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ABSTRACT

The Nuclear Power Engineering Corporation of Japan and the U.S. Nuclear Regulatory Commission, Office
of Nuclear Regulatory Research, are co-sponsoring and jointly funding a Cooperative Containment
Research Program at Sandia National Laboratories in Albuquerque, New Mexico. As a part of the program,
a prestressed concrete containment vessel model will be tested to failure at Sandia in September 2000. The
model, uniformly scaled at 1:4, is representative of the containment structure of an actual pressurized-water
reactor plant (OHI-3) in Japan. The objectives of the internal pressurization test are to obtain data on the
structural response of the model to pressure loading beyond design basis accident in order to validate
analytical modeling, to find the model’s pressure capacity, and to observe its response and failure
mechanisms.

Seventeen organizations participated in a pretest Round Robin analysis to predict the structural response of
the model under overpressurization. Each organization was supplied with the same basic information to use
in its analysis. This information included the design drawings of the prestressed concrete containment
vessel model and the material properties of the structural components. Each organization worked
independently, using its own analytical methods, to produce analysis results for 55 specified locations on
the model. The Round Robin analysis provides a forum for participants to discuss pretest predictions of the
deformation behavior of the prestressed concrete containment vessel model, as well as to compare them to
the test data.

This report contains the analytical modeling procedures and the pretest predictions submitted by each
organization. This report also includes composite plots of participants’ analysis results at the 55 specified
locations on the model. These plots, which were discussed among participants at the pretest analysis
meeting, held October 12-14, 1999, in Albuquerque, will be compared to the test data generated during the
internal pressurization test.
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EXECUTIVE SUMMARY

Sandia National Laboratories® (SNL) has tested and analyzed numerous scale models of containment
vessels that were pressurized to failure as part of the Containment Integrity Programs sponsored by the U.S.
Nuclear Regulatory Commission (NRC). The overall objective of the programs has been to develop test-
validated analytical methods that can be used to predict the performance of light-water reactor (LWR)
containment vessels subject to loads beyond the design basis. Five scale models of steel containments and a
1:6-scale model of a reinforced concrete containment were tested. Accompanying the reinforced concrete
containment model test, a number of organizations in the United States and Europe, performed pretest and
posttest Round Robin analyses of the model subjected to static internal pressurization [1,2].

SNL is currently conducting a Cooperative Containment Integrity Program under the joint sponsorship of
the Nuclear Power Engineering Corporation (NUPEC)® of Japan, and the NRC Office of Nuclear
Regulatory Research. The purpose of the program is to investigate the response of representative models of
nuclear containment structures to pressure loading beyond the design basis accident and to compare
analytical predictions to measured behavior.

The first test in this program was of a mixed-scale model of the steel containment of an Improved Mark-1I
boiling-water reactor nuclear power plant in Japan. This test was conducted in December 1996. Three
reports were issued on this test [3,4,5].

The second test in this program consists of pressure testing a uniform 1:4-scale model of a prestressed
concrete containment vessel (PCCV). This model is representative of the containment structure of an actual
pressurized-water reactor plant in Japan. The design pressure for the prototype and model is 0.4 MPa. The
model was designed by Mitsubishi Heavy Industries (MHI) and Obayashi Corporation. The 1.6mm liner
was fabricated by MHI in Japan and was shipped to the United States in segments. On-site construction of
the model by Hensel Phelps Construction Co. commenced on January 3, 1997, under the general
supervision of MHI and Taisei Corporation and was completed in 2000. Concurrently, Sandia installed
more than 1700 channels of instrumentation on the model, including strain gages on the reinforcing steel,
prestressing tendons and steel liner, displacement transducers, temperature Sensors, pressure sensors,
concrete crack transducers, as well as visual monitoring. Model testing will commence in mid-2000 with a
series of low pressure tests including an Integrated Leak Rate Test (ILRT) at 0.9 Py, a Structural Integrity
Test (SIT) at 1.125 Py, and, finally, a test to failure.

This report presents the results of the pretest Round Robin analysis of the PCCV model. Seventeen
organizations performed calculations to predict the structural response of the PCCV model to static
overpressurization. The participating organizations are:

AECL Atomic Energy of Canada Limited Canada
ANL Argonne National Laboratory U.S.
CEA Commissariat a ’Energie Atomique France
EDF Electricité de France France
Glasgow University of Glasgow U.K.
HSE Health and Safety Executive U.K.
IBRAE Nuclear Safety Institute Russia
INER Institute of Nuclear Energy Research Republic of China
IPSN Institut de Protection et de Sireté Nucléaire France
JAERI Japan Atomic Energy Research Institute Japan
JAPC The Japan Atomic Power Company Japan

* Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for
the United States Department of Energy under Contract DE-AC04-94AL85000.

® The work of the Nuclear Power Engineering Corporation is performed under contract to the Ministry of
International Trade and Industry, Japan.



KINS Korea Institute of Nuclear Safety Korea

KOPEC Korea Power Engineering Company Korea
NUPEC Nuclear Power Engineering Corporation Japan
PRIN Principia Spain
RINSC Russia International Nuclear Safety Center Russia
SNL Sandia National Laboratoriess/ ANATECH uU.S.

NUPEC and the NRC jointly invited these organizations in spring of 1995, to participate in a pretest Round
Robin analysis, and SNL coordinated the effort. Each participant was provided the same basic information
in December 1997, including design drawings of the PCCV model and material properties of the structural
components, and participants were asked to submit their results to SNL by the end of June 1999. A meeting
was held October 12-14, 1999, in Albuquerque, which allowed most of the participants to present their
analyses and to compare analysis results for 55 specified locations on the PCCV model. Composite plots of
participants’ analysis results at these locations, prepared to facilitate discussion at the meeting, will be
compared to data from the internal pressurization test, scheduled to be conducted in September 2000.

The Round Robin analysis had several objectives. First, it provides a forum to compare pretest response
predictions, applying different modeling approaches and finite element codes to the same model
description, and, later, to compare these pretest predictions to the test data. Second, it is hoped that by
comparing analysis methodologies and results, it may be possible to identify improvements that will
increase reliability and confidence in the prediction of capacity calculations for actual nuclear power plant
containments.

While no final conclusions can be drawn until the PCCV model tests are completed, it is possible to make a
few observations regarding the response predictions:

*  Predictions of elastic response were, for the most part, very similar up to the onset of global
yielding (hoop), which appears to occur around 2.5 P,4. Predictions of response diverge
significantly beyond this point with responses varying by more than a factor of three to five or
more at a given pressure.

e The predicted capacity of the model is fairly consistently bounded at 4 to 5 P4. For failure
predictions based on material failure of the steel components (liner, rebar, or tendons) the
average predicted pressure at failure is 3.6 Py.

e  Approximately half the participants predicted failure based on structural failure, i.e., rupture
of rebar or tendons, while approximately half the participants predicted functional failure from
excessive leakage through a tear in the liner and/or cracks in the concrete.
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1. INTRODUCTION

1.1  Background

Sandia National Laboratories (SNL) is conducting
a Cooperative Containment Research Program
that is co-sponsored and jointly funded by the
Nuclear Power Engineering  Corporation
(NUPEC) of Japan and the U.S. Nuclear
Regulatory Commission (NRC), Office of Nuclear
Regulatory Research. The purpose of the program
is to investigate the response of representative
scale models of nuclear containments to pressure
loading beyond the design basis accident and to
compare analytical predictions to measured
behavior. This objective is accomplished by
conducting static, pneumatic overpressurization
tests of scale models at ambient temperature. This
research program consists of testing two scale
models: a steel containment vessel (SCV) model
(tested in 1996) and a prestressed concrete
containment vessel (PCCV) model, which is the
subject of this report.

Prior to pressure testing the scale models, a
number of regulatory and research organizations
were invited to participate in a pretest Round
Robin analysis to perform predictive modeling of
the response of  scale models to
overpressurization. Luk and Klamerus reported
the results of the pretest (1998) and posttest
(2000) SCV Round Robin analyses.

1.2  Program Description

The second test in this program consists of
pressure testing a uniform 1:4-scale model of a
PCCV, whose design was reported by Matsumoto
et al. (1995). This model is representative of the
containment structure of an actual pressurized-
water reactor plant in Japan. The design pressure
for the prototype and model is 0.4 MPa. The
model was designed by Mitsubishi Heavy:
Industries (MHI) and Obayashi Corporation. The
1.6mm liner was fabricated by MHI in Japan and
was shipped to the United States in segments. On-
site construction of the model by Hensel Phelps
Construction Co. commenced on January 3, 1997,
under the general supervision of MHI and Taisei
Corporation and was completed in 2000.
Concurrently, Sandia installed more than 1700
channels of instrumentation on the model,
including of strain gages on the reinforcing steel,
prestressing tendons and steel liner, displacement
transducers, temperature SE€nscrs, pressure Sensors,
concrete crack transducers as well as visual
monitoring. Model testing will commence in mid-
2000 with a series of low pressure tests including
an Integrated Leak Rate Test (ILRT) at 0.9 Py, a
Structural Integrity Test (SIT) at 1.125 Py, and,
finally, a test to failure.

Seventeen international regulatory and research
organizations participated in the pretest Round
Robin analysis activities:

AECL Atomic Energy of Canada Limited Canada
ANL Argonne National Laboratory u.s.
CEA Commissariat a ’Energie Atomique France
EDF Electricité de France France
Glasgow University of Glasgow U.K.
HSE Health and Safety Executive UK.
IBRAE Nuclear Safety Institute Russia
INER Institute of Nuclear Energy Research Republic of China
IPSN Institut de Protection et de Sareté Nucl€aire France
JAERI Japan Atomic Energy Research Institute Japan
JAPC The Japan Atomic Power Company Japan
KINS Korea Institute of Nuclear Safety Korea
KOPEC Korea Power Engineering Company Korea
NUPEC Nuclear Power Engineering Corporation Japan
PRIN Principia Spain
RINSC Russia International Nuclear Safety Center Russia

SNL Sandia National Laboratories/ ANATECH U.S.



Each participant was supplied with the same basic
information, including the design drawings of the
PCCV model and the material properties of the
structural components. Each participant used his
own chosen analytical methods and performed
independent analyses.

1.3  Report Organization

This report presents the pretest analysis results
provided by the Round Robin participants. These
results include predictions of the response of the
PCCV model in terms of 55 measurements (strain,
displacement, force) at specified locations
throughout the model, the pressure capacity of the

PCCV model, and the failure mode and
mechanisms. Section 2 summarizes the design of
the PCCV model and the material properties of
the structural components. Section 3 summarizes
instrumentation on the PCCV model. Special
attention is focused on the instruments installed at
the 55 response locations; results will be
compared to the pretest predictions.  The
pressurization sequence of the PCCV model is
described in Section 4. Section 5 describes the
composite plots presented in Appendix A and
summarizes the PCCV pretest Round Robin
analysis presented in Appendices B—-R. Section 6
summarizes the pretest Round Robin analysis
effort and provides some observations from this
exercise.



2. DESIGN OF THE PRESTRESSED CONCRETE
CONTAINMENT VESSEL MODEL

2.1  Model Design

The prestressed concrete containment vessel
(PCCV) model is a uniform,1:4-scale model of the
containment structure of Unit 3 of the Ohi Nuclear
Power Station in Japan. Ohi Unit 3 is a 1180
MWe pressurized-water reactor (PWR) plant
designed and constructed by Mitsubishi Heavy
Industries (MHI) and operated by Kansai Electric
Power Company. The Ohi-3 containment vessel
is a steel-lined, prestressed concrete cylinder with
a hemispherical dome and two vertical buttresses.
The design pressure is 0.4 MPa.

The model was designed by MHI and Obayahsi
Corporation. The approach to designing the
model was to scale the design of the Ohi-3
containment to the extent possible and include as
many representative features of the prototype as
practical. Specific considerations in designing the
model are summarized below.

e Geometry: The configuration and overall
dimensions (height, radius, thickness) were
scaled 1:4 from the prototype. While the
basemat thickness was scaled from the
prototype, the footprint of the basemat was
selected so that the bending stiffness of the
basemat at the junction with the containment
wall was preserved. The overall geometry is
shown in Figure 2.1.

e Liner: The liner thickness was scaled directly
from the prototype resulting in a liner
thickness of 1.6 mm. In the prototype, the

liner anchorage consists of meridional T-
anchors throughout the cylinder and dome.
Anchorage of the model liner consists of
scaled T-anchors in the cylinder portion and
stud-type  anchors in the dome.
Circumferential spacing of the vertical
anchors was expanded in the model by a
factor of three to simplify fabrication, except
in areas around penetrations and other
discontinuities. To the extent practical, all
liner details were similar to the prototype.

Penetrations: All penetrations were scaled
from the prototype (geometry, thickness), and
the equipment hatch (E/H), and personnel
airlock (A/L) are functional with pressure
seating covers. The main steam (M/S) and
feedwater (F/W) penetration sleeves are
scaled but are terminated with heavy, bolted,
pressure seating blind flanges and covers
which are used for instrumentation, power,
and gas feed-throughs.

Concrete: There was no scaling of the
concrete for the model; however, maximum
aggregate size was limited to 10 mm to
facilitate placement.

Reinforcing Steel: All reinforcing ratios in
the prototype are maintained in the model.
Rebar areas were scaled, but there was no
attempt to match individual bars. Bars
ranging in size from 2 mm to 16 mm in
diameter were place in two orthogonal layers
on each face, and shear reinforcing was
included.
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Figure 2.1 Outline Sketch of the Prestressed Concrete Containment Vessel (PCCV) Model



o Tendons: Each tendon in the prototype was
matched in the model, 90 meridional hairpin
tendons and 108 360° hoop tendons.
Individual tendon areas were scaled, resulting
in three 13.7 mm seven-wire strands per
tendon.

Details of the design, including the design
drawings, and construction are reported in the
PCCV test report.©

Prestressing levels for the model tendons were
selected so that the net anchor forces (considering
all losses due to anchor seating, elastic
deformation, creep, shrinkage and relaxation) at
the time of the Limit State Test matched those
expected in the prototype after 40 years of service.
One further adjustment was made by increasing
the vertical tendon stress level to account for the
additional gravity load in the prototype, which is
lost in the geometric scaling.

2.2  Material Properties

The material specifications for the model
components are the same as for the prototype and
are summarized below.

Liner: Japanese Industrial
Standard (JIS)
SGV410

Liner Anchors: JIS §S400

Basemat Rebar: JIS G3112, SD490 and
SD390

‘ Hessheimer, M. F. “Overpressurization Test of a
Prestressed Concrete Containment Vessel Model.
To be published.

Shell Rebar: JIS G3112, SD390 and
SD345

Tendons: JIS G3536

Concrete: 450 kgg/cm” and 300

kgdcm?® at 91 days

Actual properties for all components were
obtained from standard tests of samples of the
construction materials. Standard coupons of the
liner and liner anchor material were tested in
uniaxial tension. Both fuli-sized and machined
specimens of each size of rebar were tested in
uniaxial tension.  Separate tension tests of
individual strands and the full tendon system
(including anchorage hardware) were conducted.
The results of these tests are reported in the PCCV
test report® and were made available to all the
Round Robin participants.

Because pretest analyses and model construction
occurred simultaneously, actual properties of the
concrete were not available to the Round Robin
participants. Compression tests of a trial mix,
using the identical specifications and component
materials (cement, aggregate, admixtures) as the
concrete in the model, were conducted and
provided to the Round Robin participants for
pretest analysis.  Subsequent to these tests,
standard tests of concrete specimens obtained
from batches of the model concrete were
conducted for quality control purposes and to
obtain estimates of properties at the time of
prestressing and the Limit State Test. Results of
all the material property tests are included in the
PCCV test report.”
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Consistent with the objectives of the prestressed
concrete containment vessel (PCCV) model test,
the instrumentation suitc was designed to provide
information on the overall response of the model
as well as areas that were expected to exhibit
significant local response modes. The data
collected from these transducers will be compared
to the pretest analyses and, it is hoped, will lead to
improvements in analysis methodologies. The
instrumentation is not designed to “capture”
specific failure events or rapid changes in the
response variables, although the data, coupled
with posttest analysis and physical inspection,
should allow a reconstruction of the events
resulting in the failure of the model.

A total of 1493 transducers, consisting of strain
gages, displacement transducers, load cells, and
pressure and temperature sensors, were installed
on the model. The placement of these instruments
was based on experience from previous model
tests and preliminary analyses. In addition to
these discrete response measurements, an acoustic
monitoring system along with a suite of video and
still cameras will be used to monitor the overall
response of the model.

The global coordinate system and cardinal
azimuths and elevations used to describe the
model and the instrumentation suite are shown in
Figure 3.1. The model global coordinate system is
left-handed and originates at the center-top of
basemat with the Z-axis (vertical) up and
counterclockwise from 0°, as shown in the figure.
The cardinal elevations are numbered I(top of
basemat) through 13 (apex), and the cardinal
azimuths, typically at 30° intervals, are labeled A
(0°) through L (324°). One additional cardinal
azimuth, Z, was introduced at 135° to represent the
axisymmetric response of the model. (This
azimuth was assumed to be relatively unaffected
by structural discontinuities and a reasonable
location for comparison with axisymmetric
analyses.) Given this coordinate system, the
buttresses are located at 90° (D) and 270° (J), the
personnel airlock (A/L) at 62° (C), the main steam
and feedwater line penetrations at 180°(G), and
the equipment hatch (E/H) at 324° (L).

Both labeling systems appear in the stretched
layout of the model in Figure 3.2. The solid dots
in this figure represent the standard output
locations for which participants are requested to
provide the pretest analysis predictions of the
deformation behavior of the model under
pressurization. The detailed description of these
locations is available in Section 3.2. The azimuth
of 135° has been selected by Sandia National
Laboratories as the location to best describe the
free-field behavior of the model, because it is not
close to any penetrations.

Brief descriptions of the types of measurements
and data objectives for each type follow.

3.1.1  Strain Measurements
3.1.1.1 Reinforcing Bar Strain

Bonded, electrical resistance gages were installed
on selected rebar to measure meridional, hoop,
and transverse strains throughout the basemat.
cylinder wall and dome. These gages are to
determine the global and near-field membrane,
bending and through-thickness strains as a
function of location and pressure. Strain gages
were not placed in areas of highly congested
reinforcing or potentially high-strain
concentrations. In these areas, rebar strains are
measured at the “perimeter” of the zone of interest
to provide the boundary conditions for
comparison to analyses.

3.1.1.2 Liner and Liner Anchor Strain

Bonded, electrical resistance gages were installed
on the liner and liner anchors to measure
membrane and bending strains. These gages were
located to measure both free-field and local
strains. At several locations where high strains are
expected, multiple gages were installed to obtain
information about the strain distribution in the
vicinity of the discontinuities and, it is hoped. to
gain some insight into the mechanisms leading up
to failure, should it occur at these locations.
Measurements on the liner anchor are intended to
provide some insight into shear transfer and
pullout behavior of the liner anchor.
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3.1.1.3 Concrete Strain

Long gage-length fiber optic gages were
imbedded in the concrete to obtain a direct
measurement of concrete strains for comparison
to the rebar strain measurements. Gages were
placed where large free-field membrane strains
are expected and at the wall-basemat junction
where large tensile and compressive strains are
expected to develop from bending.

3.1.2 Displacement Measurements

Three types of displacement transducers, with
varying degrees of sensitivity and range, are used
to measure displacements. Cable potentiometers
(CPOTs) with a large range and medium
accuracy are used to measure global
deformations. Linear variable differential
transformer (LVDT) transducers, with ranges
less than 10 cm and relatively high accuracy,
measure deformations around discontinuities
where more accurate measurements are required.
Where the overall displacements are small, a few
temposonic  linear displacement transducers
(TLDTs) are used to measure displacements at
locations requiring both high range and high
accuracy. Most displacements are measured
radially or vertically relative to an internal
reference frame, which is assumed to remain
fixed relative to the global coordinate system.
(This assumption will be verified by monitoring
the motion of the reference frame and, if
necessary, correcting the model displacements by
correcting for the frame deformation.) Local
diametric displacements of the E/H and
personnel A/L barrels and uplift of the basemat
will also be measured.

3.1.3  Pressure Measurements

Two pressure transducers will record the internal
pressure during the tests as a function of time. In
addition to providing control feed back, the
pressure data will be used to detect leaks and
estimate the integrated gross leak.

3.14  Temperature Measurements
Thermocouples embedded in the concrete and
installed on the inside surface of the liner will be
used to correlate model response to ambient
temperature variations and provide data for
thermal compensation of all strain gages inside
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the model. Resistance temperature detectors
(RTDs) located inside the model will measure
gas temperatures for estimating leak rates during
the pressurization tests.

3.1.5 Tendon Measurements

3.1.5.1 Tendon Prestress Force (at ends)

Load cells at each end of every sixth tendon will
be used to record tendon forces during
prestressing operations and pressure testing.

3.1.5.2 Local Tendon Strain (along length)

Two types of electrical resistance strain gages,
mounted along eight tendons, will measure the
variation of strains along the tendon during
tensioning and pressure testing.

3.1.6  Acoustic Monitoring System

An acoustic monitoring system, consisting of an
array of 16 internal and 32 external
accelerometers coupled with an independent data
acquisition and processing computer, will record
the acoustic output of the model during
prestressing and pressure testing. The acoustic
system is capable of locating the source. of
acoustic emissions and discriminating between
acoustic events to identify cracking in the
concrete, breakage of tendon wires or rebar and,
it is hoped, tearing of the liner.

3.1.7  Video and Still Cameras

Four pressure-rated video cameras inside the
model and four video cameras and two still
cameras outside the model will provide a visual
record of the model response during the pressure
tests.

3.2  Standard Output Locations

Reporting and comparison of the pretest Round
Robin analyses was standardized by specifying
fifty-five (55) response variables (displacement,
strain, etc.) corresponding to specific transducers
on the PCCV model. These response variables
were selected to provide a comparison of the
predictions of the global and local response of
the model based on engineering judgment, past
experience, and preliminary analysis results. The
participants were asked to submit response



predictions as a function of gage pressure at each
of these Standard Output Locations (SOL). The
SOL responses are defined in Table 3.1, and the
locations are illustrated in Figure 3.2. The

preliminary and pretest analyses performed by
Dameron et al. [6, 7] provided results that guided
the selection of these locations.



Table 3.1 Prestressed Concrete Containment Vessel (PCCV) Model
Standard Output Locations

Loc. # Type Orientation Az.(deg) | EL (m) Comments General Location
1 Displacement Vertical 135 0.00 Outside Cylinder Top of Basemat
2 " Radial 135 0.25 Inside Liner Surface Base of Cylinder
3 " Radial 135 1.43 " "
4 " Radial 135 2.63 " "
5 " Radial 135 4.68 . E/H elev.
6 " Radial 135 6.20 " Approximate Midheight
7 * Radial 135 10.75 N Springline
8 B Vertical 135 10.75 " "
9 " Horiz. (Rad) 135 14.55 " Dome 45 deg
10 " Vertical 135 14.55 " “
1 “ Vertical 135 16.13 " Dome apex
12 . Radial 90 6.20 * Midheight @ Butftress
13 . Radial 90 10.75 " Springline @ Buttress
14 " Radial 324 4.675 N Center of E/H
15 " Radial 62 4525 * Center of A/L
16 Rebar Strain Meridional 135 0.05 Inner Rebar Layer Base of Cylinder
17 " Meridional 135 0.05 Outer Rebar Layer ‘
18 " Meridional 135 0.25 inner Rebar Layer "
19 . Meridional 135 0.25 Outer Rebar Layer "
20 - Meridional 135 1.43 Inner Rebar Layer "
21 “ Meridional 135 1.43 Outer Rebar Layer N
22 " Hoop 135 6.20 Outer Rebar Layer Midheight
23 . Meridional 135 6.20 Outer Rebar Layer "
24 " Hoop 135 10.75 Outer Rebar Layer Springline
25 " Meridional 135 10.75 Inner Rebar Layer "
26 " Meridional 135 10.75 Outer Rebar Layer "
27 " Hoop 135 14.55 Quter Rebar Layer Dome 45 deg
28 " Meridional 135 14.55 Inner Rebar Layer "
29 " Meridional 135 14.55 Outer Rebar Layer "
30 - Meridional 90 0.05 Inner Rebar Layer Base of Cylinder @ Buttress
31 . Meridional 90 0.05 Outer Rebar Layer .
32 " Hoop 90 6.20 Outer Rebar Layer Midheight @ Buttress
33 " Meridional 90 6.20 Outer Rebar Layer "
34 Liner Strain Meridional 0 2.010 Inside Liner Surface Base of Cylinder
35 “ Meridional o] 0.010 Outside Liner Surface "
36 “ Meridional 135 0.25 inside Liner Surface *
37 " Hoop 135 0.25 " “
38 “ Meridional 135 6.20 ) Midheight
39 “ Hoop 135 6.20 " "
40 ‘ Meridional 135 10.75 b Springline
41 " Hoop 135 10.75 . .
42 " Meridional 135 16.13 “ Dome apex
43 " Meridional 90 6.20 " Midheight @ Buttress
44 " Hoop 90 6.20 " “
45 " Hoop 332 4.675 " 10 mm from thickened plate
46 " Hoop 59 4.525 * 10 mm from thickened plate
47 Base Liner Radial 135 0.00 100 mm Inside Cylinder Basemat Liner Strain
48 Tendon Strain Hairpin 180 15.60 Tendon - V37 Tendon Apex
49 " Hairpin 135 10.75 Tendon - V46 Tendon Springline
50 " Hoop 90 6.58 Tendon - H53 Mid Tendon
51 " Hoop 180 6.58 Tendon - H53 1/4 - Tendon
52" " Hoop 280 6.58 Tendon - H53 Tendon Near Buttress
53 " Hoop 0 4.57 Tendon - H35 Tendon between E/H and A/L
54 Tendon Force Hairpin 241 -1.16 Tendon - V37 Tendon Gallery
55 " Hoop 275 6.58 Tendon - H53 @ Buttress
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4. PRESSURE TESTING

The prestressed concrete containment vessel
(PCCV) model will be subjected to a series of
quasi-static  pressurization tests leading to
functional failure or rupture during the Limit State
Test. Figure 4.1 illustrates the nominal pressure
time history, and each phase is summarized below.
The model will be depressurized between each
test.  Nitrogen gas at ambient temperature
(nominally 21°C) will be wused as the
pressurization medium for each test. All pressure
tests will be conducted in a quasi-static manner by
pressurizing the model in increments and holding
pressure until the model response and pressure
reach equilibrium. The pressurization system is
designed to maintain the model at a constant
‘pressure (within +3kPa) up to a maximum leak
rate of 1000% mass/day.

‘4.1  System Functionality Test (SFT)

The model will be pressurized to 0.1 P4 (0.04
MPa) in two increments of 0.05 Py (0.02 MPa)

holding pressure for one hour or longer at each-

- step, depending on the duration needed to perform
all system functionality and leak checks.

4.2  Structural Integrity Test and
Integrated Leak Rate Test

The Structural Integrity Test (SIT) and the
Integrated Leak Rate Test (ILRT) will be
conducted as one continuous test, following a
sequence that combines Japanese and U.S.
standards for each test. First, during the SIT, the
model is pressurized in five equal increments at a
rate of 20 percent of the test pressure per hour up
to the maximum test pressure of 1.125 Py (0.44
MPa). The SIT pressure will be maintained for
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one hour, then the model is depressurized to the
ILRT pressure of 0.9 P, (0.35 MPa). The model
will be held at the ILRT pressure for a minimum
of four hours to allow the model atmosphere to
stabilize before the start of the leakage rate test,
which will last for 24 hours. After the ILRT is
completed, the model will be depressurized in
steps matching the initial SIT-pressurization phase
to allow for comparison of the response at each
increment of pressure.

4.3 Limit State Test

The Limit State Test (LST) fulfills the primary
objectives of the PCCV test program, ie., to
investigate the response of representative models
of nuclear containment structures to pressure
loading beyond the design basis accident and to
compare analytical predictions to measured
behavior.

Initially, the model pressurization sequence will
match the pressurization sequence followed for
the SIT to allow comparison of the model
response to two cycles of loading. As the model
pressure increases, the dwell time between
pressure steps is expected to increase because the
model takes longer to achieve its equilibrium state
in the plastic domain. The high pressure test will
be terminated when the model fails or the internal
pressure reaches the operational limit of the
pressurization system, 5.2 P4 (2.0 MPa). Model
failure can be a structural failure, including a
catastrophic rupture, or a functional failure that
occurs when the pressurization system can no
longer maintain pressure because of excess
leakage (>1000% mass/day).
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Figure 4.1 Pressurization Sequence for the Prestressed Concrete Containment Vessel
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5. PRETEST ANALYSIS

Each Round Robin participant developed an
approach to the pretest analysis, including
selection of models and codes, application of the
design information provided and criteria for
interpreting or evaluating the results. Although
each participant was asked to predict the response
at each of the 55 Standard Output Locations
(SOL), the majority of participants submitted
predictions only at a subset of locations because
of limitations in the analysis approach used.
These results were compiled into composite plots
for each SOL. These composite plots are
provided in Appendix A. Congested sections of
the composite plots were enlarged to provide an
expanded view for clarity.

Every participant was asked to provide a report
summarizing their analysis, and these are
reproduced in Appendices B-R. Tables 5.1, 5.2,
and 5.3 provide a brief summary of the codes,
modeling approaches, and material models used
by each participant to facilitate comparison of the
analyses.

In addition to submitting response predictions at
the SOLs, each participant was asked to provide a
best estimate of failure pressure and mechanisms
of the PCCV model. These are summarized in
Table 5.5. Table 5.5 also summarizes predictions
of the pressure for various milestones (onset of
cracking, yielding, etc.) leading up to failure.
Comments on the failure criteria applied by each
participant are provided in Table 5.6.



Table 5.1 Finite Element Codes Used by Round Robin Participants

AECL Atomic Energy of Canada Limited Canada ABAQUS
ANL Argonne National Laboratory u.s. TEMP-STRESS
and NEPTUNE
CEA Commissariat a 'Energie Atomique France CASTEM 2000
EDF Electricité de France France ASTER
Glasgow University of Glasgow U.K. Research Code
Univ. of Glasgow
HSE Heaith and Safety Executive U.K. ABAQUS
IBRAE Nuclear Safety Institute Russia CONT-2D and
CONT-3D
INER Institute of Nuclear Energy Research Republic ABAQUS
of China
IPSN Institut de Protection et de Sireté Nucléaire France CASTEM 2000
JAERI Japan Atomic Energy Research Institute Japan ABAQUS
JAPC The Japan Atomic Power Company Japan FINAL
KINS Korea Institute of Nuclear Safety Korea DIANA 7.1
KOPEC Korea Power Engineering Company Korea ABAQUS
NUPEC Nuclear Power Engineering Corporation Japan ABAQUS
PRIN Principia Spain ABAQUS
RINSC Russia International Nuclear Safety Center Russia DANCO
SNL Sandia National Laboratories’/ANATECH U.S. UMAT/ABAQUS
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Table 5.2 Modeling Approaches Used in the Pretest Analyses

Cylinder Prestress

Participant Model Concrete Liner Rebar Tendon Avg. or @135 (MPa)
General Basemat | Penetrations | Buttress # Elements Hoop Meridional
ANL 2D Axisym; shell no no no 650  |shell offset membrane embedded barsin  {Hoop: ring 350 kN 470 kN
shelt Merid: truss, sliding (245 kN
no friclion 30% red.)
AECL 20 Axisym yes yes 85.000 rebar subelement truss, no friction Uniform Initial stress
D no E/H, AL 8-node solid 4-node membrane _ |rebar subelement truss, no friction 927 1272
CEA Axisym @ 135 yes no no 5105 |4-node solid shelt Hoop: ring Hoop: ring & shell Uniform
Merid: shell Merid: shell 269 kN 470 kN
tied to concrete
EDF 1/8 wi sym. yes no no 6120 DOF  [multi-layer shel} shell layer smeared shell layer |smeared shell layer Uniform
mutti-layer shelt tied to concrete 513 844
174 kN 286 kN
Glasgow 30 mp no yes 8-node solid smeared smeared 1377
lied to concrele tied lo concrete 467 kN
INER 30 slice (45°) yes no no wa 3D solid element, C3D20 }3D shefl element a na 1185 MPa 1436 MPa
(135° - 180°) S8R
IPSN 3D slice {2 deg) yes no no 2,513  |solid shell discrete truss 453 kN 303 kN
JAERI 3D symmetric shell yes no yes 8,237  |shell shell rebar subelement bar element 350 kN 470 kN
model (90° - 180°)
2D Axisym shell no no no 382 {shell shell rebar subelement merid: rebar subelement 350 kN 470 kN
hoop: shell
JAPC Global (Axisym, 3D) |yes yes 2,000  |multi-layer shell shell shell truss Friction loss considered
Local (3D) E/H, AIL 20,000 |8-node solid anchor as springs __|lruss wi friction element
Local {tiner) M/S
KINS 30 multi-layer shell  |yes EM, AL yes 2,000 [shell shell smeared layer bar, bonded Friction and setting loss calculated
by code
KOPEC 3D muiti-layer shell _lyes E/H, AL yes 1,720 |4-node shell shell bar, bonded bar, bonded 724 varies
2D Axisym soil 209 |8-node solid 3-node shell
HSE 3D global yes E/H, AL yes 140,662  |8-node solid Membrane rebar subelement Merid: truss w/ sliding 1031 1388
30 slice soit 3 thickness anchor as spring initial stress 350 kN 471 kN
20 liner
NUPEC Axisym yes no no 1,279  }4-node solid shell rebar subelement Hoop: rebar subelement 991 503-470 kN
Merid: shell @loading
end
Axisym yes no no 2,194  [4-node sofid {duplicate) |shell rebar subelement__ |rebar 991 470 kN
30D local no no yes 15,810  |8-node solid (duplicate) _|shell rebar subelement __beam w/ friclion 453-394 kN 470 kN
3D local no E/M yes 16,567  |8-node solid (duplicate) {shell rebar subelement  |beam w/ friction 453-394 kN 470 kN
3D local no AL yes 16,425  [8-node solid (dupticate) _|shell rebar subelement beam w/ Iriction 453-394 kN 470 kN
3D local no M/S yes 13,081 8-node solid {duplicate) |shell rabar subelement beam w/ friclion 453-394 kN 470 kN
IBRAE 2D Axi-sum no no no 2,700  |4-node solid 4-node solid Thin layers Distributed load
3D yes yes yes 24,508  |8-node solid 8-node solid Thin layers Distributed load 331.5kN 467.5 kN
PRINCIPIA  |2D Axisym solid yes no no 510 |8-node solid 3-node shell rebar Hoop: rebar 929 1142
sail Merid: truss w/ friction
RINSC 3D (90 deg) no EM no shell thin wail layers shell ribbons 350 kN 470 kN
SN/ 2D Axisym yes EH yes 4,000 ]solids shell/membrane rebar subelament _ |iruss w/ friction tie 797 1334
ANATECH 3D R-Theta AL 60.000 1109
3D Local M/S
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Table 5.3 Material Properties used in the Pretest Analyses

Cylinder/Dome Concrete

Liner

Cylinder/Dome Rebar

Tendons

Participant \—F"gpa) T 1o (MPa) | R (MPa) E(MPa) | fy(MPa) | Swain |Grade [ EMPa) | fy(MPa) | Stain E(MPa) | fy(MPa) | Strain
ANL Best fit Average of 390&490 Best fit
27,000 47.3 3.45 240,900 386 33%( SD 390 210,500 422 6.90% 206,120 1,604 3.25%
SD 490 210,500 456 7.50%
AECL
26,790 44.13 3.45 198,389 383 5% 166,194 364 7% 217,672 1,750 3%
€.,=60¢ 210,539 556 18%
CEA Ottosen Average for each size and type 191,000 1,703 5%
27,000 44 3.45 183,000 457 14%
¢ =0.9%
EDF Nadai B with fixed crack @ 90 deg
29,470 54.52 2.55 232,000 383 30% 190,000 439.00 20% 200,000 1,750 3.4%
¢ u=0.005 | ¢ u=0.0005 445.00
Glasgow
38,100 44.13 3.4 224,000 398 183,000 470 200,000 1,760
4.06 (7)
INER Data fit
32,552 4413 2.284 228,000 375 (perfectly 211,784 1,482.5 2.5%
29,619 39.16 2.078 plastic)
IPSN Ottosen n/a n/a n/a
27,000 44 3.45
JAERI Multi-linear elasto plastic for each size
29,100 617 3.82 217,000 381 5% 210,000 1,594 2.5%
JAPC Darwin-Pecknold, shear retention Multi-linear f € Multi-linear elasto plastic f . Multi-linear f )
29,400 44 3.33 215,745 382 0.177% B 185,082 459 0.25% 196,132 1,520 0.78%
382 2.00% 459 1.53% 1,746 1.10%
408 2.44% 554 4.00% 1,902 3.70%
436 3.60% 589 6.00% 1,912 0.08%
457 5.00% 644 21.29% 1,940 '
500]  33.00% 20.00%
€,=3.5-8%
KINS Hognested, tension stiffening Multi-linear elasto plastic Multi-linear elasto plastic Multi-linear elasto plastic
29,500 54.3 3.83 210,000 383 33% 210,000 482 8% 3.5%
490 9%
(Avg. SC & FC)
KOPEC Menetrey-William Bi-linear approximation for each size and type
26,970 47.3 3.45 218,700 376 33% 191,000 1,691 3.51%
27,950 39.16 3.37
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Table 5.3 Material Properties used in the Pretest Analyses (continued)

Participant Cylinder/Dome Concrete Liner Cylinder/Dome Rebar Tendons
P E (MPa) | fc'(MPa) |t (MPa) E (MPa) | Iy (MPa) | Strain Grade, [ E(MPa) | fy(MPa) | Strain € (MPa) | fy(MPa) | Stain
HSE Chen-Chen (smeared crack) + damaged Elastic plastic ( mean value) Elastic plastic (mean value) Elastic plastic (mean value)
E
27,950 88 4.4 219,650 382 11%] SD345-D6 169,000 370 30% 224,230 1,740 4%
SD345-D10 182,000 370 24%
SD390-D10 183,000 477 21%
$D390-D13 183,000 440 24%
SD390-D16 183,000 450 22%
SD390-D19 184,000 470 22%
SD390-D22 191,000 465 26%
SD490-D10 187,000 500 21%
SD490-013 184,000 548 16%
SD490-D16 185,000 490 17%
SD490-D19 186,000 514 18%
NUPEC Smeared Crack Average of test data
27,000 49 3.45 219,000 377 8% 185,000 459 12% 194,000 1,470 3%
28,000 42 3.37 18%
IBRAE
2D{ 27,000 40 3.45 210,000 380 33% 18,500 450 33% 200,000 1,700 3.3%
3D 26,970 4413 3.84
PRINCIPIA | Chen-Chen with strain softening Elastic-plastic
27,000 44 3.6 219,000 384 28%| SD390 186,000 460 19% 220,000 1,742 8%
28,000 55 3.6 SD490 185,000 526 17%
RINSC
27,000 | 49 I 35 n.a. In.aA ln.a. Both I 2oo,oool 4oo|nia. 210,000] 1,egoln.a.
SNY/ ANACAP-U, smeared crack Data Fit Data Fit Data Fit
ANATECH 33,000 2.64
(80u

fc' = uniaxial strength
fy = yield strength
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Table 5.4 Standard Output Location Matrix for Round Robin* Pretest Analysis of a
Prestressed Concrete Containment Vessel (PCCV) Model

112[3Ta]s[e[7]8}9]10]11]12]13]14]15]16]17]18]19|20[21]22][23]24]|25]|26]27|28]|29|30(31{32({33]34]35|3637|38[39(40{41]42|43{44(45|46|47148]|49|50|51|52|63|54|55
AECL o[o[efofo|o/o|{ojo|o[o]o/eje[o|eojo|e/o/e|jeo/o|cie|o[ejo|e[a[e[jeje|oje|eje|/0i0/0[0jo 0|0 je/0ic/0|o/0/s/0/0/0 .0 s
ANL ojojofojoio/e[eo e[0]e ojoje|o|e[o[eje[o[e[0[e]e]e ololofoleleje]e ofe ofefe
CEA ojlojeolojolo[o[o[e[0]e o[e[ojojo|ojo[e[o[e[0o[e0]e ejejefe[o]efe O
EDF o[ojojo/e|oje[ajo[e]e o(o|e[ofe[o[ejo[ejo[o|e]e e[ojofofe|efe O
Glasgow olojofojo|e[ojo0o[ejo]e oleje|e]eje ofe oje[ee]e]e 0
HSE o(o[o|o[ofo[o|o0o|o[0ojoj0eofe|jo[s|elo|o[eo/o|eo[oje[e|eo]o[o[e|o[e[e|e(je/e|e/c[jo]/0[0]/0[0|0j0/0|0 0/0(0 0|c 0|00
E%RAE ojofo|ojo/o[o(o]ofe]e o(ojo[ojo|oo|o/0ie|e ojelefefojejeje O O
g%RAE ojolo(o[ejojoje[e/o]eje]e o(e/ojofo[o[o|ojo|oje][o[o[o[o[e[o|e[o|0|[o/eie/e|e]e]e ofe O O 0
INER eolofe[ofojo[ofofe]e]e oj/olejo|ofojo[o|o[e[o[efe[e ojejojo[e[0]0]0ie ole ojefeo
JAERI o/ejo[ojoje|ole[ejo]eje]e ojejejojojo[o|ojejo[e]o]eje[e|e]e]e o[o[o|o[ej0[s]lele o(elofo]e
JAPC selele|e(e[e[o[e e[| |e|o|o|eo|e|o o |o|e|eo|e|e|oo|o|e|e|e[e|e|e|e|e|e|s|s|o|e|o|o|e|o|e|o|o|o|o[s[o]e
KINS DRI oo odoDodDo D Do DU L 2
P DN dDDDDDDDDDDDd D DD DD Do ooDDog
NUPEC |eo[ejeo|o|[eo[ee|o[eo[e]e]e o(ojojoojofo|e[0|o[0jo[eioe]e o|o[e[o[o|o/o|oo|e[e|o[e[o[o|e 0a|e][e]o[e[ajeje
PRIN sjo/o[ojeje[o|olo[e]e o|lo[o oo [eje[o|o[e]e[e]0]e ejojo|ojefejefe]e . . 0 oo
RINSC elejofe o[ojefo[o[efole o(ojoio/o]o[o|eo[o|ejeo[e|cjeje[o|je[e[0[e/o|e|0|[0i0|0|e[0]|0[0 e ojleio[ojo|e]0e]e
SNL/ oD DD Do DD ooy
ANATECH

* IPSN performed a pretest analysis but did not submit standard output location results.
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Table 5.5 Pretest Analysis Results (MPa)

. Cracking Rebar Yield Hoop Tendon Stress Pressure Free-Field
; M
Particlpant s T Merdional | =ne" V'eld ™Hoop [Menidional] _vied | 1% 2% 3% | @ Failure| Hoop Strain ode
ANL 0.68 0.64 1.00 1.07 1.35 1.23 1.37 1.53 1.61 1.51 1.69% local liner tear (El. 6.4 m)
1.62 3.31% midheight hoop tendon failure
at El. 6.4 m
AECL (3D) 0.97 0.85 — — —_ - — — — 0.94 complete cracking
(Axi) 0.87 0.78 1.06 — - — — -— - 1.24 axisymmetric yield
CEA 0.70 0.50 1.60 numerically
1.70 unstable
EDF 0.47 0.86 0.88 1.03 1.30 1.34 1.38 1.91 1.95
Glasgow 0.95 1.00 0.87
1.10 1.60
INER 0.69 n/a n/a n/a n/a n/a n/a n/a nfa 0.81 nfa n/a
IPSN n/a nfa n/a nfa nfa nfa n/a n/a n/a n/a n/a nfa
JAERI 0.92 0.74 1.20 n/a n/a n/a n/a nfa n/a n/a 1.24 buckling at dome portion or local fracture by
bending in cylinder portion
JAPC 0.60 0.65 0.96 0.98 1.25 1.15 1.25 1.37 1.42 1.45 Rupture of structural elements (tendon,
1.55 rebar, or liner) placed in the hoop direction
at a wall height of about EI. 7 m.
KINS 0.39 0.62 0.86 1.27 1.25 1.33 1.37 1.25 tendon
1.44 rupture
KOPEC (2D) 0.64 1.01 1.03 1.32 1.36 1.39 1.30
(3D) 0.61 0.94 1.41 1.51 tendon @ 3.55%
HSE/NNC 0.57 0.57 1.70 1.60 1.60 1.75 1.75 1.98 3% Liner tear with extensive
concrete cracking at bultress
region.
NUPEC 0.82 0.59 1.02 1.25 1.45 1.33 1.49 1.57 1.49
1.57 3% tendon rupture
IBRAE 0.70 0.78 1.15 1.22 0.90 1.01 1.15 1.21 1.25 1.26 tendon ruplure
PRINCIPIA 0.56 0.92 0.96 1.00 1.30 1.30 tendon yielding
RINSC n.a. 1.00 na. n.a. n.a. na. na. n.a. n.a. 1.50 n.a. hoop failure of vessel
SNL/ 0.59 0.57 0.86 1.10 1.18 1.27 1.32 1.18 local liner strain (lower bound)
ANATECH
1.25 16% liner strain @ E/H-best guess
1.40 tendon rupture
1.42 2% 2% global strain (upper bound)
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Table 5.6 Failure Criteria

Participant Comments on Failure Criteria

ANL Effective plastic strain exceeds uniaxial strain limits for rebar and tendons, Rebar failure strain ~= 7.0% and Tendon failure strain = 3.25%
Local “knockdown” and triaxiality consideration on uniaxial strain failure for liner, failure strain = 1.69% (using global strain in liner from
axisymmetric analysis) :

AECL “Capacity failure” means that both through-wall concrete cracks and the ultimate strength/strain of any steel compaonent (liner, rebar, post-
tension tendons) have occurred. In view of the complexity and uncertainties involved in this type of analysis (and perhaps testing also), some
sort of “fragility capacity” should be defined, e.g. 90% or 95% of confidence of non-exceedance.

CEA Cracking of concrete leading to the yielding of tendons and rebars

EDF Hoop tendon yielding @ 3% (1.41 for ASTER, 1.45 for hand calculations)

Glasgow Define more precisely failure indicators. ‘

INER n/a

IPSN n/a

JAERI Buckling at dome portion at 1.24 MPa or local fracture by bending in the cylinder portion at 1.27 MPa

JAPC Equivalent average strain of rebar exceeds 6% around rebar cut-off sections and buttresses. Hoop tendon strain exceeds 3.75% at fixed end or
8.0% at regular region.

Liner strain exceeds 20% at buttresses because of out-of-plane bending.

KINS Hoop tendons in cylinder portion reach a rupture strain of 3.35% at 1.38 MPa

KOPEC Tendon strain 3.51%

Liner tearing strain 33%

HSE/NNC Liner: 11% at joint, 3% @ free field

NUPEC Liner: 8%; Rebar: 12-18%; Tendon: 3% at loading end; Concrete: 34 MPa after cracking

IBRAE Hoop tendon yielding 3.3%

PRINCIPIA Effective material stress exceeds material stress limits

RINSC Penetrating cracks appear in concrete and loss of air-tightness occurs at 1.5 MPa

SNL/ANATECH “Damage that leads to leakage”; Concrete cracking is not tailure; Rebar e, = 5%, Liner ey=16%




- 6. SUMMARY

The work reported herein represents, arguably, the
state of the art in the numerical simulation of the
response of a prestressed concrete containment
vessel (PCCV) model to pressure loads up to
failure. A significant expenditure of time and
money on the part of the sponsors, contractors,
and Round Robin participants was required to
meet the objectives. While it is difficult to
summarize the results of this extraordinary effort
in a few paragraphs, the following observations
are offered for the reader’s consideration:

(Note: These observations by the Round Robin
Analysis Coordinator, Sandia  National
Laboratories, do not represent a consensus by the
participants. )

e Almost half the participants used ABAQUS
as the primary computational tool for
performing the pretest analyses. The other
participants used a variety of codes, most of
which were developed “in house.”

e Only a few participants reported on “hand
calculations” used to corroborate the finite
element calculations, although it is suspected
many more participants performed checks
that they did not include in their reports.

e Almost every participant performed some
type of simplified analysis that “smeared” or
omitted  spatial  discontinuities  before
proceeding to more-detailed three-
dimensional analyses.

e The majority of participants tried to account
for some “slip” between the tendons and the
concrete, although most also chose to assume
that tendon forces were uniform along the
length of the tendon.

All participants used the material property
test data provided as the basis for their
material models, although there was some
variation in how the material data were used.
Some participants chose to average the data
for a group of materials while others chose to
define subsets of material properties that
more closely matched the test data.

Predictions of elastic response were, for the
most part, very consistent up to the onset of
global yielding (hoop) which appears to occur
around 2.5 P4 or about 0.8 to 1.3 MPa.
Predictions of response diverge significantly
beyond this point with responses varying by a
factor of three to five or more at a given
pressure.

There are considerable differences in the
predictions of some local strains, such as
those close to a penetration, after global
yielding has occurred.

Nevertheless, the predicted capacity of the
model is fairly consistently bounded at 4 to 5
Py. For failure predictions based on material
failure of the steel components (liner, rebar or
tendons), the average predicted pressure at
failure is 3.6 P4 or 1.46 MPa.

Approximately half the participants predicted
failure based on structural failure, i.e., rupture
of rebar or tendons, while approximately half
the participants predicted functional failure
from excessive leakage through a tear in the
liner and/or cracks in the concrete. No one
predicted failure from a shear failure or by
leakage through the penetrations.
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Figure A-7a. PCCV Standard Output Location (SOL) #7.
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+  Glasgow X  HSE -~ - - IBRAE-2d -~ - - - IBRAE-3d
- % - - INER —n— JAERI —o— JAPC —o—KINS
—a— KOPEC -+ & - - NUPEC - - - - PRINCIPIA -----RINSC

- - -+ - - SNL/ANATECH

50
40 +
M/S, FIW
| g
30 +
20
) Springline
SOL #7
135°, EL. 10.75 m,
[ Displacement,
10 + A Radial,
i A Inside Liner Surface
A O
A A 0K i 14 Elevation 0.0 m
0 _V AN T T fy R U mA N Lo a2 A0 F g HATT |_ Basemat Top _—|
TV UL Y R W2 ce dade b auasd : :
Section A-A'
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Figure A-7b. PCCV Standard Output Location (SOL) #7, enlarged.
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Figure A-8a. PCCV Standard Output Location (SOL) #8.
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Figure A-8b. PCCV Standard Output Location (SOL) #8, enlarged.
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Pressure, MPa (divisions are multiples of Pg)

Figure A-9. PCCV Standard Output Location (SOL) #9.
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Figure A-10a. PCCV Standard Output Location (SOL) #10.
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Pressure, MPa (divisions are multiples of Py)

Figure A-10b. PCCV Standard Output Location (SOL) #10, enlarged.
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Figure A-11a. PCCV Standard Output Location (SOL) #11.
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Displacement, mm
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Figure A-11b. PCCV Standard Output Location (SOL) #11, enlarged.
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Figure A-12. PCCV Standard Output Location (SOL) #12.
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Figure A-13. PCCYV Standard Output Location (SOL) #13.
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Displacement, mm

O AECL X HSE —o—JAPC —o—KINS

—a——KOPEC -« -« - - NUPEC -+ -+ - - SNL/ANATECH
300
200 }
M/S, FIW
9.
100 -+ -+
Springline
SOL #14
324°, El. 4.675 m,
Displacement,
. Radial,
i Inside Liner Surface
0 ¢ %
! Elevation 0.0 m
l-_‘ Basemat Top __I
a Section A- A’
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Figure A-14. PCCV Standard Output Location (SOL) #14.
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Figure A-15. PCCV Standard Output Location (SOL) #15.
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Strain, mm/mm

O AECL 00 ANL ¢ CEA A EDF
X HSE - - IBRAE-2d -- - - - |IBRAE-3d -- % -~ INER
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j X
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: X
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2 | :
H { ] )
! I i X
. “Aé’ >$° Elevation 0.0 m
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{not to scale)
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0.00 0.39 0.79 1.18 1.57 1.97 2.36

Pressure, MPa (divisions are multiples of Pg)

Figure A-16a. PCCV Standard Output Location (SOL) #16.



Strain, mm/mm

O - AECL

X HSE
—u— JAERI
---x - - NUPEC

00 ANL
- - - - IBRAE-2d
—o—JAPC
- - -& - - PRINCIPIA
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A EDF
-- 2% - - INER
—s— KOPEC
- - -+ - - SNL/ANATECH

0.012 : :
A : |0 X
A . !
0.009 | .
u) X
0.006 -
;
0.003 | v
x <
0.000 A
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-0.003 :
0.79 1.18 1.57 1.97

Pressure, MPa (divisions are multiples of Py)

Figure A-16b. PCCV Standard Output Location (SOL) #16, enlarged.
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Strain, mm/mm

O AECL 0O ANL © CEA A - EDF
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§ . {not to scale)
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T T i

-0.003 S . .
0.00 0.39 0.79 1.18 1.57 1.97 2.36

Pressure, MPa (divisions are multiples of Py)

Figure A-17a. PCCYV Standard Output Location (SOL) #17.



Strain, mm/mm

O  AECL O ANL ¢ CEA A EDF
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(not to scale)

-0.0005 }

-0.0010 R — —_
0.00 0.39 0.79 1.18 1.57

Pressure, MPa (divisions are multiples of Py)

Figure A-17b. PCCV Standard Output Location (SOL) #17, enlarged.



Strain, mm/mm

O AECL O ANL A CEA © EDF
X HSE -« - - IBRAE-2d - - -« - - |IBRAE-3d - - % - - INER
—a-— JAERI —o—JAPC —o—KINS —as—— KOPEC
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P Section A— A’
P {not to scale)

-0.005 +—————rt — -
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Pressure, MPa (divisions are multiples of Py)

Figure A-18a. PCCV Standard Output Location (SOL) #18.



Strain, mm/mm

O ~AECL

0O - ANL ¢ - EDF A CEA
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o
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.‘, Section A—-A'
‘ : (not to scale)
-0.001 ‘ : - ' : : : ——
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1.57
Pressure, MPa (divisions are multiples of Py)

Figure A-18b. PCCV Standard Output Location (SOL) #18, enlarged.
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Figure A-19a. PCCV Standard Output Location (SOL) #19.
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Strain, mm/mm

O AECL
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Figure A-19b. PCCV Standard Output Location (SOL) #19, enlarged.
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Figure A-20a. PCCV Standard Output Location (SOL) #20.
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Figure A-20b. PCCV Standard Output Location (SOL) #20, enlarged.
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Figure A-21a. PCCV Standard Output Location (SOL) #21.
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Figure A-21b. PCCV Standard Output Location (SOL) #21, enlarged.
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Figure A-22a. PCCYV Standard Output Location (SOL) #22.
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Figure A-22b. PCCYV Standard Output Location (SOL) #22, enlarged.
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Figure A-23a. PCCV Standard Output Location (SOL) #23.
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Figure A-23b. PCCV Standard Output Location (SOL) #23, enlarged.
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Figure A-24a. PCCV Standard Output Location (SOL) #24.
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Figure A-24b. PCCV Standard Output Location (SOL) #24, enlarged.
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Figure A-25a. PCCV Standard Output Location (SOL) #25.
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Figure A-25b. PCCV Standard Output Location (SOL) #25, enlarged.
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Figure A-26a. PCCV Standard Output Location (SOL) #26.
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Figure A-26b. PCCV Standard Output Location (SOL) #26, enlarged.
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Figure A-27. PCCV Standard Output Location (SOL) #27.
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Figure A-28. PCCV Standard Output Location (SOL) #28.
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Figure A-29. PCCV Standard Output Location (SOL) #29.
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Figure A-30a. PCCV Standard Output Location (SOL) #30.
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Figure A-30b. PCCYV Standard Output Location (SOL) #30, enlarged.
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Figure A-31. PCCV Standard Output Location (SOL) #31.

Section A~ A’
(not to scale)



65-V

Strain, mm/mm

O AECL
—o— JAPC
-- -+ --RINSC

X - -HSE -~ - - |IBRAE-3d —ua— JAERI
—o— KINS —a—KOPEC ---»--NUPEC
- - -+ - - SNL/ANATECH E/MH

0.006

o
e

M/S, FiW

Springiine

SOL #32

90°, EI.6.20m,
Rebar Strain,
Hoop,

Outer Rebar Layer

Elevation 0.0 m

l__ Basemat Top

Section A~ A'
(not to scale)

-0.002
0.00

0.39 0.79 1.18 1.57

Pressure, MPa (divisions are muitiples of Pg)

Figure A-32. PCCV Standard Output Location (SOL) #32.
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Figure A-33. PCCV Standard Output Location (SOL) #33.
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Figure A-34a. PCCV Standard Output Location (SOL) #34.



€9V

Strain, mm/mm

O AECL X HSE - % - - IBRAE-3d -~ 3% - - INER
——a-—JAPC —o— KINS —=a—— KOPEC -- -« - - NUPEC A

-- = - - PRINCIPIA .-+ --RINSC -+ -+ - - SNL/ANATECH

Springline

SOL #34

0, El.0.01m,

Liner Strain,
Meridional,

Inside Liner Surface

Elevation 0.0 m

|_' Basemat Top d _|
z

SectionA-A'
(not to scale)

H

-0.002 : : - : : : : '
0.39 0.79 1.18 1.57

Pressure, MPa (divisions are multiples of Py)

Figure A-34b. PCCV Standard Output Location (SOL) #34, enlarged.
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Figure A-35a. PCCV Standard Output Location (SOL) #35.
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Figure A-35b. PCCYV Standard Output Location (SOL) #35, enlarged.
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Figure A-36a. PCCYV Standard Output Location (SOL) #36.
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Figure A-36b. PCCV Standard Output Location (SOL) #36, enlarged.
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Figure A-37a. PCCV Standard Output Location (SOL) #37
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Figure A-37b. PCCV Standard Output Location (SOL) #37, enlarged.
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Figure A-38a. PCCV Standard Output Location (SOL) #38.
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Figure A-38b. PCCV Standard Output Location (SOL) #38, enlarged.
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Figure A-39a. PCCV Standard Output Location (SOL) #39.
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Figure A-39b. PCCV Standard Output Location (SOL) #39, enlarged.
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Figure A-40. PCCV Standard Output Location (SOL) #40.
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

In Appendix B, “AECL, Atomic Energy of Canada Limited, Canada,” discontinuity arises from
omitting the following material:

Figure 34
Figure 35
Appendix A, “Output at Specified Locations”
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1. INTRODUCTION

A joint model test project is sponsored by the Nuclear Power Engineering Corporation (NUPEC)
of Japan and the U.S. Nuclear Regulatory Commission (NRC), References 1 to 4. The test
model is a prestressed concrete containment vessel (PCCV) and is a 1:4 scale model of a
pressurized water reactor (PWR) containment. The test model will be constructed and tested at
Sandia National Laboratories, Albuquerque, New Mexico, USA, who is coordinating the Round
Robin analysis activity. Organizations from many nations are participating in the Round Robin
analysis activity for the PCCV test model. Atomic Energy of Canada Limited (AECL) is one of
the participants.

The overall geometry of the 1:4-scale PCCV test model is shown in Figure 1. The test model
consists of reinforced concrete basemat and post-tensioned concrete cylindrical wall and dome.
The wall and the dome are reinforced with steel rebars as well. A steel liner is placed on the
inside surface of the basemat, the wall and the dome. In addition, the test model has scaled
representation of the equipment hatch, personnel airlock, and main steam and feedwater line
penetrations. The model construction and instrumentation of the PCCV test model is scheduled
to be completed by the mid of year 2000.

One of the objectives of the PCCV test project is to validate and improve existing numerical
simulation methods for predicting the responses of containment structures to loading conditions
beyond the design basis accident.

To predict the structural responses accurately, it involves at least two critical features: the
structural idealization by geometry models and material property models, and the solution
algorithm used in the analysis. Concrete structures with reinforcements and post-tension tendons
behave in a highly non-liner manner and exhibit a complex response when cracks initiate and
propagate. All these uncertainties combined pose great challenges to the goals of the PCCV
Round Robin Analysis.

This report documents the pretest analysis carried out by AECL using an axi-symmetric finite
element model and a three-dimensional finite element model. ABAQUS, the general non-linear
computer program, is used in the analysis, Reference 5. The modeling approaches of geometry
and materials and the analysis results are summarized in the following sections.

2. ANALYSIS MODEL

The analysis of the PCCV test model is carried out using an axi-symmetric finite element model
and a three-dimensional finite element model. The two models are based on the geometry,
material properties and applicable boundary conditions of the PCCV test model. In case of the
axi-symmetric model, the PCCV is assumed to be a body of revolution. Therefore, the effects
due to the presence of the openings and the buttresses in the PCCV are not considered in this
model. However, these effects are accounted for in the three-dimensional analysis model.
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2.1 Axi-symmetric Finite Element Model

Figure 2 illustrates the axi-symmetric finite element model of the containment structure. The
axi-symmetric model consists of four main parts. These are: the dome, the wall, the basemat,
and the steel liner. Six elements are defined across the thickness of both the wall and the dome
of the PCCV, Figure 3.

The boundary conditions for the axi-symmetric model are defined to be consistent with the
symmetry assumption of the loads to be applied to the model. Gravity load, pre-stressing load,
and the internal pressure load are axi-symmetric with respect to the model geometry. Therefore,
symmetric boundary conditions are used. All nodes located on the axis of symmetry are
restrained in the radial direction, and all nodes located on the lower surface of the basemat are
restrained in all three directions.

Elements CAX4 and MAX1 of the ABAQUS element library are used to model the concrete
parts and the steel liner of the PCCV respectively. CAX4 is a 4-node bilinear axi-symmetric
solid (continuum) element and MAX1 is a 2-node linear axi-symmetric membrane element. Two
degrees of freedom are active at each node: translations in the radial and axial directions. No
twist degree of freedom is represented in both elements. The theoretical formulation of both
elements can be found in ABAQUS manual.

Steel reinforcement in concrete is modeled as rebars that are one-dimensional strain theory
elements. The rebars are defined as layers of uniformly spaced reinforcing bars and are
superposed on the axi-symmetric concrete elements. Each layer is treated as a smeared layer
with a constant thickness equal to the area of each reinforcing bar divided by the reinforcing bar
spacing. With this modeling approach, the rebar behavior is considered independently of the
concrete. Effects associated with the rebar/concrete interface, such as bond slip and dowel
action, are modeled approximately to simulate load transfer across concrete cracks through the
rebar. Post-tension tendons are modeled using rebars in a similar manner to the steel
reinforcements in the concrete elements. The pre-stressing loads in the tendons are defined as
stress initial conditions in the rebars. Detailed design of the steel reinforcements, the post-
tensioning tendons and the steel liner are given in the design drawings of Reference 1.

2.2 3D Finite Element Model

The PCCV three-dimensional finite element model, Figure 4, can be divided into three parts
according to the used element type. On the inside surface, the liner is modeled by membrane
elements, Figure 5. Continuum elements are used for the prestressed concrete containment,

Figure 6. The hoop and vertical post-tensioned tendons are modeled by truss elements, Figures 7
and 8.

Based on the preliminary axi-symmetric analysis of the PCCV, the basemat is not included in the
three-dimensional model. The boundary conditions for the PCCV three-dimensional model are
defined such that all nodes at the cylindrical wall/basemat junctions are restrained in all three
translational degrees of freedom. Therefore, no rotation is allowed at the PCCV wall end at the
base.
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Elements C3D8R, M3D4 and T3D2 of the ABAQUS element library are used to model the
concrete containment, steel liner, and post-tension tendons of the PCCV, respectively. C3D8R is
an 8-node linear brick (continuum) element with reduced integration and hourglass control.
M3D4 is a 4-node quadrilateral membrane element. T3D2 is a 2-node linear displacement truss
element. Three translational degrees of freedom are active at each node. The theoretical
formulation of these elements can be found in ABAQUS manual.

There are four solid elements across the thickness of the containment shell. All post-tension
tendons (90 vertical tendons and 108 hoop tendons) are individually modeled. Due to their
curvature, the tendons are modeled as grouted. Therefore, the tendons truss elements share their
nodes with the concrete nodes. The steel liner elements share their nodes with the inside layer of
concrete elements. The steel liner model includes two bulkheads for the airlock and equipment
hatches that represent the two major openings in the PCCV. Figures 9, 10 and 11 illustrate the
details of the three-dimensional model at the two major openings.

Steel reinforcement in the concrete elements is modeled as rebars that are one-dimensional
strain-theory elements. The rebars are defined as layers of uniformly spaced reinforcing bars and
are superposed on the concrete elements. Each layer is treated as a smeared layer with a
constant thickness equal to the area of each reinforcing bar divided by the reinforcing bar
spacing. With this modeling approach, the rebar behavior is considered independently of the
concrete. Effects associated with the rebar/concrete interface, such as bond slip and dowel

- action, are modeled approximately to simulate load transfer across concrete cracks through the
rebar. Detailed design of the steel reinforcements, the post-tensioning tendons and the steel liner
are given in the design drawings of Reference 1.

2.3 Material Models

The material models for concrete, steel rebars, post-tensioned tendons and steel liner are defined
using different material models in ABAQUS. Some material test results are provided in
Reference 1 to 4, from which the parameters of the ABAQUS material models are derived. The
material models are briefly described below.

2.3.1 Concrete Material Model

The concrete model is intended for concrete behavior under relatively monotonic loading with
fairly low confining pressures, such as the PCCV limit state pressure test. Two types of concrete
are used for the PCCV test model: a normal strength concrete, and a high strength concrete. For
each strength type of concrete, the material data are given in References 1 to 4. In this analysis
study, the field curing condition and strength at 13 weeks are considered. The cracking strain for
the high strength concrete is 60 mm/mm. The concrete material parameters for both the normal
strength concrete and the high strength concrete are given in Tables 1 and 2 respectively.

In the case of the three-dimensional, a revised concrete properties are used for the concrete
elements surrounding the two major opening. In order to surmount numerical problems during
the analysis, the cracking strain for the revised concrete is increased from 60 mm/mm to 150p
mi/mm. The concrete material parameters for the revised concrete are given in Tables 3.
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The ABAQUS concrete material model used in the analysis is described below.

a) Linear Elastic Model

When the concrete stress is within the elastic range, whether under compression or tension, the
stress-strain relationship is assumed to be linear. The material properties are defined by the

modulus of elasticity (E), Poisson’s ratio (v), the compressive yield strength (f,), and the tensile
strength (f).

b) Compressive Stress-Strain Model

When concrete is loaded in compression, it initially exhibits elastic response. As the stress
increases, some inelastic hardening occurs and the response of the material softens. When the
principal stress components are dominantly compressive, the response of the concrete is modeled
by an elastic-plastic theory using a simple form of yield surface in terms of the equivalent
pressure stress and the Mises equivalent deviatoric stress. Associated flow and isotropic
hardening are used.

A uni-axial stress-strain relationship outside elastic range is assumed. In this part, the stress-
strain behavior of plain concrete in uni-axial compression outside the elastic range is specified by
stress as a function of plastic strain.

In addition, a failure surface for multi-axial stresses is assumed. This surface predicts the
response to occasional strain reversals and strain trajectory direction changes by the isotropic
hardening of the compressive yield surface when the principal stresses are dominantly
compressive. This failure surface are defined in ABAQUS by the following four constants:

- The ratio of the ultimate bi-axial compressive stress to the ultimate uni-axial compressive
stress (r;). This ratio is assumed 1.16 for both types of concrete.

- The absolute value of the ratio of the uni-axial tensile stress at failure to the ultimate uni-
axial compressive stress (r; = f; / f; ). This ratio equals 0.08085 and 0.07064 for normal
strength concrete, and high strength concrete respectively.

- The ratio of the magnitude of a principal component of plastic strain at ultimate stress in bi-
axial compression to the plastic strain at ultimate stress in uni-axial compression (r3). This
ratio is assumed 1.28 for both types of concrete.

- The ratio of the tensile principal stress at cracking, in plane stress, when the other principal
stress is at the ultimate compressive value, to the tensile cracking stress under uni-axial
tension (rs). This ratio is assumed 0.333 for both types of concrete.

¢) Tensile Stress-Strain Model

When a uni-axial concrete specimen is loaded in tension, it responds elastically until cracks form
at the tensile strength (f;). For multi-axial behavior, an independent “crack detection surface”
that determines if a point fails by cracking. It uses oriented damaged elasticity concepts to
describe the reversible part of the material response after cracking failure.

The cracking is assumed to occur when the stress reaches a failure surface that is called “cracking
detection surface.” This failure surface is a linear relationship between the equivalent pressure
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stress and the Mises equivalent deviatoric stress. Cracks are irrecoverable, but may open and
close. Following crack detection, the crack affects the calculations because a damaged elasticity
model is used. The strain-softening behavior for cracked concrete is represented by a post-failure
stress-strain relation which shows the effects of reinforcement interaction with concrete. The
strain-softening after failure reduces the stress linearly to zero at a total strain for direct straining
across cracks. A strain of 0.001 is assumed for the effect of tension stiffening for both types of
concrete.

As the concrete cracks, its shear stiffness is diminished. This effect is specified by the reduction
in the shear modulus as a function of the opening strain across the crack. The modulus for
shearing of cracks can be defined as a fraction of the elastic shear modulus of the un-cracked
concrete. In this preliminary analysis, full shear retention of concrete is assumed; i.e. the shear
modulus is unaffected by cracking.

2.3.2 Reinforcement Material Model

Rebars are used with metal elasticity and plasticity models to describe the behavior of the rebar
material. The plastic behavior is modeled by the relationship between the true stress and the log
plastic strain.

The test results provided in References 1 to 3 are used to derive the rebar material properties.
For each rebar type, the stress-strain behavior is different for various sizes (diameters). Figures
12, 13, and 14 presents the stress-strain relation for Rebar types SD345, SD390 and 490,
respectively. Table 4 presents the modulus of elasticity for each type and each size of the
reinforcement steel.

2.3.3 Post-Tension Tendon Material Model

The test results provided in References 1 to 3 are used to derive the post-tension tendon material
properties. Figure 15 and Table S give the parameter values for the elasto-plastic behavior of
post-tension tendon material model.

2.3.4 Steel Liner Material Model

The test results provided in References 1 to 3 are used to derive the material properties for the
steel liner. Isotropic material is assumed for the steel liner, so that the test samples for the X-
direction and the Y-direction are combined. The averaged material properties for the steel liner
material model are given in Table 6. The stress-strain relationship the steel liner material is
shown in Figure 16.

3. ANALYSIS LOADS

The main goal of the PCCV experiment is to determine its ultimate pressure capacity. Therefore,
each of the two analysis models of the PCCV is subjected to three loading conditions. The
loading conditions include the dead load of the PCCV, the pre-stressing forces of the tendons,
and the internal pressure. Both the dead load and the pre-stressing load are applied in one load
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step. The internal pressure load is applied to the inside surface of the steel liner model in many
load increments. Since the pressure is applied in a monotonic manner in one direction only, the
direct non-linear solution technique is chosen. The automatic time-stepping feature of ABAQUS
is invoked to march to a solution at each load increment. The convergence criteria are selected to
meet the concrete cracking model requirements and to allow for its discontinuous numerical
behavior. The radial degree of freedom at the spring line is selected to monitor the solution
progress in the axi-symmetric analysis. The radial degree of freedom at the mid-height of the
PCCV wall is selected to monitor the solution progress in the axi-symmetric analysis.

3.1.1 Dead Load

For bath the axi-symmetric model and the three-dimensional model, the gravitational
acceleration is applied to the whole analysis model.

3.1.2 Pre-stressing Load

For the axi-symmetric model, the pre-stressing load is defined as stress initial conditions in the

rebars representing the post-tension tendons. The specified initial pre-stress loads are assumed to
remain constant during the equilibrium solution.

For the three-dimensional model, the pre-stressing load is defined as stress initial conditions in
the truss elements representing the post-tension tendons. The pre-stressing load is applied
uniformly over the post-tension tendon, then, the structure is brought to a state of equilibrium as
part of the solution. Thus, the actual stresses in the tendons are determined.

3.1.3 Intemal Pressure Load

For the axi-symmetric model, the inside faces of the membrane elements representing the steel
liner are loaded with a uniform pressure. The internal pressure load is applied incrementally with
an initial load increment of 10 kPa up to the maximum pressure which is more than three times
the PCCV design pressure.

For the three-dimensional model, the faces of the liner membrane elements representing the
inside surface of the steel liner are loaded with a uniform pressure. The internal pressure load is
applied incrementally with an initial load increment of 2 kPa. This load represents 0.5% of the
PCCV design pressure of 390 kPa.

4. ANALYSIS RESULTS

The analysis results of the PCCV are divided into two groups. The first group summarizes the
general behavior of the model under the three loading conditions. The second group summarizes
the results at the specified instrument locations.



4.1 General Response

4.1.1 Axi-symmetric Analysis Results

Figure 17 shows the deformed shape of the PCCV at different loading increments of the analysis.
A load-displacement curve is presented in Figure 18. The load variable represents the internal
pressure and the displacement variable represents the monitored degree of freedom; i.e. the radial
displacement at the spring line. The load-displacement curve indicates a linear response up to a
pressure of 854 kPa. This pressure level is about 2.2 times the design pressure of the PCCV.
Beyond this pressure level, the deformation significantly increases with a marginal increase in
the pressure. This transition might indicate the structure is softening; i.e. cracking. At pressure
level of about 970 kPa, a very small increase in the model stiffness is observed. The analysis is
stopped at a pressure level of 1240 kPa since cracks are spread over almost the whole structure.

Figure 19 shows the plastic strain of the concrete elements at different loading increments and in
selected radial, axial and/or hoop directions. The plastic strain indicates the zones where
concrete cracks have occurred.

The first crack in the model occurs at a pressure level of 854 kPa and is located at the inside
surface of the wall at the wall/basemat joint. One element only is cracked at this pressure level
and this crack takes place in the radial, axial and hoop directions.

At the end of the subsequent load increment, at a pressure level of 892 kPa, the cracking in the
wall starts at two other regions: the lower and upper thirds of the wall. The cracking in the lower
regions is limited to the outside surface of the wall while the cracking in the upper region occurs
across the whole thickness of wall. In both regions, the cracking takes place in the radial and
axial directions only.

The first crack in the dome takes place at pressure level of 966 kPa and is located at the inside
surface of the dome at spring line. One element only is cracked at this pressure level and this

crack takes place in the radial, axial and hoop directions. At the wall, the cracking in the two

regions extends to most of the wall elements.

At pressure level of 1026 kPa all elements of the wall are cracked in both the radial and axial
directions. At the same pressure level, the cracking in the dome extends beyond the spring line
location towards the dome apex. By the end of the analysis, at pressure level of 1240 kPa, all
elements of the dome are cracked in both the radial and axial directions. In addition, most of the
element are cracked in the hoop direction.

The stress-strain relation for the wall vertical tendon at the spring line throughout the loading
history is shown in Figure 20. The stress-strain relation history for the inner and outer meridianal
rebars at the wall/basemat joint are shown in Figures 21 and 22. Figure 23 presents the stress-
strain relation history for the outer hoop reinforcement at the mid-height of the wall. The stress-
strain relation history for the hoop stresses in the wall steel liner at the mid-height of the wall is
shown in Figure 24. These stress-strain relation histories indicate the linear behavior of the post-
tension tendon, the steel rebars and the steel liner during the application of the internal pressure.
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4.1.2 3D Analysis Results

A load-displacement curve is presented in Figure 25. The load variable represents the internal
pressure and the displacement variable represents the monitored degree of freedom,; i.e. the radial
displacement at the mid-height of the PCCV wall. The load-displacement curve indicates a
linear response up to a pressure of 874 kPa. This pressure level is about 2.24 times the PCCV
design pressure. Beyond this pressure level, the deformation significantly increases with a
marginal increase in the pressure. This transition indicate the structure is softening including
cracking of concrete. The analysis is stopped at a pressure level of 944 kPa as concrete cracks
are spread over almost the whole height of the PCCV wall.

Figure 26 shows the deformed shape of the PCCV due to both the dead lpad and the prestressing
load. The deformed shape of the PCCV concrete elements at the last increment of the internal
pressure load is shown in Figure 27.

Figure 28 shows the cracking strain of the concrete elements at the last increment of the internal
pressure load. The cracking strain for each layer of elements are shown in Figure 29. Figure 30
illustrates the Mises stresses in the steel liner at the last increment of the internal pressure load.

The first concrete crack in the model occurs at a pressure level of 776 kPa and is located at the
inside surface of the wall at approximately the middle of the height. At a pressure level of 874
kPa, the cracking in the wall extends in two regions: the lower and upper thirds of the wall. The
cracking propagates from the inside surface to the outside surface of the wall. At pressure level
of 994 kPa all elements of the wall are cracked. At the same pressure level, the cracking in the
dome extends beyond the springline location towards the dome apex.

The stress-strain relation history for the outer hoop and meridional rebars at the mid-height of the
wall and at azimuth 135 degrees are shown in Figure 31. Figure 32 presents the stress-strain
relation history for the hoop stresses in the wall steel liner at the mid-height of the wall and at
azimuth 135 degrees. These stress-strain relation histories indicate the linear behavior of the
post-tension tendon, the steel rebars and the steel liner during the application of the internal
pressure upto 944 kPa.

4.2 Response at Specified Locations

The PCCV standard output locations are listed in Reference 2. The 3D analysis results at the
specified instrument locations are grouped into four sets. The first set represents the
displacement history at specified locations on the three-dimensional model of the PCCV. The
second set represents the strain history at specified rebar locations. The third set represents the
strain history at specified liner locations. The last set represents strain and force histories in the
vertical and hoop wall tendons. For Locations 1, 47 and 54, the output from the axi-symmetric
analysis is included since the 3D analysis does not include the basemat of the PCCV. The
appendix includes the four sets of the analysis results.



4.0 CONCLUSIONS

The analysis reported here aims to predict the responses of the PCCV to internal pressure beyond
the design basis accident. Two finite element models are developed for the analysis: an axi-
symmetric model and a three-dimensional model. Non-linear materials models are used to
describe the behavior of different components of the PCCV. The internal pressure load is
applied incrementally and the structural response of the PCCV is determined.

From the analysis results, key milestones during pressurization of the PCCV can be observed as
follows.

- The first crack in the axi-symmetric model occurs at a pressure of 854 kPa and is located at
the inside surface of the wall at the wall/basemat joint. The first crack in the 3D model
occurs at a pressure of 776 kPa and is located at the inside surface of the wall at
approximately the mid-height.

- Ata pressure of 892 kPa, the lower third of the wall region in the axi-symmetric model is
cracked at the outside surface of the wall and the whole section in upper third of the wall is
cracked. At a pressure of 874 kPa, cracking extends in the 3D model to the upper and lower
thirds of the wall.

- At a pressure of 944 kPa, most of wall elements in the 3D model are cracked and the dome
cracks extends beyond the springline towards the dome apex.

- Based on the 3D model results, the steel liner develops stress concentrations close to the air
lock and equipment hatch. However, the overall behavior of the liner remains linear upto
pressure load of 944 kPa.

- Based on the 3D model, the overall behavior of the prestressing tendons and the rebars
remains linear upto pressure load of 944 kPa.

- Based on the axi-symmetric results, the first crack-in the dome occurs at pressure level of 966
kPa and is located at the inside surface of the dome at the spring line. At a pressure of 1060
kPa, all elements of the wall are cracked and the dome cracks extends beyond the spring line
towards the dome apex. At a pressure of 1240 kPa, all elements of the wall and most
elements of the dome are cracked.
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Table 1: Normal Strength Concrete Material Model

Mass Density (ton/or) | 221
Linear Elastic Model
Modulus of Elasticity (MPa) 27950
Poisson Ratio 0.18
Compressive yield strength (Mpa) 20.68
Compressive ultimate strength (MPa) 41.68
Tensile strength (MPa) 3.37
Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range)
Stress (MPa) Plastic Strain (%)
20.68 0.0
41.68 0.0015

Compressive Stress-Strain Model (Multi-axial Stress-Strain Relationship)

Failure Ratios see Section 2.3.1
Cracking Tension stiffness see Section 2.3.1
Shear Retention see Section 2.3.1
Table 2: High Strength Concrete Material Model
Mass Density (ton/m’) | 2.19
Linear Elastic Model
Modulus of Elasticity (MPa) 26790
Poisson Ratio 0.18
Compressive yield strength (MPa) 20.68
Compressive ultimate strength (MPa) 44.13
Tensile strength (MPa) 1.617
Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range)
Stress (MPa) Plastic Strain (%)
20.68 0.0
44.68 0.0015

Compressive Stress-Strain Model (Multi-axial Stress-Strain Relationship)

Failure Ratios

see Section 2.3.1

Cracking Tension stiffness

see Section 2.3.1

Shear Retention

see Section 2.3.1
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Table 3: Special Concrete Material Model

Mass Density (ton/m’) { 2.19
Linear Elastic Model
Modulus of Elasticity (MPa) 26970
Poisson Ratio 0.18
Compressive yield strength (MPa) 20.68
Compressive ultimate strength (MPa) 44.13
Tensile strength (MPa) 4.14
Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range)
Stress (MPa) Plastic Strain (%)
20.68 0.0
44.13 0.0015

Compressive Stress-Strain Mode] (Multi-axial Stress-Strain Relationship)

Failure Ratios see Section 2.3.1
Cracking Tension stiffness see Section 2.3.1
Shear Retention see Section 2.3.1

Table 4: Modulus of Elasticity for Rebar Material Models

Rebar Type - Rebar Size E (MPa)
SD345-#6 166194
SD345-#10 181667
SD390 -# 10 179996
SD390-# 13 173232
SD39%0 - # 16 209940
SD3%Q - # 19 174954
SD390 - # 22 198383
SD490 - # 10 181597
SD490 -# 13 182199
SD490 -# 16 210539
SD490 - # 19 182977
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Table 5: Post-Tension Tendon Material Model

Mass Density (ton/m’) | 7.80

Linear Elastic Model

Modulus of Elasticity (MPa) 217672

Poisson Ratio 0.3

Yield strength (MPa) 1750
Table 6: Steel Liner Material Model

Mass Density (ton/m’) | 7.80

Linear Elastic Model

Modulus of Elasticity (MPa) 198389

Poisson Ratio 0.3

Yield strength (MPa) 383.46

12
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Figure 1: Overall geometry of the 1:4 scale PCCYV test model
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Axi-symmetric finite element model of the PCCV

Figure 2
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Figure 3: Element mesh of both the dome and the wall of the PCCV
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Figure 5: Membrane elements of the steel liner
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Figure 11: Concrete elements at major openings of the PCCV
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(iv) at pressure of 854 kPa

(v) at pressure of 966 kPa

Figure 17: Deformed shape of the PCCV at many stages of the applied load
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(ii) due to dead and pre-stressing loads (iii) at pressure of 390 kPa

(vi) at pressure of 1240 kPa
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Figure 18: Pressure vs. spring line radial displacement for the PCCV
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(1) First wall crack at pressure of 854 kPa (it) cracking at pressure 892 kPa
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(111) First Dome crack at pressure 992 kPa (iv) cracking at pressure 1240 kPa

Figure 19: Cracking in the PCCV at different stages of the applied load
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Figure 20: Stress-strain relation for the vertical post-tensioned tendon at the spring line
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Figure 21: Stress-strain relation for the inner meridional rebar at the wall/basemat joint
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Figure 22: Stress-strain relation for the inner hoop rebar at the wall/basemat joint
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Figure 23: Stress-strain refation for the outer hoop rebar at the mid-height of the wall
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Figure 24: Hoop stress-strain relation for the steel liner at the mid-height of the wall
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(a) Inside layer of elements {b) Second layer of elements

{¢) Third laver of elements {d) Qutside layer of elements

Figure 29: Cracking strain in concrete layers at pressure load of 944 kPa

41

B-45



ov-d

figure 30: Mises stress in liner elements at pressure load of 944 kPa
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

However, Appendix C, “ANL, Argonne National Laboratory, United States,” contains none of these
discontinuities.




Argonne National Laboratory
Round-Robin Pretest Analyses of a 1:4-Scale Prestress Concrete Containment
Vessel

INTRODUCTION

Pretest predictions were made by the Engineering Mechanics section of the Reactor Engineering
Division at Argonne National Laboratory (ANL) for the response of the 1:4 scale Prestress
Concrete Containment Vessel (PCCV) to be tested by Sandia National Laboratories (SNL). The
PCCV model is scaled 1:4 uniformly in geometry of an existing water reactor (PWR) prestressed
concrete containment vessel located in Japan. The model includes a steel liner with various
penetrations (i.e. equipment hatch, personnel airlock, main steam and feed water lines). The
design pressure of this prototype containment is 57 psi (0.3 MPa) gage.

SOLUTION METHOD

The computer code, TEMP-STRESS, was utilized in the pretest analyses and has been fully
developed at ANL. TEMP-STRESS [1,2,3,4,5 and 6] is a two-dimensional finite element
program that was developed for stress analysis of plane and axisymmetric 2-D metal and
reinforced concrete structures under various thermal conditions. The code has evolved over the
years to address safety issues. Since the code was developed to solve a variety of problems, the
current version is a general purpose 2-D finite element code primarily suited for nonlinear
problems. An important feature of TEMP-STRESS is its ability to handle nonlinear problems,
which often occur during beyond-design basis loads. The element formulations can properly treat
large deformations (i.e. geometric nonlinearities), and the rate-type material models can handle
large material strains (i.e. material nonlinearities). A Von Mises elastic-plastic constitutive
material law is utilized for yielding and post yielding of material. The failure model used is
based on a Davis triaxial factor for a multiaxial state of stress, in combination with Von Mises
elastic-plastic constitutive law. Explicit solution algorithms are used to economically solve short
duration transient problems, and a dynamic relaxation (DR) method is utilized to simulate quasi-
static problems.



The explicit time integration scheme is used in the TEMP-STRESS code. The numerical
algorithm for the explicit time integration is based on the solution of the following equation of
motion

ext

myii, + ;= £, (no sum) 1)

Where m;; is a diagonal mass matrix, uy is a nodal displacement, f‘.}“‘ and f; are the internal
and external nodal forces, respectively, of node 7 in the ith direction. Superscript dots are used to
denote temporal derivatives. The equations of motion are solved using the central difference

formulas. For static analysis the equilibrium equations are given by
ilim =fi @

There are various methods available for obtaining static solutions, TEMP-STRESS uses the
dynamic relaxation (DR) method. Details are provided in Ref. [3] on the numerical algorithm
utilized for the DR method. The main problem associated with the DR algorithm, as well as other
iterative techniques, is whether the current solution vector is close enough to the true solution so
that the iteration process can be terminated. Premature termination will result in an incorrect
solution, whereas excessive iterations will increase the time of the solution. An effective and
efficient way to determine when the iteration process should cease is utilized in the code. The
dual criteria used are

. .
“fllu n _ Uxm,n

2
_—Ilf”"" x100<¢g, 3
T i

- n+1/2 "

i 2
7 Xx100<¢g, 4)

G ]

where | |, indicates the Euclidean norm. Accurate results without excessive computations

are usually obtained with & = 0.25 (i.e. 0.25% error) and &, = 0.02 (0.02% change) in Eqgs. (3)
and (4). Equation (3) is a global force balance check of external and internal forces at an
iteration step. Equation (4) is global displacement change at an iteration step. Once these
equations are satisfied, the iteration process is terminated, a load increment is applied, and the
iteration process is restarted. The DR method does not change the basic architecture of the
central difference scheme, but enhances it so that static problems can be solved.

MODEL DESCRIPTION

TEMP-STRESS is a 2-D code for the stress analysis of plane and axisymmetric
reinforced/prestressed concrete problems. A flexural element (axisymmetric shell) with two-
point integration along its length and five integration points through the depth is used for the
concrete cylinder and dome of the structure. The rebars are modeled by what is known as
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“homogenization™: the stress-strain law for the rebars is embedded in the stress-strain response
of the elements. This approach can account for the direction, position and amount of
reinforcement. The rebars are assumed to remain rigidly bonded to the concrete; debonding of
the rebars with the concrete is not considered.

Reinforcement in the flexural element can be specified at arbitrary layers measured from the
neutral axis and spanning from the axial (meridional) direction through the hoop direction.
Inclined reinforcement through the depth of the cross-section, representing the connecting ties,
can also be treated. Reinforcement options in the flexural element are shown in Figure 1. The
flexural elements account for cracking in the concrete, two orthogonal cracks may occur in the
axisymmetric shell element at each integration point: one in the hoop direction and one in the
meridional direction. In addition to reinforcement specified within' the concrete element,
reinforcement/prestressing can also be modeled by means of discrete rod and ring elements. The
combination of homogenized and discrete elements can this be used to represent the details of
reinforcement in the containment structures.

SEISMIC REINFORCEMENT o ' SHEAR TIE

AXIAL REINFORCEMENT HOOP REINFORCEMENT

Figure 1. Representation of Reinforcement in Concrete for the Axisymmetric Shell Element



The axisymmetric finite element model is depicted in Figure 2. The numerical model consists of
the -reinforced concrete, meridional prestress tendons, hoop prestress tendons and the liner.
Nominal thicknesses for the concrete wall and liner plate were used, and nominal areas for the
reinforcement and tendons were used. The centerline mesh of the reinforced concrete wall is the
outer mesh and the inside mesh is the liner as shown in the Fig. 2. Boundary conditions of the
finite element model are as follows: 1) at the bottom (Y = 0), where the cylinder wall meets the
basemat, the rotation, x displacement, and y displacement are restrained, and 2) at the top (X = 0)
a symmetry boundary condition is applied, which means the rotation and x displacement are
restrained. The reinforced concrete wall is modeled by 50 axisymmetric shell elements, with 32
elements in the cylinder and 18 elements in the dome. The liner is modeled by 50 axisymmetric
membrane elements, with 32 elements in the cylinder and 18 elements in the dome. The
prestressing bar elements for the meridional tendons are overlaid on the reinforced concrete
elements.

Symmetry
Line

Center Line of
Concrete
Vessel Wall

Center Line of
Liner

Basemat - Wall

Juncture
\ 8

>
X

Figure 2. Axisymmetric Finite Element Mesh of PCCV
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The nodes for the prestressing bar elements are, thus, overlaid on the nodes for the concrete
elements. A slide line is provided to simulate the tendon and duct interface (at this time no
friction was assumed). The hoop prestressing ring elements utilize the same nodes of the
reinforced concrete element nodes, a total of 40 ring elements (31 in the cylinder and 9 in the
lower half of the dome) were used to model the hoop prestressing. The concrete shell and liner
used 51 nodes each and the slider uses 49 nodes over the concrete nodes ( the apex and the
basemat-wall juncture nodes of the concrete shell tie into the slider).

The hairpin prestressing cables use in the actual containment model were modeled as meridional
tendons in the cylinder and lower half of the dome (< 45°), and a combination of hoop tendons
and meridional tendons were used in the upper half of the dome (> 45%). This avoids having the
entire hairpin prestressing tendons passing over the apex of the dome. Originally, the entire
hairpin tendons were modeled as meridional tendons and this caused the dome concrete to crack
and the dome rebars to yield (several elements near the dome apex). Thus, in the numerical
model of one radian (i.e. axisymmetric), 9 layers of partial meridional prestressing were utilized
from the mesh size in the dome. This method provides only one tendon, which passes over the
dome apex, and as each meridional layer (equivalent to approximately 3 tendons in cross-
sectional area) is terminated it is replaced with a hoop tendon (of the same equivalent area) in the
upper half of the dome. A total of 455 bar elements were used to model the hairpin cables and 9
ring elements were used to model the equivalent hoop tendons in the upper half of the dome (i.e.
converted meridional bar elements).

In summary, a total of 604 elements and 151 nodes (51 concrete, 51 liner and 49 slider nodes)
were utilized in the finite element model of the PCCV in Fig. 2.

MATERIAL MODELS

Both the steel and the concrete are modeled as nonlinear materials. The constitutive equations
for these materials are based on elastic-plastic law with initial yielding and the subsequent
loading surface described by the von Mises condition.

The uniaxial strength data for the materials is given in Figures 3, 4, 5 and 6 for the reinforcing
bars (rebar), concrete, prestressing cables and liner material, respectively. The rebar material
properties are modified to take into account the strength of the couplers (i.e. splicing of rebar).
The strength of the rebar is assumed to be the failure strain of the couplers, for SD390 it was
7.1% strain and for the SD490 it was 7.8%. The failure strain values used are approximately the
average from the test data provided by SNL[11]. The values depicted in Fig. 3 are true stress-
true strain for the rebar response.

The strength capacity of the concrete in multiaxial stress space is characterized by the so-called
Hsieh-Ting-Chen [7] four-parameter failure surface. The concrete response after failure is
simulated using the element size independent cracking criterion established by Bazant and Oh
[8]. In the uniaxial tensile stress-strain relationship, a linear reduction of strength is specified
from the cracking strength down to zero. The maximum strain in tension, where the cracking
stress is specified as zero, is approximately 0.6 % strain for the fracture energy used and the
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mesh size chosen. The input data required to define the failure surface is given in Table 1. The
values of Young’s modulus, Possion’s ratio and the tensile strength were based on the material
data from the trial mix concrete provided by SNL in Ref. [11] on page 32, Table 4 “Material data
for the trial mix concrete” for field curing of .’ =44.13 MPa concrete. The compression stress-
strain input for 44 MPa (6480 psi) compressive strength concrete is shown in Figure 4, the actual
strength of 47.3 MPa (6860 psi) is based on the 13-week strength provided by SNL in Ref. [11]
on page 32, Table 5 “Concrete strengths of concrete for pours to date” for field curing of f.’ =
44.13 MPa concrete. As indicated in Fig. 4, the concrete is assumed to fail at 0.3% strain under
uniaxial compression. The fracture energy of the concrete was determined from the empirical
formula given in Ref. [8], which is based on the tensile strength (f;’ = 500 psi) and maximum
aggregate size (d, was assumed to be 0.375 inch) of the concrete.

700

600

500

g : | : : : : :
400p 1o SRR SRR SR SR R SR SRR

Stress (MPa)

B00f [+ +Fe

: _ 3——= SD390 Rebar j )
200H- --- - - P :...| ——o SD480 Rebar |- . . .. FEREPIP RS

OO+t

Strain (%)

Figure 3. Reinforcement Bar True Stress - True Strain Response
With: Young’s modulus = 210481 MPa (30.0 X 10° psi)

Poisson’s ratio = 0.3
(in Figure 3)
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Table 1 Concrete Material Properties

Property Value

Young’s Modulus 27000 MPa (3900 ksi)
Poisson’s Ratio 0.18

Compressive Strength 47.3 MPa (6860 psi)
Biaxial Compressive Strength  54.4 MPa (7890 psi)
Tensile Strength 3.45 MPa (500 psi)
Fracture Energy, Gy 54.6 N/m (0.31 1bf/in)

Uniaxial Compressive Strethh =47.3 MPa

.............

Strain (%)

Figure 4. Concrete Uniaxial Compressive Stress - Strain Response
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The true stress - true strain for the prestressing tendons is depicted in Figure 5 and is based on a
best fit of the supplied data from SNL. Note that the test data is given in engineering stress-
strain and the input for TEMP-STRESS requires true stress - true strain data.

2000 - ---- - ------------
. " —M-_
T Z
1500f ---------f--- S I A I,
& --- - Specimen 6
3 : —--— Specimen 3
2 1000} --- - - e —-— Specimen2 = }.....|
- Y 2 [ Specimen 1
0 6——o0 True Stress - Strain Input
500 -4 --------- I IR e
0] ‘ . _
0 1 2 3 4

Strain (%)

Figure 5. Prestressing Tendon True Stress - True Strain Response

With: Young’s modulus = 206120 MPa (29.9 X 10° psi)
Poisson’s ratio = 0.3
(in Figure 5)
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The true-stress - true-strain for the liner plate is shown in Figure 6 and is based on a best fit of
the data supplied by SNL[11], the test data is given in terms of engineering stress - strain. The
failure strain and failure stress for the liner is shown in Figure 7, with the TEMP-STRESS input
listed as true stress - true stain.

800
600f--------- e I St R
«©
o
=3
7)) 400 I o
(/2]
=
773 _ )
+———+ LPX-3 Test Sample
: &——A |LPX-2 Test Sample
200 --------------.....| =—m LPX-1TestSample | .......]
' . Z ®——o LPY-3 Test Sample
v——=% LPY-2 Test Sample
B——=& LPY-1 Test Sample
6——© True Stress - Strain Input
o . . . .
0 1 2 3 4 5 6

Strain (%)

Figure 6. Liner Stress - Strain Response for Low Strain

With: Young’s modulus = 240875 MPa (34.9 X 10° psi)
Poisson’s ratio = 0.3
(in Figure 6)
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Figure 7. Liner Stress - Strain Response up to Failure
FAILURE MODELS

Both structural and local failure modes are addressed in the analysis. The structural failure
modes are element failures that arise from exceeding the allowable strain from the uniaxial
stress-strain response input. This includes rebar couplers, prestressing cables and liner plates.
Structural failure of rebar couplers and prestressing cables are based on uniaxial tension strain
exceeding the failure strain. Structural failure of the liner plates is considered as a local failure
mode and is described below.

The local failure modes are difficuit to obtain with an axisymmetric model due to the level of
analysis sophistication, unknown as-built conditions, material conditions and triaxial stress
effects on the uniaxial failure strain. The local failure mode investigated in this pretest analysis
was liner tearing. The liner will most likely fail before a structural failure will occur. This will
occur due to the welding of liner plates, thicken liner sections and liner studs that attach the liner
to the concrete. Reference [9] addresses this type of failure and the procedure to predict the
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failure strain. The failure mode associated with plastic failure arises from the global primary
plastic strains. These global strains produce gross structural distortions or peak plastic strains that
do not produce significant distortions. The proposed failure criterion in Ref. [9] is expressed as:

g <= (5)

Where:
€.= Maximum calculated equivalent strain

£, = Maximum uniform strain from uniaxial stress-strain data
K=K;K;Kj: Combined knockdown factor

Ki:  Knockdown factor for analysis sophistication

Ks: Knockdowﬁ factor for as-built configuration

Ks: Knockdown factor for material considerations

Fr:  Traxial ductility reduction factor

The ductility reduction in the material, which is a decrease in the failure strain level, due to

multiaxial loading effects is addressed by using the triaxiality factor approach. The triaxiality
factor is expressed as:

Fo= ~/2(c;l +0,+0;)
r =
\/(0'1 "0'2)2 +(°'2 "0'3)2 +(03 —Gl)z

Where:

(6)

o, = Principal stresses (i =1, 2, 3)

Typical values for the above knockdown factors are as follows.

The K, knockdown factor was developed to account for the level of sophistication of the finite
element model. A finite element model review that identifies the detail and completeness of the
geometry, element refinement, boundary conditions and assumptions made or implied by the
model. Any differences between the finite element model and the actual structure are quantified
and related to the calculated strain, are used to determine the value of K;. The range of K; varies
from 1 to 5; this range is based on the refinement of the finite element model and how well it




addresses global strains as well as strain gradients and concentrations due to structural
discontinuities. The upper limit of 5 is based on ASME code criteria (Section IIl and VIII)
which states that 5 is the largest concentration factor to be used for any configuration designed
and fabricated.

The K; knockdown factor was developed to account for as-built configurations and is based on
the difference between the structural information available to the analyst and the actual
construction configuration. Typical values range from 1 to 1.25, which is based on the
parameters of construction materials, weld quality, fabrication tolerances, post weld heat
treatment, fabrication residual stresses and details, and plate thickness or bar areas.

The K3 knockdown factor was developed to account for material degradation and is based upon
the effect of material property degradation on the strain at failure and the structural loading of the
component. Typical values range from 0.85 to 1.15, which is based on the parameters of
corrosion, pitting, cracking, aging, etc. A factor of 1.0 would represent a mean value of material
properties.

The Fr reduction factor was developed to account for multiaxial strain effect on the strain level
at failure. Manjoine [10] determined empirically that the maximum principal strain at failure
under a multiaxial load can be approximated as the maximum principal strain at failure under a
uniaxial load divided by the triaxiality factor. Reference [9] modified Eq. (6) to ensure a
reasonable limiting value based on Manjoine use of the minimum strain limit, and is given by:

F, = MAX [Fr;zl_}ﬁ'- ;l} Q)

RESPONSE OF MODE]L TO PRESSURIZATION

The axisymmetric finite element model was first prestressed by using 10 load increments, to
avoid any damage (cracking and steel yielding) to the PCCV numerical model. Afterwards, the
numerical model was pressurized in steps of 0.5 psi (3447.4 Pa) to obtain the vessel response. At
each load step described above, static equilibrium was assured by a force balance described in
Eq. 3 and a displacement change limit described in Eq. 4. Additionally, an energy balance check
(i.e., internal strain energy balance with external work of the applied forces) was done to ensure
static equilibrium was obtained. Since the numerical model is axisymmetric, only the response
of the PCCYV in the free field can be determined; three-dimensional models are needed to capture
the effects around penetrations. Two analyses were completed with the finite element model.
The first analysis used a nominal prestress load and the second analysis used a lowered hoop
prestress load.

Analysis 1: No Prestress Loss

The analysis assumes that no prestress loss was present in the model at the free field location, i.e.
friction loss was neglected and the full prestressing as given in the design drawing specification



was applied. The pressure history plots at the standard plot locations are given in Figures 8
through 17 for the free field response (i.e. azimuth angle of 135 degrees in the PCCV model).

The radial displacements for standard output locations 2, 3, 4, 5, 6, 7 and 9 are shown in Figure

8.

Location 2 is at:
Location 3 is at:
Location 4 is at:
Location 5 is at:
Location 6 is at:
Location 7 is at:
Location 9 is at:

025m
143 m
2.63m
4.68 m
6.20 m

base of cylinder

base of cylinder

base of cylinder

E/H elevation
Midheight of cylinder

10.75m springline
14.55m dome at 45°
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Figure 8. Radial Displacements versus Internal Pressure at Standard Output Locations

The results in Fig. 8 indicate the maximum radial displacement occurs at midheight of the
cylinder and reduce substantially near the basemat-wall juncture.



The vertical displacements for standard output locations 1, 8, 10 and 11 are shown in Figure 9.

Location 1 is at: 0.0m top of the basemat
Location 8 is at: 10.75 m springline
Location 10 is at: 14.55m dome at 45°
Location 11 is at: 16.13 m dome apex
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Figure 9. Vertical Displacement versus Internal Pressure at Standard Output Locations

The vertical displacements are much smaller than the radial displacements presented in Fig. 8.
Location 1 is zero, because of the modeling assumption of the basemat-wall juncture, in which a
fixed condition (i.e. no translations of rotations) was prescribed. Location 10 and 11 indicate the
dome will move upward as the pressure is increased, but will begin to move downward around
1.0 MPa (145.0 psig) of internal pressure.



The rebar meridional strains for standard output locations 16, 17, 18, 19, 20 and 21 are shown in
Figure 10.

Location 16 is at: 0.05m base of cylinder (inner layer)
Location 17 is at: 0.05m base of cylinder (outer layer)
Location 18 is at: 025m base of cylinder (inner layer)
Location 19 is at: 0.25m base of cylinder (outer layer)
Location 20 is at: 143 m base of cylinder (inner layer)
Location 21 is at: 143 m base of cylinder (outer layer)
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Figure 10. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

Locations 16, 17, 18 and 19 are near the basemat-wall juncture where a large moment will occur
during vessel pressurization. Thus, the inner layer of rebars (location 16 and 18) will be in
tension and the outer layers (location 17 and 19, except near the failure pressure for location 19)
are in compression. Since the concrete will crack from the tension stresses, the rebar strains in
tension will be greater than the compression rebar strains, because the concrete can develop
significant compressive stresses. As the distance is increased from the basemat-wall juncture,
the meridional rebar strain decrease.



The rebar hoop strains for standard output locations 22, 24 and 27 are shown in Figure 11.

Location 22 is at: 6.20m midheight of cylinder (outer layer)

Location 24 is at: 10.75 m springline (outer layer)

Location 27 is at: 14.55m dome at 45° (outer layer)
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Figure 11. Rebar Hoop Strains versus Internal Pressure at Standard Output Locations

As indicated in Fig. 8, the largest radial displacements occur near the midheight of the vessel;

thus, the maximum hoop strain will be at location 22. The other locations (24 and 27) have
lower hoop rebar strains.



The rebar meridional strains for standard output locations 23, 25, 26, 28 and 29 are shown in

Figure 12.

Location 23 is at:
Location 25 is at:
Location 26 is at:
Location 28 is at:
Location 29 is at:
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10.75m
14.55m
1455 m
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springline (inner layer)
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Figure 12. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

Location 23 is the largest rebar meridional strain from Figs. 10 and 12. However, the strain is
not close to the failure strain (i.e. rebar coupler failure) of 6.9% strain, as shown in Fig. 3.



The liner meridional strains for standard output locations 36, 38, 40 and 42 are shown in Figure
13.

Location 35 is at: 0.0l m base of cylinder (outside)
Location 36 is at: 0.25m base of cylinder (inside)
Location 38 is at: 6.20 m midheight of cylinder (inside)

Location 40 is at: 10.75 m springline (inside)
Location 42 is at: 16.13m dome apex (inside)
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Figure 13. Liner Meridional Strains versus Internal Pressure at Standard Output Locations

Location 35 and 36 indicate the maximum liner meridional strain occurs near the basemat-wall
juncture. However, these strains are smaller than the liner hoop strains presented in Fig. 14.



The liner hoop strains for standard output locations 37, 39 and 41 are shown in Figure 14.

Location 37 is at; 0.25m
Location 39 is at: 6.20 m
Location 41 is at: 10.75m

base of cylinder (inside)
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springline (inside)
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Figure 14. Liner Hoop Strains versus Internal Pressure at Standard Output Locations

The maximum liner hoop strain is at the midheight of the cylinder, the other hoop strains
decrease towards the springline and the basemat-wall juncture.
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The hairpin (meridional) tendon strains for standard output locations 48 and 49 are shown in
Figure 15.

Location 48 is at: 15.60 m tendon apex
Location 49 is at: 10.75 m tendon springline
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Figure 15. Hairpin Tendon Strains versus Internal Pressure at Standard Output Locations

There is a reduction of approximately 4% in strain for the hairpin tendon as indicated in Fig.15.
Even though no friction was used in the computational model, a reduction in the hairpin tendon
was observed.



The hoop tendon strains for standard output locations 52 and 53 are shown in Figure 16.

Location 52 is at: 6.58 m tendon near midheight of cylinder at buttress
Location 53 is at: 457 m tendon between E/H and A/L
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Figure 16. Hoop Tendon Strains versus Internal Pressure at Standard Output Locations

The tendon strains shown above, indicate that structural failure (i.e. hoop tendon reaching its
ultimate strain of 3.25%) will occur near the midheight of the vessel.



The hairpin (meridional) tendon force for standard output location 54 is shown in Figure 17.

Location 54 is at: 0.0 m tendon gallery
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Figure 17. Hairpin Tendon Force versus Internal Pressure at the Standard Output Location
The results above indicate the tendon force will increase as the internal pressure is raised. As the

failure pressure of the model is reached, the force increase accelerates, but is below the failure
force, which is approximately 582.0 kN.

C-24



The displacements and strains depicted in Figs. 8 — 16 include the initial deflection/strain from
the prestressing of the PCCV. This is why at zero pressure, a displacement or strain is present in
some of the pressure history responses.

The effect of pressuring the vessel leads to the following events: Gage Pressure

(MPa) (psig)
First cracking of concrete in the cylinder due to hoop stresses: 0.86 124.5
First cracking of concrete in the cylinder due to meridional stress: 0.75 109.5
First yielding of hoop rebar in cylinder: 1.25 182.0
First yielding of meridional rebar in wall basemat juncture: 1.45 210.0
First cracking of dome concrete above 45° dome angle: - 1.18 171.0
First cracking of dome concrete below 45° dome angle: 0.88 127.0
Hoop tendons in cylinder reaching 1 % strain (at mid cylinder):  1.37 199.0
Hoop tendons in cylinder reaching 2 % strain (at mid cylinder):  1.54 2230
Hoop tendons in cylinder reaching 3 % strain (at mid cylinder):  1.61 2335

Analysis 2: Prestress Loss

The analysis assumes that a prestress loss was present in the model in a free field location. A
value of 30% reduction was estimated for the average hoop tendon load in the free field location
of the containment vessel. The estimate was determined by the friction loss and set loss given in
Ref. [11], Appendix II, Ancillary Test Reports, “Tendon Friction Coefficient and Set Loss
Verification Test”, JPN-18-T4. The estimate was based on the loss due to friction from the angle
change (99% of loss) and the loss due to tendon length friction. At a location of 90° from the
buttress, the tendon force is 71% of the applied tendon force at the buttress. Note, only the hoop

tendon in the finite element model were reduced by 30%, the hairpin (meridional) tendon forces
were not reduced.

The pressure history plots of the analysis (i.e. Analysis 2: Prestress Loss) are given in Figures 18
through 33 at the standard plot locations for the free field response (i.e. azimuth angle of 135
degrees in the PCCV model). Additionally, these plots compare the prestress loss results to the
results obtained from the first analysis (i.e. Analysis 1: No Prestress Loss).




The radial displacements for standard output locations 2, 3 and 9 are shown in Figure 18 for the
analysis of a prestress loss and no prestress loss.

Location 2 is at: 0.25m base of cylinder
Location 3 is at: 143 m base of cylinder
Location 9 is at: 14.55m dome at 45°
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Figure 18. Radial Displacements versus Internal Pressure at Standard Output Locations
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The radial displacements for standard output locations 4 and 5 are shown in Figure 19 for the
analysis of a prestress loss and no prestress loss.

Location 4 is at: 2.63m base of cylinder
Location § is at: 4.68 m E/H elevation
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Figure 19. Radial Displacements versus Internal Pressure at Standard Output Locations




The radial displacements for standard output locations 6 and 7 are shown in Figure 20 for the
analysis of a prestress loss and no prestress loss.

Location 6 is at: 6.20 m Midheight of cylinder
Location 7 is at: 10.75m springline
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Figure 20. Radial Displacements versus Internal Pressure at Standard Output Locations

The radial displacements given in Figures 18 — 20 indicate a prestress loss will cause the
nonlinear response to occur at a lower pressure. Thus, the results are shifted to the left by
approximately 0.1 to 0.15 MPa when compared to the analysis of no prestress loss, depending on
the Jocation.



The vertical displacements for standard output locations 8, 10 and 11 are shown in Figure 21 for
the analysis of a prestress loss and no prestress loss.

Location 8 is at: 10.75 m springline

Location 10isat:  14.55m dome at 45°

Location 11 is at: 16.13 m dome apex
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Figure 21. Vertical Displacement versus Internal Pressure at Standard Output Locations

The vertical displacement for Location 1, at elevation 0.00 m, was not provided in the above plot
due to a zero displacement. This occurs because the finite element model assumes the basemat-
wall juncture is infinitely rigid, i.e. fixed support boundary condition. The effect of the prestress
loss on the vertical displacements is smaller when compared to the radial displacements
responses in Figures 18 — 20.
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The rebar meridional strains for standard output locations 16 and 17 are shown in Figure 22 for
the analysis of a prestress loss and no prestress loss.

Location 16 is at: 0.05m base of cylinder (inner layer)

Location 17 is at: 0.05m base of cylinder (outer layer)
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Figure 22. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

The prestress loss effect at location 16 (tension rebar response) is more significant when
compared to the compression rebar response at location 17.



The rebar meridional strains for standard output locations 18 and 19 are shown in Figure 23 for
the analysis of a prestress loss and no prestress loss.

Location 18 is at: 0.25m base of cylinder (inner layer)
Location 19 is at: 0.25m base of cylinder (outer layer)
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Figure 23. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

The prestress loss effect is similar to Figure 22 for the tension rebar at location 18.



The rebar meridional strains for standard output locations 20 and 21 are shown in Figure 24 for
the analysis of a prestress loss and no prestress loss.

Location 20 is at: 143 m base of cylinder (inner layer)
Location 21 is at: 143 m base of cylinder (outer layer)
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Figure 24. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

The rebar strains are small (below yield) when compared to the other meridional rebar strain in
Figures 22 and 23. The effect of the prestress loss is not significant at these locations.



The rebar hoop strains for standard output locations 22, 24 and 27 are shown in Figure 25 for the
analysis of a prestress loss and no prestress loss.

Location 22 is at: 6.20 m midheight of cylinder (outer layer)

Location 24 is at: 10.75 m springline (outer layer)

Location 27 is at: 1455 m dome at 45° (outer layer)
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Figure 25. Rebar Hoop Strains versus Internal Pressure at Standard Output Locations

The effect of the prestress loss is more significant in the cylinder locations when compared to the

dome location. The same effect can be observed in the radial displacement plots in Figures 18 ~
20.



The rebar meridional strains for standard output locations 25 and 26 are shown in Figure 26 for
the analysis of a prestress loss and no prestress loss.

Location 25 is at: 1075 m springline (inner layer)
Location 26 is at: 10.75 m springline (outer layer)
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Figure 26. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

The effect of the prestress loss at thesse locations is minor, because of the small rebar meridional
strains (below yield) at the springline.



The rebar meridional strains for standard output locations 23, 28 and 29 are shown in Figure 27
for the analysis of a prestress loss and no prestress loss.

Location 23 is at: 6.20 m midheight of cylinder (outer layer)
Location 28 is at: 14.55m dome at 45° (inner layer)
Location 29 is at: 1455 m dome at 45° (outer layer)
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Figure 27. Rebar Meridional Strains versus Internal Pressure at Standard Output Locations

The effect of the prestress loss is hardly noticeable at these locations for the meridional rebar
strains.



The liner meridional strains for standard output locations 36 and 38 are shown in Figure 28 for
the analysis of a prestress loss and no prestress loss.

Location 36 is at: 0.25m base of cylinder (inside)
Location 38 is at: 6.20 m midheight of cylinder (inside)
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Figure 28. Liner Meridional Strains versus Internal Pressure at Standard Output Locations
The effect of prestress loss, given above, is similar to the prestress loss effect on the rebar

meridional strains, as depicted in Figures 22 and 27. The prestress loss reduces the pressure by
0.1 MPa for the nonlinear response at location 36, but had no effect at location 38.



The liner meridional strains for standard output locations 40 and 42 are shown in Figure 29 for
the analysis of a prestress loss and no prestress loss.

Location 40 is at: 10.75m springline (inside)
Location 42 is at: 16.13 m dome apex (inside)
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Figure 29. Liner Meridional Strains versus Internal Pressure at Standard Output Locations

The effect of the prestress loss is very small for liner strain at and above the springline in the
dome.



The liner hoop strains for standard output locations 37, 39 and 41 are shown in Figure 30 for the
analysis of a prestress loss and no prestress loss.

Location 37 is at: 0.25m base of cylinder (inside)

Location 39 is at: 6.20 m midheight of cylinder (inside)

Location 41 is at: 10.75 m springline (inside)
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Figure 30. Liner Hoop Strains versus Internal Pressure at Standard Output Locations

The effect of the prestress loss, given above, is similar to the radial displacement responses given
in Figures 18 — 20. The nonlinear response occurs at a lower pressure, by approximately 0.1 to
0.15 MPa when the prestress loss is accounted for.



The hairpin (meridional) tendon strains for standard output locations 48 and 49 are shown in
Figure 31 for the analysis of a prestress loss and no prestress loss.

Location 48 is at: 15.60 m tendon apex
Location 49 is at: 10.75 m tendon springline
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Figure 31. Hairpin Tendon Strains versus Internal Pressure at Standard Output Locations

The effect of the hoop prestress loss has little or no effect on the meridional (hairpin) tendon
response.




The hoop tendon strains for standard output locations 52 and 53 are shown in Figure 32 for the
analysis of a prestress loss and no prestress loss.

Location 52 is at: 6.58 m tendon near midheight of cylinder at buttress
Location 53 is at: 457 m tendon between E/H and A/L
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Figure 32. Hoop Tendon Strains versus Internal Pressure at Standard Output Locations

The hoop prestress loss is evident by the vertical shift downwards at zero pressure loading (i.e.
30% reduction), but the response is very similar to the results of Analysis 1 (no prestress loss).
At internal pressures above 1.0 MPa, the results for the two analyses are virtually the same.
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The hairpin (meridional) tendon force for standard output location 54 is shown in Figure 33 for
the analysis of a prestress loss and no prestress loss.

Location 54 is at: 0.0m tendon gallery
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Figure 33. Hairpin Tendon Force versus Internal Pressure at the Standard Output Location

The effect of the prestress loss has little or no effect on the meridional (hairpin) tendons. Similar
results were presented in Figure 31 for the hairpin tension strains.
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The displacements and strains depicted in Figs. 18 — 33 include the initial deflection/strain from
the prestressing of the PCCV. This is why at zero pressure, a displacement or strain is present in
some of the pressure history responses.

The effect of pressuring the vessel leads to the following events: Gage Pressure

(MPa) (psig)
First cracking of concrete in the cylinder due to hoop stresses: 0.68 98.5
First cracking of concrete in the cylinder due to meridional stress: 0.64 93.5
First yielding of hoop rebar in cylinder: 1.07 155.5
First yielding of meridional rebar in wall basemat juncture: 1.35 195.5
First cracking of dome concrete above 45° dome angle: 1.09 157.5
First cracking of dome concrete below 45° dome angle: 0.70 102.0
Hoop tendons in cylinder reaching 1 % strain (at mid cylinder):  1.37 198.5
Hoop tendons in cylinder reaching 2 % strain (at mid cylinder):  1.53 2225
Hoop tendons in cylinder reaching 3 % strain (at mid cylinder):  1.61 2330

The above results are compared with the Analysis 1, in which the full prestressing was applied.

Pressure Difference
[Analysis 1 — Analysis 2]

(MPa) (psig)
First cracking of concrete in the cylinder due to hoop stresses: 0.18 26.5
First cracking of concrete in the cylinder due to meridional stress: 0.11 16.0
First yielding of hoop rebar in cylinder: 0.18 26.5
First yielding of meridional rebar in wall basemat juncture: 0.10 14.5
First cracking of dome concrete above 45° dome angle: 0.09 15.5
First cracking of dome concrete below 45° dome angle: 0.17 25.0
Hoop tendons in cylinder reaching 1 % strain (at mid cylinder):  0.00 0.5
Hoop tendons in cylinder reaching 2 % strain (at mid cylinder):  0.00 0.5
Hoop tendons in cylinder reaching 3 % strain (at mid cylinder):  0.00 0.5

Thus, the hoop prestress loss lowers the onset of concrete cracking, yielding of rebar, and
yileding of the liner by approximately 0.1 to 0.2 MPa of internal pressure in the PCCV model.
Additionally, the hoop prestress tendon loss does cause the nonlinear response of the radial
displacements and hoop strains (rebar and liner) to occur at a lower pressure, by approximately
0.1 to 0.15 MPa. However, the hoop prestress loss has little or no effect on the hoop and hairpin
tendon response to internal pressure.

FAILURE PRESSURE OF MODEL

Two failure mechanisms were determined for each analysis case, 1 and 2. The first is a
structural failure, in which a hoop tendon will fail due to reaching its ultimate strain in tension.
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Several failure modes were investigated during the analysis, such as hoop rebar coupler failure,
meridional coupler failure, hoop tendon failure and hairpin tendon failure. The most plausible
structural failure was hoop tendon failure near midheight of the vessel cylinder.

The second failure mechanism is a local failure of the liner at approximately midheight of the
vessel cylinder, where liner strain concentrations will occur due to the penetrations (i.e.
equipment hatch, air lock, other ports, etc,) thickened liner plates, weldments, and liner stud

interant Tha 1 1 £ail 3 1
interactions. The local failure pressure predicted was lower than the structural failure pressure.

Structural failure was determined in each of the analysis cases. The failure was the same mode
and approximately the same location for each analysis case, which was hoop tendon failure at a
location, which is slightly above the midheight of the cylinder. Figure 34 depicts the displaced
shape of the vessel just prior to failure in analysis case 1, i.e. last load step at which static

equilibrium is maintained. Figure 35 is the displaced shape of the vessel just prior to failure in
analysis case 2.

[)
)

X Hoop Tendon

. . Failure Location
Liner Failure

Location

P Y etk do et

Figure 34. Vessel Displacements at Impending Failure Pressure for Analysis 1.
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Figure 35. Vessel Displacements at Impending Failure Pressure for Analysis 2.
The main difference between the results of Figure 34 and 35 is the location of the hoop tendon

failure. Figure 36 shows the pressure history of the hoop tendon that fails for the two analyses
and Table 2 summarizes the results.
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Figure 36. Maximum Hoop Tendon Strain versus Internal Pressure near Cylinder Mid-Height

Table 2. Structural Failure of Hoop Tendon near Cylinder Mid-Height

Analysis Case  Prestress Loss  Elevation of Tendon  Failure Pressure
1 No 7.1m (277.8 in.) 1.624 MPa (235.5 psi)
2 Yes 6.4 m (251.3 in.) 1.620 MPa (235.0 psi)

The effect of prestress loss for the prediction of this structural failure has little or no
consequences on the failure pressures, and a slight effect on the location of failure (0.7 m lower
when prestress loss is present).

C-45



The liner of the vessel was determined to have a local failure due to the global strains provided in
the axisymmetric analyses. The local failure mechanism is described in Eq. 5, in which a
reduced failure strain is estimated. The location of the liner was approximately mid-height of the
vessel cylinder at an elevation of 6.4m. The knockdown factor was calculated with the following
individual factors:

K;=5.0, for the analysis sophistication

K;=1.25, for the as-built condition

Ks=1.74, for the liner material condition, i.e. weld joint strength
Fr=1.8, for the triaxial ductility reduction

The analysis sophistication was chosen to be 5, which is the maximum recommended value,
because only global strains can be obtained from the axisymmetric model utilized. Strains that
are produced from liner studs, weldments, and thickened liner plates can not be modeled. The
as-built factor of 1.25 is a conservative estimate. The welded joint strength given in the data
provided by SNL indicates a failure strain of 19% with a liner failure strain of 33%, thus K3 =
33%/19% = 1.74. The biaxial state of stress in the liner elements were proportioned by a factor
of 1.77 for internal pressures of 1.51 MPa (219 psi) to 1.54 MPa (223 psi), i.e. meridional stress /
hoop stress = 1.87, and results in Fr = 1.8.

Thus, the total knockdown factor KFr = K; K3 K3 Fr = 19.6, which gives a reduced failure strain
of 1.69% for a liner material failure strain of 33% (Figure 7 depicts the failure strain). With a
yield strain of 0.16% in the liner, this would result in a effective plastic failure strain of 1.53%,
as shown in Figure 37. The effective plastic strain is based on a uniaxial stress-strain response
for a multi-axial state of stress. The results of the local failure analyses are summarized in Table
3, with both load cases indicating local liner failure at an elevation of 6.38m. The reduced
prestress load has a minimal effect (1.8% reduction) on the estimated failure pressure. The
estimated global failure strain of 1.69% is in a agreement with past concrete containment vessel
experiments, i.e. 1/6 scale reinforced concrete containment vessel test at SNL. Ref. [6] provides
similar global strains (average axisymmetric global strains of 1.73% in the free field for local
liner failure at vessel cylinder mid-height) to the estimated failure strain calculated above.
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Figure 37. Maximum Liner Effective Plastic Strain versus Internal Pressure
at an Elevation of 6.38m

Table 3. Local Liner Failure at Cylinder Mid-Height, Elevation 6.38m

Analysis Case  Prestress Loss  Failure Pressure
1 No 1.54 MPa (223 psi)
2 Yes 1.51 MPa (219 psi)

SUMMARY

Two analyses were performed using an axisymmetric model of the PCCV scaled test. The first
analysis used the full hoop tendon force and the second analysis use a reduced hoop tendon
force. The reduced tendon force was an approximation of what the actual free field of the vessel
model will experience, in regards to the hoop tendons. The reduced tendon force resulted in an
earlier onset of concrete cracking, yielding of rebar and yielding of the liner. The difference in
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internal pressure was about 0.1 MPa to 0.2 MPa for cracking and yielding to occur. However,
the predicted failures did not decrease significantly with a prestress loss, approximately 1.8%
maximum reduction. There was no change in the internal pressure to cause yielding of the
tendons, when the two analyses are compared.

Two failure modes were investigated, structural failure and local liner failure. The structural
failure predicted is a hoop tendon failing, which in turn will cause the liner to rip and allow the
internal pressure to escape through the cracked concrete vessel wall. The local liner failure
occurs at a lower pressure and will also allow the internal pressure to escape through the cracked
concrete vessel wall. Both failures occur at a location near the mid-height of the vessel cylinder
with an elevation of between 6.4m to 7.1m. Note that the liner and hoop strains in the vessel
cylinder from an elevation of 5.5m to 7.5m are almost constant, thus the failures could occur in
this elevation range.

The displacements, strains and forces provided to SNL for inclusion in the composite plots (i.e.
comparisons with the other round robin participants) were based on the results obtained in
Analysis 2, which had the hoop prestressing loss. These results would be more representative of
the displacements and strains of the actual PCCV model in the free field response, where a
prestress loss will exist.

In summary:

Local liner failure is estimated at 1.51 MPa (219 psi) internal pressure near the mid-
height of the vessel cylinder, where local liner strain concentrations are present.

Structural failure of hoop tendons estimated at 1.62 MPa (235 psi) internal pressure near
the mid-height of the vessel cylinder.

Best estimate of static failure pressure is 1.51 MPa (219 psi) near the mid-height of the
vessel cylinder, due to a local liner failure that results from a liner strain concentration.
This pressure is approximately 3.8 times the design pressure.

Minimum pressure reachable with a 90% confidence level (i.e. PCCV will most likely
reach this pressure): 1.36 MPa (197 psi) based on an estimate of 90% certainty for the
lowest failure pressure predicted.

Maximum pressure reachable with a 90% confidence level (i.e. PCCV will never reach

this pressure): 1.62 MPa (235 psi).
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that

“participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

In Appendix D, “CEA, Commissariat a 1’Energie Atomique, France,” discontinuity arises from
omitting the following material:

Table 1
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1. INTRODUCTION

This report presents the model used by CEA/DMT/LM2S for the predictive calculation of the
1 : 4 scale model of a prestressed concrete containment vessel (PCCV) for pressurized water
reactors, in the framework of an international round robin exercise, organized by the Sandia
National Laboratories (USA). The aim of these calculations is to predict the failure loading as
well as the failure mode of the PCCV model, when subjected to an increasing intemal pressure,
beyond design pressure. Such exercises have been already carried out in the past on reinforced
concrete containment vessels {1]. The originality here is the fact that the containment is
prestressed and therefore one might expect some catastrophic structural failure before a
significant leakage of the containment.

The main dimensions of the PCCV are shown on figure 1, and the layout of the prestressing
cables as installed, at the date of October 1998 is shown on figure 2. From these two figures, it is
clear that the model is definitely not axisymmetric. As far as geometrical features are concerned,
it can be observed on figure 1 that the 135° azimuth, which is located furthest from the various
penetrations, may be chosen as representative for an axisymmetric model, even though the
overall deformation of the containment will not show an axisymmetric shape, in particular
because of the equipment hatch. In fact, as summarized in table 1, many results required from
the pretest analysis are concerning azimuth 135°. An axisymmetric modelisation of the
prestressing cables is more problematic because of the cables arrangement in the dome. In fact, a
most straightforward approach is to describe the prestressing cables as they are, leading thus to a
three dimensional model of the containment, or a part of it, by means of solid or even shell
elements.

The main difficulty of such an approach lies in the preparation of the geometrical model which
leads to a very important time and amount of data, more than in the modeling choices.
Moreover, the computer resources needed are also very important, in terms of CPU time as well
as storage d#cs. Therefore, because of our limited resources in terms of manpower and

computer, we have decided to restrict ourselves to an axisymmetric analysis even though it leads
to two major difficulties : '

= the results can not be provided as required at the 55 standard output locations but only at 34
locations (corresponding to azimuth 135° on table 1),

= some approximations must be done in the modeling of the prestressing cables in the dome,
leading thus to an approximate state of stresses and strains in that part of the structure.

The following parts of this report describe the finite element model, the material data as well as
the boundary conditions as used in the computation, and the main results obtained.



2. FINITE ELEMENT MODEL AND BOUNDARY CONDITIONS

In order to have a systematic description, as much as possible in the framework of an
axisymmetric model, of the various rebars and cables, we have represented the various steel
components leading thus to the mesh of the concrete, in particular in the basemat. The elements
used for the concrete are linear quadrilateral elements. The elements used for the liner as well as
the longitudinal rebars and prestressing cables, are two node shell elements, and the elements
used for hoop rebars and prestressing cables are 1 node circular elements.

In the upper half to the dome, the non axisymmetric prestressing cables have been modeled by
means of an equivalent shell. The same applies to the orthogonal non axisymmetric rebars in the
basemat. Figures 3 to 6 show the various meshes of the concrete, longitudinal and hoop rebars,
and prestressing tendons in the containment. The total number of elements is as follows:
2604 elements for the concrete, 1521 elements for the longitudinal rebars, 471 elements for the
hoop rebars, 305 elements for the prestressing tendons and 204 elements for the liner.

In the calculation, the rebars nodes are tied to the concrete ones. Concerning the prestressing
tendons, they are first considered as unbounded, during the prestressing phases and then tied to
the concrete nodes. This means that under the internal pressure loading, there will be no possible
sliding movement of the tendons with regards to the concrete. Of course, this is not
representative of reality, but we think that these relative movements will not be so important
during the pressure loading phase, compared to the prestressing phase. Concerning the boundary
conditions, the radial displacements are prevented on the axisymmetry axis, a zero vertical
movement is prescribed to the point below the basemat on this axis, while all the other vertical
displacements at the bottom of the basemat are subjected to unilateral constraints : they can
move upwards (authorizing thus an uplift movement of the basemat) but they cannot move
downwards.

The loading sequence of the containment has been decomposed into four phases :

a. Firstphasis . Calculation of the incomplete containment (see figure 7), without
prestressing, under dead weight.

b. Second phasis : Prestressing of the incomplete containment.

c¢. Thirdphasis : Calculation of the full containment, under dead weight of the added
portion.

d.  Fourthphasis : Calculation of the full containment under increasing internal pressure.

We have considered that the experimental results are being recorded during this fourth phasis,
and therefore, the end of the third phasis is considered as our initial state from which we supply
displacements and strains.



The calculations are performed using the finite element Code Castem 2000 (ref. [4]), which is a
general purpose object oriented F.E. Code. The non linear equilibrium equations are solved
using a classical modified Newton-Raphson technique. Various non linear material models are
available for concrete as well as steel.

Material modeling

a)

b)

Concrete

In this study, we have used for concrete the classical elastoplastic fracturing model
proposed by Ottosen in the literature. It is based on the smeared crack approach, in which
the discontinuity induced by cracking is accounted for by means of the material model at
each Gauss point within an element. As far as cracking is concered, up to three orthogonal
cracks may form at one point. The cracking criterion is 2 maximum principal stress
criterion. Once a crack is formed, the response of the concrete becomes anisotropic, and the
direction of the crack is memorized. The uniaxial stress-strain in the direction perpendicular
to a crack is as shown on figure 8.

Upon unloading, the material follows a path corresponding to a damaged modulus. When
the ultimate strain €, is reached then the concrete can not sustain a traction load any more
along this direction.

For the computation, in view of the uncertainties on the concrete properties, as measured
from the yard, we have considered some mean properties, with reference to field curing, as
follows :

- Young’s modulus : E.=27000 MPa
- Poisson’s ratio : v=0.18

- Compressive strength : f; = 44 MPa

- Traction strength . f, =345MPa

f _
sr=7-i—tc—=8.9410 3

Rebars

The rebars are modeled using an elastoplastic with isotropic hardening material model. The

uniaxial curves depicted on figures 9 to 13 have been used to identify the hardening
properties of the various kinds of rebars.
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The nominal sections of the rebars have been used as such or as data to calculate the
equivalent thicknesses of shell elements when needed. In all cases, the thickness is
calculated on the basis of an equivalence of quantity of steel.

The rebars sections used as input data are (in m?) :

SD 10=71.33 10°
SD 13 =126.7 10°®
SD 16 =198.6 10°
SD 19 = 286.5 10
SD 22 =387.110°

The corresponding Young’s modula are (in Pa) :

E,10=1.82 10"

E,13=1.83 10"
E,16=1.83 10"
E,19=1.84 10"
E,22=1.91 10"

The horizontal orthogonal rebars in the basemat are modeled by means of an equivalent
isotropic shell, with Poisson’s ratio equal to 0.3. The vertical rebars are modeled by means
of shells having unidirectional properties.

The hoop rebars, represented by one node circular element, by construction, have resistance
only along the hoop direction.

Liner

The liner is also modeled by means of an elatoplastic material model, with isotropic
hardening. Its thickness is 1.6 mm and its stress-strain relation follows D16 steel curve
(figure 11).

Prestressing tendons

As already mentioned, the longitudinal prestressing cables are modeled in the cylinder and
in the lower half of the dome by shell elements having unidirectional properties, and in the
upper half of the dome by an equivalent isotropic shell. For both, we used an elastoplastic

material model with isotropic hardening identified from the stress-strain curve displayed on
figure 14.
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The equivalent shell in the dome has a uniform thickness e = 4.18 mm and a Poisson’s ratio
set equal to 0. The basic data considered for the thicknesses and sections of prestressing
tendons is the section of a tendon, which has been taken as 339.3 mm>.

One important aspect is the prestressing phasis. As specified, the tendons are prestressed
from both ends, one after the other, and according to a well defined sequence. In our
axisymmetric calculation, we could not follow this sequence (which results in various stress
redistributions), and we applied the prestressing loads in one operation.

For this purpose, we performed separate additional calculation on full single tendons
(longitudinal and circular) in order to calculate the distributions of stresses along the
tendons due to the various losses (friction, set loss due to pull back).

Then, these stress distributions have been transferred to our axisymmetric model, without
modification for the longitudinal tendons and using mean value for the circular tendon
(Indeed, the circumferential variation of the stress is not compatible with our axisymmetry
hypothesis, and therefore we considered a mean value of 269 kN).

In the upper half of the dome, identical prestress was assumed in the two principal
directions of the equivalent shell.

3. RESULTS OF PRESSURE LOADING CALCULATION

The fourth phasis of the calculation consisted in applying an internal increasing pressure, with
steps of 0.1 MPa. The calculation was run up to 1.6 MPa. For 1.7 MPa, no equilibrium state
could be reached which means that our prediction of the limit pressure sustainable by the
containment is between 1.6 MPa and 1.7 MPa. This is confirmed by the analysis of some
displacements at some locations in the containment which show a rapid increase at 1.6 MPa, as

shown on figures 15 and 16, which present the radial and vertical displacements at some points
of the containment.

The first cracking of concrete, in the cylinder and in the hoop direction does occur for an internal
pressure of 0.7 MPa and it further develops in nearly all the cylinder between 0.7 MPa and 0.8
MPa, leading to the discontinuity of the radial displacement, visible on figure 15.

Figure 17 shows a plot of the iso hoop cracking strains in the concrete, for an internal pressure
of 0.8 MPa.

The first cracking of concrete in the cylinder in a meridional plane, does occur for an internal
pressure of 0.5 MPa. It is localized at the junction between the cylinder and the basemat. It does
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not evelve much until the pressure reaches 0.8 MPa. For this value, the cracks start also in the
dome, mostly below 45°. The figure 18 shows the state of the cracks in a meridional plane, for

p = 0.8 MPa. The repartition of the cracks in the dome is due to a bending deformation of the
dome.

Then for p = 0.9 MPa, the dome is entirely cracked, and some cracks also develop in the lower
part of the cylinder. The meridional cracking of concrete is nearly complete for p = 1 MPa.
Figure 19 shows the meridional crack pattern for p = 0.9 MPa, 1 MPa and finally 1.6 MPa. For
this last pressure level, the basemat portion located between the cylinder and the tendon
prestressing gallery is highly sheared, leading to inclined cracks. Moreover, at the junction
between the cylinder and the basemat, the concrete is cracked in two directions, leading to a sort
of plastic hinge.

The evolution of the maximum strain in cylinder tendons, versus pressure is shown on figure 20.
The 1 % value will be reached for a pressure level comprised between 1.6 MPa and 1.7 MPa.
Note that this figure is consistent with the evolution of the radial displacement versus pressure,
as already shown on figure 15.

4. CONCLUSION

We have performed a simplified axisymmetric analysis for the prediction of the limit load and
failure mode of the PCCV moke-up, for economy’s reasons. Of course, such a model is not fully
appropriate, since the real structure is not axisymmetric, because of geometrical features and
prestressing tendons lay-out. Therefore, the model necessarily implies additional hypothesis,
which may induce differences with regards to a prediction using a full three dimensional
analysis. This is particularly true for the non linear behavior of the dome. Another source of
discrepancy is the assumption of perfect bonding between the prestressing tendons and the
concrete, once the prestressing forces have been applied. This assumption may lead to an over
stiff behavior of the containment and therefore an overestimated limit load. However, we think
that our calculation should give a good first approximation of this limit load, which, according
to our calculation, should be comprised between 1.6 MPa and 1.7 MPa, the corresponding
failure mode being an excessive radial displacement at the mid height of the cylinder, leading to
a prestressing tendons rupture and probably to a tearing of the liner in this region.
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Fig. 3. Concrete mesh
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Fig. 5. Hoop rebars

-14-

D-15



tendons

ing

Prestressi

6

Fig.

D-16



Fig. 7. Portion of containment considered for prestressing phasis



Fig. 8. Uniaxial response of concrete under traction load
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

In Appendix E, “EDF, Electricité de France, France,” discontinuity arises from omitting the following
material:

standard output location data tables and associated plots
Appendix 3
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LIST OF MODIFICATIONS

REVISION DATE SUBJECT AND SOURCE

A 07/06/99 First issued

B 08/11/99 Compileted with hand calculations
which take into account the good
assumption : the tendons are
tensioned from both ends
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D




0. REFERENCE DOCUMENTS

» Documents :
{11 PCCV Round Robin Analysis — Design Package

[2] "Modelization of non-linear reinforced concrete in the ASTER computer code”
(see Appendix 1)

. Drawings :

[3} PCCV Round Robin Analysis — Design Package

List of Drawings

ol
m
<

DESCRIPTION
Model-General A B Rebar A

Basemat Tendon Gallery Access Tunncl RebarAn;ngm
Prestressing Teadon General Arrangement

NUMBER DATE
PCCV-QCON-0f 12720196
POCV-QOON{Z | 1220196
POCV-QOON-03 | 12/2096

POCV-QCON.04 | 127206 Cylinder Prestressing Tendon A
POCV-QCON-05 | 1272096 Cylinder Prestressing Tendon Amang

POCV-QCONOS | 1272096 Cylinder Prestressing Teadoo A

PCCV-QOON07 | 1272096 Prestressing Tendon Details (E/H) (Vertical Dome)
POCV-QCON-08 | 12720096 Prestressing Tendon Details (E/H) (HOOP)
PCCV-QCON-09 | 1222096 Prestressing Teadoa Details (A1)

PCCV-QCON-10 | 1272096 Prestressing Tendon Details /S F/W)

POCV-QCON-11 | 122096 Dome B ing Tendon A Prestressing System

Cylinder & Dome Rebar General Arrangement (1)
Cylinder & Dome Rebar General Armangement (2)

PCCV-QCON-12 | 1220096
POCV-QCON-13 | 1272096

POCV-QOON-14 | 1202096 Cylinder & Dome Rebar Details
PCCV-QCON-15 | 1212096 Buttress Rebar Denails

POCV-QOON-16 | 1222096 Opening Rebar Detils (E/H)

PCCV-QCON-17 | 122096 Opening Rebar Details (A/L)

PCCV-QOON-18 | 1272096 Penctration Rebar Details (/S F/W)

PCCV-QOON-19 | 127206 Crane Bracket Rebar Details Rebar Arrangement Standards
M1-ZCDI0OIA | 1272096 Liner General Armangement

MI-2CDHA | 1272096 Cylinder Liner Anchor Details

M1ZCDIOOSA | 1272006
MI-ZCDIOGTA | 122096
M1ZCD1008A | 122096
MI-ZCDI009A | 1220556
M1-ZCDIOOA | 1272096
MLZeDIotA | 127086
MLZCDI0I2A | 1272096
MULZCDIOBBA | 1272096
Mi1zcD1otea | 122006

Liner Plate Block Layout of Cylinder Portioa
Cylinder Liner Anchor Details #2-5 Blocks (0-90 Degrees)
Cylinder Liner Anchor Details #2-5 Blocks (90-270 Degrees)
Cylinder Liner Anchor Details #2-5 Blocks (270-360 Degrecs)
Cylinder Liner Anchos Details #2-5 Blocks (E/H)

Cylinder Liner Anchor Details #2-5 Blocks (A/L)

Cylinder Liner Anchor Details #2-5 Blocks (M/S)

Cylinder Liner Anchor Details #2-5 Blocks (F/W)

Cylinder Liner Anchor Details Pola Crane Bracket Details

~ O ™ 0O 0 0O O O N NINOOUWIN WIN m N m s m 6k b e oo sm me e b b N

ML-ZCDI10ISA 09/22/97 Liner Plate Block Layout of Dome
MI-ZCD1016A 122096 Stud Layoat of Dome
MI-ZCDI025A 041497 Base Liner Plate Detail
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s Regulations :

[4] BPEL 91 : French Technical rules for design and calculations relating to prestressed
concrete structures and building using the limit states method (July 92 issue)

o Computer code :

ASTER, non-linear finite element pfogram, developed by ELECTRICITE DE
FRANCE/Research and Development Division, NEW5 version
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SCOPE

This document deais with the analysis of the Prestressed Concrete Containment Vessel (PCCV)
model test.

The SANDIA Il model is currently under construction in the Sandia National Laboratories
(ALBUQUERQUE — New Mexico - USA}.

This model is a uniform 1:4 scale model representative of an existing pressurized water reactor
(PWR) prestressed concrete containment vessel in Japan. It will be pressure tested up to its
vitimate capacity.

The purpose of this document is to describe the modeling approaches, to provide the main basic
data chosen by EDF in order to conduct its axisymmetric pretest analysis and to present the
numerical results obtained.

Compared to the last version, this document is completed with a hand calculation which takes
into account the right assumption for the prestressing : the tendons are tensioned from both
ends.

The ASTER calculation have not been modified since the last version (they always take into
account the wrong assumption. which is that the tendons are tensioned only from one end).

The presentation and the results of the hand calculations are given in a specific chapter
(chapter 7).

The synthesis of the main results, especially the comparison between the hand calculations
(with the wrong and good assumption conceming the prestressing) and the ASTER analysis, are
given in the next chapter, called "Synthesis”.



21

SYNTHESIS

COMPARISON CURVES

We can compare the different following resuits :
« those obtained thanks to ASTER calculation at the node N620 (with the wrong assumption :
tendons are tensioned only from one end),

F,, . horizontal prestressing force in the cylinder
Fy = 1,544 MN/ml

Fy : vertical prestressing force in the cylinder
Fy = 1,479 MN/ml

« those obtained thanks to hand calcuiation at medium height of the cylinder (with the wrong
assumption),

« those obtained thanks to hand calculations at medium height of the cylinder (with the
good assumption : tendons are tensioned from both ends).
Fu=2.121 MN/mi
Fy = 1,949 MN/mi

The last results, which take into account the good assumption, can be compared to those
obtained for the location #6 and should be included into the composite plots already
presented for this location.
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2.2 SYNTHESIS TABLE
Wrong assumption : True assumption :
tendons are tensioned only from one end tendons are tensioned from both ends
{analytic results)
EVENTS P : PRESSURE LEVELS (") SOURCE || RATIOP/Pd {| P: PRESSURE LEVELS RATIO P/ Pd
(absolute values in Mpa) Pd = 0,39 Mpa| (absolute values in Mpa) }i Pd = 0,39 Mpa
1. First cracking of concrete in 0.47 i Aster calc. 1,2 0,59 1,5
cylinder due to hoop stresses H
[duse 1o flexion at the :
2. First cracking of concrete in |basemat juncture  [0,47 ; 0,50) ! Astercaic. || [1.2:13] >< ><
dinder due to meridi ing at medi |
stresses  weight of the [0.53 :0,86] i Astercarc. i} {1.4;22]} 1,10 2,8
tinder / '
first cracking through Crackmg I __‘
|
3. First yield of hoop rebar in 0.88 i Aster calc. 23 1,00 2,6
cylinder f _
]
' . :
4. First yield of meridional rebar 1,03 | Aster calc. 26 > > '
in wallbasemat juncture 1 !
T ———
5. First cracking of dome concrete 0.57 ! Aster calc. 1,5 > > |
above 45° dome angle B | o
L]
|
6. First cracking of dome concrete 0.48 v Aster caic. 12 > >
below 45° dome angle ! X
]
7. Hoop tendons in cylinder 1.34 I Aster calc 34 1,32 34
reaching 1% strain '
|
L}
8. Hoop tendons in cylinder 1.38 | Aster calc. 3.5 1,36 3,5
reaching 2% strain {
' .
9. Roop tendons in cylinder 1.41 ! Aster calc. 3.6 1,40 3,6 :
reaching 3%strain |
i
10. Best estimate of static failure 145 * Analytic calc. 3.7 1,42 3,6
pressure ! o
|
77. Minimum pressure reachable 127 Analytic calc. 33 1,25 3,2
with 90% confidence level N
vy - {
72. Maximum pressure reachable 1.65 | Anatytic calc. 42 1,61 41
+
with 90% confidence tevel |

() : Pressure levels are defined by interpretation of designs of cracking schemes and
isovalues of stresses : values chosen take into account a significant local appearance

of the event
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3. GEOMETRY
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Thickness of a typical section of the model
Typical horizontal cross-section of the model
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4.1

ASSUMPTIONS AND BOUNDARY CONDITIONS

CHOICE OF THE MODEL

The azimuth of 135° is considered to be the best location to describe the free-field behavior
of the model. Consequently, only 1:8 of the PCCV model is represented : a "slice” between
the 135° azimuth and the 180° azimuth. This specific choice allows restitution of all the
symmetries of the problem, such as the formwork, the rebars and the prestressing of the

dome.

» The limit conditions restore the axisymmetric behavior :

-D’(—_-o
dvy=0
D=0
Prsy =0
Dryz =0

Bx:DY |

E)K/x - - 3ﬂ/y
Rz =0




4.2

4.2.1

4.2.2

423

« In order to take into account the possible uplift of the basemat, we have performed a more
detailed study of this point.

It appears that boundary conditions on the basemat are not fully restrained since there is a
peripheral uplift from P = 1,2 MPa (this test is made with an elastic model of the concrete ;
the loads are the internal pressure P and the dead load). However, since the uplift appears
only for high pressures, it has been decided not to take into account this feature in the
modeling approach : the basemat is medeled with thick shell elements on which the boundary
condition is DZ = 0.

* Finally, there is a possible sliding due to shear force at the wall-base juncture ; this sliding,
which is characterized by a cracking in the basemat, appears only under high intemal
pressure so it does not seem to be useful to model it thanks to a special element.

Those two last points constitute special assumptions which have been taken in order to simplify

the analysis and the modeling ; but it is obvious that the current medel could be improved by

considering unilateral bearings under the basemat and a special element to link the wail nodes
to the basemat nodes.

CHOICE OF FINITE ELEMENTS AND CONSTITUTIVE RELATIONSHIPS

CONCRETE

The concrete is modeled with DKT shell elements.

The model is "NADAI_B" : multi-layered shell elements (in-plane stresses), with a Driicker-
Prager criteria under compression and an uniaxial orthotropic relation in the cracking directions
under tensile forces (see documentation of the NADAI_B model in Appendix 1).

REBARS

The rebars are modeled with grid elements (orthotropic grids) which are propery set in the
vessel thickness.

The constitutive refationship is “Von Mises" with isotropic hardening (elastoplastic behavior with
bilinear work hardening).

LINER

The liner is modeled with an excentric grid (the constitutive relationship is the same as rebars).
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4.2.4

PRESTRESSING

» Hoop tendons (wall and portion of the dome) :
The median prestressing level is calculated at the 135° azimuth ; the prestressing losses
such as anchoring set losses, friction losses and delayed strains are taken into account
according to BPEL code. :

in the ASTER code, the prestressing level of tendons is obtained due to a negative
temperature applied to tendons.

The stiffness of the tendons is modeled by using unidirectional grid elements with bilinear
elastoplastic constitutive relationship.

o Vertical tendons in the wall :

A median prestressing is calculated and is modeled in the same way as the horizontal
prestressing.

e Prestressing in the dome :

Three zones are defined : each one has a typical type of prestressing.

Py T - el
‘N n [ 5
. _§ 1 TRESS
JIY AR
§ AN NI
F YN TRIT,
121 NIPE @ Verlical tendons
1 (~) ore making
S b TYPE sQuare grids.
77177 @sq
uore grids +
ZZ -
7 ,7 hosizontal hoops.
ys/
@ Just one directlion

For each zone, the prestressing is calculated and obtained by applying a negative

temperature to tendons.

As far as the stiffness is concerned. it is modeled with unidirectional or bidirectional grid

elements.

of vertical tencons
(") + hodizontol
hoops.



43 MATERIAL PROPERTIES

(calculated by the material test data given in the ref. {1})
4.3.1 CONCRETE

Compressive Strength = (60,21 + 48,84)/2 = 54,52 MPa
(an average between "Fields" values and "Standard" values)

Young's Modulus = (31 970 + 26 970)/2 = 29 470 MPa
Poisson's Ratio = 0,19
Density = 2,225 Ym?®
Tensile Strength = (2/3)"(4.21 + 3,45)/2 = 2,55 MPa
4.3.2 TENDONS
T

4
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4.33

434

* & {fnen

e = 233608 MR
LINER A-vE
A
493,35_ 392CS
c- -‘——_:349
R GOSN
W03, A
382,65 MG =S5
o = AO7
9\8% >e
REBARS

(The properties depend on the diameters of the rebars -> see Table 2 page 31 ref. {1))
The hoop and the vertical rebars are modeled with the same grid.

As a consequence, the material properties are chosen in order to best restitute the stiffness : in
all the cases, E = B, and p,/p, is modified in order to restablish the right vertical stiffness (ES).

{(With p, = ratio of rebars in the direction 1,
and p, = ratio of rebars in the direction 2 )

{See an exampile of calculation in Appendix 2)

As far as the strength parameters are concemed (such as the elastic limit, o, and ¢), the
horizontal direction (hoops) is privileged.

For the SANDIA modeling, the different types of grids are :
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ANALYSIS DESCRIPTION

The mode! is submitted to a pressure test sequence which is described page 29 of ref. [1].

In fact, for P = 1,125 Pd, all the materials are still elastic so we have just applied the high
pressure testing on our mode!l. The point is to study its response and estimate as precisely as
possible the différent critical phases till the failure.

The loading cases are :

« the dead load,

« the prestressing forces,

« the internal pressure.
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6. ANALYSIS RESULTS

Two types of results are given :

Plots of pressure history for strain, displacement at every standard output location (in fact,
results are taken for nodes which best represent those location - see locations in
Appendix 3).

Description of pressure levels corresponding to the following events milestones and an
explanation of how they were derived :

~ first cracking of concrete in cylinder due to hoop stresses,

- first cracking of concrete in cylinder due to meridional stresses,
- first yield of hoop rebar in cylinder,

- first yield of meridional rebar in wall-basemat juncture,

- first cracking of dome concrete above 45° dome angie,

- first cracking of dome concrete below 45° dome angle,

- hoop tendons in cylinder reaching 1 % strain,

—~ hoop tendons in cylinder reaching 2 % strain,

- hoop tendons in cylinder reaching 3 % strain,

— best estimate of static failure pressure,

- minimum pressure reachable with 90 % confidence level

(this is the pressure that the participant is at least 80 % certain that the mode! will reachy,

- maximum pressure reachable with 90 % confidence level

(this is the pressure that the participant is at least 90 % certain that the model will never
exceed).



EVENTS

P : PRESSURE LEVELS (%)
(absclute values in Mpa)

SOURCE

RATIO P/ Pd
(Pd =0,39 Mpa )

with 90% confidence level

. First cracking of concrete in cylinder 0,47 ! Aster calculation 1.2
due to hoop stresses o |
) ue to fiexion i
2. First cracking of concrete in cylinder t the basemat juncture [0,47 ; 0,50} iAsrerca/culat:bn [12;13]
due to meridional stresses racking at .
edium height of the cylincer  [0,53 ; 0,86} | Aster calculation [1.4;22]
firsi craciang (exirasos)  through cracking :
’ 1
3. Firstyield of hoop rebar in 0,88 | Aster catcutation
cylinder . } i
4.  First yield of meridional rebar 1,03 !Aster calculation
in wail-basemat juncture N !
[
5. First cracking of dome concrete 0,57 i Aster calculation
above 45° dome angle '
e e l
6.  First cracking of dome concrete 0.48 | Aster calculation
below 45° dome angle |
e . S———— 1
7. Hoop tendons in cylinder 1,34 ! Aster calculation
reaching 1% strain |
— !
[
8. Hoop tendons in cylinder 1,38 1 Aster calculation
reaching 2% strain _ !
I
9. Hoop tendons in cylinder 1,41 iAster calculation
reaching 3% strain !
....... i
t
10. Best estimate of static failure pressure 1,45 | Analytic resuit
- 1
11. Minimum pressure reachable 127 ! Analytic result
with 80% confidence level B I
|
12, Maximum pressure reachable 1,65 i Analytic resuft

(*) : Pressure levels are defined by interpretation of designs of cracking schemes and
isovalues of stresses : values chosen take into account a significant local appearance

of the event
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71

7.2

PRESENTATION AND RESULTS OF THE HAND CALCULATION

AIMS OF ANALYTICAL ANALYSIS

Those complementary calculations are performed to provide a good reference to calibrate
numerical results.

The calculation is made for a point located at medium height of the cylinder, on the 135"
azimuth. The results obtained for this point are comparable to those obtained for the location
#6. :

Those hand caiculation have already been made with the first and wrong assumption conceming
the prestressing (the assumption which is stili the one used in the ASTER calculations) : the
tendons are tensioned only from one end.

These hand calculations have been made again with the good assumption: the tendons are
tensioned from both ends.

PRINCIPLES OF THE HAND CALCULATION

The calculations are performed by giving an estimation of axisymetric strains and stresses at
mid-height and mid-thickness of the cylinder.

For each layer, at each characteristic stage of the behaviour, there is an estimation of the
stiffness :

For instance : yield of horizontal cables (event # 7)
Horizontal prestressing :
Emeq = - (2.121/10415) = - 0,2036 x 107

{2,121 MN/ml : prestressing force
10415 MN/mi : total stiffness of the layers except cables)

Ecables = 2,121/602 = 3,523 x 103
(horizontal)

(602 MN/mi : stiffness of the horizontal cables)
g=875x 107

Strain of the cables since the prestressing :
(8,75-3,523) x 10° = 5,227 x 10*

= displacement w; = 5,227 x 107 x 5592 = 29.2 mm

(5592 mm : radius of the cables).
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Strain of other layers : (5,227 — 0,2036) x 10° = 5,02 x 103

Layer Stresses (MPa) Section (mm2) Force (kN)
Liner 382,65 + (5,02 - 1,8) x 103 x 349 = 383,77 1600 614
int. rebars 444.9 + (5,02 — 2,4) x 10-3 x 736 = 446,83 1443 645
Ext. rebars 4386 + (5,02 — 2,4) x 10-3 x 740 = 440,54 1284 566
Cables 1750 3008 5264

Total 7089
= Corresponding pressure ; P, =7089/5.375=1319kPsa

7.3 MAIN RESULTS FOR EACH HAND CALCULATION
« First calculation : The tendons are tensioned only from one end (= WRONG ASSUMPTION)
Event (1] 1 2 3 4 5 6 7 8
Beginning of Total Yield of Yield of Cracking of Yield of Rupture of
Description Prestressing | the cracking { crackingof | Yield ofliner | intemnat hoop | extemal hoop { concrete due | horizontal horizonta!
of concrete | concrete due rebars rebars 10 022 cables cables
due to cgg o opg
Total
displacement - 0,821 1,262 4,363 10,472 13,752 13.927 14,825 34,576 175,766
(mm)
Pressure 0 0,481 0,481 0.770 0.897 0.897 0,915 1,319 1.421
(MPa)
+ Second calculation : The tendons are tensioned from both ends (= RIGHT ASSUMPTION)
Event 0 1 2 3 4 5 6 7 8
Beginning of Total Yield of Yield of Cracking of Yield of Rupture of
Description Prestressing | the cracking | cracking of | Yield of liner | intemal hoop | extemal hoop | concrete due horizontal horizontal
of concrete | concrete due rebars rebars tooyz cables cables
due to oag to ogg
Total
displacement -1,128 1.560 4,885 10.770 13,752 14,230 18,856 29,213 170,403
{mm}
Pressure [} 0,595 0.595 0.877 1,005 1,005 1,096 1.319 1,421
{MPa) )
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Total radial displacernent {mm)

Evolution D=f{P) - Comparison between both hand calculations

170

150

110

T®

02

04

ol

Pressure (Mpe)

Hyp.1 : the tendons are tensioned from one end
Hyp. 2 : the tendons are tensioned from both ends

|~~@~~Hend calouation - Hyp. 1
| === Hord caidalion - Hyp. 2




¢ Comments on the curves D = f(P)

O)-(1) This is the elastic straight line, its slope is determined by the stiffness of all the
elements.

Stage (1)-(2) Its position depends on the prestressing force.

(2)3)

(3)-(4)

(4)-(8)

(5)

6)(7)

(7)-(8) The slopes of the different segments are determined thanks to the
successive stiffnesses (they are not influenced by the initial prestressing).

(8) The strain at the rupture is lower if the initial prestressing is higher.
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Appendix 1

Modelization of non-linear reinforced concrete in the ASTER
computer code
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I Concrete model

The concrete model is based upon the plasticity theory for uncracked concrete with isotropic
hardening and associated flow. Cracked concrete is treated by uncoupled uniaxial laws which
are written for general cyclic load path.

1-1 Uncracked concrete

The cracking surface is composed of two surfaces, respectively for compression and tension
(Figure 1). The mathematical expressions of these surfaces, proposed by Nadai, are :

T,,ta o
{fc-nn.-p(o'ucl’ Tocl) = ._Lb____"ﬁ!_ - -/L", = 0

0,<0 and o0,<0

in compression, and

— Toeg T €0y ' _
{fc.wmp(o-ncl’ Tocl) - d - f‘- - 0 in tenSiOIl.

0,>0 agnd/or o,>0

With :

Cou=5L/3 and 7, 1/2‘] J G opn

,3 L
f b' 3 25-1

- 2

l+a T3 l+a

Gequ : Von Mises equivalent stress
B="Ffc/fcc=1.16

o=fi/fc=~0.1

f'y : uniaxial tensile resistance

f'c : uniaxial resistance in compression

f¢c : biaxial resistance in compression

=0 +o0,
1 2 23 2 2
=—(S‘ + 8 +S:)+ T
) x v = X4
S=o,-2: §20,-0: -0k
D b 2



NADAI-Tension criterion g,

A 7
Ry

/

Initial (;fastic

domaip

Figure 1: Nadai's criterion.

The load surface is deduced from the surface of rupture by replacing in the expression of the
compression cracking criterion the ultimate resistance under uniform compression by the
equivalent uniaxial stress, which controls the evolution of the actual elasticity domain. It is
written as follows:

f(o-,;() - T e +ba * O, - T(K)“ =0
o, <0 and o©,<0 or
c,<0 and o,>0

The evolution of this surface is determined by the cumulative plastic strain k. The hardening
modulus "h" corresponds to the slope of the uniaxial (stress-plastic strain) curve (Figure 2).
The mathematical expression of this curve is:

r=f10+0-0)1- - for 0 <« < Kpic
A _
T 7= — (0.95 Kk +005-x,, — ;\'mp,) for Kpic < K = Krupt
pre ropi
=005/ for x > Krupt




0.fc
0.05.fc \—
K
Kpic Kruptuﬁ

Figure 2: Stress/plastic strain curve.

I-2 Cracked concrete

When the ultimate surface is reached in tension, a crack is created perpendicularly to the
principal direction of maximum tension, and its orientation is considered as fixed
subsequently. The behaviour is then modelled by an orthotropic law whose orthotropy
directions are normal and parallel to the crack (Figure 3). During the increment which
generates the cracking at an integration point, the switching from the biaxial elastoplastic
model to the uncoupled orthotropic model requires a specific processing. The strains are
broken down into a part coming from the continuum located on both sides of the crack and a
part coming from the opening of the crack. The state of strain is written in the reference
linked to the crack:

_ .cont fiss el
g, =¢g;  +g; withi=x)y

The continuum follows a linear elastic law after cracking:

G; v
gontz_l__o_

1#i
' TE, Eo 0!

and g;fiss follows a unidimensional law (the dilatancy effect is neglected) this allows to create
plastic strains perpendicular to the crack (crack opening). Therefore:



c; VL . o; v
fiss y 2L - _—5,. Byposing: & =&+ "l=¢,+—0,

GiTE TR TE, E E. i
0 *0 0 0

i=¢

From the strain ; along a direction i. the corresponding stress can be calculated: o; = f(e}).

Each direction is then processed independently by a cyclic uniaxial law, and the stress tensor
in the local reference is completed by the shear stress, elastically calculated with a reduced
shear modulus to account for the effect of interlocking. In the crack reference:

Aoy = fu(ebx,GOX,As;)
{Ac} = Acy = fu(eby,coy,As;)
ACy, =p-G-Agy,

With £°gx, £°0y, 00x, 00y being the strains and stresses at the beginning of the increment
the plastically admissible stress increment;

the strain increment elastically calculated;

the uniaxial law described below:

the shear transfer factor;

the initial shear elastic modulus.

o~y

Therefore, a second crack can only form perpendicularly to the first one.

AY

Y X

)
%
Y

o) X

\ 4

Figure 3 : Reference linked to the crack.




I-3 Cyclic uniaxial law

The uniaxial law implemented in each of the directions is identical to the one used in the
frame work of a muiti-fiber modelling. It allows to account for the main phenomena observed

during a loading composed of a small number of a
feature, it deserves to be detailed. The experiments
reference of [1].

Let us first consider in figure 4 the behaviour of a point initiaily under tension which
completely cracks prior to undergoing a reverse loading in compression. Being elastic until it
reaches the resistance under uniform tension: f; (path 1), the concrete cracks afterwards
according to a negative stiffness (Slope E, Path 2) up to a strain €y,. Beyond, the crack

opening occurs with a nil stress (Path 3).

Iternated cycles. Because of this original
on which the model is based are listed in

Contrainte
PF




When the load changes direction, an increasing compression stress 1S necessary to
progreésively close back the crack (Slope E; # Ep Path 4). The crack is considered as
completely closed for a stress smaller than -f;, level from which the stiffness is fully restored
(Path 5). Description of Path 4 is based on experiments that show that the facing lips of a
crack do not coincide and deform under the action of a stress which tends to close the crack
back, ‘and that the stiffness of the sound concrete is restored only once the crack has
completely closed back. However, the closing of the crack occurs under a nil stress as long as
the strain is greater than a certain threshold: 3*gy.

Path 5 follows the nonlinear law of concrete under uniform compression up to a new load
inversion which generates an unloading according to a straight line of slope E; (Path 6) and
which passes through a focal point (f;; £g), as suggested by Mander et al. [2] and Park [3].
Indeed, the experiments show that the modulus during unloading is different from the initial
one due to the deterioration of concrete in compression.

When stress exceeds -f; (Path 7), the modulus E; corresponding to the closing of the crack is
met again. Paths 8 and 9 follow the same rules as Paths 3 and 4.

Now, let us folow on figure 5 the history of an initially compressed point. The essential
difference is the new resistance in tension which. as the unloading modulus, is damaged by
the compression it underwent (Paths 3 and 4). This resistance is thus modified as suggested
by Morita and Kaku [4]:

, g, ]
fi = f‘(l B ;) Si g >&. With: f; : Resistance under uniform tension;
) gr : Residual strain;
f{=0 Si g <& €¢ : Strain in compression at the peak (o = -f;).

As far as the residual strain is concerned. it is obtained by considering the damaged stiffness
of unloading, and is given by the following relation: .
€4 —€
€ =€ _{ea=%0) -G
G4~ E()E()

With 64 and g4 being the stress and the strain at the instant of the compression unloading.
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Figure 5 : Concrete uniaxial model: point initially in compression.

Path 5 corresponds to the concrete softening in compression. The slope of the descending
branch is simply obtained from the ultimate strain of the material under uniform compression
and the strain at the peak.
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Appendix 2

Example of calculation of the rebars characteristics
applied to the grids
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Appendix 4

Design of the model
(finite element mesh)
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General view of the finite element mesh

GIRI FECIT

b
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General view of the finite element mesh
Definition of the axis

SIBI FECIT
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resuited in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

In Appendix F, “Glasgow, University of Glasgow, United Kingdom,” discontinuity arises from
cmitting the following material:

figures 11 through 37, Response Histories Standard Locations
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(1) DESCRIPTION OF THE MATHEMATICAL MODEL

PCCV was modelled using the DIANA Finite Element Analysis, developed by the TNO Building
and Construction Research, Delft, Netherlands. The adopted model comprises a total of 2480 eight
noded selid elements HX24L (8 node bricks), used to model the concrete cylinder and buttresses, as
well as the internal steel liner. There are a total of 3246 nodes (each with three dof’s) forming the
main mesh. Tendons are modelled as embedded, fully bonded, bar elements, whereas the
reinforcement is modelled through an embedded grid elements. An additional number of nodes is
created (with tied degrees of freedom), where the tendons intersect the solid elements - the total
number of nodes is 7728, where the translation dofs of the 3246 nodes are the main variables of the
problem.

Buttresses are modelled by two extra layers of solid elements. The assumption is made that the main
cylinder is fully clamped into the basemat, which is considered rigid and therefore excluded in the
discretisation process. In order to avoid the influence of unrealistic stress concentrations near the
basemat boundary, the first bottom ring of solid elements (both for concrete and liner) is modelled as
a lincar elastic material with a reduced modulus (reduction factor 2/3). All other solid elements
follow the nonlinear constitutive relationship as given below. In addition, no provision is made
within the mathematical model for the hatch or opening geometry details, i.c. the departure from
structural axi-symmetry stems from the buttresses and the hairpin tendon layout. The dome apex is
modelled as not fully closed, in order to allow the discretisation with 8 noded brick elements..
Various FE mesh details are illustrated in Figs 1-6

(2) MATERIAL PROPERTIES

(2.1) Linear Elastic Material Properties

Concrete

Modutus of Elasticity 38100 MPa
Poisson Ratio 0.20

Steel Liner

Modulus of Elasticity 224000 MPa
Poisson Ratio 0.25
Reinforcement

Modulus of Elasticity 183000 MPa
Poisson Ratio 0.25
Tendons

Modulus of Elasticity 38100 MPa
Poisson Ratio 0.25
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(2.2) Nonlinear Material Properties
Concrete

Cracking Model in DIANA (CRACK 2) with tension cut off

Tensile strength £ 3.40 MPa

Compressive Strength £, 44.13 MPa

Nonlinear Exponential Tension Softening Model (DIANA, TENSION option 5, Hordijk et al)
Tensile strength £; 3.40 MPa

Fracture Energy Release Rate G 0.10 N/mm

Crack Band (one element size) h, 1000 mm

Default ¢, and c; parameters for Hordijk et al exponential softening model
Constant shear retention factor 0.2

Geh

f. Ecrnn

Hordijk et al Nonlinear Softening Mode! for Concrete

Steel Liner

von Mises plasticity model
Yield Limit 398 MPa

Reinforcement

von Mises plasticity model
Yield Limit 470 MPa

Tendons

von Mises plasticity model
Yield Limit 1750 MPa
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(3) ANALYSIS RESULTS

Plots of deformed shapes and contours of cracking strains are included in Figs 7-10, whereas
pressure histories for strain, displacement and tendon force at selected standard output location are
included in Figs 11 — 37. Analysis results clearly indicate significant change in structural behaviour

sorresponding to the internal pressure gauge of 0.95 MPa.

(4) REVIEW OF MILESTONE PRESSURE LEVELS
(4.1) First cracking of concrete in cylinder primarily in the hoop direction
(appeared in both hoop and meridional direction at the same time)
0.95 MPa

(4.2) first cracking of concrete in cylinder primarily in the meridional direction
(appeared in both hoop and meridional direction at the same time)

0.95 MPa

(4.3) first yield of hoop rebar in cylinder
(estimated as the level of the second plateau in the P-delta diagram)

1.05 MPa

(4.4) first yield of meridional rebar in wall-basemat juncture
(could not have been evaluated as the model is assumed fully fixed)

N/A

(4.5) first cracking of dome concrete above 45° dome angle

first cracking occured at the dome apex (near the artificial top opening) and is therefore ignored
as a sensible result. Dome cracking will probably appear at the same pressure level as in the wall.

0.95 MPa

(4.6) first cracking of dome concrete below 45° dome angle
(same time as the cracking in the cylinder wall appears)

0.95 MPa
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(4.7) first hoop tendon in cylinder reaching 1 % strain
Analysis never reached the stage where tendon strains are of that level (max 0.9 %)

greater than 1.4 MPa

-

(4.8) first hoop tendon in cylinder reaching 2 % strain
Analysis never reached the stage where tendon strains are of that level (max 0.9 %)
greater than 1.4 MPa

(4.9) first hoop tendon in cylinder reaching 3 % strain
Analysis never reached the stage where tendon strains are of that level (max 0.9 %)

greater than 1.4 MPa
(4.10) Qualitative assessment of the lower and upper limits of the PCCV model failure pressure
e minimum pressure reachable with 90 % confidence level
- this is the predicted pressure, with a high degree of confidence, that the model will
achieve without failing
0.95 MPa, 2.43S times the design pressure
e maximum pressure reachable with 90 % confidence level
- this is the predicted pressure, with a high degree of confidence, that the model will
not exceed

2.50 MPa

(5) REFERENCES
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Building and Construction Research, Delft, The Netherlands, 1996

2. Comnelissen, H. A. W., Hordijk, D. A., Reinhardt, H. W., Experimental determination of crack
softening characteristics of normalweight and lightweight concrete, Heron 31 (2), 1986
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Fig 4 - DIANA FE Mesh - Top View (hidden lines removed)
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resuited in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

However, Appendix G, “HSE, Health and Safety Executive, United Kingdom,” contains none of these
discontinuities. -
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Introduction

NNC Limited is acting as a round robin participant on behalf of the Health and Safety
Executive (HSE) in the United Kingdom. This work has been carried out under HSE contract

PC/GNSR/129. General purpose finite element computer code ABAQUS (Ref 1) has been
used for analysis.

Modelling Features of the PCCV Scale Model

It was appreciated that a realistic representation of the vessel could only be obtained through
the explicit representation of the prime structural components. The following are the
structural components, whose representation determine the nature of the finite element model.

®

(i)

(iit)

)

The cylinder wall penetrations are potential locations of failure initiation due to the
stress concentration occurring around the structural discontinuities created by the
penetrations. Further, the penetration areas are more heavily reinforced than the
general free-field cylinder area rendering the vessel non-axisymmetric. Consequently,
all the cylinder wall penetrations are represented in the model.

The post-tensioning tendons are important structural elements as they subject the
concrete to an initial compressive stress. Failure of the tendon would result in the
relief of the compressive stress, which may precipitate the onset of cracking in the
concrete. The tendons are to be left un-grouted after tensioning. Thus, in the tendon
axial direction, they are capable of sliding relative to the surrounding duct. The
vertical tendons are modelled explicitly while the hoop tendons are modelled as
reinforcements embedded in the surrounding concrete. It is expected that the overall

global response of the vessel at high pressures will be in part governed by the tendon
behaviour.

Although the basemat is a relatively rigid structure, its contribution to the flexural
behaviour at the cylinder/basemat junction is not known prior to the test. Further, the
stress concentration occurring at this junction due to the geometric discontinuity
presents a potential area of vessel failure. Therefore, a full representation of the

"basemat is necessary to capture the behaviour at the cylinder/basemat junction.

Although the internal vessel liner plays a minor structural role, its integrity determines
the leak-tightness of the vessel. The limit state capacity of the vessel may be
determined by the integrity of the liner as it may not be possible to pressurise the vessel
above a certain rate if it is significantly breached. Therefore, to predict the possibility
of liner tearing the entire internal liner has been modelled.

Page 6
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(v)  The two buttresses are stiffer than the surrounding cylinder wall. Nonuniform radial
expansion is expected at these locations.

(vi)  There are 55 pre-defined standard output locations around the vessel at which the
vessel's instrumented outputs are to be recorded. These recorded results are to be
compared against the predictions from numerical models. Therefore, an appropriate
numerical model must have discrete representation of these standard output locations
to allow direct comparison with measured results.

In light of these considerations, it was concluded that only a full three-dimensional
representation of the PCCV could accurately predict the behaviour of the vessel at the low
pressure and limit load states. A description of the numerical model employed to study the
behaviour of the PCCYV is presented in the following sections. The general purpose finite
element code ABAQUS (Ref 1) has been employed in this work.

FE Models

Five separate FE models have been developed and used to predict the behaviour of the PCCV.
. 3D full global model

. 3D sector model of free field

. 3D extended sector model from buttress to penetration

. local liner plate model

. penetration cover plate model.

The full global model was required to take account of the asymmetry in the structure caused
mainly by the penetrations, buttresses and the layout of the vertical tendons. The full model
was used to identify the critical areas and the remaining four models to study local details.
chriptibn of the Full 3D Finite Element Model

Concrete components of the vessel are simulated with eight-noded solid elements C3D8 and
include steel reinforcements. At a minority of locations, due to meshing requirements, Six-
node linear prism element (C3D6) were used. Six-node prism elements do not support
reinforcement capability. Within the cylinder, all the solid elements are fully integrated, while

basemat and dome solid elements are reduced integration. Figure 1 shows the full global
model which has 140662 elements and 492948 DOFs.

Page 7 WD6352
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4.1

Cylinder Wall and Dome

The mesh density of the cylinder wall and dome in the circumferential direction was driven by
the requirement to model the vertical post-tensioning tendons explicitly. Three elements were
employed in the wall-thickness direction of the cylinder and dome. For the fully integrated
elements, this gives a total of six integration points through the wall to provide adequate

* information in areas of high bending. To allow for the explicit representation of each vertical

42

WD6352

tendon, 184 solid elements were arranged around the circumference of the vessel. The
resulting layout consists of a cylinder and dome wall mesh with elements at approximately
2 degrees intervals in the circumferential direction.

The mesh density in the vertical direction was influenced by the specification of the hoop
tendons in the concrete elements. The cylinder hoop tendons were arranged at vertical
intervals of 112.7 mm. The solid element nodes are meshed vertically to correspond with the
spacing of the hoop tendons.

The height of the elements in the lower half of the dome is base on the vertical spacing of the
dome hoop tendons. The dome elements are uniformly meshed up to a height of 14690 mm,
the location of the uppermost hoop tendon. The meshing of the dome (see Fig 2) in the hoop
direction was dictated by the vertical plane of the tendons through the dome. In the dome apex
region, a refined solid element mesh allows meshing of the vertical tendon where they intersect
at the vessel crown.

The buttresses at the 90° and 270° azimuths are reinforced columns onto which the hoop
tendons are anchored. The stiffness of the cylinder and the dome at the 90° and 270° azimuths
is enhanced by the restraining effect of the buttresses. The reinforcement scheme of the
buttresses comprises vertical, radial U bars and trim rebars. Additional stiffening is provided
by the steel plates at the tendon anchorage end-blocks. The buttresses and their reinforcement
have been explicitly modelled.

Basemat

The basemat is a thick concrete reinforced slab supporting the vessel superstructure within
which the vertical tendons are anchored. It is heavily reinforced at its top and bottom
surfaces. The top surface reinforcement consists of a layer of hoop rebars sandwiched
between two grids of radially spanning rebars. The bottom surface is reinforced with 2
rectangular grid of cross rebars. Additional reinforcement is provided in the vicinity of the
tendon anchorage gallery. The flexural reinforcements were defined within each solid element.
The basemat shear reinforcements were not modelled. Figure 3 shows a view of the basemat
model.



4.3

4.4

4.5

The Cylinder Wall Penetrations

The cylinder wall penetrations and their immediate vicinity have been explicitly modelled.
Structural features within the penetration area that are represented explicitly in the model are
the enhanced reinforcement stiffening, thickened wall section (airlock and equipment hatch
penetrations), steel plates lining the penetration cavity, the penetrations cover plates, the
vertical and hoop tendons, internal vessel liner and the liner anchorage. The finite element
meshes of the airlock, equipment hatch, main steam and feed water penetrations are shown in
Fig4, 5 and 6.

The Post-Tensioning Tendons

The post-tensioning tendons have been modelled using two different approaches. The vertical
tendons were modelled explicitly using the two-node, linear truss element T3D2. For each
tendon, nodes have been generated coincident to the solid element concrete nodes along the
tendon path. Typically, in the non-penetrated areas a vertical tendon consists of up to

220 elements, depending on its location within the vessel. Each vertical tendon node lying
within the cylinder of the vessel is constrained in the horizontal degrees of freedom (i.e., the X
and Z directions) to the coincident concrete nodes. The vertical degree of freedom of tendon
nodes within the cylinder were left unconstrained, allowing relative sliding of the tendons and

* concrete in the vertical direction. Within the cylinder friction at the concrete/tendon interface

is assumed to be negligible and has not been modelled. However, within the dome, the curved
trajectory of the tendon causes appreciable friction at the concrete tendon interface, resulting
in 2 non-uniform variation of load in the tendon. Although interface behaviour has not been
explicitly modelled, the non-uniform distribution of load in the vertical tendons over the dome
is allowed for by constraining all coincident tendon and concrete nodal degrees of freedom.
The vertical tendon mesh is shown in Fig 7.

The hoop tendons are modelled as single rebars embedded within concrete elements (Ref 1).
The concrete elements were defined such that an element edge lies along the path of the hoop
tendon as this facilitated the placement of the hoop tendons within the elements. Each hoop
tendon starts at one face of the buttress, completes a 360 degree loop round the vessel and is
anchored at the opposite face on the same buttress. Alternative tendons are anchored at
opposite buttresses. Interface behaviour between the concrete and the tendon has not been
modelled.

Internal Liner and Liner Anchorage
The internal vessel steel liner has been modelled using the reduced integration membrane
element M3D4R. The thicker insert plates surrounding the main steam and feed water

penetrations are simulated with the shell element S4R. The liner elements are meshed around
nodes defined independently but coincident with adjacent concrete nodes. The internal liner
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4.7
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mesh is shown in Fig 8. The mesh of the plate lining the EH penetration cavity is presented in
Fig 9. The lining at the other penetrations used similar model.

The liner-to-concrete anchorage was modelled by connecting the liner node to the
corresponding coincident concrete node with three linear spring elements at each node,
representing the radial, hoop and axial anchorage plate stiffness. Given that the pitch of the
‘horizontal and vertical liner anchorage plates is not uniform, no attempt was made to simulate
the anchorage plates at their exact locations. The spring stiffness are derived from test results
for the pull-out of anchorage plates in tensile and shear modes, Ref 3.

Concrete Reinforcements

The grid of reinforcing bars in the vessel have been represented as rebar (Ref 1) smeared
within the parent solid elements. The orientation, cross-sectional area, spacing and material
properties are taken from the construction drawings.

The duct-supporting steel frame construction is modelled as single rebars within the parent
solid elements.

Derivation of Post-Tensioning Tendon Loads

The vertical and hoop tendons are tensioned to the desired tensile load using hydraulic jacks
and are anchored at the tendon gallery and the buttresses. Neither the sequence of tensioning
nor the tensioning process is being represented in the numerical model. The model represents
the scenario immediately following the transfer of the tensioning load from the jacks onto the
tendon, with the tendon load being reacted at the anchorage.

Due to frictional forces mobilised between the tendons and ducts during tendon tensioning, the
load distribution within a tendon is non-uniform. For each tendon, the maximum load occurs
at the anchored ends. The post-tensioning stress along the tendon length varies according to
the exponential law.

Pl = Po e(-O.Zl a-0.001L) 1
Where P, = stress at the tensioning end
a = Change of angle from tensioning end
P, = stress at a from tensioning end
L = length of tendon.
Pagec 10
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4.3

4.9

4.10

P, was taken as the tendon load at transfer which the designers has specified as 350 kN and
471 kN for the hoop and vertical tendons respectively. For each tendon element, the average
value of the change of angle from the anchor was computed from the element nodal co-
ordinates and the post-teasioning stress evaluated using equation 1.

The stresses were then applied to the tendon elements as an initial condition using the option
*INITIAL CONDITION. Reduction of the tendon load due to anchorage relaxation has not
been taken into account.

Soil Foundation

The basemat is constructed on a 150 mm thick un-reinforced slab which itself is supported on
an engineered sand and gravel subgrade. The soil stiffness was characterised as exhibiting a
settlement less than 25 mm due to a bearing pressure of 35 Ton/m’.

The soil was represented using the grounded spring element SPRING1. Each node on the
bottom surface of the basemat was supported on a spring element. The spring stiffness was
computed based on the influence area of each spring node.

Boundary Conditions

The global model is supported in the vertical direction by grounded springs. The vessel was
constrained to eliminate rigid body translations and rotations at four nodal positions on the top
surface of the basemat in the horizontal degrees of freedom.

Material Properties

Material data for the liner, steel reinforcing bars, tendons and concrete has been derived from
material tests. The true elastic-plastic stress/strain curve for the liner, reinforcements and
tendons was specified in the finite element model.

Concrete has been modelled using a combination of linear elastic and non-linear smeared
cracking material models. The linear concrete elastic model cannot account for the
degradation of material due to cracking and crushing. However, the non-linear smeared
cracking model in ABAQUS (Ref 1) is capable of simulating cracking by using a damaged
elasticity approach. This smeared cracking model requires careful calibration specific to the
concrete used in construction. Further, ill-conditioning may arise due to the development of
locally confined cracking.

In view of these considerations, the smeared cracking model has been employed only in

regions of the vessel where the development of cracks is expected to appreciably effect the
global response of the vessel. Thus, the non-linear smeared cracking concrete model was

Page 11 WD6352



specified for the cylinder elements while the linear elastic model was specified for the dome

PR i Sy, PR Wi
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Concrete creep and shrinkage was not considered in the finite element analysis as it was
thought that their effect on the overall behaviour of the vessel would be negligible.

The material constants used in the analysis are presented in Table 1.
5 Analysis
The vessel is to undergo a series of pressure tests at low pressure defined as follows.
Q) Instrumentation functionality test, IFT, (0.039 MPa).
(i)  Structural integrity test, SIT, (0.439 MPa).
(i)  Integrity leak rate test, ILRT, (0.351 MPa).
(iv)  Design pressure test, DPT, (0.390 MPa).

The low pressure test will be followed by a limit state test in which the vessel will be
pressurised until failure. The analysis steps are as follows:

. Gravity
® Gravity + prestress
U Gravity + prestress + pressurisation.
The actual test includes the effect of gravity but the instrumentation will record only the effect
of prestress and pressurisation. Therefore, for the pressure history data, the stresses due to
gravity alone have been subtracted from the resuits from the third step.

5.1  Analysis of Full 3D Global Model

5.1.1 Gravity + Prestress
An initial {oad step in which the vessel is brought into static equilibrium with the initial post-
tensioning tendon loads and the vessel self-weight was established. The weight of the
embedded steel reinforcements and hoop tendons has not been included as part of the total

vessel weight. The load step establishes static equilibrium of the vessel for the initial vessel
loads.

WD6352 Page 12



Figure 10 shows the deformed shape of the vessel dome and cylinder for the self-weight and
post-tensioning load step. The deformed shape plots indicate that the vessel is deforming
inward due to the effect of the hoop tensioning stress.

The deformed shape plot of a slice of cylinder around the penetrations level is shown Fig 11.
This clearly shows that the response of the vessel is non-symmetric, with the buttress
providing radial restraint to the cylinder wall. The restraining effect of the buttress is
reinforced with the absence of the anchorage concentrated loads, a consequence of modelling
the hoop tendons as embedded rebars.

Increased vessel displacements are observed local to the airlock and equipment hatch
penetration region. The equipment hatch penetration is observed to deform radially inward
rather more than any other region of the vessel, even though this region is stiffer than the rest
of the cylinder wall. Further, a change in the curvature of the wall surface is also observed.
This phenomenon is the result of the concentration of the hoop tendons in the region above
and below the penetration. The tendons create high components of forces acting radially
inwards on the vessel. This region is analogous to a pressurised plate with a hole. The
immediate vicinity of the penetration deforms more, causing the change in curvature. The
cylinder wall on either side of the penetration block is observed to undergo significant bending
.deformation. This phenomenon is not observed at the main steam/feed water penetration
region because the hoop tendon paths are less concentrated and the penetrations are much
smaller.

An average settlement of the vessel of 4.8 mm was observed. The vertical downward
deformation of the apex of the dome relative to the settlement of the vessel was computed as
4.0 mm.

Figure 12 shows the variation of hoop tendon load with tendon length around the vessel. This
indicates that at the end of the self weight and post-tensioning load step, the variation of hoop
tendon load around the vessel is reasonably consistent with the distribution of load given by
equation 1.

5.1.2 Analysis of Internal Pressurisation

A uniform pressure was applied to the faces of the concrete elements that comprise the
internal surface of the vessel. Because the liner is more coarsely meshed than the concrete
enclosure the internal pressure has been applied to the concrete surface rather than the liner
surface. Consequently, the liner is loaded by the deformation of the concrete enclosure to
which it has been tied using spring elements. The internal pressure was also applied to the
penetrations cover plates. The analysis was restarted from the end of the selfweight and post-
tensioning load step. '
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5.2

5.2.1
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The analysis progressed up to an internal pressure of 0.60 MPa whereupon numerical
problems were encountered due to cracking of the concrete. Cracking was confined mainly to
the entire column of elements at the cylinder/buttresses junction. The number of cracked
elements was such that the solution becomes singular due to loss of stiffness in these elements.
The analysis was terminated at a pressure of 0.60 MPa, a load 54% higher than the design
pressure, 0.39 MPa.

Deformed shape of the cylinder is shown in Fig 13. It is evident that the enhanced stiffening
of the cylinder wall in the penetration regions and buttresses caused differential radial
deformation of the vessel, with the less reinforced free-field areas deforming more than the
heavily reinforced areas. This phenomenon is more pronounced at the equipment hatch area.

Examination of the deformed shape plot around the buttresses revealed that they provided
significant restraint against the outward radial expansion of the cylinder wall. The cylinder
wall on both sides of the buttress column was observed to deform more than the buttress area.
This created a change in the direction of curvature of the internal surface of the cylinder at the
buttressed region.

The hoop tendon anchorage is set at an inclination of 13.6° from the circumferential tendon
trajectory. For a load at transfer of 350 kN, each hoop tendons exerts a horizontal shear force
of 165 kN at the buttress, in the direction radially inward to the vessel. Thus, the meridional
section at the buttress junction is subject to concentrated shear forces from the tendon
anchorage. The combination of shear load and bending at the buttress region may explain the
early prediction of cracking in the buttress region.

There is high stress concentration in the liner at the region between the airlock penetration and
the buttress at azimuth 90°. The high strain gradient at this region is also seen at the output
location 44. This results from the local bending of the wall around the buttress.

Analysis Using 3D Sector Models

Due to the numerical problems with the non-linear smeared cracking models for pressures
exceeding 0.60 MPa, two sector models of the vessel were used to assist in gaining an insight

into the vessel behaviour at higher pressures. The following sections described the 3D sector
models of the PCCV.

3D Sector Model of Free Field
A 3D model of a sector of the vessel was extracted from the global model in the vicinity of
azimuth 135°, the free-field area. This is a 10° sector model consisting of five solid concrete

elements and one membrane liner element in the hoop direction. The model includes six
vertical tendons modelled using truss elements. Hoop tendons are modelled as embedded steel
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5.2.2

reinforcements. The cylinder vertical tendons are as defined for the global model. However,
within the dome they run radially towards the apex of the dome. The vertical tendon
constraints, initial tendon loads, liner anchorage and soil springs are as defined for the global
model. Constraints were applied at the sector edges in the circamferential degrees of freedom.
The finite element mesh for the sector model is depicted in Fig 14.

The analysis comprises two load steps; an initial load step for static equilibrium of the vessel
under the post-tensioning loads and self~weight, and then an internal pressurisation load step.

This model was first analysed using the concrete material model in ABAQUS. Dueto
convergence problems after onset of cracking, the model was re-analysed using reduced
modulus technique in which Young’s Modulus was varied with pressure in accordance with
the relationship shown in Fig 15.

Extended Sector Model
This model is similar to the smaller free field sector model but it covers the sector from

azimuth 62° (centre line of Air lock) to 90° (centre line of buttress). The 3D global model
analysis indicated that this region experiences high strain gradients. The model was analysed

~ toupto 1.0 MPa using the reduced modulus approach described in section 5.2.1. The model

is depicted in Fig 14.
Pressure Histories

Variation in the physical quantities measured at all the 55 standard output has been obtained in
form of pressure histories obtained from the full 3D global model. Since the global model was
analysed to only 0.60 MPa, the pressure histories were extended by using the results from the
two sector models.

Location 1 pressure history shows the vertical displacement of a point on the top surface of
the basemat. This indicates a linear response with a maximum displacement of the order of
1.5 mm for an internal pressure of 0.60 MPa.

Location 2 to 15 are displacement predictions taken from the inside surface of the liner at
various locations within the vessel. These plots indicate a linear deformation response
consistent with a state of internal pressurisation of the vessel.

The rebar strain predictions at output locations 16 to 33 indicate that at the end of the post-
tensioning, the rebars are subject to compressive strains. The strains in the inner meridional
rebars at the cylinder/basemat junction becoming less negative while the outer rebar strains
become more compressive with internal pressurisation.
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All but one of the strain predictions indicate linear behaviour up to 0.60 MPa. However, the
curve for location 32 shows that non-linear behaviour initiates at about 0.57 MPa. This is for
a mid-height hoop rebar around the buttress at azimuth 90°. The high strain gradients
observed after 0.58 MPa suggests that this region is a potential zone for initiation of structural
failure.

“The liner strains predictions are given in the curves for locations 34 to 47. At the start of

internal pressurisation the liner is in a state of compressive stress due to the effects of post-
tensioning. With internal pressurisation, a linear strain response up to a pressure of about
0.60 MPa is observed for all but one of the output locations. Non-linear behaviour initiates at
about 0.57 MPa at location 44, the azimuth 90° buttress area.

The tendon output predictions are presented in histories of location 48 to 55. A linear tendon
response is observed for locations 48, 49, 51 and 52 at location 53 a non-linear variation of
tendon strain is observed at pressures less than the design pressure. At higher pressures there
is reduced rates of increase in the tendon strain. This is thought to be caused by the modelling
of the hoop tendons as embedded rebars. This output location is for a hoop tendon position at
azimuth 0°. The cylinder wall at azimuth 0° and a height of 4.57 m is a zone of local bending
caused by the interaction of the equipment hatch and airlock penetrations. With the tendon

- modelled as an embedded rebar, it attracts some bending deformation since there is no

WD6352

allowance for hoop slippage.

Failure Analysis

A number of structural failure mechanisms are possible for the vessel. These are extensive
cracking/crushing of the containment concrete, yielding of steel reinforcing bars, yielding of
tendons, loss of liner anchorage due to cracked concrete, rupture of steel liner and loss of
tendon anchorage at buttresses due to damaged concrete.

It is envisaged that cracking of concrete is the first stage of failure. Progressive damage to the
integrity of the concrete would inhibit its ability to sustain load. Thus, the proportion of load
previously-carried by the concrete is redistributed to the other structural components. The
transference of load to the other structural components is likely to lead to the onset of other
failure modes.

Within the finite element model, the propensity for failure can be assessed by examining the
stress/strain output for each component. The global model gives an insight into vulnerable
areas of the vessel. However, the model has limited capacity for simulating the interaction of
the failure modes following the onset of cracking. For the liner and tendon anchorage failure
modes, only qualitative judgements on their occurrence can be made from an examination of
the state stress in the neighbouring concrete.
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7.1

7.2.1

The following failure modes have been investigated:
o Liner tear

. Rebar rupture

R Tendon rupture

] Buckling of cover plates.
PCCV Failure Criterion

The limit load is determined by the inability of the vessel to retain pressure and this is
dependent on the integrity of the steel liner. Consequently, the failure criterion of the vessel is
defined as the breach of the pressure boundary (i.e. liner).

The liner has the lowest ductility at a welded joint where an average rupture strain of 19% is
was observed in the tests, Ref 3. The numerical and test data is subject to a number of
uncertainties which have not been fully quantified. These are variabilities in material test data,
eccentricities at liner plate joints and numerical modelling uncertainties plus triaxiality factor.
Given these uncertainties it was decided to reduce the liner rupture strain by factor of 2 to a
notional value of 11%.

From an assessment of construction features of the liner, a number of sites were identified as
potential locations for liner rupture. Welded joints at geometric discontinuities were identified
as particularly vulnerable areas. These include the liner joints at basemat/cylinder junction, the
dome/cylinder junction, liner around wall penetrations and welded joints between the thick
insert plate and thin liner plate in the main steam/feed water penetration region.

Examination of the results from the 3D global model analysis did not indicate that the
basemat/cylinder and dome/cylinder junctions were subject to high strain gradients as was
originally thought. The liner plate around the airlock and equipment hatch penetration
openings were subject to high strain gradients. Further the global model analysis results
indicate that the liner plate region between the airlock penetration and the buttress at the 90°
azimuth was a region of high strain concentration.

Prediction of Failure Using Local Models
2D Liner Plate Model
The intensification of strain at the thick insert plate/liner junction was studied with a 2D plate

model. A section of the internal lining around the main steam penetration was developed
using the shell element S4R. The vertical liner anchorage spacing in this region is 150 mm.
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7.2.2

WD6352

The liner anchorages are modelled as springs set at 150 mm spacing in the hoop direction.
The extent of plate modelled is adequate to ensure the junction is not influenced by boundary
conditions. The curvature of the liner plate has been ignored. The finite element mesh is
shown in Fig 16.

An equivalent plastic strain contour plot depicted in Fig 16 shows the extent of strain

"concentration at the liner thick/thin junction. A 3% strain in the free field can cause up to

11% strain at the thick/thin junction.

It has been assumed that straining of the liner leading to strain intensification is predominantly
in the uni-axial direction. Straining of the liner plate model was caused by applying a
displacement between the section of plate enclosing the thick plate and the section simulating
the thin plate. The differential displacements were applied at the spring nodes in the direction
corresponding to the vessel hoop direction.

Successive differential displacements were applied until a value was found giving the predicted
rupture strain of 11% at the plate junction. This state of strain at the junction was associated
with a differential displacement of 5.1 mm at the anchorage on either side of the junction.

Considering the internal radius of the vessel of 5375 mm, a uniform hoop expansion of 5.1 mm
is consistent with a uniform radial expansion of 182 mm of the cylinder at the mid-height
region. Given the enhancement of wall stiffness by the buttresses and the local heavily
reinforced penetration regions, the cylinder is unlikely to deform uniformly. However, no
account has been made of the non-uniform deformation behaviour of the cylinder on the
computation of liner rupture strain.

3D PCCV Sector Model

The numerical difficulties arising from concrete cracking precluded the analysis of the giobal
and the 3D sector models beyond internal pressures of 0.60 MPa and 1.02 MPa respectively.

Due to the difficulties experienced with the concrete cracking material model an alternative
approach of modelling the degradation of concrete was considered. This consisted of
modelling the concrete as a linear elastic material, with the elastic modulus varying as a
function of the applied load. The elastic modulus, E, of concrete is held constant until a
pressure of 0.7 MPa, at which point substantial cracking would have occurred. Beyond
0.7 MPa, the elastic modulus is reduced linearly to one-tenth of its undamaged value at a
pressure of 1.5 MPa. Beyond 1.5 MPa it is further degraded linearly to a thousandth at a
pressure of 2.5 MPa as shown in Fig 15.

This analysis is useful in providing insights into the mechanism of load re-distribution from the
concrete to the other structural components as the concrete modulus is reduced at high
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entirely dictated by the behaviour of the reinforcements and tendons. The concrete serves as a
soft matrix into which the reinforcement and tendons are embedded. The trend of the loading

of the rebars, tendons and liner with softening of the concrete is indicated in the pressure
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tendons leading to catastrophic failure of the PCCV is not likely to occur before the liner
rupture.

It is evident that for the ‘softened’ concrete there ig ranid increace in the strainine of the other
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stmctural components. At about mid-height a radial displacement of 182 mm at a pressure of
1.98 MPa was obtained. The strain field in the liner at this region was of the order of 3%.
Assuming uniform radial deformation around the vessel circumference, a strain of 3% in the
free-field area is magnified at the junction of the thick/thin insert plate to a strain of about
11%. Thus at an internal pressure of 1.98 MPa the liner is deemed to have ruptured at the
welded junction of the thick insert plate and thin liner, leading to de-pressurisation of the
vessel.

Buckling of Penetration Cover Plates

Critical buckling modes of the cover plates of the air lock and equipment hatch penetrations

-were obtained using detailed shell element models. A typical mode is shown in Fig 9. It was

found that the cover plates had adequate buckling strength with the critical buckling pressure
exceeding 10 MPa which is far in excess of the design pressure.

Confidence Level

Attempt has been made to model the as-built condition of the PCCV. However, there are a
large number of uncertainties which cannot be accounted for in a single deterministic analysis.
Since the failure or the limit load of the PCCV is most likely going to be dictated by a rupture
in the liner, the strength of the lines at the welded joints becomes an important issue. Two
main variables have been considered in predicting the 90% confidence level: modelling
uncertainty measured as actual strength/predicted strength of welded panels and variability in
lines rupture strain. Modelling uncertainty was assumed to have log normal distribution with
mean of 1.22 and standard deviation of 0.122. The variability in the liner rupture strain was
assumed to follow normal distribution with mean of 11% and standard deviation of 0.79%.
The combined effect gave the 90% confidence interval (mean + 1.28 standard deviation) of
2.16 MPa to 1.78 MPa.

Summary of Main Results
A summary of the main results drawn from the 3D global and sector models are presented.

@ Extensive concrete crack was first observed at a pressure of 0.57 MPa at the
cylinder/buttress junction.
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The limit load of the PCCV model is dictated by rupture of the liner at the welded joints
following extensive cracking of the concrete at the buttress/cylinder wall joint.
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Table 1 — Material data used in FE analysis

Seil spring properties

Description of soil region

Spring stiffness (N/mm)

Densely defined region of mesh
at centre of basemat

110

Region of basemat mesh
corresponding with cylinder
meshing

250

Coarser general region of
basemat mesh

2270

Spring stiffness derived from soil stiffness of 0.014 MPa/mm

Anchorage properties
Description of spring Stiffness (N/mm)
Liner tensile pull-out stiffness 3680000
Liner shear stiffness 1820000
Penetration lining anchor spring | 581000
Concrete properties
Description
Elastic modulus 27950 N/mm®
Poisson’s ratio 0.18
Compressive strength 88 N/mm?® (*)
Tensile strength 4 N/mm*
Density - 2.21 x 10” tonnes/mm’

Note: The compressive strength was increased by a factor of two to avoid convergence

problem with the smeared cracking model.

WD6352
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Table 1 (cont’d)

Reinforcing rebar properties
Type Elastic Poisson’s Yield stress Rupture strain
modulus ratio QV/mm?®) (%)
. V/mm?)
Pre-stressing Tendon 224230 0.30 1740 3.83
Rebar SD345-D6 169000 0.30 370 304
Rebar SD345-D10 182000 0.30 370 23.8
Rebar SD390-D10 183000 0.30 477 20.5
Rebar SD3%0-D13 183000 0.30 440 242
Rebar SD3%90-D16 183000 0.30 450 22.1
Rebar SD390-D19 184000 0.30 470 22.1
Rebar SD390-D22 191000 0.30 465 25.9
Rebar SD490-D10 187000 030 500 21.4
Rebar SD490-D13 184000 0.30 548 16.4
Rebar SD490-D16 185000 0.30 490 17.1
Rebar SD490-D19 186000 0.30 514 17.8
Tendon sheath frame 205000 030 -
Internal steel liner properties
Description
Elastic modulus 219650 N/mm’
Poisson’s ratio 0.30
Yield strength 382 N/mm®
Rupture strain 11%
Density 7.85 x 10” tonnes/mm’
Page T2 WD6352
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Figure 1 — Finite element representation of the PCCV
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Figure 2 - Detail view of the PCCV dome model
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Figure 5 — Detailed view of the airlock penetration model and
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Figure 7 — PCCYV vertical tendons model
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Figure 8 — Internal vessel liner, with details around the
equipment hatch and airlock penetrations and the basement in
view
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(a) FE mesh of cover plate and penetration lining

(b) Deformed shape of cover plate

Figure 9 - Equipment hatch penetration lining and cover plate
with critical buckling mode prediction
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Figure 10 — Deformed shape of cylinder and dome after
post-tensioning
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Figure 11 — Plan section through cylinder after post-tensioning
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis.
To avoid duplicating the composite information, individual sets of data and/or plots have been
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts
and content and in the numbering of figures, tables, and pagination in some reports.

In Appendix H, “IBRAE, Nuclear Safety Institute, Russia,” discontinuity arises from omitting the
following material:

figures 4-1 through 4-45, standard output location plots
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1. Description of the Finite Element Calculated Model

Calculations were carried out with the application of CONT-routine complex destined to perform
numerical simulation of stress strain states (SSS) of different NPP-type containments under both
static operational and off-normal mode loads. The procedure is founded on mathematical
relationships of the finite element method. With the aim to increase both the efficiency of the
calculated algorithm and the possibilities of its application when calculating SSS of complex full-
scale structures, the traditional finite-element procedure was supplemented with a superstructure in
the form of a super-element algorithm allowing: calculations of SSS of structures by stages and a
consideration of reiteration of the geometry of individual fragments. As a result, a considerable
decrease of computer resource consumption as well as a possibility of the software installation in
PCs were obtained.

The structure of «Sandia» containment model at the one-fourth scale is axially symmetric as a whole
excluding the thickened zone around the big technological penetration on the containment inner
surface and the areas of pilaster location.

Such a structure allows the application of the calculation procedure in the axially symmetric
statement when calculating: impact of inner pressure, own structure weight, several thermal load
types. In such a case the thickened zones can be isolated in the form of individual fragments to which
forces are applied (these forces are determined starting from axially symmetric calculations of the
containment).

The containment loading with the base load of prolonged effect from forces of prestressed
reinforcements is rather nonuniform. Not axial-symmetry of the load from the prestressed state of
the structure is observed within the dome zone (this is a consequence of applying an orthogonal-loop
scheme of arrangement of the stressed reinforcements) and within the cylindrical part of the
containment wherein asymmetric nonuniformities of considerable extent appear when going round
large technological penetrations. Consequently, correct calculated analyses of the stressed state of
the containment are more objective under the three-dimensional statement of the problem. However
when calculating the containment with consideration for nonlinear properties of reinforced concrete,
an axially symmetric calculated model can be used.

It should be also considered that: - in paralle]l with prestressed reinforcements considerable quantities

of standard not-stressed ones are positioned in walls and in the dome of the containment and - all the
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inner containment surface possesses a metal liner. The impact of these structure elements on the
stress strain state of the containment is considerable, and it should be taken into account in
calculations.

In this connection a three-dimensional finite-element model and a procedure of calculating the
prestressed reinforced concrete containment in 3D statement were developed. The procedure took
into account the following characteristic properties:

1. Load action from a prestress of tendons. In this case the following factors were considered:

- in the calculated model loads from each tendon were simulated separately, since the value
of forces in tendons was different as a result of different radii of bending within the dome
area and the cylindrical part (in the opening area);

- actual tendon trajectories with consideration for their arrangement within both the uniform
zone and the area of large technological penetration;

- loads from prestressed tendons were determined having regard to the factors responsible
for prestress losses within them; namely, a decrease of forces along the length of tendons
depending on: - the value of friction coefficient between tendons and polyethylene tubes
(containing tendons) and - the angle of tendon bend;

- increment of forces in tendons at their lengthening under the impact of inner pressure.

2. Load effect from the own structure weight. Though no considerable impact of this factor on the
final result has been expected, with the aim to consider in full the tensions acting in full-scale
structure, along with other loads a consideration of the own structure weight seems to be profitable.
3. Inner pressure impact on the structure.

The containment calculated models were developed on the basis of: geometrical parameters,
mechanical characteristics of materials used, reinforcement type, see Reference [1]. The data
presented in Figure 1-1 were used as the base to account for the containment reinforcement.

The three-dimensional containment model is presented in Figure 1-2. At this stage of our
investigations calculations with consideration for concrete cracking were performed for 1/4th part
of the containment (see Figure 1-3). In Figure 1-4 a fragment of the calculated model representing
the cylinder-3D base structure connection area is given. The calculated model is fulfilled with the
appliéation of linear 8th-unit final elements. The total number of elements equals 24508, of units

28404.
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In Figure 1-5 and Figure 1-6 the schemes of reinforcing the containment wall from an elevation of
1552 to 2913 mm (cylinder part) and between 30 and 45 angles (dome part) are presented. The
corresponding fragments of the model are given in Figure 1-7 and Figure 1-8. Common
reinforcement was taken into account in the calculated model in the form of thin steel layers with
orthotrop properties (in one direction the layers simulating reinforcements possessed properties of
steel, in another direction of concrete). In the calculated model an increase/decrease of the
reinforcement section area throughout the containment height was controlled by modifying the
thickness of both steel layer and the adjacent concrete layer.

Throughout the wall thick the containment model contains 12 layers of materials within the cylinder
and the dome parts (see Figure 1-7 and Figure 1-8). R in Figure 1-7 represents the radius of cylinder
bending, and R in Figure 1-8 is the radius of bending of the containment dome area. In these figures
the layers n°3 and n°9 simulate the reinforcement in the form of a thin steel cover with a cross-
section area corresponding to the reinforcement section area in meridian direction, and the layers n°5
and n°11 simulate hoop-direction reinforcement.

In Table 1 the thickness of layers simulating common reinforcement is presented.

The calculated axially symmetric model is fulfilled with the application of linear 4-unit axially
symmetric elements. The total number of elements equals 2700, of units 3400. In the containment-
base connection zone an embedment throughout the whole bottom boundary is accepted.

Within the axially symmetric calculated model the reinforcement stressed was taken into
consideration through the application of loads on boundaries of the elements positioned on R, and
R, radii (Figure 1-7 and Figure 1-8). When performing calculations this load was adjusted in
accordance with the value of the mentioned element deformations. It is worth noting that the
reinforcement in question has not been included into the model as an element of the section rigidity.
Below a substantiation of forces in tendons specified when performing calculations in the axially
symmetric statement is presented.

Justification of forces specified in tendons

According to Reference [1] p.40, the force at pull sides of tendons is 50 tons. To calculate the stress-
strain state of the containment in an axially symmetric formulation, it is necessary to determine the
mean force in hoop tendons and force in meridional tendons which works for the hole height from

the basemat up to the dome top.
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Table 1. Thickness of Layers Simulating Common Reinforcement

Z-coordinate Inner meridian Inner hoop Outer hoop Outer
[mm] reinforcement reinforcement | reinforcement meridian
reinforcement
-1175<Z<0 5.31 - - 5.31
0<Z<800 5.31 3.37 3.37 5.31
800<Z<999 3.054 2.208 2.208 5.31
999<7Z<1552.5 3.054 2.208 2.208 3.054
1552.5<7Z<2912 3.02 2.16 2.16 2.01
2912<72<3127.3 3.054 2.208 1.351 2.252
3127.3<7Z<3578.1 3.054 2.208 1.351 1.972
3578.1<Z2<3916.3 2.252 2.208 1.351 1.972
3916.3<7<4487.8 2.252 2.208 1.351 1.415
4487.8<Z<5152 2.252 1.526 1.351 1.415
5152<7Z<5491 1.415 1.526 1.351 1.415
5491<7<6502.3 1.415 1.526 1.351 1.030
6502.3<Z<10750 1.03 1.526 1.351 1.030
In the penetration 3.67 433 5.31 4.33

zone (1540 mm in

diameter)

Shortening of a tendon during anchoring makes up 4.7 mm (due to the Table 1, p.46). Friction

coefficient on the curved section of a tendon equals to u=0.21, friction coefficient along the length

of a tendon equals to A=0.001.

Determination of a force mean value in hoop tendons

The mean force in tendons is calculated taking into account the length of an active section assumed

by analogy with rig tests, it is equals to 3.5 m.

For this purpose, let’s determine the force losses in tendons after their anchoring. The change of

tendons deformation on a linear section is equal to: Ae=Al/1=4.7/3500=0.00134.

The tension in tendons will decrease. The decrease of tension will be equal to:

Ao=Aex E =0.00134x2000000=2686 kg/cm?,

where E is the elasticity modulus of a tendon.
The value of tension decrease will make up:

AN=AoxF =2686x3.39=9104 kg ,
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where F is the area of a tendon section.
Let’s determine the force losses in tendons due to the friction against the walls of the channels. In

the middle part of the tendon the force will make up:
N,= N, . gt Eqn. (1)
N, - the force on the pull end;

N, - the force in the middle part of a tendon;

- u - friction coefficient when the angle is changed;
a - the change of anangle, radian;
A - friction coefficient along the length of a tendon;

l - the length of a tendon, m;
N, = 50 g {02314+ 0011689 = 25.4 tons.
The total force from two adjacent tendons makes up:
N,,.=(N, - AN) + N, =(50-9.104)+25.4=66.3 tons.
The mean force in a hoop tendon is:

N, = Ngmn /2 =33.15 tons.

Calculations of force values in meridian tendons

Now let us calculate force losses in tendons after their anchoring. Since the value of meridian tendon
shortening after their anchoring is not given in (1), this parameter is accepted to be equal to that in
the case of hoop tendons.
The length of rectilinear meridian tendon section with consideration for anchoring within the bottom
hoop gallery equals 12 m. Variations of tendon deformations within the rectilinear section is equal
to:

Ae=Al/1=4.7/12000=0.00039
The value of tension lowering equals:

Ao=Aex E =0.0039x2000000=783 kg/sm’.
The value of force decrease makes up:

AN=AoxF =783x3.39=2654 kg.

Within the anchoring area the forces in meridian tendons equal 47.35 t.
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Besides, the forces in tendons will decrease due to the losses by friction along the length of the
tendon from the basemat of the containment up to the zone of connection of a cylinder with the

dome. The forces value in this zone will make up:

N,=N,-e*"=N,=50-&*®"? =494 tons.
In the end the force in the tendons in the zone of connection will make up 49.4-2.65=46.75 tons.
The value of forces in tendons will decrease due to the dependence (1) beginning from the line of
a cylinder connection with the dome up to the dome top.
It should be mentioned, that in a given work stage, the decrease of forces in tendons due to concrete

shrinkage and creeping and reinforcement relaxation wasn’t taken into account.



Not Available

Figure 1-1. Data used as base to account for containment reinforcement



Figure 1-2. Three-dimensional calculated model of Sandia containment, one-fourth scale
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Figure 1-3. One-fourth part of the containment used in calculations

H-13



7 — // T
X
I il ‘I i /% e
:: ::;V//V// ///
i 1 1=
g EgeS==
~-{ i1 V] P
| )l // / / / P
iggZ=
W7 %
I
=
1]
‘K:_:\Q:; | — | —
RiSE: = —
NNQ\:::Z | ! SZZ “‘\\'M
— 11 ::X \\
—~—1 /] N
o L | ", ‘N\\\\tﬁ
Hl&“"f 5/ [ 7 L I
] == | |
— ] X i
L\ A\J\ \%
\__\ L]
S T
T | T
.l T

oy

Work dinctory: C s TMPSANDT Mo Ot 18 08:59:52 1999 ScbTEN_ view SR

Figure 1-4. Fragment of the calculated model in the area of containment cylinder - 3D base
structure connection

H-14



hoop bars,

1- D12.7, 1 - D9.53,
step 118.8 mm

meridional bars, D9.53,

step 94.8 mm (1)

=4
(28

(1}
[4,]

2785 mm
-

vertical bars, __—

D20.78,
step 193.1 mm (2°)

L ermiareiminiaiona,

A

l..... . .\.\\..

P P A

Y O §

VT
T E TN
o i O
Y
Jie il O

= 2

© B

hoop bars,
/1-D12.7,1 - D8.53,
L~ step 122.6 mm

radial ties, D6.35,

| _|—step 120.7°85.3 mm

meridional bars,

| D9.53,

step 98.6 mm (1°)

556 47.5 15

—

<>

.-t_.-

17.

Sl

; 31.7

\ .
_hoop tendons,

4

&..-.....Q..-
]

157.2 38.1

T T

,

N

81.0

D20.78

N

275 mm

R

Figure 1-5 Scheme of the model of containment Sandia (on a scale ¥ at the heignt from
1552 to 2913 mm)




hoop bars,

. N " 2
. o~ .
] . ' '
H H . .
' ] ] ]
H H . H
] v ]
L -l
i

5

1-D19.1,1-D15.9,
step 112.7 mm

meridional bars, D19.1,

...J‘............lzl.

step94 8 mm (1)

R=5375mm

vertical tendons, _.—

D20.78, step
1193.3 mm (2°)

— : ™~
il |
pHE 1 U
Je 1 Of
i N S B B mag
il
| e LT Q)

'-.-.-.-;.../Z...-.-..

X B
-
H ~|
FUN

~_ hoop bars,
ﬁ- D19.1, 1-D15.9,
step 112.7 mm

radial ties, D6.35,
L—step 112.7*193.3 mm (2°)

meridional bars,
— D15.9, step
98.6 mm (1%

R i & Nt

hoop tendons,

cmshrpiwi]imsncnivininrw

D20.78, step 112.7 mm

g 7
1 162 ’3/54.0 i,109.5
325 mm
e

Figure 1-6 Scheme of the model of containment Sandia (on a scale the dome part % and
between the angles 30 and 45°)

18

H-16



Table 1-2. Section Characteristics

N Thickness N Reduced modulus of
of layer Material of layer, of layerReduced elasticity, E, hoop
mm modulus of elasticity, direction (MPa)
E, merid. direction
(MPa)
1 Met.liner 1.6 210 000 210 000
2 Concrete 57.1 27 000 27 000
3 Meridional bars 3.02 185 000 27 000
4 Concrete 19.8 27 000 27 000
5 Hoop ties 2.16 27 000 185 000
6 Concrete 79.44 27 000 27 000
7 Concrete 54.0 27 000 27 000
8 Concrete 355 27 000 27 000
9 Meridional bars 2.01 185 000 27 00
10 Concrete 20.19 27 000 27 000
11 Hoop ties 2.16 27 000 185 000
12 Concrete 48.64 27 000 27 000
R=5375.0 «I‘
i 4115 6 7 8 9|l 10 [pt1 12
R,=5376.6 2 |8 0
R,=5433.7
R,=5436.72 X
Rs=5455.9 o
R.=5458.06
R,=5537.5
Rg=5591.5
R,=5627.0
R,=5629.01 »
R,=5649.2
R,,=5651.36
R;=5700.0
A
325 mm >

Figure 1-7. The calculation model fragment of the containment Sandia (cylindrical part) on a
scale Y at the height from 1552 mm to 2913 mm



Table 1-3. Section Characteristics

N Thicknessof Reduced modulus of Reduced modulus of
of layer Material layer, mm elasticity, E, merid. elasticity, E, hoop
direction (MPa) direction (MPa)
1 Met.liner 1.6 210 000 210 000
2 Concrete 54.0 27 000 27 000
3 Meridional bars 0.75 185 000 27 000
4 Concrete 16.75 27 000 27 000
5 Hoop ties 0.83 27 000 185 000
6 Concrete 83.37 27 000 27 000
7 Concrete 36.8 27 000 27 000
8 Concrete 31.8 27 000 27 000
9 Meridional bars 0.72 185 000 2700
10 Concrete 16.78 27 000 27 000
11 Hoop ties 0.81 27 000 185 000
12 Concrete 30.79 27 000 27 000
R,=5375.0 I
2 3 4 ||5 6 7 gl 10 |1 12
R,=5376.6
R,=5430.6 X
R,=5431.35 "
) |
R;=5448.1 o
R,=5448.93
R,=5532.2
Ry=5569.1
R,=5600.9
R,,=5601.62 )
R,;=5618.4
R,,=5619.21
R,;=5650.0
< 275 mm >

Figure 1-8. The calculation model fragment of the containment Sandia (the dome
part) on a scale ¥4 between the angles 30 and 45¢
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2. Characteristics of Materials Specified in Calculations

The following mechanical characteristics of the materials applied were adopted.

For the concrete:

The initial elasticity modulus E, = 27000 MPa
Poisson’s ratio v, = 0.18
Concrete one-axis tension strength R,,= 3.45 MPa

Concrete one-axis compressive strength R, =40 MPa

For the lining:

Elasticity modulus E_ = 210000 MPa
Poisson’s ratio v, = 0.3

Yield point R, = 380 MPa

Ultimate strength R _, = 498MPa
Ultimate breaking strength £_, =33 %
For the reinforcement:

Elasticity modulus E_ = 185000 MPa
Poisson’s ratio v, = 0.1

Yield point R, =450

Ultimate strength R _, = 600MPa

Ultimate breaking strength £_, =20 %

The following mechanical characteristics were assumed for the stressed reinforcement:

Elasticity modulus E_ = 200000 MPa
Yield point R, = 1700 MPa

Ultimate strength R _, = 1900 MPa



Ultimate breaking strain £, =3.3 %

Tendons section area = 339 mm’
* - in brackets characteristics of materials used when performing calculations in axially symmetric

statement are indicated.

Radial reinforcement installed within the containment model has not been taken into account in

calculations.

3. Description of the Accident Model Used in the Analysis

The problem of displacements, deformations and stresses was solved by the iteration method during
some steps of the load change due to the inner pressure influence. A system of equilibrium equations
was formed and solved at every step of loading. Elastic model was used with the analysis of the
plasticity beginning separately in meridional and circumferencial directions for the ordinary

reinforcement layers and with the Hubera-Mizesa equation for the lining.

Concrete cracking was simulated with the help of iteration process, when the stresses in "concrete”
elements reached their critical value in meridional and circumferencial direction on the next iteration
decreased in correspondence with the coefficient of a normal rigidity decrease which was equal to

0.0001. Concrete properties in radial direction remained the same. In the elements of reinforcement
adjacent to the cracked concrete elements, the reduced elasticity modulus E ;' was introduced, its

value is determined by the following dependence:

Ey=——7—7"——", Eqn. (2)

where g - deformations in the reinforcement at the moment just after the cracks formation;

s,cre
g, - deformations in the reinforcement at the observed moment of loading;

B - coefficient which is assumed to be equal to 0.5.

To solve the elastic problem, a method of consistent approximations with variable parameters of

elasticity was used. At the same time, for the points of the model, where the stresses went over the
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yield point, the secant elasticity modulus was specified in correspondence with the obtained values
of plastic deformation. Meridional and circumferencial directions were analyzed separately for the
reinforcement. Besides, with the account of the values of plastic deformation tensor components, we
corrected the steel yield point in accordance with the specified hardening modulus. Iterations stopped

when in all points of a body the stresses values were below the yield point or differed from it by no

more than € = 0.005 o,.

Simultaneously, elongations of tendons were determined on every iteration; and on the next iteration

the increase of stresses in them connected with the elongation was taken into account.

When critical value of tensile stress in concrete reaches R, value, it is assumed to be a criterion of

cracks formation.
Achievement by the stresses and deformations in non-stressed reinforcement, lining or tendons the

critical values R _, and ¢_,, was assumed as the criterion of destruction.

su?
In the course of the calculations, the stress-strain state of the containment under the effect of
prestress was determined. Then the load from the inner pressure was applied. The value of the inner

pressure on the first step was 0.39 MPa. The value of the inner pressure increased by 0.0195 MPa

at every following step.

When performing calculations in the three-dimensional formulation the first pitch inner pressure
value equaled 0.2 MPa. Then, up to the value of 0.7 MPa the load increment at every pitch equaled
0.1 MPa; at values over 0.7 MPa an increase of inner pressure by 0.04 MPa at every pitch was

observed, at the last two pitches by 0.06 MPa.

It is worth noting that at the present stage of our investigations the impact of concrete creepage and
shrinkage as well as of temperature factors on SSS of the structure has not been taken into

consideration.

4. Results of Calculating SSS of the Containment Model

In the chapter presented plots of variations of: displacements, deformations and forces under the

impact of inner pressure for standard positions are demonstrated.

In the course of our investigations characteristics of the materials used were modified. The

containment calculations were performed: - in the axially symmetric statement with initial
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properties, - in the three-dimensional one using refined data. Moreover, both the axially symmetric
and the three-dimensional calculation models possess their own distinguishing features. Therefore
it makes sense to present the results of both the axially symmetric and the three-dimensional

calculations.

5. Pressure Levels Corresponding to the Following Events:

The first crack in the cylinder concrete due to hoop strains appears:
at a pressure = 0.7 MPa: cracks within the large penetration area Fi=324°;
at a pressure = 0.74 MPa: cracks within the small penetration area Fi=62°;
at a pressure = 0.86 MPa: cracks within the pilaster area Fi=90°; Fi=270°;
at a pressure of = 0.9 MPa: almost full cracking of the cylinder part is observed.
The first crack in the cylinder concrete due to meridian strains appears:
at a pressure of = 0.78 MPa near the base in the connection area with the base plate.
The onset of plastic deformations of hoop reinforcements in the cylinder takes place:
at a pressure of = 1.22 MPa.
The first crack in the concrete of the dome over (above) 45 angle appears:
at a pressure of = 0.94-0.98 MPa.
The first crack in the concrete of the dome under (below) 45¢ angle appears:
at a pressure of = 0.9 MPa;
Hoop tendons reach 1 % deformation:
at a pressure of = 1.15 MPa;
Hoop tendons reach 2 % deformation:
at a pressure of = 1.206 MPa.
Hoop tendons reach 3 % deformation:
at a pressure of = 1.25 MPa.
Containment destruction (i.e. reaching the strength limit by hoop tendons) occurs:

at a pressure of = 1.26 MPa.

H-22



Reference:

1. PCCV Round Robin Analysis - Release of Design Package. Sandia National Laboratories, P. O.
Box 5800. Albuquerque, New Mexico 87185 - 0744 USA. SO-97-047.

H-23




	ABSTRACT
	CONTENTS
	EXECUTIVE SUMMARY
	ACKNOWLEDGMENTS
	ABBREVIATIONS
	1. INTRODUCTION
	1.1 Background
	1.2 Program Description
	1.3 Report Organization

	2. DESIGN OF THE PRESTRESSED CONCRETE CONTAINMENT VESSEL MODEL
	2.1 Model Design
	2.2 Material Properties

	3. INSTRUMENTATION
	3.1 Model Instrumentation
	3.2 Standard Output Locations

	4. PRESSURE TESTING
	4.1 System Functionality Test (SFT)
	4.2 Structural Integrity Test and Integrated Leak Rate Test
	4.3 Limit State Test

	5. PRETEST ANALYSIS
	6. SUMMARY
	7. REFERENCES
	APPENDIX A COMPOSITE PLOTS
	APPENDIX B AECL ATOMIC ENERGY OF CANADA LIMITED CANADA
	APPENDIX C ARGONNE NATIONAL LABORATORY UNITED STATES
	APPENDIX D CEA COMMISSARIAT A L’liNERGIE ATOMIQUE FRANCE
	APPENDIXE EDF ~~LECTRICIT~DEFRANCE FRANCE
	APPENDIX F GLASGOW UNIVERSITY OF GLASGOW UNITED KINGDOM
	APPENDIX G HSE HEALTH AND SAFETY EXECUTIVE UNITED KINGDOM
	APPENDIX H IBRAE NUCLEAR SAFETY INSTITUTE RUSSIA

