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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 loadin, g 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)b 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-II 
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 :Cscale 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 Pd, a Structural Integrity 
Test (SIT) at 1.125 Pd, 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 
ANL 
CEA 
EDF 
Glasgow 
HSE 
IBRAE 
INER 
IPSN 
JAERI 
JAPC 

Atomic Energy of Canada Limited 
Argonne National Laboratory 
Commissariat a I’Energie Atomique 
Electricite de France 
University of Glasgow 
Health and Safety Executive 
Nuclear Safety Institute 
Institute of Nuclear Energy Research 
Institut de Protection et de SOretC Nucleaire 
Japan Atomic Energy Research Institute 
The Japan Atomic Power Company 

Canada 
U.S. 
France 
France 
U.K. 
U.K. 
Russia 
Republic of China 
France 
Japan 
Japan 

a 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. 
b The work of the Nuclear Power Engineering Corporation is performed under contract to the Ministry of 
International Trade and Industry, Japan. 
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KINS Korea Institute of Nuclear Safety 
KOPEC Korea Power Engineering Company 
NUPEC Nuclear Power Engineering Corporation 
PRIN Principia 
RINSC Russia International Nuclear Safety Center 
SNL Sandia National Laboratories/ANATECH 

Korea 
Korea 
Japan 
Spain 
Russia 
U.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 Pd. 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. 

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

. 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. 

AECL 
ANL 
CEA 
EDF 
Glasgow 
HSE 
IBRAE 
INER 
IPSN 
JAERI 
JAPC 
KINS 
KOPEC 
NUPEC 
PRIN 
RINSC 
SNL 

Atomic Energy of Canada Limited 
Argonne National Laboratory 

1.2 Program Description 

The second test in this program consists of 
pressure testing a uniform 1:Cscale 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 
l.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 sensors, pressure sensors, 
concrete crack transducers as well as visual 
monitorins. Model testing will commence in mid- 
2000 with a series of low pressure tests including 
an Integrated Leak Rate Test (ILRT) at 0.9 Pd, a 
Structural Integrity Test (SIT) at 1.125 Pd, and, 
finally, a test to failure. 

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

Canada 
U.S. 

Commissariat a 1’Energie Atomique 
Electricite de France 
University of Glasgow 
Health and Safety Executive 
Nuclear Safety Institute 
Institute of Nuclear Energy Research 
Institut de Protection et de SQrete Nucleaire 
Japan Atomic Energy Research Institute 
The Japan Atomic Power Company 
Korea Institute of Nuclear Safety 
Korea Power Engineering Company 
Nuclear Power Engineering Corporation 
Principia 
Russia International Nuclear Safety Center 
Sandia National Laboratories/ANATECH 

France 
France 
U.K. 
U.K. 
Russia 
Republic of China 
France 
Japan 
Japan 
Korea 
Korea 
Japan 
Spain 
Russia 
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, I :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- 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- 
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. 

l 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. 

. 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. 

3 



90 meridional hairpin tendons 
(45 E/w. 45 N/S) 

32.5 cm ---, 
(12 ‘3/,6’) 

cl 

L 
I 720 cm (23’.7 V,6’) 

CI 

1 

CL Main 
Steam 

8 Feedwater 
Penetrations 

Figure 2.1 Outline Sketch of the Prestressed Concrete Containment Vessel (PCCV) Model 



. 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 reportc 

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 SS400 

Basemat Rebar: JIS G3 112, SD490 and 
SD390 

Shell Rebar: JIS G3 112, SD390 and 
SD345 

Tendons: JIS G3536 

Concrete: 450 kg&m’ and 300 
kg&m2 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 full-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.C 

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





3. INSTRUMENTATION 

3.1 Model Instrumentation 

Consistent with the objectives of the prestressed 
concrete containment vessel (PCCV) model test, 
the instrumentation suite 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, althou,oh 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 O”, as shown in the figure. 
The cardinal elevations are numbered l(top of 
basemat) through I3 (apex), and the cardinal 
azimuths, typically at 30” intervals, are labeled A 
(O”) 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. I. 1. I Reinforcing Bar Strain 

Bonded, electrical resistance gapes 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 gazes 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, correctin,o 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. 

3.1.4 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 

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 
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predictions as a function of gage pressure at each preliminary and pretest analyses performed by 
of these Standard Output Locations (SOL). The Dameron et al. [6,7] provided results that guided 
SOL responses are defined in Table 3.1, and the the selection of these locations. 
locations are illustrated in Figure 3.2. The 
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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 used 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 Pd (0.04 
MPa) in two increments of 0.05 Pd (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 Pd (0.44 
MPa). The SIT pressure will be maintained for 

one hour, then the model is depressurized to the 
ILRT pressure of 0.9 Pd (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, i.e., 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 Pd (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 (>lOOO% mass/day). 
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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. 

15 

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 

ANL Argonne National Laboratory 

Canada 

U.S. 

ABAQUS 

TEMP-STRESS 
and NEPTUNE 

CEA 

EDF 

Glasgow 

HSE 

IBRAE 

Commissariat a I’Energie Atomique 

Electricite de France 

University of Glasgow 

Health and Safety Executive 

Nuclear Safety Institute 

France 

France 

CASTEM 2000 

ASTER 

U.K. 

U.K. 

Russia 

Research Code 
Univ. of Glasgow 

ABAQUS 

CONT-2D and 
CONT-3D 

INER Institute of Nuclear Energy Research Republic ABAQUS 
of China I 

IPSN 

JAERI 

JAPC 

KINS 

KOPEC 

NUPEC 

PRIN 

RINSC 

SNL 

lnstitut de Protection et de SOretC Nucllaire 

Japan Atomic Energy Research Institute 

The Japan Atomic Power Company 

Korea Institute of Nuclear Safety 

Korea Power Engineering Company 

Nuclear Power Engineering Corporation 

Principia 

Russia International Nuclear Safety Center 

Sandia National Laboratories/ANATECH 

France 

Japan 

Japan 

CASTEM 2000 

ABAQUS 

FINAL 

Korea 

Korea 

Japan 

Spain 

Russia 

U.S. 

DIANA 7.1 

ABAQUS 

ABAQUS 

ABAQUS 

DANCO 

UMAT/ABAQUS 
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Table 5.2 Modeling Approaches Used in the Pretest Analyses 

Model I Concrete I Liner I Aebar Tendon I 
Cylinder Prestress 
.%,m n* B1w-s ,MPll 1 Participant 

General 1 Basemat 1 Penetrations 1 Buttress 1 e Elements 
t -.=, “. - .“_ \.... -, 

Hoop 1 Meridional 

tNL 2D Arisym; shell 1 no no no 650 shell lnn~et memhrann (embedded bars in IHOOD: rino 350 kN 1 470kN 
I-“- 

_. .._..._ -. . 
IShek IMend: V&s, sliding I (245kN 1 I 

[yes I 85.000 1 
,^ a~ .-a.> 

I In0 fricllon 1 30% red.) I 
Irebar subelement Itruss, no lriction ! Uniform Initial stress 

.^_^ 
I ,W”OOB so110 14node membrane ~1 rebar subelement truss, no lriction 327 

I 
5105 Inode solid shell Hoop: ring Hoop: ring 8 shell Unilorm 

Merid: shell Merid: shell 269 kN 
tied to concrete 

6120 DOF mulli-layer shell shell layer smeared shell layer smeared shell layer Unrform 
lied to concrete 513 

174 kN 

8.node solid smeared smeared 
lied to concrete tied lo concrete 

rVa 3D solid elemenl. C3D20 3D shell elemenl n/a tia 1185 MPa 
S8R 

1 Axisym yes 

:EA 

IDF 

30 
Axisym 0 135 

i/8 w/ sym. 
multi.layer shell 

no E/H, A/L 

Yes no 

yes no 

no 

no 

;lasgow 

NER 

30 

30 slice (45’) 
(135”. 180”) 

w 

yes 

no 

no 

I 

yes 

no 

PSN 
IAERI 

JAPC 

KINS 

3D slice (2 deg) yes no no 2,513 solid shell discrete truss 453 kN 303 kN 

30 symmetric shell 470 kN 
yes no yes 6,237 shell shell rebar subelement bar element 350 kN 

model (90” . 180”) 
2D Axisym shell no no no 362 shell shell rebar subelement merid: rebar subelement 350 kN 470 kN 

hoop: shell 

Global (Axisym, 30) yes yes 2,000 mulklayer shell shell shell truss Frickon loss considered 

IrUSS anchor as springs w/ lriclion elemenl 

Local (liner) MIS 
30 multi-layer shell yes E/H, AIL yes 2,000 shell shell smeared layer bar, bonded Friclion and setting loss calculaled 

by code 

Axisym 
30 local 

L3D local 

yes 
no 
no 

no 
no 
E/H 

no 
yes 
yes 

3 local In0 1 M/S lyes 

end - 
I 

2,194 4node solid (duplicate) Is hell rebar subelement rebar 991 470 kN 

15.810 &node solid (’ .-I’--‘-’ ‘^ (oup~rcuru) tohell rebar subelement beam WI lriclion 453.394 kN 470 kN 

16,567 E-node solid, (duplicale) Ishell rebar subelement beam w/ friclion 453.394 kN 470 kN 

I 16.425 Isnode SOlId (duplicale) Ishell rebar subelement beam wl lriclion 453.394 kN 470 kN 

’ hell rebar subelemenl beam w/ friclion 453.394 kN 470 kN I 13.081 18.node solid (dupkcale) Is 
^ _^^ , . ,~ ~-I,> 11 

I I 
lelemenl 991 1 503.470 kN 

I i Gloadlna t 

! solid -IThin layers IDistributed load I ! I 
-. - 

IBRAE 20 Axisurn no no no z,ruu +nooa soeo *node 

3D yes yes yes 24,508 B-node solid 8.node solid Thin layers Dislributed load 331.5 kN 467.5 kN 
1142 

PRINCIPIA 2D Axisym solid no no 510 8node solid 3.node shell rebar Hoop: rebar 929 
yes 
soil Merid: truss w/ friclion 

. 3, .- ~~~ kN 
RINSC 

30 (90 
deg) JEM In0 I [shell I pm wall layers ts -hell ribbons 350 kN 470 no 

SNU 26 Axisym Jyes 1 E/H lyes 4,000 1 solids I_L^,I,-^-*-A^^ *-ha. “*.h.,lnmsnl I, ,51,~,,,,,,~,IIv1~III ,,rua, DyycIoIItTIII ,.russ WI friction lie 797 1334 

ANATECH 3D R-Thela I I I Al, ..- I I 60.000 1 I I I 1109 

3D Local I 1 MIS I I I 



Table 5.3 Material Properties used in the Pretest Analyses 

CEA Oltosen Average for each size and type 191,000 1,703 5% 
27,000 44 3.45 183,000 457 14% 

l ,=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% 200,060 1,750 3.4% 

l u=o.o05 l u=0.0005 445.00 

Glasgow 
30.100 44.13 3.4 224,000 390 183,000 470 200,000 1,750 

4.06 (?) 

INER Data lit 
32,552 44.13 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 nla 
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 I E Multi-linear elasto plastic f . Multi-linear f 

29,400 

. 

44 3.33 215,745 382 0.177% 185,082 459 0.25% 196,132 1,520 
382 2.00% 

0.78% 
459 1.53% 1,746 

408 2.44% 554 
1.10% 

4.00% 1,902 
436 3.60% 589 6.00% 1,912 

3.70% 

457 5.00% 644 21.29% 1,940 
0.08% 

500 33.00% 20.00% 

KINS 
eu=3.5-8% 

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% 

I I I 

27,950 
191,000’ 

39.16 3.37 
1,691’ 3.51% 
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Table 5.5 Pretest Analysis Results (MPa) 

Participant 

ANL 

Cracking 
Hoop 1 Meridional 

Liner Yield 
Rebar Yield Hoop Ten 

Hoop 1 Meridional Yield I 1% 
0.68 1 0.64 1 .oo 1.07 1 1.35 1.23 1 I.37 

Glasgow 

INER 

0.95 

0.69 n/a 

1.00 
1.10 

n/a n/a 

0.87 
1.60 

nla n/a n/a 

IPSN 
I I I I 
I nla I n/a I n/a 1 n/a 
I I I I I I I 

JAERI 0.92 0.74 1.20 n/a nla n/a l 
I 

n/a 

JAPC 0.60 0.65 0.96 0.98 1.25 1.15 1.25 

KINS 0.39 0.62 0.86 1.27 1.25 

KOPEC (2D) 0.64 1.01 1.20 1.03 1.32 
(30) 0.61 0.94 1.08 1.41 

HSE/NNC 0.57 0.57 1.70 1.60 1.60 

NUPEC 0.82 0.59 1.02 1.25 1.45 1.33 

IBRAE 0.70 0.78 1.15 1.22 0.90 1 .Ol 1.15 

ii b Stress 
2% 
1.53 

3% 
1.61 

Pressure Free-Field 
0 Failure Hoop Straln 

Mode 

1.51 1.69% local liner tear (El. 6.4 m) 
1.62 3.31% midheight hoop tendon failure 

at El. 6.4 m 
- 
-- 

1.38 

- 
- 

1.91 

0.94 
1.24 

1.60 
1.70 

1.95 

complete cracking 
axisymmetric yield 

numerically 
unstable 

I I I I 

n/a n/a 0.81 n/a n/a 
I I I I 

n/a n/a n/a n/a n/a 

n/a n/a n/a 1.24 buckling at dome portion or local fracture by 
bending in cylinder portion 

1.37 1.42 1.45 
1.55 

Rupture of structural elements (tendon, 
rebar. or liner) placed in the hoop direction 

1.33 1.37 1.25 
1.44 

at a wall height of about El. 7 m.‘ 
tendon 
rupture 

1.51 

1.98 3% 

tendon @ 3.55% 

Liner tear with extensive 
concrete cracking at buttress 

1.49 1.57 1.49 
I.57 3% 

region. 

tendon rupture 

1.21 1.25 1.26 

1.30 

tendon rupture 

tendon yielding 

n.a. 

1.27 

na. 

1.32 

1.50 

1.18 

n.a. hoop failure of vessel 

local liner strain (lower bound) 

1.25 
1.40 
1.42 2% 

16% liner strain @ E/H-best guess 
tendon rupture 
2% global strain (upper bound) 



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 component (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 Q 3% (1.41 for ASTER, 1.45 for hand calculations) 

Glasgow Define more precisely failure indicators. 

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 
K 

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. 

KINS 

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

HOOP tendons in cvlinder portion reach a rupture strain of 3.35% at 1.38 MPa 

KOPEC Tendon strain 3.51% 

Liner tearing strain 33% 

HSUNNC Liner: 11% at joint, 3% 8 free field 

NUPEC Liner: 8%; Rebar: 12-l 8%; 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 

SNUANATECH “Damage that leads to leakage”; Concrete cracking is nof failure: Rebar eu = 5%, Liner eU=l 6% 



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.) 

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.” 

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. 

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

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 Pd 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 
Pd. For failure predictions based on material 
failure of the steel components (liner, rebar or 
tendons), the average predicted pressure at 
failure is 3.6 Pd 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-2 1 b. PCCV Standard Outmt Location (SOL) #2 1. enlarged. 
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Figure A-22b. PCCV Standard Output Location (SOL) #22, enlarged. 
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Figure A-25b. PCCV Standard Output Location (SOL) #25, enlarged. 
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Figure A-26b. PCCV Standard Outmt Location (SOL) #26. enlarged. 
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Figure A-34b. PCCV Standard Output Location (SOL) #34, enlarged. 
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Figure A-37b. PCCV Standard Output Location (SOL) #37, enlarged. 
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Figure A-38b. PCCV Standard Output Location (SOL) #38, enlarged. 
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that 
participated in the Prestressed Concrete Containmmt 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 f.Yom 
omitting the following materiak 

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 
structuraI 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. 

B-5 



2.7 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 ax&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 Z-node linear ax&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 rebarjconcrete 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. 

I 2 
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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 MaterialModels 

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 6% mm/mm to 150~ 
mm/mm. The concrete material parameters for the revised concrete are given in Tables 3. 

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 ( fJ . 

b) Commessive 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 u&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 (rl). 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 (r2 = ft / fc’). 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 (r+ 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 (rd). This ratio is assumed 0.333 for both types of concrete. 

c) Tensile Stress-Strain Model 

When a uni-axial concrete specimen is loaded in tension, it responds elastically until cracks form 
at the tensile strength (fJ. 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 5 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 ax&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 internal 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. 
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4. I 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 lcPa. 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 load 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 thuds 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. 
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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. 
At a 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 wail 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 crackin 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/m3) I 2.21 
1 

Linear Elastic Model 

Modulus of Elasticity (MPa) 27950 
Poisson Ratio 0.18 
Compressive yield strength (Mpa) 20.68 
Compressive uhimate strength (MPa) 41.68 
Tensile strength (MPa) 3.37 

1 Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range) 1 

Stress (MPa) 
20.68 
41.68 

Plastic strain (9%) 
0.0 

0.0015 

1 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/m3) 

Linear Elastic Model 

2.19 

Modulus of Elasticity (MPa) 26790 
Poisson Ratio 0.18 
Compressive yield strength (MPa) 20.68 
Compressive ultimate strength (MPa) 44.13 
Tensile strength (MPa) I 1.617 

Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range) 

Stress (MPa) Plastic strain (96) 
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? I 2.19 

Linear Eiastic Model 

L; I Modulus of Elasticity (MPa) 
‘okson Ratio i ----- - --- k Corn essi 

I 26970 
n 19 

_--- 

ve yield strength (MPa) 
Compressive ultimate strength (MPa) 
Tensile strength (MPa) 

1 Compressive Stress-Strain Model (Uni-axial Stress-Strain Relationship Outside Elastic Range) 1 

V.-V 

20.68 
44.13 
4.14 

1 

Stress (MPa) 
20.68 
44.13 

Plastic strain (96) 
0.0 

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-l 

Table 4: Modulus of Elasticity for Rebar Material Modek 

Rebar Type - Rebar Size 
SD345-#6 

E (MPa} 
166194 
181667 
179996 

SD345 - # 10 
SD390 - # 10 
SD390 - # 13 
SD390 - # 16 
SD390 - # 19 
SD390 - # 22 198383 
sD490-# 10 181597 
sD490-#13 182199 
SD490-#16 210539 
sD490-#19 182977 

1 

173232 
209940 
174954 
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Table 5: Post-Tension Tendon Material Model 

Mass Density (ton/m3) I 7.80 
I 

I 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/m3) I 7.80 
J 

Linear Elastic Model 

Modulus of Elasticity (MPa) 
Poisson Ratio 
Yield strength (MPa) 

198389 
0.3 

383.46 
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Figure 2: Axi-symmetric finite element model of the PCCV 
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Figure 4: Three-dimensional finite element model of the PC0 
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Figure 5: Membrane elements of the steel liner 
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Figure 6: Continuum elements of the concrete containment 
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Figure 7: Truss elements of the vertical post-tension tendons 
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Figure 8: Truss elements of the hoop post-tension tendons 
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(a) Bulkhead at The Airlock 

(b) Buikhead at The Equipment Harch 

Figure 9: Details of the steel liner at major openings 
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(a> Post-tension Tendons at The Airlock 

(b) Post-tension Tendons at The Equipment Hatch 

(c) Hoop and Vertical Post-tension Tendons in General Area 

Figure 10: Details of the hoop and vertical post-tension tendons 
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{a) at Airlock 

(b) at Equipment Hatch 

Figure I1 : Concrete eiements at major openings of the PCCV 
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(i) First wall crack at pressure of 854 kPa (ii) cracking at pressure 892 kPa 

(iii) Firs Dome crack at pressure 992 kPa 

Figure 19: Cracking in the PCCV at different 

(iv) cracking at pressure 1240 kPa 

stages of the applied load 
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Inner Meridional Rebar Stress-Strain Curve 
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Figure 21: Stress-strain relation for the inner merkllonal rebar at the waWbasemat joint 
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Figure 23: Stress-strain relation for the outer hmp rebar at the mid-height of the wall 
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Liner Hoop Stress-Strain Curve 
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(a> Inside layer of elements ib) Second layer of elements 

(c) Third layer of elements id) Outside layer of elements 

Figure 29: Cracking strain in concrete layers at pressure load of 944 kPa 
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Figure 30: Mises stress in liner elements at pressure load of 944 kP’o 
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Appendix A, Composite Plots, comprises test data compiled aud 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 6-om participants’ reports. In some cases this action resulted in disconnects between c&louts 
and content and in the numbering of figures, tables, aud pagination in some reports. 

However, Appendix C “ANL, Argonne National Laboratory, United States,” contains none of these 
discontinuities. 
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Argonne National Laboratory 
Round-Robin Pretest Analyses of a 1:4-S&e 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 (0.39 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 61 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 

nz,,i& + hy = f-f”, (no sum) (1) 

Where mir is a diagonal mass matrix, U~I is a nodal displacement, f-J” and f; are the internal 
and external nodal forces, respectively, of node I 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 

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 

l/fipk" -f?"II, xlo()< E cxtn 
llf II - f 

iJ 2 

114+“2412 xloQ < E 

II II u;+’ 2 - ” (4) 

where 11 iI2 indicates the Euclidean norm. Accurate results without excessive computations 

are usually obtained with Ef = 0.25 (i.e. 0.25% error) and & = 0.02 (0.02% change) in Eqs. (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/prestssing 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. 

AXIAL REINF6RCEMENT HOOP REiiFORCEMENT 

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

Y 

Center Line of 
Concrele 
Vessel Wall 

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 (c 45’), and a combination of hoop tendons 
and meridional tendons were used in the upper half of the dome (> 459. 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 15 1 nodes (51 concrete, 5 1 liner and 49 slider nodes) 
were utilized in the finite element model of the PCCV in Fig. 2. 

MATEFUAL 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[ 111. 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. [ 1 l] on page 32, Table 4 “Material data 
for the trial mix concrete” for field curing of fc’ = 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. [ 1 l] 
on page 32, Table 5 “Concrete strengths of concrete for pours to date” for field curing of fc’ = 
44.13 MPa concrete. As indicated in Fig. 4, the concrete is assumed to fail at 0.3% strain under 
unitiial 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 

M SD390 Rebar : : 
- _ _ _ _ . _ - _ _ _ .1 _ _ _ M SD490 Rebar _ _ _ _ _ :- . . _ _ _ . :- _ . _ _ _ . 

0 1 2 3 4 5 6 7 8 

Strain (%) 

Figure 3. Reinforcement Bar True Stress - True Strain Response 

With: Young’s modulus = 210481 MPa (30.0 X lo6 psi) 
Poisson’s ratio = 0.3 
(in Figure 3) 
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Table 1 Concrete Material Properties 

ProDertv 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, Gf 54.6 N/m (0.3 1 lbfhn) 
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Unikal Compressive Strength = 47.3 MPa 

0.1 0.2 

Strain (%) 

0.3 

Figure 4. Concrete Uniaxial Compressive Stress - Strain Response 



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. 

--- - Specimen 6 
- -- - Specimen 3 

. _ . - - - Specimen 2 
----- Specimen 1 
M True Stress - Strain input I _ . _ _ _ 

2 3 4 

Strain (%) 

Figure 5. Prestressing Tendon True Stress - True Strain Response 

With: Young’s modulus = 206120 MPa (29.9 X lo6 psi) 
Poisson’s ratio = 0.3 
(in Figure 5) 

c-10 



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[ 111, 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 

600 

N LPX-3 Test Sample 
U LPX-2 Test Sample 
H LPX-1 Test Sample 
u LPY-3 Test Sample 
o-----v LPY-2 Test Sample 
w LPY-1 Test Sample 
o True Stress - Strain input 

2 3 

Strain (%) 
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4 5 6 

Figure 6. Liner Stress - Strain Response for Low Strain 

With: Young’s modulus = 240875 MPa (34.9 X lo6 psi) 
Poisson’s ratio = 0.3 
(in Figure 6) 
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- - - - - LPY-1 Test Sample 
M True Stress - Strain input 

10 20 

Strain (%) 

30 40 

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 difficult 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 



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: 

& 
E, 5-” 

KF, 
(5) 

Where: 
&, = Maximum calculated equivalent strain 

E, = Maximum uniform strain from uniaxial stress-strain data 

K=K1K2K3: Combined knockdown factor 

K,: Knockdown factor for analysis sophistication 

K2: Knockdown factor for as-built configuration 

KS: Knockdown factor for material considerations 

FT: Triaxial 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: 

FT = &r, 
Jz(o, + CT, +q) 

--02J2 +@2 -d +(o, -d2 

(6) 

Where: 

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

Typical values for the above knockdown factors are as follows. 

The KI 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 K1. The range of Kl varies 
from 1 to 5; this range is based on the refinement of the finite element model and how well it 
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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 III and VIII) 
which states that 5 is the largest concentration factor to be used for any configuration designed 
and fabricated. 

The Ka 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 Ks 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 FT reduction factor was developed to account for multiaxial strain effect on the strain level 
at failure. Manjoine [lo] 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: 

FT = MAX F,;&;l E 1 2 -z (7) 

RESPONSE OF MODEL 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 PCCV 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 
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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: 0.25 m base of cylinder 
Location 3 is at: 1.43 m base of cylinder 
Location 4 is at: 2.63 m base of cylinder 
Location 5 is at: 4.68 m E/H elevation 
Location 6 is at: 6.20 m Midheight of cylinder 
Location 7 is at: 10.75 m springline 
Location 9 is at: 14.55 m dome at 45’ 

140 

120 

100 

80 

60 

s u LOC7DlSP : : : : 
:HLOC6DlSP: : : : 

. v-v LOC4DlSP ; : : : 
-LOC3DlSP 0 p . 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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

Location 1 is at: 0.0 m 
Location 8 is at: 10.75 m 
Location 10 is at: 14.55 m 
Location 11 is at: 16.13 m 

top of the basemat 
springline 
dome at 45’ 
dome apex 

10 

-3a 
0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.6 

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 .O MPa (145.0 psig) of internal pressure. 
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The rebar meridional strains for standard output locations 16, 17, 18,19,20 and 21 are shown in 
Figure 10. 

Location 16 is at: 
Location 17 is at: 
Location 18 is at: 
Location 19 is at: 
Location 20 is at: 
Location 21 is at: 

0.05 m 
0.05 m 
0.25 m 
0.25 m 
1.43 m 
1.43 m 

base of cylinder (inner layer) 
base of cylinder (outer layer) 
base of cylinder (inner layer) 
base of cylinder (outer layer) 
base of cylinder (inner layer) 
base of cylinder (outer layer) 

0.6 

0.2 

-0.2 

- LOC21 STRN 
H LOC20 STRN 
H LOC19 STRN 
v-v LOC18 STRN 
- LOC17 STRN 
(3-----E) LOC16 STRN 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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

Location 22 is at: 6.20 m 
Location 24 is at: 10.75 m 
Location 27 is at: 14.55 m 

midheight of cylinder (outer layer) 
springline (outer layer) 
dome at 45’ (outer layer) 

3 

2 

1 

0 

0 

I 

v-v LOC27 STRN 
13----~3 LOC24 STRN 
- LOC22 STRN 

1: 
. * 

J _---- * 1 : . , - . . _ . - a- _ - . . -a- - - 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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. 
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The rebar meridional strains for standard output locations 23, 25, 26, 28 and 29 are shown in 
Figure 12. 

Location 23 is at: 6.20 m midheight of cylinder (outer layer) 
Location 25 is at: 10.75 m springline (inner layer) 
Location 26 is at: 10.75 m springline (outer layer) 
Location 28 is at: 14.55 m dome at 45’ (inner layer) 
Location 29 is at: 14.55 m dome at 45’ (outer layer) 

2.0 

1.5 

1 .o 

0.5 

0 

-0.5 

. _ 
H LOC29 STRN 
H LOC28 STRN 
v-v LOC26 STRN 
- LOC25 STRN 

_ - - M LOC23 STRN 
I d 

. . _ . . - - _ : _ . - _ _ _._ _ _ _ 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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

Location 35 is at: 0.01 m base of cylinder (outside) 
Location 36 is at: 0.25 m 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: 16.13 m dome apex (inside) 

- - . 

_ _ . 

H LOC42 STRN 
v------o LOC40 STRN 
H LOC38 STRN 
D----E] LOC36 STRN 
- LOC35 STRN 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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

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

base of cylinder (inside) 
midheight of cylinder (inside) 
springline (inside) 

I L 
V------Q LOC41 STRN 
D-----O LOC39 STRN 
- LOC37 STRN - _ _ - ‘_ _ . . _ 

.--._- ‘__ .___ _*__ _-_- _ - _ -......I 

: ; ; : . 

0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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 
Location 49 is at: 10.75 m 

tendon apex 
tendon springline 

0.85 

0.80 

0.75 

0.65 
0 

M LOC49 STRN 
(I-----E) LOC48 STRN _ _ _ _ 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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

Location 52 is at: 6.58 m 
Location 53 is at: 4.57 m 

tendon near midheight of cylinder at buttress 
tendon between E/H and A/L 

D-----O LOC53 STRN 
u LOC52 STRN 

3 
I . _ . i - _ - *- - - - . . -.- 

4 

:yJ?j : 

1 .- - - - _ _ -*- - - _ _ . - . 

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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

Location 54 is at: 0.0 m tendon gallery 

560 

520 

480 

460 
0 

M LOC54 FORCE ;- - - 

_,. _ _ _ _ _ -, . _ _ _ - - ._ - _ _ _ _ _, _ _ . 
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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. 



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) Wg) 

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): 1.54 223.0 
Hoop tendons in cylinder reaching 3 % strain (at mid cylinder): 1.61 233.5 

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 Ioss given in 
Ref. [l 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 angIe 
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). 
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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: 0.25 m 
Location 3 is at: 1.43 m 
Location 9 is at: 14.55 m 

base of cylinder 
base of cylinder 
dome at 45’ 

6----d LOC 9 DISP, LOSS 
H LOC 3 DISP, LOSS 
u LOC 2 DISP, LOSS 
v-v LOC 9 DISP, NO LOSS 

, 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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: 2.63 m 
Location 5 is at: 4.68 m 

base of cylinder 
E/H elevation 

80 . 

60 - 

- LOC 5 DISP, LOSS 
v LOC 4 DISP, LOSS 
- LOC 5 DISP, NO LOSS 
- LOC 4 DISP, NO LOSS 

1 
- - . . . - _ _ . _ . . 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

Figure 19. Radial Displacements versus Internal Pressure at Standard Output Locations 

c-27 



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: 10.75 m springline 

160 

80 .--. s-.‘..-...‘. -_--- ‘-....-.‘..-...f.-...:. ______ a___ 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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 location. 
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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: 
Location 10 is at: 
Location 11 is at: 

10.75 m 
14.55 m 
16.13 m 

springline 
dome at 45’ 
dome apex 

u LOCI1 DISP, LOSS 
H LOCI0 DISP, LOSS 
- LOC 8 DISP, LOSS 

- - _ _ _ _*_ _ v-v LOCI 1 DISP, NO LOSS - - - 
w LOCI0 DISP, NO LOSS 
M LOC 8 DISP, NO LOSS 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

Figure 2 1. 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: 0.05 m 
Location 17 is at: 0.05 m 

base of cylinder (inner layer) 
base of cylinder (outer layer) 

1.5 

1.0 

0.5 

0 

0 

v LOCI7 STRN, LOSS 
v-v LOCI6 STRN, LOSS 
G-EI LOCI7 STRN, NO LOSS 
- LOCI6 STRN, NO LOSS 

0.2 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

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. 
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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: 0.25 m base of cylinder (inner layer) 
Location 19 is at: 0.25 m base of cylinder (outer layer) 

1 .o 

0.8 

0.6 

0.4 

0.2 

0 

0 

_ _ _ _ - _._ _ - _ - _ _. _ _ _ _ _ _ c _ _ - _ _ _,_ _ . . _ _ -, _ _ _ _ _ . c _ - 

. . 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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. 
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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: 1.43 m base of cylinder (inner layer) 
Location 21 is at: 1.43 m base of cylinder (outer layer) 

0.06 

0 0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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: 
Location 24 is at: 
Location 27 is at: 

6.20 m 
10.75 m 
14.55 m 

midheight of cylinder (outer layer) 
springline (outer layer) 
dome at 45’ (outer layer) 

3 

2 

1 

0 

-1 

+ v-v LOC27STRN, NO LOSS : 

0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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: 10.75 m 
Location 26 is at: 10.75 m 

springline (inner layer) 
springline (outer layer} 

0 

- LOC26 STRN, LOSS 1 ; ; 
v-v LOC25 STRN, LOSS 8 * 
~----f3 LOC26STRN,NOLOSS :_ _ __ __ ;... _-a:- _ ___ 
- LOC25 STRN, NO LOSS : : : 

0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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: 
Location 28 is at: 
Location 29 is at: 

6.20 m 
14.55 m 
14.55 m 

midheight of cylinder (outer layer) 
dome at 45’ (inner layer) 
dome at 45’ (outer layer) 

U LOC29 STRN, LOSS 
H LOC28 STRN, LOSS 
- LOC23 STRN, LOSS 
v-v LOC29 STRN, NO LOSS 
~----f3 LOC28 STRN, NO LOSS 
- LOC23 STRN, NO LOSS 

I 

_._-._ _ ____. 

i-. ---.~--- ___.___ 

0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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. 
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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: 0.25 in 
Location 38 is at: 6.20 m 

base of cylinder (inside) 
midheight of cylinder (inside) 

2.0 

1.5 

1 .o 

0.5 

0 

0 

I 1 

H LOC38 STRN, LOSS 
_ _ - _ - - v-v LOC36 STRN, LOSS - - - - - - : 

~----f3 LOC38 STRN, NO LOSS 
- LOC36 STRN, NO LOSS t 

_ - _ ,_ . _ _ _ _ _, _ _ - _ _ _ r _ _ _ - . _,_ _ - - - _ -. _ . _ - _ - i 

- . 

_--_._ 

- - - _ - . - 

0.2 0.4 0.6 0.8 1.0 1.2 

INTERNAL PRESSURE (MPa) 

1.4 1.6 

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. 
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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: 10.75 m springline (inside) 
Location 42 is at: 16.13 m dome apex (inside) 

0.15 

I * 

- LOC42 STRN, LOSS : : : : 
v-v LOCXO STRN, LOSS : : : : 

0.10 - - - _ _ n----aLOC42STRN,NOLOSS :-“‘--:---~~‘:-----‘: 
- LOC40 STRN, NO LOSS : : : : 

I I. 

0.05 

-0.05 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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. 
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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: 0.25 m 
Location 39 is at: 6.20 m 
Location 41 is at: 10.75 m 

base of cylinder (inside) 
midheight of cylinder (inside) 
springline (inside) 

3.0.-..:.--:--.:---:-..:--.:--.:.--:. 

. . 

i Q- 2.5 ._____. :.- _____ :______ 1 ______I _______ :------; ______ :_ _____ ___ 

: 1 

1 

2.0 - - _ - 

l-5-- - - 

u LOC41 STRN, LOSS 
H LOC39 STRN, LOSS 
w LOC37 STRN, LOSS 
w LOC41 STRN, NO LOSS 
13-----o LOC39 STRN, NO LOSS 
- LOC37 STRN, NO LOSS 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

Figure 30. Liner Hoop Strains versus Internal Pressure at Standard Output Locations 

The effect of the prestress loss, given above, is similar to the rad@l displacement responses given 
in Figures 18 - 20. The nonlinear response occurs at a lower pressure, by approximately 0. I to 
0.15 MPa when the prestress loss is accounted for. 

C-38 



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: 
Location 49 is at: 

15.60 m 
10.75 m 

tendon apex 
tendon springline 

0.85 

0.80 

0.75 

0.65 

- LOC49 STRN, LOSS 
V-Q LOC48 STRN, LOSS 
D----II LOC49 STRN, NO LOSS 
w LOC48 STRN, NO LOSS 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

Figure 3 1. 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 prestre& loss. 

Location 52 is at: 6.58 m 
Location 53 is at: 4.57 m 

tendon near midheight of cylinder at buttress 
tendon between E/H and A/L 

n LOC53 STRN, LOSS : l 
: 

3 
v-v LOC52 STRN, LOSS : - - - - 
- LOG3 STRN, NO LOSS - : - - - - - . : 
M LOG2 STRN, NO LOSS : : 

I I * 

2 _--- _ _,_-____ _ ,_-__--_.__ _-__ .----_.. _-_ --.._ 

4 

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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: 0.0 m tendon gallery 

560 

540 

480 

460 
0 

M LOC54 FORCE, LOSS 
- LOC54 FORCE, NO LOSS 

. I 

_ _ _ 

- -.- 

- 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) . 

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 3 1 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 
WW (psi@ 

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): 1.53 222.5 
Hoop tendons in cylinder reaching 3 % strain (at mid cylinder): 1.61 233.0 

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

Pressure Difference 
[Analysis 1 - Analysis 21 

WW (psk) 

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. 

FAJLURE 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 
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. 

Hoop Tendon 
Failure Location 

Figure 34. Vessel Displacements at Impending Failure Pressure for Analysis 1. 
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Hoop Tendon 
Failure Location 

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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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

INTERNAL PRESSURE (MPa) 

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 7.1 m (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). 
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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: 

Kt = 5.0, for the analysis sophistication 

K2= 1.25, for the as-built condition 

K3 = 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 Ks = 
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 = K1 K2 K3 Er = 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. l/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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Local Liner Failure at 

0 0.5 1 .o 1.5 2.0 

INTERNAL PRESSURE (MPa) 

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.lm. 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 faihues 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 Preslressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted fkom 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 l’Energie Atomique, France,” discontinuity arises from 
omitting the following material 
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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 internal pressure, 
beyond design pressure. Such exercises have been already carried out in the past on reinforced 
concrete containment vessels [ 11. 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 fi-om 

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 aa well 
as storage d&s. 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 : 

e 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 l), 

c3 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. 
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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 r&us 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 First phasis : Calculation of the incomplete containment (see figure 7), without 
prestressing, under dead weight. 

b. Secondphasis : Prestressing of the incomplete containment. 
c. l%irdphasis : Calculation of the full containment, under dead weight of the added 

portion. 
d Fourthphask : Calculation of the fi111 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 thiid phasis is considered as our initial state &om which we supply 
displacements and strains. 
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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) 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 concerned, up to three orthogonal 

cracks may form at one point. The cracking criterion is a 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 s,, 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, = 27 000 MPa 
- Poisson’s ratio : v=O.18 

- Compressive strength : f: = 44 MPa 

- Traction strength : f; = 3.45 MPa 

% = 8.94 lO-3 

b) 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 lo4 
SD 22 = 387.1 10” 

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- 

c) 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). 

d) 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 
Corn both ends, one a&r 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 (t?iction, 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 nm 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 tbe cylinder and the basemat. It does 
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not evolve 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 f&t-e 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. 1. Outline sketch of PCCV model (from ref. 121) 



Fig. 2. OveraIl view of the prestressing cables 
Photo by Sandia National Laboratories 
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Fig. 3. Concrete mesh 
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Fig. 5. Hoop rebars 
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Fig. 6. Prestressing tendons 
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Fig. 7, Portion of containment considered for prestressing phasis 
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Fig. 8. Uniaxial response of cdncrete under traction load 

- 17- 

D-18 



XL-E8 

6.00 

5.00 

4.00 

3.00 

2.00 

1.00 

.CO 

EP 
I 

/ 

.oo -02 .04 -06 .08 -10 ‘2 .- -14 .16 

Fig. 9. Stress-strain curve for DlO steel 
x1.r3 Si @a) 

6.03 

I : 
4.00 L; 

!‘ 
L 

s 
3.00 d 

,i 
8; 
j, I 

2.00 & i 
!: 
:: 

1.00 i 

i 

j 

ED 

.oo I 

.OO .02 .oc .06 .OS .lO .12 .i4 .I6 

Fig. 10. Stress-strain curve for D13 steel 

- 18- 

D-19 



lLL.z8 

7.00 

6.00 

5.00 

4.00 

3.00 

2.00 

2.00 

.oo 

xl.EB 

7.00 

6.00 

5.00 

4.00 

3.00 

2.00 

1.00 

.oo 

-$ 

i 
7 

ET 

- 
I 

-00 .02 -04 .06 .08 -3.0 .i2 .14 .16 

Fig. 11. Stress-strain curve for D16 steel 

SI (pa) 

/ 

-00 .02 .O4 .06 .08 .10 .12 

Fig. 12. Stress-strain curve for D19 steel 

-19- 

D-20 



.oo .02 .04 .06 .08 .lO .12 .14 .16 

Xl.E9 s: Pa) 
Fig. 13. Stress-strain curYe for D22 steel 

, 
:.;a L ! 

; 

1.40 L 
3 i 

1.20 '- : , 

/ 

1 
/ 

I 
7 

/ 

i 

7 

i 

i 

i 

c 
.oo I -- -- 

.oo .G’ .04 .G6 .oa .lO .12 .14 .16 

Fig. 14. Stress-strain cuwe for tendons steel 

- 20 - 

D-21 



N 

-. 
’ 

- 



Displsccment (in) 

.14 

.12 

.lO 

.08 

.06 

.04 

.G% 

00 

I I I I 

Vertical disp. in 5 

Vertical disp. in 4 

Vertical disp. in 3 

Vertical disp. in 2 

Vertical disp. in 1 

.oo .20 .40 .60 .RO 1 .oo 1.20 1.40 I .GO 

Fig. 16. Vertical displacement versus pressure 



8.983-06 

,.I 6.293-05 

,-: 1 _ l-z-04 L", 
32 1.71E-04 

2.253-04 

2.fas04 

3.323-04 

3.863-04 

4.403-04 

4.943-04 

5.48E-04 

6.023-04 

6.56E-04 

7.09E-04 

7.63%04 

8.17%04 

8.713-04 

9.253-04 

9.793-04 

l.O3E-03 

l.o9E-03 

l.l4E-03 

Fig. 17. Hoop cracking strains in concrete for p = 0.8 MPa 

- 23 - 

D-24 



Fig. 18. Meridional cracks for p = 0.8 MPa 
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that 
participated iu the Prestressed Concrete Contaiument Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted ikom participauts’ reports. In some cases this actiou resulted in disconnects between callouts 
aud content aud in the numbering of figures, tables, and pagiuation in some reports. 

In Appendix E, “EDF, hxricit6 &France, France,” discontinuity arises hrn omitting the following 
IIMtti: 

standard output location data tables and associated plots 
Appendix 3 
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1. SCOPE 

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

The SANDIA II model is currently under construction in the Sandia National Laboratories 
(ALBUQUERQUE - New Mexico - USA). 

This model is a uniform I: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 
ultimate 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 tight 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 spectfic chapter 
(chapter 7). 

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



i 

2. SYNTHESIS 

2.1 COMPARISON CURVES 

We can compare the different following results : 

l 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 
F, = 1.544 MN/ml 

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

l those obtained thanks to hand calculation 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). 

F, = 2,121 MN/ml 
Fv = 1,949 MN/ml 

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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Compd6on cufvea - D-f(P) 

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



2.2 SYNTHESIS TABLE 

l3ENT.S 

I. FirsI cracking of cowreM in 

cylioder doe to hoop sIresse0 - ----- 

?. Firsl uackiog of concrete kc 

cyiiider doe 10 mea’idlooPl 
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cylinder __. .-..- ------ 
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--- -- 
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tendons are tensioned only from one end 
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True assumption : 

tendons are tensioned from both ends 
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- . . . . . -. .-- 
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(‘) : 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 

Fig. 1. Outline sketch of PCCV model 
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Thickness of a typical section of the model 
Typical horizontal cross-section of the model 
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4. ASSUMPTIONS AND BOUNDARY CONDITIONS 

4.1 CHOICE OF THE MODEL 

l 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 : 

3x=0 
BY,0 
%)x= 0 

----i2 

Da/y -0 
DKI* Z-0 

t J 
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4.2 

4.2.1 

4.2.2 

4.2.3 

l 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 modeled with thick shell elements on which the boundary 
condition is DZ = 0. 

l 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 internal 
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 model could be improved by 
considering unilateral bearings under the basemat and a special element to link the wall 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 DrDcker- 
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 property set in the 
vessel thickness. 

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

LINER 

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

. Hoop tendons (wa/l 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 stiiess of the tendons is modeled by using unidirectional grid elements with bilinear 
elastoplastic constitutive relationship. 

l Vertical tendons in the wall : 

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

l Prestressing in the dome 

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

0 Vertical tendons 
(n ) ore mowlg 
swore grids. 

C+ Swore qlds + 
horizontal hoops 

0 Just One direction 
01 vertical tencons 
(~1 l hc⌧izontol 

hoow. 

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. 
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4.3 MATERIAL PROPERTIES 

(calculated by the material test data given in the ref. [I]) 

4.3.1 CONCRETE 

Compressive Strength = 

Young’s Modulus = 

Poisson’s Ratio = 

Density = 

Tensile Strength = 

4.3.2 TENDONS 

c 

(60.21 + 48,64)12 = 54.52 MPa 
(an average between “Fields” values and “Standard” values) 

(31970 + 26 970)/2 = 29 470 MPa 

0,19 

2,225 t/m3 

(2/3)‘(4.21 + 3.45)/2 = 2,55 MPa 

E-16 



EI 
t Ii- 

- = 233 608 Ye. 
4.3.3 LINER ~ n-3L 

4.3.4 REBARS 

(The properties depend on the diameters of the rebars + see Table 2 page 31 ref. [l]) 

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 = &,, and p,lp, is modified in order to restablish the right vertical stiffness (ES). 

(with p, = ratio of rebars in the direction I, 

and p2 = ratio of rebars in the direction 2 ) 

(See an example of calculation in Appendix 2) 

As far as the strength parameters are concerned (such as the elastic limit. 0” and E,), the 
horizontal direction (hoops) is privileged. 

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

The model is submitted to a pressure test sequence which is described page 29 of ref. [I]. 

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

The loading cases are : 

l the dead load. 

. the prestressing forces, 

l the internal pressure. 
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6. ANALYSIS RESULTS 

Two types of results are given : 

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

l 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 angle, 

- 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 90 % certain that the model will reach), 

- 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). 
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EVENTS 

I. 

“- 

2. 

First cracking of concrete in cylinder 

due to hoop stresses -- ._I__,._._._ .______ 

First cracking of concrete in cylinder 

due to meridional stresses 

.--___--.-_ --. . ..--. 

3. First yield of hoop rebar in 

cylinder -l--_“_-._._.---- _...__. .-.-__ .___,. _ 

4. First yield of meridional rebar 

in wall-basemat juncture --.--s--- ._,_------ _____ ___-_ 

5. First cracking of dome concrete 

above 45” dome angle ..- -.-- -- -_-_-_..-_ -- -___ - .-._ ________ 

6. First cracking of dome concrete 

below 45” dome angle -- ---.-- --- .-.- -_.--_ .--- ---__- ---._.._ 

7. Hoop tendons in cylinder 

reaching 1% strain ---- ---. -... _-___-_ .- _... --_-__ 

8. Hoop tendons in cylinder 

reaching 2% strain - .----- -.-- ..__ __._._. , .--.-. 

9. Hoop tendons in cylinder 

reaching 3% strain w-.--e .-.. - .-.__ __ -- 

70. Best estimate of static failure pressure 

---- -.-- _...-. -_ ..~ 

Il. Minimum pressure reachable 

with 90% confidence level --. -.. _-__-.- ._.- -._. ____ 

12. Maximum pressure reachable 

with 90% confidence level 

P : PRESSURE LEVELS (‘) 

(absolute values in Mpa) 
I 

0,47 I 
, Aster calcuiatio, 

I . . ..-.A.-.--. .._ ---_. ..- .__._._._- 
ye fo flexion 

--------.-- 
I 

f the basemafpncture 

acking ai 

[0,47 ; 0,50] i Asfercalculatior 

8 

‘edium height of the cylinder [0,53 ; 0,861 ! Astercalculatio~ 

I--” ,... - ___..-_____ _ ._,..._ 

1 

0,88 1 Aster catculafio. 
, 

---.-- ..- -.-.. . _.___ .-.-. - .._.-_.. ._ I .____.___ $ .----._ 

1,03 
I 
I Aster calculation 

I 
-_. - _..___ _ ..---w-.---.--+ _ 

I 
0.57 ’ Aster calculation 

I 
-- _.. -_ - _ _, 

------i---- 

0,48 i Aster calculatio{ 

~ ..I ..- .^_._ _ _ ._._..__.I__- -de-- ___- 

I,34 i Aster calculatior 

I_- .-- - ..-...-.- _, _.__ --_.-__ I 
--T------- 

1,38 
I 
1 Aster calculatior; 
I 

-..-.--- -... _.,“___ . --- . . ..__ I 

I 

1,4-l ’ Aster calcuiatim I 
--- . __ _.--__ ,,. 

-i 
.---- 

1.45 i Analytic result 

----- ..-.. - -. . ._ .._. _._______ i -__..__ - 

l-27 i Analytic result 

I ._-.- ---... _ I .., _._--._._ ..__ --I------ 

I,65 
I 
I Analytic result 
I 

(‘) : 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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RATIO P/ Pd 

; Pd = 0.39 Mpa 

1.2 

11,2;1,3] 

[1,4;2,2] 

2,3 

26 

--PI--. 

13 

12 

3.4 

-____ -____ 

3,5 

- -_-_-___. 

3.6 

3.7 

3,3 

.-.- ----- - ___-___- 

42 



7. PRESENTATION AND RESULTS OF THE HAND CALCULATION 

7.1 AIMS OF ANALYTICAL ANALYSIS 

Those complementary calculations are petiormed 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 1351’~ 
azimuth. The results obtained for this point are comparable to those obtained for the location 
#6. 

Those hand calculation have already been made with the first and wrong assumption concerning 
the prestressing (the assumption which is still 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. 

7.2 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 instince : yield of horizontal cables (event # 7) 

Horizontal prestressing : 

E,,~ = - (2.121/10415) = - 0,2036 x lo5 

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

E,~~ = 2,121/602 = 3,523 x lOa 
(horizontal) 

(602 MN/ml : stiffness of the horizontal cables) 

E, = 8.75 x I@’ 

Strain of the cables since the prestressing : 

(8.75 - 3,523) x 10-j = 5,227 x IO” 

+ displacement wT = 5,227 x 10e3 x 5592 = 29,2 mm 

(5592 mm : radius of the cables). 
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Strain of other layers : (5,227 - 0,2036) x 1 Oe3 = 5.02 x IO” 

Layer Stresses (MPa) 

Liner 382,65 + (5.02 - 1.8) x 1 O-3 x 349 = 383.77 

ht. rebars 
I 

444,9 + (5.02 - 2,4) x 1 O-3 x 736 = 446983 

Ext. rebars 438.6 + (5,02 - 2,4) x 1 O-3 x 740 = 440.54 

Cables 1 750 

Total 7 089 

+ Corresponding pressure : P, = 7089/5.375 = 1 319 kPa 

7.3 MAIN RESULTS FOR EACH HAND CALCULATION 

l First calculation : The tendons are tensioned only from one end (= WRONG ASSUMPTION) 

Event 0 1 2 3 4 5 6 7 0 

Beginning of Total Yield of Yteld of Cracking of Yield of Rupture of 
Description Prestressing the cracking crating of Yietd of liner internal hoop external hoop concrete due horizontal hofizontal 

of concrete concrete due rebars . reban to cc&? cables cables 
due to age to age 

TOtal 
displacement - 0.821 1.262 4,363 10.472 13.752 13.927 14.825 34.576 175.766 
(mm) 

Pressure 
WW 

0 0.481 0.481 0.770 0.897 0.897 0.915 1,319 1,421 

l 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 Yietd of Rupture of 
Description Prestressing the cracking cracking of Yield of liner in:emal hoop external hoop concrete due horizontal horizontal 

of concrete concrete due rebars rebars to on cables cables 
due to ~98 to .slJg 

Total 
displacement _ 1.128 1.560 4,885 10.770 13.752 14.230 18.856 29,213 170.403 
(mm) 

Pressure 
@Pa) 

0 0.595 0.595 0.877 1.005 1.005 1.096 1.319 7.421 
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am 

F 

Evolution II-f(P) - Comparison between both hand calculations 

---.-. -- - 

-i&4 

6 

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



l Comments on the curves D = f(P) 

WU) This is the elastic straight line, its slope is determined by the stiffness of all the 
elements. 

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

(21-(31 
(3)-W 
(4W) 
(5) 
(W(7) 
(7)-W 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 

I 
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I Concrete model 

The concrete model is based upon the plasticity theory for untracked concrete with isotropic 

hardening and associated flow. Cracked concrete is treated by uncoupled uniaxial laws which 

are written for general cyclic load path. 

I-l Untracked 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 : 

i 
f; ,,,, :&.,, qx,) = 7ucr +; . ooct - f;r = 0 in compression, and 

o,<O and o,<O 

x ,,,,, p(q,c,' &,) = 70cf 'I;: * aon - f = 0 in tension. 
o,>O andlor o,>O 

With : 

0 ,,c,=I, /3 and T,~,=E=/~ 

a=&fP-1 ,=Z!ZP 
2p-1’ 3 2p-1 

c=JZl- &2JZa 
l+a’ 3 l+a 

oequ : Von Mises equivalent stress 

f3 = fc/fcc = 1.16 

a = ft/f, = 0.1 

ft : uniaxial tensile resistance 

f c. : uniaxial resistance in compression 

fee : biaxial resistance in compression 

z, =or +o, 
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NADAI-Tension criterion 
\ 

Figure 1: NadaY’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(v) = b 

I 

*,, + a + =,,,, - T(& = 0 

0, co and' o2 CO or 

c,cO and a,>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: 

for 0 < K < Kpic 

5= .r,:’ 
K ,m - K rt,," 

I 

(0.95 . K + 0.05 . h-,,ic - h$) for Kpic 5 K 5 Kmpt 

T = 0.05 . .I‘:, forK > Krupt 
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Kpic 

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 modeiled by an orthotropic law whose orthotropy 
directions are normal and parallel to the crack (Figure 3). During the increment w-hich 
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: 

si = E?“‘( + ~~~~ with i=x,y 

The continuum follows a linear elastic law after cracking: 

and Eitiss follows a unidimensional law (the dilatancy effect is neglected) this allows to create 
plastic strains perpendicular to the crack (crack opening). Therefore: 
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E. = Efiss + Oi -- 1 1. J&j . 
Eo Eo 

Byposing: E! =E~+~=&~+~~~ 
EO EO 

From the strain ai along a direction i, the corresponding stress can be calculated: oi = f(si) . 

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: 

With ~‘0~~ &‘oy, oox, 00~ being the strains and stresses at the beginning of the increment 
A0 the plastically admissible stress increment; 
As’ the strain increment elastically calculated; 

f” the uniaxial law described below; 

CL the shear transfer factor; 
G the initial shear elastic modulus. 

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

Figure 3 : Reference linked to the crack. 
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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 multi-fiber modelling. It allows to account for the main phenomena observed 
during a loading composed of a small number of alternated cycles. Because of this original 
feature, it deserves to be detailed. The experiments on which the model is based are listed in 
reference of [ 1 J. 

Let us first consider in figure 4 the behaviour of a point initially under tension which 
completely cracks prior to undergoing a reverse loading in compression. Being elastic until it 
reaches the resistance under uniform tension: ft (path l), the concrete cracks afterwards 
according to a negative stiffness (Slope Es, Path 2) up to a strain q,,,. Beyond, the crack 
opening occurs with a nil stress (Path 3). 

Contminte 

Figure 4 : Concrete uniaxial modeI: point initially in tension. 

E-34 



When the load changes direction, an increasing compression stress is necessary to 
progressively close back the crack (Slope El f Eo. Path 4). The crack is considered as 
completely closed for a stress smaller than -ft, 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*st,. 

Path 5 follows the nonlinear law of concrete under uniform compression up to a new Ioad 
inversion which generates an unloading according to a straight line of slope E2 (Path 6) and 
which passes through a focal point (ft; a~), 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 -ff (Path 7): the modulus El 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]: 

Si E, <EC 

With: ft : Resistance under uniform tension; 
sr : Residual strain; 
aC : Strain in compression at the peak (o = -fC). 

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: 

E 
r 

=Ed - (Ed-EO) .od 

Od - EOEO 

With o,-j and &d being the stress and the strain at the instant of the compression unloading. 
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Contrainte 
. .PF 

c 

D6formation 

.- f, 

Figure 5 : Concrete uniasial 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 
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Generai view of the finite element mesh 
Definition of the axis 
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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 resnltfd 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 
omitting 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 TN0 Building 
and Construction Research, Deli?, Netherlands. The adopted model comprises a total of 2480 eight 
noded solid 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 dofs) 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 am 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 umealistic stress concentrations near the 
basemat boundary, the first bottom ring of solid elements (both for concrete and liner) is modelled as 
a linear 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.e. 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 am illustrated in Elgs l-6 

(2) MATERIAL PROPERTIES 

(2.1) Liar Elastic Material Properties 

Concrete 
Modulus of Elasticity 
Poisson Ratio 

Steel Liner 
Modulus of Elasticity 
Poisson Ratio 

Reinforcement 
Modulus of Elasticity 
Poisson Ratio 

Tendons 
Modulus of Elasticity 
Poisson Ratio 

38100 MPa 
0.20 

224000 MPa 
0.25 

183000 MPa 
0.25 

38100 MPa 
0.25 

2 
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(2.2) Nonlinear Material Properties 

Concrete 

Cracking Model in DIANA (CRACK 2) with tension cut off 
Tensile strength F 3.40 MPa 
Compressive Strength % 44.13 MRa 
Nonlinear Exponential Tension Softening Model (DIANA, TENSION option 3, Hordijk et al) 
Tensile strength fl 3.40 MPa 
Fracture Energy Release Rate Gr 0.10 N/mm 
Crack Band (one element size) hr 1000 mm 
Default cl and q parameters for Hordijk et al exponential softening model 
Constant shear retention factor 0.2 

Hordijk et al Nonlinear Softening Model for Concrete 

Steel Liner 

von Mises plasticity model 
Yield Limit 

Reinforcement 

von Mises plasticity model 
Yield Limit 

398 MPa 

470 MPa 

Ten&as 

von Mises plasticity model 
Yield Limit 1750 MPa 

3 
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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 cmcking of concrete in cylinder primarily in the rkidional direction 
(appeared in both hoop and meridional diition at the same time) 

095 MPa 

(4.3)jkst 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 meridionul 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. 

035 MPa 

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

0.95 MPa 

4 
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(4.7))Jirst hoop tendon in cylinder reaching I % strain 
Analysis never reached the stage where tendon strains are of that level (max 0.9 %) 

greater than 1.4 MPa 
. 

(4.8) jirst 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)fitst hoop tendon in cykkr reaching 3 % strain 
Analysis never reached the stage where tendon strains are of that level (max 0.9 %) 

greater than 1.4 MPa 

(4. IO) Quaiitative assessment of the lower and upper limits of the PCCV model ftilure pressure 

l 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, 2.435 times the design pressure 

l 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 

1. DIANA User’s Manual, Nonlinear Analysis, Release 6.1, eds de Witte and Feenstra, TN0 
Building and Construction Research, Del& The Netherlands, 1996 

2. Comelissen, H. A. W., Hordijk, D. A., Reinhardt, H. W., Experimental determination of crack 
softening characteristics of normalweight and lightweight concrete, Heron 3 1 (2), 1’ 
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Fig 1 - DIANA Main FE Mesh (Concrete Cylinder + Buttresses) 
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Fig 3 - DIANA Main FE Mesh - Hairpin and Hoop Tendons 
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Fig 2 - DIANA FE Mesh (Steel Liner) 
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Fig 4 - DIANA FE Mesh - Top View (hidden lines removed) 
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Fig 5 - DIANA FE Mesh (Top side view, hidden lines removed) 
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Fig 6 - DIANA FE Mesh (Side View, 180“) 
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Fig 7 - Deformed Shape at Working Pressure, DIANA Main FE Mesh (Side View) 
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Fig 8 - Deformed Shape at the End of Analysis, DIANA Main FE Mesh (Side View) 
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Fig 9 - Cracking Strain at the End of Analysis, DIANA Main FE Mesh (Side View) 
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Fig 10 - Tendon Forces at the End of -4nalysis (Side View) 
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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 duplicatjng the composite information, individual sets of data and/or plots have been 
omitted tiom partifzipants’ reports. In some cases this action resulted in disco~ects behvfzen callouts 
and content and in the numbering of figures, tabks, and pagination in some reports. 

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

NNC Lited is acting as a round robin participant on behalf of the Health and Safety 
Executive (I-BE) in the United Kingdom. This work has been tied out under HSE contract 
PC/GNSR/l29. GeneraI purpose finite element computer code ABAQUS (Ref 1) has been 
used for analysis. 

2 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 structuraI components The following are the 
structural components, whose repmentation determine the nature of the &tite element model. 

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

(ii) The post-tensioning tendons are important structural elements as they subject the 
concrete to an initial compressive stress. Faihue of the tendon would result in the 
relief of the compressive stress, which may precipitate the onset of cracknrg in the 
concrete. The tendons are to be I& 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 
*orcements embedded in the surrounding concrete. It is expected that the overall 
global response of the vessel at high pressures will be in part govetned by the tendon 
hehaviour. 

WD6352 

(ii) Although the basemat is a relatively rigid structure, its contribution to the flexural 
behaviour at the cyhnder/basemat junction is not known prior to the test. Further, the 
stress concentration occming at this junction due to the geometric discontmuity 
presents a potential area of vessel Gihxre. Therefore, a 111 representation of the 
basemat is necessary to capture the behaviour at the cylinder/basemat junction. 

(iv) Although the intemd vessel liner plays a minor structural role, its integrity de&mines 
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 ifit is sign&an@ breached. Therefore, to predict the possibiity 
of liner tearing the entire internal liner has been modelled. 

G-S 



(v) The two buttresses are stiffer than the surrounding cylinder wall. Nonunif6rm radial 
expansion is expected at these locations. 

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

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

3 FE Models 

Fiie separate FE models have been developed and used to predict the behaviour of the PCCV 

0 3D 111 global model 

. 3D sector model of free field 

l 3D extended sector model frombuttress to penetration 

. local liner plate model 

0 penetration cover plate model. 

The iidl global model was required to take account of the asymmetry in the structure caused 
mainly by the penetrations, buttresses and the layout ofthe vertical tendons. The full model 
wasusedtoidenti@thecriticalareasandthe remaihg four models to study local details. 

4 Description 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 capabii. Within the cyliier, 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. 

p-7 
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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 integmted 
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 
tendon, 184 solid elements were armnged around the Werence of the vessel. The 
resulting layout consists of a cylinder and dome wall mesh with elements at approximately 
2 degrees inter&s in the circumferential direction. 

The mesh density in the vertical direction was influenced by the specifrcation of the hoop 
tendons in the concrete elements. The cylinder hoop tendons were arranged at vertical 
intemals 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 
diction 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 cohunns onto which the hoop 
tendons are anchored. The stiB%ess of the cylinder and the dome at the 90’ and 270” azimuths 
is enhanced by the restraining efEct of the buttresses. The reinforcement scheme of the 
buttresses comprises vertical, radial Ubam and trim rebars. Additional sti6ening is provided 
by the steel plates at the tendon anchorage end-blocks. The buuresse s and their reinforcement 
have been explicitly modelled. 

4.2 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 
surfsces. The top surface reinforcement consists of a layer of hoop rebars sandwiched 
behveen two grids of radially spanning rebars. The bottom surface is rei&orced with a 
rectaquk grid of cross rebars. AdditionsI reinforcement is provided in the vicinity of the 
tendon anchorage gallery. The flexural reinforcements were detined within each solid element. 
The basemat shear reinforcements were not modelled. Figure 3 shows a view of the basemat 
model. 

WD6352 
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4.3 Tbe Cylinder Wall Penetrations 

The cylinder wall penetrations and their immediate vicinity have been explicitly model& 
Structural fatures 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 &rite element 
ineshes of the airlock, equipment hatch, main steam and feed water penetrations are shown in 
Fig4,5and6. 

4.4 The Post-Tensioning Ttndons 

The post-tensioning tendons have been modelled using two difhxent approaches. The verticai 
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. E&h vertical tendon node lying 
within the q4inder of the vessel is constrained in the horizontal degrees off?eedom (i.e., the X 
and 2 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 f%tion at the concrett&endon 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 Mace, resulting 
in a non-un%orm variation of load in the tendon Although interface behaviour has not been 
explicitiy modelled, the non-dorm distribution of load in the vertical tendons over the dome 
is allowed for by co&raining all coincident tendon and concrete nodal degrees of freedom. 
The vertical tendon mesh is shown in Fig 7. 

The hoop tendons are modelIed as single rebars embedded within concrete elements (Refl). 
The concrete elements were defined such that an element edge lies along the path of the hoop 
tendon as this f&htated the placement of the hoop tendons within the elements Each hoop 
tendon starts at one fhce 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. 

4.5 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 .&r&ted with the shell element S4R The liner elements are meshed around 
nodes de&red independently but coincident with adjacent concrete nodes. The internal liner 
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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 mode&d by connecting the liner node to the 
corresponding coincident concrete node with three linear spring elements at each node, 
represent& the radial, hoop and axial anchorage plate stifkss. 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 stifkss are derived from test results 
for the pull-out of anchorage plates in tensile and shear modes, Ref 3. 

4.6 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 mate&l 
properties are taken from the construction drawings. 

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

4.7 Derivation of Post-Tensioning Tendon Loads 

The vertical and hoop tendons are tensioned to the desired tensile load using hydrauiicjacks 
and are anchored at the tendon gallety 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 tram&r of the tensioning load from the jacks onto the 
tendon, with the tendon load being reacted at the anchorage. 

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

Where PO = stressatthetedoningend 
= 

B = 
Change of angle from tensioning end 

stressatafiomtensionmgend 
L = length of tendon. 
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PO was taken as the tendon load at transfer which the designers has specified as 350 EN and 
471 kN for the hoop and vertical tendons respectively. For each tendon eiement, the average 
value of the change of angle from the anchor was computed fi-om the element nodal co- 
ordinates and the post-tensioning stress evaluated using equation 1. 

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

4.8 SoilFoundation 

The basemat is construcM on a 150 mm thick un-reim?orced slab which itself is supported on 
an engineed sand and gravel subgrade. The soil stiflhess was &mcterised as exhiig a 
settlement less than 25 mm due to a bearing pressure of 35 Tonlm2. 

The soil was represented using the grounded spring element SPRINGi. Each node on the 
bottom surf&e of the basemat was supported on a spring element. The spring sti%ess was 
computed based on the influence area of each spring node. 

4.9 Boandaxy Conditions 

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

4.10 Material Properties 

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

Concrete has been modekd using a comb&ion of linear elastic and non-linear smeared 
cracking material models. The linear concrete elastic mode1 cannot account for the 
degmdation 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 careM cahion specific to the 
concrete used in consuuction. Further, ill-conditioniug may arise due to the development of 
locally cxmfined 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 e&ct the 
global response of the vessel. Thus, the non-linear smeared cracking concrete model was 
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specSed for the cylinder elements while the linear elastic model was sp&ed for the dome 
and basemat elements. 

Concrete creep and shrhkage was not considered in the Gnite 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. 

Instrumentation fbnctionality tesf IFT, (0.039 MPa). 

(ii) Structural integrity test, SIT, (0.439 MPa). 

(iii) Integrity leak rate test, ILRT, (0.351 MPa). 

(iv) Design pressure test, DP’T, (0.390 MPa). 

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

l Gravity+pmstress 

l Gravity + prestress + pr~on. 

The actual test includes the effect of gravity but the instrumentation will record only the effect 
of prestress and pmssuri&on. Therefore, for the pressure history data, the stresses due to 
gravity aiqne have heen subtracted Corn the results f?om the third step. 

5.1 Analysis of Fall 3D Global Model 

5.1.1 Gmvify + Rmess 

An initial load 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 equihbrium of the vessel for the initial vessel 
loads. 



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

The deformed shape plot of a sEce of cylinder around the penetrations level is shown Fig ii_ 
This clearly shows that the response of the vessel is non-symmetric, with the buttress 
providing radial restmint to the cyEnder wall. The restmmmg effect of the buttrem is 
kinforced with the ahsence of the anchorage concentrated loads, a consequence of modelEng 
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 radial@ inward 
rather more than any other region of the vessel, even though this region is stiffer than the rest 
of the cyEnder wall. Further, a change in the auvature of the wall surface is also observed. 
This phenomenon is the result of the concern&ion of the hoop tendons in the region above 
and below the penetration. The tendons create high components of forces acting radial@ 
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 vessei. This 
indicates that at the end of the selfweight and post-tensioning load step, the variation of hoop 
tendon load around the vessel is reasonably consistent with the distriion of load given by 
equation 1. 

X1.2 Analysis of htemal Plcssurisaon 

A uniform pressure was applied to the faces of the concrete elements that comprise the 
intd su&ce of the vesseL Because the Ener is more coarsely meshed than the concrete 
enclosure the intemal pressure has been applied to the concrete surface rather than the Ener 
surface. Cogently, the Ener is loaded by the deformation of the concrete enclosure to 
which it has been tied using spring elements. The internal pressure was also appEed to the 
penetrations cover plates. The analysis was restarted from the end of the self&@ and post- 
tensioning load step. 
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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 con&xl 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 st.Bhess 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 ofthe cylinder is shown in Pig 13. It is evident that the enhanced stifFerring 
ofthe cylinder wall in the penetration regions and buttresses caused dif&rential radial 
deformation of the vessel, witb the less reinforced &x-field areas deforming more than the 
heavily reinforced areas. This phenomenon is more pronounced at the equipment hatch area 

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

The hoop tendon anchorage is set at an in&nation of 13.6’ from the circumf&mial tendon 
trajectory. For a load at tran& of 350 kN, each hoop tendons exerts a horizontal shear force 
of165kNatthebuttreqiuthedirectionradiallyinwardtothevessel. Thqthemeridional 
section at the buttress junction is subject to concentrated sheer forces from the tendon 
anchorage. The combination of shear load and bending at the buttrem region may explain the 
early prediction of cracking in the buttress region. 

There is higb stress concatration in the liner at the region between the airlock penetration and 
thebuttressatazimuth90°. Thehighstraingradientatthisregionisaisoseenattheoutput 
location 44. This resuhs from the local bending of the wall around the buttress. 

53 Analysis Using 3D Sector ModeIs 

Due to the numerical problems with the non-linear smeared cracking models for pressures 
exceeding 0.60 Ml%, two sector models of the vessel were used to assist in gaining an insight 
into the vessel behaviour at higher pressures. The following sections descrii the 3D sector 
models of the PCCV. 

5.2.1 30 sectot Model of Free Fkid 

A 3D model of a sector of the vessel was extracted from the global model in the vicinity of 
azimuth 135O, the free-field area This is a loo sector model consisting of five solid concrete 
elements and one membrane liner element in the hoop direction The model inchtdes six 
vertical tendons modelled using truss elements. Hoop tendons are modelled as embedded steel 
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reinforcements. The cylinder vertical tendons are as defined for the global model. However, 
within the dome they ruu radiahy towards tbe apex of the dome. The vertical tendon 
constraints, initial tendon loads, liner anchorage and soil springs are as de&red for the global 
model. Constraints were applied at the sector edges in the circumferential degrees of Worn. 
The hite element mesh for the sector model is depicted in Fig 14. 

The analysis comprises two load step% an initial load step for static equiliirium of the vessel 
iinder the post-tensioning loads and self-weight, and then an internal pressurisation load step. 

This model was&t ana@sed using the concrete material model in ADAQUS. Due to 
convergence problems a&r onset ofcracking, the model was re-aualysed using reduced 
modulus technique in which Young’s Mod&s was varied with pressure in accordance with 
the relationship shown in Fig 15. 

5.22 -SectorModel 

This model is similar to the smaller f?ee 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 
to upto 1 .O MPa using the reduced modulus approach described in section 5.2-l. The model 
is depicted in Fig 14. 

6 l?resure Histories 

Variation in the physical quamities measured at all the 55 standard output has been obtained in 
form of pressure histories obtained from the fbll3D global model. Since the global model was 

analyd 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 
thebasemat. Thisim3icatesalinearresponsewitha nxmimum displacement of the order of 
1.5 mm for an internal pressure of 0.60 MPZL 

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 intemal pressurisation of the vessel. 

The rebar strain predictions at output locations 16 to 33 indicate that at the end of the post- 
tensio* the rebars are subject to compressive strains. The strains in the inner meridional 
rebars at the cylinder/basemat junction becommg less negative while the outer rebar strains 
become more compressive with intemal 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 
intemal pressurisation the liner is in a state of compressive stress due to the ef?bcts of post- 
tensioning. W~intemalpressurisatiorSalinearstrainresponseuptoapmssureofabout 
0.60 MPa is observed fbr 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 vari&on 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 fix a hoop tendon position at 
azimuthO”. Thecylinderwallata&ruth00andaheightof4.57misazoneoflocalbending 
caused by the interaction of the equipment hatch and airlock penetrations. With the tendon 
modelled as an embedded rebar, it at&acts some bending deformation since there is no 
allowance for hoop slippage- 

7 Failure Aualysii 

A number of structural failure mechauisms are possible for the vessel. These are extemive 
cracW& ofthe comamment concrete, yielding of steel reinfiorcing bars, yielding of 
tendons, loss of liner anchorage due to cracked concrete, rupture of steel iiner and loss of 
tendon anchorage at buttresses due to damaged concrete. 

It is envisaged that cmcking of concrete is the first stage of ibihtre. Progressive damage to the 
integrity of the concrete would inhibit its abii 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 
failuremodes. 

Within the f%ite element model, the propensity for f&hue can be assessed by examining the 
stresdstraiu output for each component. The global model gives an insight into vulnerable 
areas of the vessel. However, the model has limited capacity for sim&ting the &era&on of 
the faihrre modes fbllowing 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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The following failure modes have been investigated: 

0 Liner tear 

0 Rebar rupture 

l Tendon rupture 

l Buckling of cover plates. 

7.1 PCCV Failure Criterion 

The limit load is determined by the in&ii of the vessel to retain pressure and this is 
dependent on the integ&y 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 
wasobservedintheteSs,Ref3. Thenumericalandtestdataissubjecttoanumberof 
umx&ntieswhichhaveuotbeenGllyquamified. ThesearevaGabilitiesinmateGaltestdata, 
eccentricities at liner plate joii and numerical modelling uncertaides plus triaxiality factor. 
Given these und es it was decided to reduce the liner rupture strain by factor of 2 to a 
notional value of 11%. 

From an assess~nent of con&u&on 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 in&de the liner joints at baxma&yhnder junction, the 
dorn&yhuderjunction, liner around wall per&rations and welded joints between the thick 
insert plate and thin liner plate iu the main steam/feed water penetration region. 

Examidon of the results from the 3D global model analysis did not indicate that the 
basea~&cylinder and dom&ylinder 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 i region of high strain concentmtion. 

7.2 Prediction of Failure Using Local Models 

7.2-l 2D Liner Phzte Mdel 

The intensification of strain at the thick insert plate/hnerjunction was studied with a 2D plate 
model. A section of the intemai 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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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 boundq 
conditions. The curvature of the liner plate has been ignored. The liuite element mesh is 
shown in Fig 16. 

An equivalent plastic main contour plot depicted in fig 16 shows the extent of strain 
.conceutration 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 strain& of the liner leading to strain intensification is predominantly 
in the u&axial directiou. Straining ofthe liner plate model was caused by applying a 
displacement between the section of plate enclosing the thick pIate and the section simulating 
the thin plate. The difkential displacements were applied at the spring nodes in the direction 
corresponding to the vessel hoop direction. 

Successive diEerential 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 dZkreutial displacement of 5.1 mm at the anchorage on either side of the junction. 

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

7.22 3DpccVsedmM& 

The numerical difliculties arising fkom concrete cracking precluded the amdysis of the global 
and the 3D sector models beyond internal pressures of 0.60 MPa and 1.02 MPa respective&. 

Due to the difticulties experienced with the concrete cracking material model an altern&ive 
approach of model@ the degradation of concrete was considered. This consisted of 
modeflingthe~~~asalinearelastic~~a,withtheelasticmodulusMlyingasa 
fimtion of the applied load. The elastic modulus, E, of concrete is held constant until a 
pressure of0.7 MPa, at which point substantial cracking would have occurred. Beyond 
0.7 MPa, the elastic mod&s is reduced linearly to one-tenth of its undamaged vahre at a 
pressureof1.5h4Pa. Bqrond1.5MPaitisfirrtherdegradedlinearlytoathousandthata 
pressure of 2.5 MPa as shown in Fig 15. 

This analysis is useful in providing insights into the mechanism of load redistribution t?om the 
concrete to the other structural components as the concrete modulus is reduced at high 
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pressures. The assertion is made here that at high pressures the response of the vessel is 
entirely dictated by the behaviour of the reinfocements and tendons. The concrete serves as a 
soft matrix into which the reinforcement and tendons are embed& The trend of the loading 
of the rebars, tendons and liner with softening of the wncrete is indicated in the presrane 
history curves for locations 16 to 21,36,38,39,40,51 and 54. Rupture of the rebars and/or 
tendons leading to catastrophic faihrre of the PCCV is not likely to occur before the liner 
rupture. 

It is evident that for the ‘softened’ concrete, there is rapid increase in the strain& of the other 
structural wmponents. At about mid-height a radial displacement of 182 mm at a pressum of 
1.98 MPa was obtained. The strain field in the liner at this region was of the order of 3%. 
hsuming dorm radial deformation around the vessel circumfmence, a strain of 3% in the 
&e-field area is magnitied at the junction of the thick/thin insert plate to a strain of about 
11%. Thusatanintentalpressureof1.98MPathelinerisdeemedtobaveruptwedatthe 
welded junction of the thick insert plate and thin liner, leading to de-premmimtion of the 
Vesset 

1.23 Bucklingof Penetrationccm(erplates 

Criticd 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 Fg 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. 

S Confidence Level 

Attempt has been made to model the as-built wndition of the PCCV. However, there are a 
large number of uncertahmes which cannot be accounted for in a single demrministic analysis. 
Smce the Shrre or the limit load of the PCCV is most likely going to be dictated by a rupture 
in the liner, the stmngth of the lines at the welded joiuts becomes an important issue- Two 
main variables have been considered in predicting the 90% wnfidence level: modelling 

uncertainty measured as actual stmgthlpredicted strength ofwelded panels and variabii in 
lines rupture strain Model@ uncerhty was assumed to have log normal distriion with 
mean of 122 and standard deviation of 0.122. The vatiability in the liner rupture strain was 

assumed to follow normal distriion with mean of 11% and standard deviation of 0.79%. 
The combined e&ct gave the 90% confidence intetval (mean * 1.28 standard deviation) of 
2.16 MPa to 1.78 MPa 

9 Summary of Maii 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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Inner meridional rebars at cylinderhasemat junction yields at a pressure of 1.7 MPa 

First yield of vertical tendon occurs at a pressure of 2 MPa 

Cyiinder hoop tendon reaches 1% strain at about 1.6 MPa 

Cyiinder hoop tendon reaches 2% strain at about 1.75 MPa 

C$Iinder hoop tendon reaches 3% strain at about 1.95 MPa 

Minimum pressure reachable with 90% confidence is 1.78 MPa 

Maximum pressure not exceexlable with 90% wnfidence is 2.16 MPa 

10 

11 

The limit load of the PCXV 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 

soil spring properties 

meshing 
Coarser general region of 2270 

(basemat&& - I J 

Spring stil%ess derived hm soil stifFhess of 0.014 MPahm 

Anchorage properties 

Description of sptig stiflhess (N/mm) 
Liner tensile pull-out stBkss 3680000 
Linershears%iEless 1820000 
Penetration liuine anchor hnfz 581000 

Concrete properties 

Description 
Hasticmodulus 
Poisson’s ratio 

27950 N/mm2 
0.18 

Compressive strength 
Tensilestrength 
Dens& 

88 N/mm2 (*) 

4Nht1.m~ 
2-21 x 

Note: The compressive strength was hreased by a f&or of two to avoid wnvergence 
problem with the smeared cracking model. 
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Table 1 (co&d) 

Reinforcing debar properties 

Internal steel liner properties 

Description 
Elasticmoduhls 
Poisson’s ratio 
Yield strength 
Rupture strain 
Density 

219650 N/mm2 
0.30 
382 N/mm2 
11% 

1 7.85 x lo9 tonnes’mm3 
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Size 
140662 elements 
206896 nodes 
492948 DOFs 

4300 elastic / / 

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 3 - The PCCV basemat model 
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Figure 4 - Detailed view of equipment hatch penetration model 
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Figure 6 - Detailed view of the main steam and feedwater 
penetrations model 
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Figure 7 - PCCV 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) BX mesh of cover plate and penetration lining 

(b) Deformed sbape of cover plate 

Figure 9 - Equipment hatch penetration lining and cover plate 
with critical bucMing mode prediction 
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Figure 10 - Deformed shape of cylinder and dome after 
post-tensioning 
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Figure 12 - Variation of hoop tendon load around vessel after 
transfer 
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Figure 13 - Deformed shape of cylinder due to internal pressure 
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Figure 14 - 3D sector models of free field area and 
buttress/airlock area 
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Figure 15 - Reduced modulus due to concrete cracking 
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L 
12mm thick insert plate 1.6mm thickliner 

-.. 

(a) FE model at junction of thin/thick plate 

(b) Strain contour at junction 

Figure 16 - Model of liner at junction of thin/thick plate 

Page F16 

G-41 

wD6352 





APPENDIX H 

IBRAE 

NUCLEAR SAFETY INSTITUTE 
RUSSIA 

H-l 



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-l 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 parallel 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 [ 11. The data 

presented in Figure l-l 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 l-3). In Figure l-4 a fragment of the calculated model representing 

the cylinder-3D base structure connection area is given. The calculated model is fulfilled with the 

application of linear 8th-unit final elements. The total number of elements equals 24508, of units 

28404. 
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In Figure l-5 and Figure l-6 the schemes of reinforcing the containment wall from an elevation of 

1552 to 2913 mrn (cylinder part) and between 30 and 45 0 angles (dome part) are presented. The 

corresponding fragments of the model are given in Figure l-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 l-7 and Figure l-8). R in Figure l-7 represents the radius of cylinder 

bending, and R in Figure l-8 is the radius of bending of the containment dome area. In these figures 

the layers no3 and no9 simulate the reinforcement in the form of a thin steel cover with a cross- 

section areacorresponding to the reinforcement section area in meridian direction, and the layers no5 

and no 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 l-7 and Figure l-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 [I] 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 

1-l reinforcement 

-1175<2<0 5.31 

Inner hoop Outer hoop Outer 
reinforcement reinforcement meridian 

reinforcement 

5.31 

4487.8<2<5 152 

5 152<2<549 1 

549 l~Zc6502.3 

6502.3<2<10750 

In the penetration 

zone (1540 mm in 

2.252 1.526 1.351 1.415 

1.415 1.526 1.351 1.415 

1.415 1.526 1.351 1.030 

1.03 1.526 1.351 1.030 

3.67 4.33 5.31 4.33 

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 p=O.21, friction coefficient along the length 

of a tendon equals to h=O.OOl. 

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=A&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=9 104 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 
1 

= jy 
0 

. e-‘P”“+w Eqn. (1) 

N,, - the force on the pull end; 

Nr - the force in the middle part of a tendon; 

p - friction coefficient when the angle is changed; 

cx - the change of anangle, radian; 

d - friction coefficient along the length of a tendon; 

Z - the length of a tendon, m; 

N _ 50. e-(0.21.3.14+0.~l.l~~) = 25 4 tons 
1- 

The total force from two adjacent tendons makes up: 

IV, = (N, - AN) + N, =(50-9.104)+25.4=66.3 tons. 

The mean force in a hoop tendon is: 

IV, = N, /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 (l), 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: 

A~=Al/l=4.7/12000=0.00039 

The value of tension lowering equals: 

Ao=Acx 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 0 . e-(“‘) = N, = !jo. e-(oooL12) = 49.4 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. 
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Not Available 

Figure 1- 1. Data used as base to account for containment reinforcement 
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Figure l-2. Three-dimensional calculated model of Sandia containment, one-fourth scale 
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Figure l-3. One-fourth part of the containment used in calculations 
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step 98.6 mm (14 

Figure l-5 Scheme of the model of containdknt Sandia (on a scale !4 at the heignt from 
1552 to 2913 mm) 
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Figure 1-6 Scheme of the model of containment Sandia (on a scale the dome part 5% and 
between the angles 30 and 45”) 
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Table l-2. Section Characteristics 

Thickness N 
Material of layer, of layerReduced 

mm modulus of elasticity, 
E, merid. direction 

NW 

Met.liner 1.6 210 000 

Concrete 57.1 27 000 

Meridional bars 3.02 185 000 

Concrete 19.8 27 000 

Hoop ties 2.16 27 000 

Concrete 79.44 27 000 

Concrete 54.0 27 000 

Concrete 35.5 27 000 

Meridional bars 2.01 185000 

Concrete 20.19 27 000 

Hoop ties 2.16 27 000 

Concrete 48.64 27 000 

R,=5375.0 b 
F&=5376.6 1 
R,=5433.7 

F&=5436.72 

R,=%I55.9 

R,=5458.06 

R,=5537.5 

R,=5591.5 

R,=5627.0 

R,,=5629.01 

R,,=5649.2 

R,,=5651.36 

R,,=5700.0 

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

Reduced modulus of 
elasticity, E, hoop 
direction (MPa) 

210 ooo 

27 000 

27 000 

27000 

185000 

27 000 

27 000 

27 000 

27 00 

27 000 

185 000 

27 000 
A , 

12345 6 7 8 9 10 1 12 

325 mm 
4 
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Table 1-3. Section Characteristics 

4 
5 6 

U II II 

7 8 9 10 

275 mm ? 

Figure l-8. The calculation model fragment of the containment Sandia (the dome 
part) on a scale !A between the angles 30 and 4% 
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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 vb = 0.18 

Concrete one-axis tension strength Rbt = 3.45 MPa 

Concrete one-axis compressive strength Rb= 40 MPa 

For the lining: 

Elasticity modulus E, = 210000 MPa 

Poisson’s ratio v, = 0.3 

Yield point R, = 380 MPa 

Ultimate strength R su = 498MPa 

Ultimate breaking strength E,, = 33 % 

For the reinforcement: 

Elasticity modulus E, = 185000 MPa 

Poisson’s ratio v, = 0.1 

Yield point R, = 450 

Ultimate strength R su = 600MPa 

Ultimate breaking strength E,, = 20 % 

The following mechanical characteristics were assumed for the stressed reinforcement: 

Elasticity modulus E, = 200000 MPa 

Yield point R, = 1700 MPa 

Ultimate strength R su = 1900 MPa 
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Ultimate breaking strain E,, = 3.3 % 

Tendons section area = 339 mm2 

* - 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 circumferential 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 circumferential 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: 

Eqn. (2) 

where E, cTc - deformations in the reinforcement at the moment just after the cracks formation; 

E, - deformations in the reinforcement at the observed moment of loading; 

p - 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 circumferential 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 E = 0.005 CT,. 

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 bt 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 5u and E,, , was assumed as the criterion of destruction. 

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) 450 angle appears: 

at a pressure of = 0.94-O-98 MPa. 

The first crack in the concrete of the dome under (below) 450 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. 



Reference: 

1. PCCV Round Robin Analysis - Release of Design Package. Sandia National Laboratories, P. 0. 

Box 5800. Albuquerque, New Mexico 87185 - 0744 USA. SO-97-047. 
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