (0.024 in.) considered so far as irelevant
corresponding to the critical failure pressure, this would mean an increase of about
8% in global containment loading until initiation of thier failure. An enhancement of i

circumferential strains at cylinder midheight as obtained from the global !

axisymmetric containment model would follow from this assumption. This influence
could be caused by deviations from the circular deformation shape of a horizontal
section of the containment cylinder resulting from the interaction with equipment
hatches and airlocks as observed in the hip,h pressure test. In addition the equivalent
loading displacement that is consistent with the pressure at which the major tear in

depends also on the local assembly of the
the liner actually formed (1 MPa,145 psig)hown in sections 5.8.5.2 and 5.8.5.3. Alsostructure in the respective area as will be s
from the considerations presented there, a somewhat larger equivalent displacement
of about 0.65 mm (0.026 in.) seems to be more adequate than the value of 0.6 mm
(0.024 in.) extrapolated from the global analysis.

The failure strain criterion of 14% determined analytically from the stress state in the
liner sheet around the stud can also be compared with experimental results of blaxial
liner tests conducted at the University of Karlsruhe (see Section 5.8.8.3). It shall be ,

anticipated here that the correspondence between these two strain values was found ,

to be satisfactory.

The analysis indicates that due to strain concentration in ihe vicinity of studs and due
to enhancement of strains there, which result from geometric inhomogeneities, the
strain level in the liner reaches ultimate values at about 1.0 MPa (145 psi;;).
Considering the scatter of ultimate strain data,particularly if they are obtained unc er
multiaxial conditions, and the unavoidable simplifications in analysis models, the
calculations proved to be successful in confirming the test result.
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5.8.5.2 Determination of Liner Deformations with a Section Model i
of the Containment Wall (FE. Analysis) !

'

Deformations of liner in the vicinity of the major liner tear were further investigated
,

by a supplemental section model that represents a horizontal cross section of the
relevant region of the cylindrical containment wall. The finite element section model i

,

is shown in Fi;ure 5.8.28. It is set up in a plane strain formulation with a uniform
thickness of al elements of 1 mm (0.039 in.). In this version of a section model the

,

;

interesting liner stud in the direct vicinity of the major liner tear can be modeled 1

explicitly so that the interaction of all relevant structural parts can be studied. The !

steel remforcement is incorporated in the concrete containment wallt the position of
.. the 2 layers of hoop reinforcement and the seismic reinforcement is analogous to

Figure 5.8.31.

The material behavior of the liner is the same as described in the section 5.8.5.1 (see|
i

Figure 5.8.16). The material data for the modeled stud was determined according to
'

Table 5.8.2 in such a way that the stud behavior is similar to the findings of .

experimental stud investigations performed by Sandia
of the steel reinforcement are outlined in Table 5.8.3. [55]. The material properties +

;
=

Table 5.8.2 Material Properties of Modeled Liner Stud !

Bilinear Elastic Plastic Material Model with Isotropic Hardening

E'
26.5 N/m/mmt (1490 ksi) Young's Modulus
10,280 N '=

o,' mt (3.84 ksi) Yield Stress=

29.9 N/mmt (4.34 ksi) Maximum Stresso =m
0.2 Maximum Straine =m

.

The concrete material model of ADINA 53 is used to describe the nonlinear ;
behavior of concrete including cracking and c[rus]hing. To define compression failure
envelopes as needed for the ADINA concrete model the failure surface as proposed '

by Ottoson [5 ] was used. The preparation of input data for the concrete model is
specified in [5 J. The stud elements are coupled to the concrete elements via a soft
transmission ayer of elements with the exception of the stud head, which is
embedded in concrete. By this means the adapted stud behavior [55]is assured.

The section model is loaded by internal pressure acting on the inner side of the liner
so that the liner deformations in the vicinity of the major liner tear can be studied as
a function ofinternal pressure.

i

Figure 5.8.29 exhibits the deformations in the interesting region of the section model
at ao internal pressure of 0.83 MPa 120 psig). The bending loading of stud and liner
can be recognized, which, in co(mbination with tension loading, leads to an

'

enhancement of strains in the thin liner section between stud and insert plate. The
calculation had to be stopped at this pressure level because of numerical problems in
the equilibrium iterations so that no results for higher pressures are available with
the plane strain model.

The relation between liner dispiscement and internal pressure up to the pressure
j level i.' ached of 0.83 MPa (120 psig) is shown in Figure 5.8.30. The liner
|
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! displacements were integrated over all liner elements following a central line from
the model edge at the insert plate where the next (fixed) stud is .ocated to the middle
of the footing of the modeled stud. In this way the displacements plotted in
Figure 5.8.30 are the relative displacement values of the liner between two studs with
interaction of the insert plate.

Thb partial result is compared with the result of a simplified analytical investigation
of the same problem shown in Figure 5.8.33. The curve of Figure 5.8.30 cortes nds

with curve DS 24 in Figure 5.8.33. At a pressure level of 0.83 hiPa (120 psi ) the
values of both curves agree well. Slope charges in the curve of the FE Analy is are
not visible since plastification proceeds gradually through several liner elements,

whereas in the simplified analysis the whole section becomes plastic after yielding is
reached instantaneously at any point of the section. As the agreement of both results

is satisfactory especially for higher pressure levels over 0.8 hiPa (116 p)sig) the resultsof the simphfied analysis between 0.83 and 1.0 hiPa (120 and 145 psig are taken for
further discuss!on.

5.8.5.3 Determination of Liner Deformations with a Section Model of the
Containment Wall (Simpilfled Analysis)

As previously mentioned, the determination of strain levels as obtained from t. lane
is based on prescribed displacements, which are

stress analysis (see Section 5.8.5.1)f a liner section. To relate these displacements toapplied to the plane stress model o
the internal pressure history the approach described in Section 5.8.5.2 was used,
llowever, the latter analysis could not be completed for reasons which have been
mentioned already. Therefore, the problem was attacked using a method to be
presented next.

The model with thickness of 1 mm (0.039 in.) along the viewing direction
(Figure 5.8.31) is similar to that of Section 5.8.5.2. However, the stud is replaced by
an clastic spring acting at position 2t the other end of the spring is assumea to move
radially during pressurization. The space between liner,2 hoops and seismic
reinforcement (radial positions ri, ri, r, and r , respectively) is thought ofs

transmitting only compressive forces.

Three sections along the liner are to be distinguished. In section 1, between nodal
points 1 and 2. and section 2, between nodal points 2 and 3, the nonlinear stress-

liner sheet is used. Section 3 between nodal
strain behavior of the 1.59 mm (1/16 in.)f the insert plate is attributed linear elasticpoints 3 and 4, representing a portion o
material behavior. The modilied clasto plastic material behavior as described in
[11,51,52) characterizes the stress strain relations for hoop and the seismic
reinforcement, respectively. Numerical data of material properties and of geometry
are contained in Table 5.8.3.

Based on a kinematic relation and on equilibrium considerations for in plane stresses
of the various sections, strains and stresses in the liner may be extracted. A further
relation defines global equilibrium between the applied internal pressure and the
balandng forces resulting from stretching of the liner and the reinforcement. The
method is outlined in Section 5.8.8.2.

The spring constant was ada3ted in such a manner that the relative displacements
between nodal points 2 and a fit the corresponding results that were obtained with ;

'

the plane strain model (see Section 5.8.5.2) between 0 and 0.83 hiPa (0 and 120 psig).
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| A numerical value of some 1000 N
value is comparable with experimen/mm (5700 lb/in.) per unit length was found. Thistal data obtamed by Sandia [55).

t

Table 5.8.3 Data for Simplified Analysis

Geometry:3350 mmri =
A =129 mmt

ri = 3396 mm 1 = 63.5 mm di = 1.59 mm A =93 mmtr = 3517 mm 1 = 17.46 mm d, = 1.59 mm
rs = 3565 mm 1 = 33.34 mm de = 4.77 mm3

1 = 114.3 mm

Material Properties:

Reinforcement (with steel / concrete interaction)
Liner (Uniaxial) lloop Bars Equivalent Seismic

t 0 t 0 t 0(ft) (N/mmt) (fc) (N/mmt) (fc) (N/mmt)0.0 0 0.0 0.0 0.0 0.0
0.182 376 0.0105 22.37 0.0105 22.37
1.74 376 0.013 41.47 0.015 237.6
3.25 443 0.0186 91.60 0.0925- 295.0
7.13 495 0.244 443.1 0.15 405.0
9.54 510 1.16 501.2 0.25 440.0

16.37 524 3.0 623.8 0.5 444.0 -

20.0 525 5.0 694.3 10.0 446.0
7.0 724.0 15.0 448.0

10.0 739.0 20.0 450.0
15.0 740.0
20.0 740.0

Young's Modulus of Section 3: E = 214000 N/mmt
Stiffness of spdng per unit length: k = 1000 N/mm/mm '

,

i

Results of this analysis are presented in Figures 5.8.32,5.8.33 and 5.8.34, showing as !
functions of the internal pressure the radial displacement, the relative disalacements '

between nodal points 2 and 3 (DS23) and between nodal points 2 and 4 ( DS24), and
finally the strains in sections 1 through 3 (EPS1, EPS2, EPS3) as well as the average
strain (EPSO).

The radial displacements (Figure 5.8.32) agree very well with the corresponding
results of the pretest calculation with an axisymmetric finite element model
111,51,521 The major slope changes of the strain curves in Figure 5.8.34 may be
attributed to
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. weakening of the seismic stress strain behavior above a strain of some'

i
: 0.15x10 8 at 0.22 MPa (32 psig),

. beginning ofliner yielding in section 2 at 0.65 MPa (94 psig),

. beginning ofliner yielding in section 1 at 0.73 MPa (106 psig), and

. beginning of hoop yielding at about 0.88 MPa (128 psig).
+

The major result of this analytical investigation is presented in Figure 5.8.33. From ,

'

this figure the relative displacement between nodal points 2 and 4 (DS24) amounts to
some 0.65 mm (0.026 in.) at 1.0 MPa (145 psig), where according to the test major ,

liner leakage developed, j

This value is used in section 5.8.5.1 to obtain from a plane stress consideration the
corresponding strain concentration in the vicinity of a liner anchor.

.

5.8.6 Synopsis of Postlest Results

In general the predictions obtained in pretest analyses using an axisymmetric finite |
clement model of the containment met to a large extent the global performance of ;

the structure in the test. However, larger discrepancies were found with respect to
calculated deformations of the basemat, which were overestimated. To improve the |

performance of the basemat the action of the fill slab was included into the global !
'

containment model of the pretest stage by use of frictional forces. Thus, the bending
behavior of the basemat was described more realistically. These modifications of the -

calculation model resulted in a satisfactory approximation to the experimental values.

Major investigations were performed to study strain concentrations at liner regions
*

with local irregularities such as studs. By evaluating the results of several section
models of the mteresting area near a thickened insert plate at cylinder midheight

where the major liner tear occurred in the exp(eriment, a strain level of about 14%was determined at failure pressure of 1.0 MPa 145 psig). This result is comparable
to multiaxial limit strain values obtained from uniaxial strain data of the liner steel. -

'

The failure strains are also supported by blaxial liner tests performed at the
University of Karlsruhe. Thus, the occurrence of the major Imer tear could be
understood on grounds of analyses of the posttest phase.

'

5.8.7 General Conclusions Drawn from the Test and Pretest and Postlest Analyses

Finite clement analyses were performed before and after the test of a lined and
~

|
reinforced concrete containment model. Results of the pretest investigations were
reported in NUREG/CR-4913 11), in this paper improvements of the calculation

t

model to describe global behav(ior of the structure and additional analyses of local
effects were presented. From these studies the following general aspects can be
derived.

In the test the liner turned out to be the weakest link of the pressure retaining
boundary. In view of small tears at various locations that were observed after the
test, the tightness of the liner scems to have been nearly exhausted at many locations|

| where geometric inhomogeneities caused strain concentrations. The formation of a
major tear at a position where several effects superpose, such as load redistributions
at a thickened insert plate, strain concentrations at liner anchor bolts and deviations
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from homogeneous stress conditions due to a nearby hatch can therefore not be seen !
as an accidental event. Certainly initiation ofleakage that might have been caused by '

improper manufacturing can,in this case, be excluded when assessing this evidence.

One is therefore lead to the conclusion that a repetition of the test with a similar i
model structure would essentially yield an equivalent answer.

.

The question however arises whether the behavior would be different if :
pressurization were applied to a 1:1 scale real containment structure. In the 1:6 scale !
model the thickness of the liner is very small some 1.6 mm

.concentrations due to welded anchor bolts will mo(st probably pene). Hence, straintrate through the ;
whole depth of the liner sheet. This can be different in case of a 10 mm (0.39 in.)

'

thick sheet of steel where strain enhancement might not pass through the whole t

depth,instead leaving a more or less unaffected part of the cross section. In this case !

damaging due to anchor interaction might be confined to fibers of the liner near the J
i

surface on the side of the stud leading possible to tearing of the stud rather than to !

formation of a tear in the liner at this stage of pressurization. Under these conditions
there is a chance that the liner of a real containment might fail at even higher
pressure levels than those withstood by the 1:6 model contamment. This being the

4

case, other failure modes may become controlling, for instance, leakage at <

penetrations or even failure of parts of the concrete structure. |
'

Up to now there have been no in depth investigations of the degree of damage of
various sections of the pressurized reinforced concrete shell. Several pretest analpes
have predicted for instance that hoop failure could occur around some 1.2 MPa
(174 psig). Shear failure of the concrete structure at the cylinder basemat junction ;

Although not verified by the test there seems to be on(ly a small margin between thewas assumed at somewhat lower pressure values between 1.15 and 1.2 MPa).
'

!

failure mechanisms and a decision for real containments on grounds of the 1:6 scale ;

test results is not a straight forward one without further detailed analyses, j
Taking furthermore into account that in a severe accident aside from pressurization
also other loads may contribute to a threat for the integrity of the containment, e.g. -

jet impact, temperature etc., it is obvious that each loadmg scenario has to be dealt
with separately and in detail.

For analysts, the most valuable outcome of the test was,- and this was one of its major
intentions - to verify computational models, analysis procedures and numetical
material models. Up to the
The excellent and very succe> pressure level attained in the test this aim was reached.sful conduct of the test provided an extended database -

for comparison with pretest analysis results and for model improvements during the
postlest phase as well. The test offered thus the unique possibility to sharpen
analytical tools and to obtain faith in their performance,

t

Especially the investigations of the posttest phase yielded a great deal of insight into
modeling requirements that have to be observed in order to predict adequately the !

response of structures that are loaded beyond the design limits. The lessons to be '

learned were, firstly to include all details of the structure which might have a ty
influence on the global behavior (e.g., interactions between fill slab and basemat).

Secondly,le variations of measured strains of rebars in the neighborhood of crackedit is necessary to estimate uncertainties in experimental results (e.g.,unavoidab
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concrete) and computed results as well,in order to be able to assess the quality of the
,

answers.

Thirdly, local effects can only be dealt with proxrly if there are either analytical :

means available to derive from results of global analyses the behavior of various ,

structural irregularities or if adequate section models are employed. (The third |

possibility to incorporate in a three dimensional analysis model all major details is in ,

:general not tractable.)
,

Considering the answers of pretest and posttest investigations in the light of test |
results an optimistic point of view concerning the capabilities of analysis methods

'

seems to be justified. The preceding statement is, however, conditional on the !

assumption that the computational models contain all relevant features that
characterize the exchange of loads between deformation controlling structural parts.
Numerical material models and numerical procedures employed in the state of the-
art finite element codes seem to work sufficiently accurate m this type of application.
This holds for material descriptors of steel properties under uniaxial and multlaxial
conditions for loading ranges up to failure. It must be noted that in some cases it is
very difficult to obtain limit values within a sufficiently narrow scatter band.
Particularly cumbersome are ex 3eriments to obtain ultimate strain data under i

multiaxial conditions. There is stil some discussion as to the proper formulations to
!model concrete behavior in the high loading regime under complex stress patterns,

such as combined compression, bendiru and shear. From the high pressure test
results obtained as of now it is not possiale to draw any conclusions concerning the ;

adequacy of employed numerical concrete models under these conditions, aside from
'

'
the fact that gross failure was predicted by analyses at higher pressure levels than the
level that could be reached in the test.

,

With respect to the application of computational tools to real containments the
important question is, do these methods permit a sufficiently accurate determination i

of the loading level at which containment integrityis still preserved? In this context a
completely realistic numerical description oT reinforced concrete under the above
mentioned conditions near the level of its ultimate load carrying capacity does not
seem to be of utmost relevance. As deformation states of structures of this type '

below the ultimate compressive capacity of concrete can be presented within a
certain scatter band rather well, the available analysis procedures may be regarded as
being suited to yield a reliable answer.

5.8.8 Appendices to Section 5.8

5.8.8.1 Determination of Cracking Pressure for Basemat

The critical pressure P., at which cracks at the lower surface of the circular basemat ;

of a cylindrical concrete containment begin to form may be obtained from the l

following equation: ]

P.,/f, = (8/3).D2.(1 + r)/DN,

where |
1

DN = ( 3 + v.).at - 8.(1 + D.k)/k2, !
1

r = 3.(E,/E,).((1 v,)/(1 - v,)). A/(D.d),
|

|
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k = (3.(1 v 8)/(a*.t*))l/4,,

with the parameters:

D : thickness of basemat-

t : t'.Mness of cylinder
a radius of cylinder midsurface.

J : spacing of rebars of reinforcement near lower surface of basemat
A : rebar cross section area
E : Young's modulus of steel
E, : Young's modulus of concrete
f, : unlaual tensile strength of concrete
v, : Poisson's ratio of steel
v, : Poisson's ratio of concrete

The derivations of the above equations are based upon the assumptions listed in
paragraph 5.8.3.1.

5.8.8.2 Derivation of the displacement / pressure relationship for the wall section of
Figure 5.8.31

The meaning of the used symbols is as follows:
~

ri : radial position of liner center surface
ri : radial position of first hoop reinforcement
r : radial position of second hoop reinforcement
r3 : radial position of the seismic reinforcement

3 : length ofliner section 11
1 : length ofliner section 2

3 : length ofliner section 31

length of total segment
3 3

thickness ofliner section(1 + 1:+ 1 )
1 :
d : 1i
de : thickness ofliner section 2 (=d )i
ds : thickness of liner section 3
ci, oi : strain, stress of liner section 1
ci, a : strain, stress of liner section 2
c 3, o, : strain, stress ofliner section 3
e : average strain of the three sections
S2 : c;rcumferential displacement of liner at node 2
S3 : circumferential displacement of liner at node 3
DS23 : relative c.'ren" .ferential displacement ofliner between nodes 2 and 3
DS24 : relative c' : nferential displacement of liner between nodes 2 and 4
k : stiffness of stud replacement
p : internal pressure
A : cross section area of one hoop rebar

A : cross section area of equivalent seismic rebar
ds : distance between studs in meridional direction of the containment

stress in ho,op reinforcementon :

os : stress in seismic reinforcement'

u : radial displacement
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Kinematic Relation for the Liner
,

ei.1 + c .1 + c .1 = c.1 (5.8.1)a a

e = u/ri (5.8.2)'

:

It is assumed that the radial displacement does not vary with the position of a
particular point inside the containment wall.

The strain of section 1 can be expressed as:
!

(5.8.3)ci=c+S2/f i

sEauilibrium Relations

Dalancing of forces at node 2 yields

k.S2 = o .d ai.d (5.5.4) |n i

and hence from equation 5.8.3

e = ci -(o .d - oi.d )/(f .k) (5.8.5) !
s i i

At node 3 force equilibrium results in the strain of section 3:

c = o .d /(E.ds) (5.8.6)n

The last formula holds on account of assumed linear clastic properties of section 3 i

with the Young's modulus E.

Employing equations 5.8.1,5.8.3,5.8.5 and 5.8.6 results in

a.ci + p.oi{ci} = F(c ,k) (5.8.7a) ]z

,

with

a = (1 1 /1).1 (5.8.7b)i

p = d /ki

F = C.ci{c } + c .1 1/1 (5.8.7c)3 t

where

C = (1 + k. f .1 /(E.d 1)).d /k (5.8.7d)i 3

Solution of Equation 5.8.7a
,

For parametrically given values of the spring stiffness k and for predefined steps of
the strain c: in the liner section 2, the function F can be evaluated. Equation (5.3.7a)
then re presents an implicit formulation for the strains ci n section 1, which is to bei <

'

solved by iteration as the liner stress-strain behavior is nonlinear. The solutions ci
depend on the current values of k and c . From eqs. (5.8.6) and (5.8.2) follow the
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strain c,in section 3 and the radial displacement u. The relative displacements arer

obtained from
iDS23 = c .f (5.8.8a)a i

and

DS24 = c .fi + c .fi (5.8.8b)a ,

Calculation of the Internal Pressure Related to Given Values of k and c

Requiring global force equilibrium between the internal pressure load and the loads
carried by the liner and the reinforcement yields the approximate relation ;

,

p = (2.G1.A/ds + G2).ri (5.8.9a)

with
|
>

G1 " on (t'ri/ri} + ou {c.ri/r:} + 0.5. A*os {t.ri/r3}/A (5.8.9b)

and with

G2 = (oi.d .1i + o . d .13 + o .d .1 )/f (5.8.9c)i n i n 3 3

Again, p is a function of predefined values for k and c:,
t

5.8.8.3 Experimental Investigations !

An experimental program with typical containment wall elements and liner elements
has been carried out at the Uruversity of Karlsruhe to provide special data for the
posttest analysis of the 1:6 scale model. In one test series, bond behavior of rebars in

i

cracked concrete has been investigated. In another one, the ultimate strains in
blaxially loaded liner sheets have been investigated. A summary of test procedures

I and test results is presented here. For further details refer to the reports (57] and
(58].

| Hond Behavior of Rebars in Cracked Concrete '

:

In the containment model the seismic reinforcement as well as a part of the i
'

meridional rebars end in the dome region. If concrete cracks in these areas the
cutoff bars gradually lose their ability to carry their part of the load due to debonding.
Possibly a failure of the containment will be initiated due to these effects. As nothing
could be found in the literature concerning decreasing bond resistance in cracked !

concrete some experiments have been performed to verify the analysis regarding this !
aspect.

,

The test specimen is shown principally in Figure 5.8.35. A concrete beam reinforced
with 8 412 mm BSt 420/500 in the longitudinal and 9 412 mm in the transverse
direction was used to simulate the hoop and meridional rebars, respectively, of the

| containment model. A controlled force, H (see Figure 5.8.35), was used to load the
]
|

i
,
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specimen in tension until cracking occurred, after which one of the transverse rebars -
meridional direction was pulled out.

The specimen shown in Figure 5.8.36 had a length of 1500 mm (59 in.) a height of
460 mm (18 in.) and a thickness of 165 mm (6.5 in.). To ensure that a crack would
, ass along a vertical rebar the specimen was notched parallel to the rebar (see
Figure 5.8.36 For the reinforcement a German rebar of 12 mm (0.47 in.) diameterwas used, wh)ich is nearly equivalent to the U.S. #4 rebar. The concrete was similar
to that used for the model test having a cylinder strength of A = 43.5 MPa (6300 psi)
and a Young's modulus of E = 29500 MPa (4.3x108 psi) at the age of 21 days, which
also was the testing date for the specimen.

During the pull-out tests, the relative displacement between the rebar and concrete
at both the top and bottom surface was measured as well as the pull out force.

seven over the height, to record the strain distribution m, ped with interior strain gages,
Furthermore, some of the vertical rebars were equip

the reinforcing bar,

in Figure 5.8.37 the pull-out force versus the relative disalacement at the to surface
is given for several crack widths: w = 0.1,0.5,1.2,2.0 anc 2.8 mm (0.004,0.0.k.)0,0.047,

. The curves for w = 0.1 mm (0.004 in.) and w = 0.5 mm0.079, and 0.110 in.) identical. IIere tensile failure occurred in the rebars. One can
(0.020 in.) are nearl
recognize the yield lateau at V = 54 kN (12.1 kips), which is equivalent to a stress of
a - 480 MPa (69.6 i). The peak value of the curve for w = 1.2 mm (0.047 in.) crack
width nearly reaches the yield force, however the slope is much less than in the
former curves. It represents a rebar failed due to debonding. The other two curves
show a similar behavior with a reduced peak value.

A summary of all tests is shown in Figure 5.8.38 for the leak pull out force versus the
crack width. Each symbol represents a test result w1ereas the line is a trilinear i

approximation. There is no decrease of bond resistance up to a crack width of w = *

0.8 mm (0.031 in.), after which it is gradually reduced until a value of w between
2.5 3.0 mm (0.098 0.118 in.)is reached. There is no resistance remaining beyond this
limit. It should be noted that these peak values are reached naturally at different
relative displacements.

Biaxial Liner Tests

Liner tearing was observed during the containment model test, and an appropriate
failure criterion must be used to give a precise prediction of the phenomena.
Sufficient knowledge of the ultimate strams under biaxial loading conditions is
therefore of dominant interest for the posttest analysis.

The aim of these tests was to obtain a function go = f(ci). In other words, the
ultimate major principal strain is dependent on the current minor principal strain in a
biaxially loaded liner sheet. Ultimate strain c, in this context is defined as the
maximum strain value that occurs before necking (see Figure 5.8.39).

Original liner sheets from the Sandia model test were used in these experiments.
Different specimens were tested to construct a failure envelope for several ratios of
principal strains.

Proportional test bars were uniaxially loaded in a preliminary test series to obtain
both the uniaxial stress strain relationship and lateral contraction characteristic

5 305

. - _ - _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ .



,

!
:

(Poisson's ratio). Results are given in Figures 5.8.40 and 5.8.41 and Table 5.8.4 |
(ROB 1 ROB 3).

;

1

Table 5.8.4 Ultimate Strain Combinations for Biaxial Loaded Liner Sheets ;

e

Test
(2) {dc) RemarksMclio,

ROB 1 7.5 19.9 Uniaxial Tension !
ROB 2 7.1 20.0 Uniaxial Tension '

ROB 3 -7.5 20.0 Unlaxial Tension i

R3B2 -0.4 14.2 Lateral Restrained |
R3B3 -0.3 14.8 Lateral Restrained a
R4B1 40.0 40.0 Punch Stretching i
R4BS 43.0 43.0 Punch Stretching 1

R4B6 43.0 43.0 Punch Stretching !

R4B7 11.0 35.0 Punch Stretching
'

R4B8 5.0 43.0 Punch Stretching ;
R4B9 3.0 16.0 Punch Stretching

:

i

;
;

In a second series, cross shaped specimens as shown in Figure 5.8.42 were stretched
in the two principal directions. The area of measuring was equipped with strain
gages and LVDTs. The first experiment showed a failure due to rupture of one wing ;

of the cross, Modifications of the specimen were made in form of slotting the wings
(see Figure 5.8.42b in order to concentrate the straining in the center o: the sheet.
Various numbers a)nd types of slots were tested. Blaxial strains up to 10% werei

measured, however it was not possible to obtain a failure in a region with dominant t

biaxial loading. All specimens failed in regions ci nearly uniaxial stressing. |

It was the aim of a next series to concentrate the straining in a very small area of 20 x |

20 mm (0.79 x 0.79 in.). The test specimen was clamped between thick metal sheets !

to introduce the load. Again these tests were not successful. Failure occurred due to
a combined tension / shear failure.

Another series was performed to obtain a characteristic point of the failure envelope, ,

i.e., the point where ci = 0. A specimen as shown in Figure 5.8.43 was used. Due to ,

the geometry of the test specimen the lateral contraction could be excluded in a
uniaxial tension test. Results are given in Table 5.8.4 (R3B2 R3B3). ;

For metal forming processes it is necessary to know the ability of sheet material to
'

withstand certain strain combinations without necking or fracture. So called forming
limit curves
constructed by(FLC) are used to describe this ability. They are experimentallypunch or in plane stretching. A FLC is a possible failure criterion for
a liner in a concrete containment, because the straining of the liner in a containment
is similar to that of a forming process.

In a last test series the punch stretching technique, as described for example in [59J.
was used to determine biaxial ultimate strains in a liner sheet. The test setup is
shown in Figure 5.8.44. A hemispherical punch stretches a blank which is firmly

5-306



I ,

! I
f'

I
!
|

| t

'

clamped at the edges. Before the test a quadratic grid of 1 mm was drawn on the
specimen, which was measured again after the test. From the change of the grid the
maximum plastle strains in the sheet were obtained. Results of these tests are given

'

in Table 5.8.4 (R4B1, R4BS R4B9). It should be noted however that Ghosh and
! Ilecker [60] found that stretching limits in sheet metals from out of plane :

deformation are greater than those frorn in plane deformation.
,

A first approximation of a biaxial failure envelope for the 1.59 mm (1/16 inch) thick ;

liner sheet is given in Figure 58.45. It was obtained from results of all performed'

liner tests. As scattering is large and many parameters influence the behavior, more :
experimental work is necessary to affirm t ils curve and to obtain a proved failure !

criterion. :

;
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f 5.9 UniversityofIllinois

This section describes a study of the internal forces at the slab wall connection of the
reinforced concrete containment model, which was performed by the Civile

iEngineering De
authors are H. Ipartment at the University of Illinois under contract to Sandia. The i

. Walther and M. A. Sozen.

5.9.1 Summary

The region near the base of the cylindrical wall of the containment structure is one of
!the critical locations from the viewpoint of structural resistance. Internal forces in
I

that region cannot all be determined directly from the conditions of equilibrium. A "

study of the deformation data from the Structural Integrity Test and High Pressure
Test confirmed the high quality of the measurements. The consistency of the data
provided confidence for estimates of the shear and bending forces at the base of the i

|containment wall.
)

Because strain data were converted to force assuming that the measurements started
at a state of essentially no stress, all data from the two consecutive
the containment were first aligned to produce a continuous record. pressurizations of

Based on the experimental data, die nominal shear stress (based on gross section) at
the base of the wall was estimated to be 450 psi (3.1 MPa), which is approximately

-

5.7.K, at the maximum test pressure of Ic5 psig (1.0 MPa). The shear stress
occurred in combination with a (normal) tensile stress of 950 psi (6.5 MPa).

,

Applicability of aredictive expressions for shear strength of reinforced concrete
~

members is strictly limited to the range of parameters covered by the ex erimental,

data from which the expressions were derived. The combination of h h normal i
tensile stress, long
circumferential rem,itudinal reinforcement distributed over the depth ofc section,

forcement stressed in tension, and presence of inclined shear
reinforcement at the critical section place the conditions of the containment test
beyond the range of confident projection of available methods and expressions for
estimating shear strength.

The force conditions at'the wall base can be rationalized in relation to a crude
estimate of friction at the critical section. The compressive force on the concrete was
maximu/in. (1.21 MN/m) and the shear force was 4.4 kip /in. (0.77 MN/m) at the6.9 kip

m HPT pressure of 145 psig 1.0 MPa). But if the internal stress had reached
the hypothesized maximum of 175 p(sig (1.2 MPa), projection of the wall shear force
from the observed trend would put it at 5.9 kip /in. (1.03 MN/m). As discussed in
Section 5.9.5, the com

Accordingly, the r/in.pressive force on the section of maximurn shear is not expected
'

to exceed 6.9 kip
atio (of shear to compressive force would increase from(0.6 at the1.21 MN/m) at an internal pressure of '75 psig 1.2 MPa).

maximum test pressure of 145 psig (1.0 MPa) to 0.9 at the hy
distortion at the b). Interpreted simply in terms of friction, pothesized maximum of175 psig (1.2 MPa the likelihood of setere

,

ase of the wall would have increased at internal pressures beyond
145 psig (1.0 MPa).

It is important to note that the shear at the wall base calculated from strain data
appeared to be increasing at an increasing rate at the time of maximum test pressure.

5-330

<



F.
-

5.9.2 Introduction
i

This section is a progress report on a study of the shear strength of the connection
between the wall and the base slab of a 1:6-scale reinforced concrete containment
structure tested at Sandia National Laboratories, Albuquerque, N.M. The study is
being carried out at the Department of Civil Engineering of the University ofIllinois, I

Urbana. Its overall object is to evaluate, using exaerimental and analytical ;
information, the internal stress conditions at the wal' slab joint and to develop |

procedures for projecting the information obtained in the model containment test to
containment structures with similar characteristics.

Procedures used for interpreting the deformation measurements and resulting I

estimates of internal forces at the wall slab joint are described in the following
sections. Detailed information about the dimensions, construction, and materials of
the containment model (Figure 5.9.1) is provided in [12,63,64]. A series of analyses
of the response of the contamment structure to internal pressure are reported in [11).

.

5.9.3 Experimental Data

Data from the model reinforced concrete containment structure were obtained in two
consecutin loadings: SIT (Structural Integrity Test, maximum pressure of 53 psig,

< 0.37 MPa) and HPT (High Pressure Test, maximum pressure of 145 psig,1.0 MPa)f.,

In the data released, zero deformation readings in the two tests were independent o
one another. At face value, the data from the SIT and HPT loadings would be
plotted as illustrated in Figure 5.9.2, data from a particular gage for both tests being
plotted in relation to an origin defined by zero pressure and zero deformation. It is
evident from the relative positions of the data plotted in Figuie 5.9.2 from the SIT
and HPT loadings that the comparison is flawed. It is incongruous with behavior of
reinforced concrete to develop a total displacement at 50 psig (0.34 MPa) that is
lower in the second loading than in the first.

Figure 5.9.3 illustrates an experimentally determined relationship between applied
moment and tensile reinforcement stram in a test that included three successive
loading stages [62). Because the test specimen was determinate, it was possible to
alot moment against corres)onding stram. It follows from the data shown that if it
lad been necessary to calcu ate moment from measured strain for loadings 2 and 3,it
would have been essential to have information about the entire loading history. It
would be erroneous, for example, to calculate moment from strains measured in
loading 2 assuming that the curve for loading 2 starts at zero strain. The error in the

'

moment computation could be compensated by recognizing that the initial slope ofi

the moment-strain curve for loading 2 would be different from that for loading 1. But'

j that would require information about the relative locations on the strain axis of the ,

'

initial points of the moment strain curves for loadings 1 and 2. In interpreting data|

from tests with multiple loadings that generate nonlinear response, it is customary
and convenient to plot data " cumulatively" and make comparisons with results of
theoretical models on that basis.

To interpret the data from the HPT, deformation data were aligned to obtain
" continuous" pressure-deformation plots for SIT and HPT loadings. Because of the

, amount of data involved, the alignment was done using a formal algtsithm that
| included three steps.
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1. The origin for data from the Structural Inte ity Test was determined by
fitting, using the least-squares method, a stra ht line to the data obtained
at 3ressures from 5 to 16 psig (0.034 to 0.110 Pa). The location for "zero
deformation" was assumed to be at the intersection of this line and the
horizontalline at zero pressure.

2. The residual deformation for the Structural Integrity Test was assumed to
be at the intersection of a curve fitted to the data obtained during the
unloading stage of the SIT and a horizontal line corresponding to zero
pressure. The curve was fitted using the least squares method with an
exponent of four. If the calculated curvature at zero pressure of the fitted
curve was found to be negative, the exponent was reduced in successive
steps of one until the curvature at zero stress was positive.

;

~ 3. The data obtained during the HPT loading were aligned to start from the
point on the deformation axis corresponding to the residual strain
determined in step (2) above.

The aligned or " continuous" plots of the data from the SIT and HPT loadings for
radial-displacement gage D87 are shown in Figure S.9.4 for pressure up to 100 psig
(0.69 MPa). Data from the HPT loading for the same gage are compared with

'-

aligned data in Figure 5.9.5. All interpretations in this paper are based on aligned
3

data.

The impact of the alignment on data interpretation may be illustrated using the
comparisons made by Dameron et al. [47] for calculated and measured radial
displacement. Dameron et al. used data from radial gage D102 to compare results of

tcalculation with those from the HPT loading Figure 5.9.6a). Data from three
additional radial displacement gages at the same(elevation but at different azimuths
are also compared in Figure 5.9.6 with the calculated curve by Dameron et al. It is '

noted that the comparison of calculated and measured data was excellent for gage
D102 but not as good for the other three gages. The same comparisons are made m
Figure 5.9.7 for aligned data. It appears that although the comparison for D102 is not
as good as in Figure 5.9.6, the general agreement is better. Considering that
Dameron et al. based their calculations on a model that ignored previous loading of

,

the containment, the comparisons in Figure 5.9.7 represent the proper test for the
calculated results. Comparisons of calculated and measured curves in Figure 5.9.7
demonstrate that the model by Dameron et al.
satisfactory for calculating pressure from measured [47) would be generally quite

|
E

displacement or displacement
I from pressure in the ranges of loading before as well as after yielding, a conclusion
L that would not be reached from Figure 5.9.6.

5.9.4 Deformation Response

To put the measurements made on the shear reinforcement in perspective, it is|

! helpful to present and discuss representative strain measurements on longitudinal
reinforcement and radial disalacement measurements. With the help of
Figures 5.9.10 through 5.9.17 and Table 5.9.1, the response of the containment wall is
discussed and critical changes in pressure deformation are' identified and related to
one another. This is followed by a discussion of the strains measured on the shear
reinforcement and their relationships to strain measurements in the wall and in the
base slab.
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'Ippes of wall reinforcement are identified in Figure 5.9.8. The vertical, hoop, and
'

dia j;onal (seismic) bars were ananged in eight layers, with layer 1 near the inside
surlace of the wall. Designations of the strain gages on the vertical and diagonal bars

- and shear reinforcement (a #4 dowel connectmg wall to slab and a stirrup) are also
. shown in Figure 5.9.8. Figure 5.9.9 shows the main reinforcement in the slab as well
as the #4 dowel that has been shown in Figure 5.9.8.

Total reinforcement ratio was 3.4% (effective vertical reinforcement) and 2.8%
(hoop reinforcement) in tbc wall and 0.6% (total radial) in the slab. Concrete
cylinder strength at time of test was 6200 psi (42.7 MPa). The #4 bars had a yield

stress of 64 ksi (441 MPa)Jed in [64].. Detailed descriptions of reinforcement, liner, andmaterial properties are prov

The overall response of the containment structure may be described by the
relationship between internal pressure and radial displacement indicated by
displacement gage DS7 located at approximately mid-height of the containment wall
(Figures 5.9.1 and 5.9.5. Changes m the slope of the essure-dis
are related to first crack)ing of the concrete at ~20 psig 0.14 MPa), placement curvelocal yielding at
~110 psig 0.76 MPa , and general yielding at ~130 psig 0.9 MPa . It is also evic ent
from the s(lope of th)e curve near maximum pressure that if lin)er failure had not
occurred, the structure would very likely have resisted larger internal pressures with

pretest analyses for structural strength (p.pproximately 175 psig (1.2 MPa) made in
inctes.se in displacement. The estimate of a

7, [11)) is not unrealistic in view of the
observed behavior of the containment structure during the high pressure test.

First cracking of the concrete was sensed by the gages on circumferential
reinforcement Figure 5.9.10a), on the inclined wall reinforcement or " seismic"
reinforcement igure 5.9.10b), and on the vertical reinforcement near the wall slab
joint (Figure 5 .10c) at about the same pressure..

As indicat' d in Table 5.9.1, the next significant event occurred as the pressuree
approached 110 psig (0.76 MPa). Yield strain was recorded in the vertical bar in
layer 1 at the wall slab connection (Figures 5.9.8 and 5.9.10c)..

Yielding of the hoop reinforcement at linder midheight is indicated to have started
as the pressure approached 130 psig 0.9 MPa), as shown in Figure 5.9.10a. This
event led to the appearance of general ielding in the pressure-deformation data for
circumferential, diagonal, and vertica reinforcement. However, it was after the
inclined reinforcement reached its yield stress that the slope of the pressure-
deformation curves started approaching a very low value. Strains were measured on
the shear reinforcement at three locations around the circumference of the wall and
near the slab wall connection as shown in Figure 5.9.8. The pressure-strain data for a

Figure 5.9.8) are shown in Figure 5.9.13. At a
diagonal dowel bar and a stirrup (lopes of both curves changed,20pressure of 80 p,sig (0.55 MPa), the s perceptibly. There
was a decrease in the rate of strain increase with aressure. At 1 psig (0.83 MPa),
the strain rate for the shear reinforcement startec increasing. The reduction in the
strain rate of the shear reinforcement that occurred at 80 psig (0.55 MPa) could not
be related to any event in the measured response of the wall.

Figures 5.9.14 and 5.9.15 show the data from strain measurements on the top and i

bottom reinforcing bars in the base slab, respectively. A measure of the extension of
the base slab along its radius is obtained by integrating the top and bottom
reinforcement strains along the slab radius. The extensions of the slab calculated

|

| |
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from strain measurements are shown in Figure 5.9.16. The plots in Figure 5.9.17
compare the upward deflection at a radius of 11 ft (3.35 m) based on imegration of '

measured slab str tins and direct measurement of slab deflection. Because the slab
strains were v.mured on two radially directed bars located within the top and t

bottom of tir dab, with the lower bar aligned directly below the top bar, the
difference in strain measured on a tor; and bottom gage, at the same radius, divided

' ,

by the bar separation, defines the distribution of curvature. The uplift of the slab
edge is calculated from the curvature distribution. The agreement, qualitative and
quantitative, between the two curves in Figure 5.9.17 provides confidence for the use

'

of the strains measured in the slab longitudinal reinforcement.

Figure 5.9.17 describes the history of the wall base. From the curve in Fi
is seen that the wall base was essentially inert up to 70 psig (0.48 MPa)gure 5.9.17 it. After that
pressure was reached, cracking of the base slab near the wall introduced an added
flexibility to the support. The reduction of the rate of increase of strain in the shearc

reinforcement is attributed to the change in support stiffness affected by base-slab
cracking. i

5.9.5 Moment at Base of Wall

The bending moment at the base of the wall was determined using the reinforcement !
strains indicated by strain gages Wr281, Br2, Wr225, Br23, Wr14, Br7, Br1481, and
Br14
64 ksi(Figure 5.9.8). The forces in the bars were calculated assuming a yield stress of >

Steel m(odulus wa)s taken as 29x108 psi (200 GPa) and increase in stress beyond yieldt41 MPa . Yield stress for the liner was assumed to be 50 ksi (345 MPa).

was ignored. The compressive force on the section was determined from the
difference between the net axial force applied to the section, due to dead load
distributed along the circumference (dome and wall weight, W, equal to 0.3 kips /in.
(0.05 MN , and the tension force

.

determine /m)) and internal pressure (symbolized by pR/2) liner, T., /2 - W =: T -d from measured strains in the reinforcement and The concrete
compressive force, C , was calculated from the following equation: pr
C, At each pressure step the neutral axis was determmed from the distribution ,of
vertical strain indicated by the measured strain on vertical reinforcing bars and by the
vertical component of strain measured on inclined and diagonal bars, determined by
assumin; the hoop strain at that section was negligible. The compressive force was

',

assumec to have a triangular stress distribution between the neutral axis and outer
wall surface, which located the resultant compressive force one-third the distance
from the outer wall surface to the neutral axis. The section moment was calculated
about the plastic centroid, which was 6 in. (0.15 m) from the outside face of the wall.
The plastic centroid is defined as the location of the resultant force when the entire

,

*

section is uniformly compressed to a strain of 0.003.

| The increase with pressure of moment at the wall base calculated from measured l

! strain is shown in Figure 5.9.18. Moment calculations were initiated after cracking of
! the section because of lack of conGdence in converting concrete tensile strains to

force. It is seen that flexural yielding at base of wall occurred at approximatelye

120 psig (0.83 MPa). Recognizing that the curve should start at the origin, it may also
,

be inferred from Figure 5.9.18 that the rate of increase of moment mereased after
!? initial cracking.

O
1
1
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5.9.6 Shear Force at Base of Wall

Shear strength of reinforced concrete members is influenced by stress distributions in )
all three dimensions of the member. To consider the shear strength, problem in terms |

of shear stresses on a single section of a member is a distortion of the actual
ahenomenon. Nevertheless, shear stresses at sections do provide index values to the
.ikelihood of shear failure, especially because relevant knowledge has been '

traditionally organized in relation to nommal stresses at a critical section.

Figure 5.9.19 shows sets of idealized representations of internal forces acting at a
section at the base of the containment wall and at a slab section colinear with the i

inside face of the wall (at radius = 11 ft (3.35 m), Figure 5.9.1). The total unit shear
force, VT, on wall section AB (see Figure 5.9.19) cannot be determined directly from
conditions of equilibrium. The internal pressure is symbolized in Figure 5.9.19 as a,
and the portion of the radial shear across the wall base carried by the basemat hoop
rebars, located at a radius of 12.25 ft (3.73 m), is represented as o .s

Section AB is crossed by the diagonal dowel and a stirrup in which strains were
measured (see Figure 5.9.8). The horizontal component of the forces in these two

|~ elements expressed as a unit force on a radius of 11 ft, referred to as VR, would
make up part of the total force VT.

:

| At the higher test pressures with the base slab cracked radially and circumferentially, -

| the total unit shear force VT is balanced by the net normal unit tension force on
section CD (see Figure 5.9.19) and the radial component of the hoop bars near the
edge of the base slab. The force at section CD is produced by three elements: the
liner, the reinforcing bars, and the intact concrete. The unit tensile force in the liner
is relatively small and part of it may be transmitted directly to the liner on the wall,
without creating a shear stress in section AB. The portion of the wall shear carried '

within the base by the outside hoop reinforcement is also small and may be estimated
from the radial stretch at the top of the basemat, which was approximately 0.02 in.
(0.5 mm) at the end of the high pressure test, as shown in Figure 5.9.16. Assuming i

that three #6 bars (two at 148 in. 3.76 m) radius and one at 137 in. (3.48 m) radius)carry a hoop strain of 0.00015 (cal (culated from the estimated radial displacement on
a radius of 137 in. (3.48 m)), their contribution to the shear carrying capacity is less
than 5 psi (0.034 MPa) across the gross wall section. At higher mternal pressu es,
both the tensile and compressive forces on the concrete are negligible. Relating the
total shear across section AB onl
considered to be a good (and low)y to the tensile forces in the s!ab reinforcement isestimate of the actual shear force.

The variation of the unit shear VR, calculated from strains on shear reinforcement.
with internal pressure is plotted in Figure 5.9.20. The first break in the cmve at
approximately 20 psigwas observed in the me(0.14 MPa) is related to initial cracking of the concrete. As it |

asured moment-pressure relationship (Figure 5.9.18), the rate I

of transfer of forces to the base slab increased apparently as a result of the fact that
flexural cracks at slab base reduced the connection stiffness less than the vertical l
cracks in the containment wall reduced the circumferential stiffness of the wall. '

The variation of the total unit shear VT on section AB is plotted in Figure 5.9.20 only |
for pressures above 110 psig
concrete tensile strength mak(0.76 MPa) because, at lower pressures, contribution ofes the calculation of the total tensile force on section
CD questionable.
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The dashed line near the origin describes the relationship between internal pressure
and nominal shear stress calculated from theory of elasticity using gross sections and
a Poisson's ratio of zero. The curve is stopped at the stress corresponding to initial
crackini; but its slope suggests that the variation of the total shear stress was also ;

affected by the changes in relative stiffness that influenced curve VR.
;

,

Figure 5.9.21 repeats the information in Figure 5.9.20 with the addition of calculated
shear-pressure curves from (11). Curve N1 was based on the solution contributed by

|HM Nuclear Installations Inspectorate (p. 234, [11]) and curves S3 and S4 refer to the 1

solutions obtained at SANDIA for models 3 and 4 (p. 80, [11])..

It is interesting to note that the calculated shear pressure relationships (N1, S3, and |

S4) are essentially linear u) to near the maximum pressure. They appear to be
insensitive to the stiffness c1anges in the slab. At maximum pressure, the shear

. stresses indicated by the measurements (VT) and by the three analytical solutions are
comparable. However, the trends of the calculateo results imply that the wall shear
does not increase beyond that levelwhile the trend of the curve VTindicates that the i

shear stress would continue to increase with increase in pressure. I

At the maximum internal pressure of 145 psig (1.0 MPa), the unit shear force at wall
base was 4.4 kips /in. (0.77 MN/m) corresponding to a nominal stress (based on gross 1| section) of 450 ps,i (3.1 MPa) or '5.7.R. He shear stress of 450 psi (3.1 MPa) existed j

in combination with a nominal tensile stress of 950 asi(6.5 MPa) on section AB. This |combination of stresses alaces the phenomenon we i out of the range of experience in,
'

reinforced concrete bui ding strnctures. Three conclusions and a speculation result
from the study ofinternal forces in the containment structure.

1
1. The variation of measured shear stress at the basc of the wall was sensitive

to chanres in relative stiffness caused by initial cracking of the concrete in
the wali, cracking of concrete in the base slab, and yielding of the hoop

,

reinforcement,
i

2. For the particular geometry, material properties, and reinforcement
arrangement of the test structure, a nominal shear stress of 450 psi
(3.1 MPa) or 5.7.$ was attained without evidence of shear distress. Hard
information to help project this observation to other conditions is lacking.
However, the apparent chear strength of the connection may be '

rationalized by noting that the unit compressive force on the section at
maximum pressure (computed from measured reinforcemerd strains at'

wall base, measured internal pressure, and weight of containment st ucture
above base) was approximately 6.9 kips /in. (1.21 MN/m). The unit shear
force determined from measured strains in the slab reinforcement was

-

4.4 kips /in. (ds, a valu/m). The implied gross friction coefficient was less0.77 MN i

than two-thir e that would be considered to be well within the safe '

domain for friction between rough concrete surfaces.
'

3. At the maximum internal pressure reached, the nominal shear stress in the
base slab was approximately 240 psi (1.65 MPa) or 3.R in combination
with a normal tensile stress of 110 psi (0.76 MPa). Strain measurements
on the slab bars indicated the presence of cracks within the slab. The basen

slab was not an inert portion of the structure and affected the response at
the wall base connection.

.
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1 At the time the test was stopped by tearing of the liner, the shear
midovecmer; at the wall slab joint had essentially matured but the total' -

*hur was continuing to increase. From the rate of observed increase in :
-

shen at wall base, it is estimated that, at n internal pressure of 175 p/in.sig
;

(1.2 MPa , wall shear could have reached approximately 5.9 kips
(1,03 MN m) or 600 psi (4.14 MPa). The maximm compressive force on

Under those conditions, the likelihood of severe sl:psfin (1.21 MN/m).
the secti is estimated to be less than the 6.9 ki |

ding distortion at the ;

wall.clab joint is not negligible.
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6.0 CLOSURE

The 1:6 scale model high pressure test in July 1987 yielded a wealth of information
on the behav!or of reinforced concrete containments subject to overpressurization.
This information ha led to substantial improvements m analytical methods for
evaluating reinforced concrete containment performance. In particular, models for
predicting liner tearing have been advanced. There is a groMng consensus with
respect to the identification of the important mechanisms and features that cause
liner strain concentrations and evaluation criterion for determining the liner ductility
under multiaxial loading. These are important and significant developments derived
from the analysis and testing of the 1:6 scale model,

llowever, there are still a number of issues that need to be resolved. Although there
has been progress in developin
are still a number of questions: g analytical models for evaluating liner tearing, there

. Under what conditions will stud shear failure occur rather than liner
tearing? liow is the failure mode of the liner anchorage system affected

by scaling; loading of the liner (before the development of high stud shearby the ratio of liner thkkncss to stud diameter; and bymembrane
forces)?

To what extent is the magnitude of liner strain conceru.ations affected by
friction and bond between the concrete and liner; by dislocation ' notion at
a crackt and by stud spacing?

. Ilow is the magnitude of liner strain concentrations affected by the size
and shape ofinsert plates? Does the shape of the insert plates af'fect crack
propagation in the hner?

Sandia is develo,ing a plan for ' separate effects' tests with the objective at addressing
these questions : or remforced concrete containments as well as prestressed concrete
containments, which typically .:se line anchors to attach tiac liner to the concrete.

Furthermore, investigation and validation of methods for evaluating other potential
failure modes is still needed. Shear failure is particularly difficult ta evaluate; there
is no generally recognized, reliable method of determining shear capacity of a
reinforced concrete section under simultaneous application of iensile load and

bending ) moment. Repressurization of the 1:6 scale model (after i; pairs are made tothe liner 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
penetrations has occurred in test specimens at relatively low plastic st"ains
(compared to the bars ultimate strain) in an EPRI program. The effects of cold
workmg on the available ductihty 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
mstance, the failure mode and capacity can t,e extremely sensitive to specific design
details, if the stud spacing had been different, CC Ys analysis sugs;est that liner
tearing would have have been delayed, thereby increm..'ng the llkelihood of a
different failure mode. The rate of pressurization and effects of temperatuic 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
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I tearing may not arrest the pressure build up within the containment and another ,

failure mode could occur at slightly higher pressure. This !! 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 j
the specific mntainment geometry and loading ofinterest. Analysis and testing of the i
1:6 scale model have verified many (but not all of the computational tools and ianalysis procedures needed to accomplish such an) evaluation for reinforced concrete!

containments.
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APPENDIX

:

This Appendix is a reproduction of the description of the design features and
material properties in the 1:6 scale reinforced concrete containment model used in
the pretest round robin analysis report [A.1), i

!

This section describes the geometry and material properties of the 1:6 scale model.
It is not intended that all of the details of the model be described here, rather, the
intent is to give the flavor of the features that are significant to a structural analysis. |

A.1 Geometry '

A schematie of the 1:6-scale model, which was fabricated by) United Engineers andConstructors, Inc. to a designpressure of 46 psig (0.317 MPa , is shown m elevation
i

view in Figure A.I. The model consists of a basemat that is 300 in. (7620 mm)idein
diameter and 40 in. (1016 mm) thick and a cylinder and dome, both with an ins
diameter of 264 in. (6706 mm) and having thicknesses of 9 3/4 and 7 in. (248 and

equipment hatches,y. A number of penetrations are found in the cylinder, including
178 mm), respectivel

personnel airlock representations, and piping clusters. A steel
liner is used to provide a leak tight ressure boundary; the hner t aickness is 1/16 in.

(1.59 mm) basemat liner was install d, a 3 in. (76 mm) th(ick concrete leveling course
along the basemat and linder and 1/12 in. 2.11 mm) along the dome.

,

Before the
was placed on top of the basemat from the center out to the cylinder wrtil.
(Effectively, the basemat is 43 in. (1092 mm) thick, except for that portion outside of
the cylinder wall, which is 40 in. (1016 mm) thick). The model sits atop a "mudmat", ,

which is used to provide a moisture barrier between the soil and the model basemat,
that is 492 in. (12497 mm) in diameter and has a minimum thickness of 6 in. ,

(152 mm). The soil is described as silty clay with sand. Based on bearing plate tests,
an average soil modulus of 390 ksf/ft (61.26 MPa
Technologies. It should be noted that this recom/m)was recommended by Westernmended value includes typical soil
factors of safety that may not be appropriate for analytical models used to predict
failure; for details of the soil tests the reader is referred to Reference A.2.

The reinforcing steel in the basemat consists of the following: (1) on the lower face, a
rectangular grid of #6 rebar on 4 in. (102 mm) centers, (2) on the upper face, a
rectangular grid of #5 rebar on 6 in. (152 mm) centers, #5 rebars in the radial
direction, and #6 rebars in the circumferential direction, and (3) shear ties through
the thickness of the basemat of #3 rebar. A t),'pleal cross section is shown m
Figure A.2. At the basemat cylinder junction, additionallayers of reinforcement are
used, including shear ties, diagonal bars (layer 11), and an additional layer of
meridional bars (layer 10), to carry the high shear forces and bending moments.
Figure A.3 is a photograph of the model taken during construction that shows some ,

of the reinforcement in the basemat and at the cylinder basemat junction.

A typical cross section of the cylinder wall 10 the free field (away from penetrations)
is depicted in Figure A4. There are eight igers of reinforcement steel, including
four layers of #4 rebar spaced at 4.5 in. (114 mm; in the hoop direction, two layers of
#4 rebar spaced at 4.5 m. (114 mm) in the meridicnal direction, and two layers of
orthogonal #4 rebar spaced at 6.25 in. (159 mm) and inclined at 45 Jegrees.

.
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REINFORCING BAR DETAILS

LAYER TYPE SIZE
1' HOOP #4 i

2 MERIDIONAL e4 '

L' 3 HOOP #4
4 HOOP #4
5 MERIDIONAL #4
6 HOOP #4

' 7 SEISMIC (45' DIAG) #4,

8 SEISMIC (45' OlAG) #4'

,
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Figure A.4 Reinforcement in the Cylinder (free field)
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The wall thickness taper from 9 3/4 to 7 in. (248 to 174 mm) beginning from the
springline over an are length of roughly 26 in. (660 mm). The diagonal (seismic) bars

; are terminated in the dome at an elevation of 30.83 ft. Half of the meridional bars
'

are terminated at elevation 34.83 ft as shown in Figure A.S. The dome apex plates
can also be seen in Figure A.S. IIalf of the meridional rebars above elevation 34.83 ft

.

are tied into the dome apex plates.
'

,

The reinforcement patterns around the major penetrations are vey complex and can
be fully described only by reference to the construction drawings. Figures A.6 and A.7
are photographs of the reinforcement around equipment hatches A and B, which are

|
typical of most penetrations. Reinforcement laycrs 1 through 8 are ' bent' arounJ the
major penetrations, as shown in Figures A.8 through A.13. Additional layers of

,

,

reinforcement around penetrations, such as ' sun ray' (projecting radially outward '

from penetration) bars. circular bars around the penetration, and shear ties, can be
i seen in Figures A.6, A.7, and A.14.

:
The reinforcement in the mudmat consists of a rectangular pattern of #5 bars on i
12 in. (305 mm) centers located approximately 2.5 in. (64 mm) below the top of the
mudmat. A parafin based curing :ompound was sprayed on the mudmat, which was
finished with a steel trow:1, before the concrete for the basemat was placed. As a

'.

result, the bond between the concrete in the mudmat and basemat is expected to be
negligible. Within a radius of 54 in. (1.37 m) of the center of the mndmat, a number
of keyways were formed with matching keys in the basemat. This was intended to
prevent the basemat from sliding relative to the mudmat. Although some analysts
meluded the mudmat in their finite element models, SNL considers the structural
coupling between the basemat and the mudmat to be insignificant.

,

The basemat lines is covered by a circular slab of concrete consisting of a 3 in.

.(76 mm) protective lay (er and a 12 in. (305 mm) pad for the model internal structurethat is roughly 230 in. 58P mm) in diameter. The basemat liner is not anchored to
the concrete m the., basemat or to the protective course above it. The basemat liner is
welded to a quarter pipe section, referred to hereafter as the knuckle. The details of
the attachment of the liner to the knuckle are shown in Figure A.15. Note that the~ ,

diameter of the top protective course and pad of concrete is less than that of the
cylinder, and thus the mside surface of the knuckle is not supported by concrete.

A stretch out of the cylinder liner is shown in Figure A.16, which also shows the
layout of the penetrations in the model. The cylinder liner is anchored to the

concrete by means of headed studs; the t(ype and spacing of these studs varies. Tnefirst row of studs is approximately 0.8 in. 20.3 mm) above the top of the knuckle, and
for elevations up to 6.5 ft,1/2 in. (12.7 mm) long headed studs are used with a
spacing of 2 x 2 m. (51 x 51 mm) up to elevation 5.17 ft and 4 x 4 in. (102 x 102 mm)
between elevation 5.17 ft and 6.5 ft. Above elevation 6.5 ft,3
headed studs were used with 2 x 2 in. (51 x 51 mm spacing ne/4 in. (19 mm) long

of the lin(er with studs attached near the base of the cylinder (including the transition 6 x 6 in. 152 x 152 mm) spacing elsewhere. Figures)A.17 and A.18 are photographs
ar penetrations and

regions at elevations 5.17 ft and 6.5 ft) and near personnel airlock A, respectively.
Around penetrations, thickened sections of the liner (3/16 in.,4.76 mm) were used
(see Figure A.16). In the dome, the studs were uniformly spaced at 8 x 8 in.
(203 x 203 mm). It should be noted that the cylinder liner was clastically formed
whereas the dome section of the liner was dished by a pressing operation.

j
.
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A.2 As Measured Material Properties

All materials used in constructing the model have mechanical properties that are the
same, or as nearly the same as possible as those used in actual reinforced concrete i

containment buildings. Reference stress strain curves were derived based on actual
measurements of the properties of the most widely used materials in the mohl,
including the 1/16 and 1/12 in. (1.59 and 2.11 mm) thick liner material, the #4 rebar,
and various liits of the ccmcrete.

.

The concrete used in the scale model was composed of well rounded coarse
aggregate with a nominal maximum size of 3/8 in. (9.5 mm). High range water
reducers (tuperplasticizers) were used with a water / cement ratio of 0.53. The
concrete was centrally batched and hauled into the test site, which resulted in a
consistent, high quality mix. In order to test the properties,15 concrete cylinders
were poured from each lift of the model (there were a total of 11 lifts; 1 for the i

basemat,6 for the cylinder, and 4 for the dome). Direct tension, split cylinder, and
compression tests have been run on specimens from each lift aged for 28 days,4
months, or 6 months. Materint properties of the concrete will also be measured at

'
-he time of high pressure testing. Standard cylinders were used in the split linder
acd compression tests; the direct tension tests were conducted with a do boi,e
specimen developed by United Engineers. Based on the tests, it was felt t at the
varia. ion in the properties between the different lifts was negligible (the data were
within normal statistical limits fro a single lift of concrete). Thus, SNL has
recommended a single stress strain curve, as given in Table A.1, to represent the i

concrete nr the entire model. The recommended curve is based on extrapolation of
strength vaires out to the expected time of high pressure testing. The compressive
strength is estimated at 6.8 ksi (46.9 MPa). The tensile response is assumed to be
linear 'ip to the ultimate tensile strength, which was estimated at 0.5 ksi (3.45 MPa).

_

Table A.1 - Concrete Material Properties ;

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

Unconfined Compressive Stiess-strain Curve
Engineering Stress Engineering

(kd) (MPa) Strain
1.0 6.9 0.00021
2.0 13.8 0.00045
3.0 20.7 0.00072
3.9 26.9 0.00100
5.0 34.5 0.00140
6.8 46.9 0.00200
6.8 46.9 0.00230
0.0 0.0 0.00000

.--.
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i Uniaxial tensile tests were conducted on the liner materials and the #4 rebar.
Average results of these tests (the racommended values) are presented in Tables A.2

'

through A.4. For a given material, the :neasured properties were very consistent for
trie number of tensile coupons tested. The stress strain curve for the #4 rc.bar is i

based on the nominal cross- sectional nrea, which is 0.2 in. (129 mm ). For the liner< materials, the stress strain curve is based on the actual cross sectional area of the
tensile coupons; thus, the actual thickness of the liner should be used in an analytical' ',

model. However, the difference between the nominal thicknesses and the average
actual thicknesses of the liner materials is small, as indicated by Table' A.5.

. Therefore, the analytical results should not be particularly sensitive to this factor,"

especially since the liner represents less than 209b of the total strength of the
containment model wall. Because the #4 rebar is predominant in the model, it was -

- the only size rebar for which a complete stress-strain curve was made available. It

was recommended that this stress-strain curve (see Table A.4)ize of rebar used in
be used for all the -

reinforcing steel in the model; however, nd!l properties for each s
the model were also made available to the analysts. The mill properties and nominal
cross-sectional areas for the rebars used in the model are prasented in Table A.6.>,

' -

Note that the pro
caused by splices. perties in Table A.4 reflect a reduction m the ultimate strength

_._.

Table A.2 - Cylinder and Basemat Liner Properties

Elastic Constants:
Modulus - 30000 ksi (207000 MPa)

.

Poisson's ratio 0.3
, Yield stress - 50.2 ksi (346 MPa)

Engineering Stress-strain curve
Engineering Stress Plastic

(ksD f.MPa) Strain
50.2 346 0.
50.2 346 0.0157
59.0 407 0.0308 -

66.0 455 0.0696-
68.0 469 0.0937
70.0 482 0.1620

i
L

|
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Table A.3 - Dome Liner Properties
)

Elastic Constants:
J Modulus - 30000 ksi (207000 MPa)

Poisson's ratio - 0.3:

Yie!d stress - 51.4 ksi (354 MPa)

Engineering Stress-strain curve
E ineering Stress Plastic

(MPa) Strain

51.4 354 0.
>

61.1 421 'O.0230
66.9 461 0.0478
70.5 486 'O.0977
71.0 489 0.1476 t

L.

,

L
Table A.4 - Rebar Material Properties f

'

Elastic Constar.ts:
4

Modulus 31000 ksi (214000 MPa)
Poisson's ratio - 0.3
Yield stress - 66.6 ksi(459 MPa) y

Engineering Stress strain curve '

Engineering Stress Plastic
Ogii) (MPa) Stra:n
66.6 459 0.

^

73.3 505 0.0094
85.6 590 0.0200
99.0 682 0.0430

,

i

'

Table A.5 - L.iner Thicknesses

Cylinder and Basemat Liner:
'

'

Nominal Thickness - 1/16 in. (1.59 mm
Actual Thickness - 0.068 in. (1.73 mm) )

'
,

Dome Liner-
Nominal Thickness - 1/12 in. (2.12 mm
Actual Thickness - 0.090 in. (2.29 mm) )

>

g

s
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Table A.6 - Mill Properties for Reinforcing Bar

Nominal
.

Bar ' Area Yield Strength
Ultimate Strength Elong/in)ation

..

'
'

Size LinD (mm2) (ksD (MPa) (ksQ (MPa) (in ,

6mm 0.04 28 72.2- 497 100.9 695 0.27.,

'

6mm 0.04 28 69.9 482 99.0 682' O.23#3 0.11- 71 68.0 469 .103.0 710 0.15
s

#4 0.20 129 68.0- 469 '105.0 723 0.14
<

'

#5- 0.31 198- 66.5 458 94.0 648 0.15#6 0.44' 285 64.8 447 103.0 710 0.14

.
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