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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into force
on 30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall promote
policies designed:

e to achieve the highest sustainable economic growth and employment and a rising standard of living
in member countries, while maintaining financial stability, and thus to contribute to the
development of the world economys; A

® to contribute to sound economic expansion in member as well as non-member countries in the
process of economic development; and

¢ to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in
accordance with international obligations.

The original member countries of the OECD are Austria, Belgium, Canada, Denmark, France, Germany,
Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
Turkey, the United Kingdom and the United States. The following countries became members subsequently
through accession at the dates indicated hereafter: Japan (28th April 1964), Finland (28th January 1969),
Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th May 1994), the Czech Republic (21st
December 1995), Hungary (7th May 1996), Poland (22nd November 1996), Korea (12th December 1996) and
the Slovak Republic (14 December 2000). The Commission of the European Communities takes part in the work
of the OECD (Atrticle 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nugclear Energy Agency (NEA) was established on 1st February 1958 under the name of the
OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan
became its first non-European full member. NEA membership today consists of 28 OECD member countries:
Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece,
Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Portugal, Republic of
Korea, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States.
The Commission of the European Communities also takes part in the work of the Agency.

The mission of the NEA is:

® to assist its member countries in maintaining and further developing, through international co-
operation, the scientific, technological and legal bases required for a safe, environmentally friendly
and economical use of nuclear energy for peaceful purposes, as well as

® to provide authoritative assessments and to forge common understandings on key issues, as input to
government decisions on nuclear energy policy and to broader OECD policy analyses in areas
such as energy and sustainable development.

Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive
waste management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel
cycle, nuclear law and liability, and public information. The NEA Data Bank provides nuclear data and computer
program services for participating countries.

In these and related tasks, the NEA works in close collaboration with the International Atomic Energy
Agency in Vienna, with which it has a Co-operation Agreement, as well as with other international organisations
in the nuclear field.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear Energy
Agency (NEA) is an international committee made up of senior scientists and engineers. It was set up
in 1973 to develop and co-ordinate the activities of the Nuclear Energy Agency concerning the
technical aspects of the design, construction and operation of nuclear installations insofar as they
affect the safety of such installations. The Committee’s purpose is to foster international co-operation
in nuclear safety among the OECD Member countries.

The CSNI constitutes a forum for the exchange of technical information and for collaboration
between organizations, which can contribute, from their respective backgrounds in research,
development, engineering or regulation, to these activities and to the definition of the programme of
work. It also reviews the state of knowledge on selected topics on nuclear safety technology and
safety assessment, including operating experience. It initiates and conducts programmes identified by
these reviews and assessments in order to overcome discrepancies, develop improvements and reach
international consensus on technical issues of common interest. It promotes the co-ordination of work
in different Member countries including the establishment of co-operative research projects and assists
in the feedback of the results to participating organizations. Full use is also made of traditional
methods of co-operation, such as information exchanges, establishment of working groups, and
organisation of conferences and specialist meetings.

The greater part of the CSNI’s current programme is concerned with the technology of water
reactors. The principal areas covered are operating experience and the human factor, reactor coolant
system behaviour, various aspects of reactor component integrity, the phenomenology of radioactive
releases in reactor accidents and their confinement, containment performance, risk assessment, and
severe accidents. The Committee also studies the safety of the nuclear fuel cycle, conducts periodic
surveys of the reactor safety research programmes and operates an international mechanism for
exchanging reports on safety related nuclear power plant accidents.

In implementing its programme, the CSNI establishes co-operative mechanisms with NEA’s
Committee on Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency
concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It
also co-operates with NEA’s Committee on Radiation Protection and Public Health and NEA’s
Radioactive Waste Management Committee on matters of common interest
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FOREWORD

At the CSNI meeting in June 2002, the proposal for an International Standard Problem on containment
integrity (ISP 48) based on the NRC/NUPEC/Sandia test was approved. Objectives are to extend the
understanding of capacities of actual containment structures based on results of the recent PCCV
Model test and other previous research. '

The ISP is sponsored by the USNRC, and results have been made available thanks to NUPEC and to
the USNRC. Sandia National Laboratory was contracted to manage the technical aspects of the ISP.

This report presents the pretest analysis results of the calculation of the Limit State Test (LST), i.e.
static pressure loading, provided by the ISP48§ participants.

A second report to be published in 2005 will present results of calculations of response to both thermal
and mechanical loadings. This second report will also include a thorough analysis of the results to
draw conclusions and recommendations with regard to the modeling and performance of capacities of
containment structures.

The complete list of CSNI reports, and the text of reports from 1993 onwards, is available on

http://www .nea.fr/html/nsd/docs/
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EXECUTIVE SUMMARY

At the CSNI meeting in June 2002, the proposal for an International Standard Problem on containment
integrity (ISP 48) based on the NRC/NUPEC/Sandia test was approved. Objectives are to extend the
understanding of capacities of actual containment structures based on results of the recent PCCV
Model test and other previous research. Sandia National Laboratories (SNL) conducted a Cooperative
Containment Integrity Program under the joint sponsorship of the Nuclear Power Engineering
Corporation (NUPEC) of Japan, and the NRC Office of Nuclear Regulatory Research. The purpose of
the program was 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, A uniform 1:4-scale model of a prestressed concrete containment vessel (PCCV)
was constructed and tested at SNL from 1997 through 2001. This model was representative of the
containment structure of an actual pressurized-water reactor plant in Japan.

The first meeting of the ISP48 members was held on November 20 & 21, 2002 in Stockholm, Sweden
to define the scope and the schedule for the ISP. It was agreed that the ISP would consist of four
phases:

Phase 1: Data Collection and Identification

Phase 2: Calculation of the Limit State Test (LST), i.e. static pressure loading
Phase 3: Calculation of response to both Thermal and Mechanical Loadings
Phase 4: Reporting Workshop

Under Phase 1, Sandia National Laboratories (SNL) was tasked with providing the data on the model
design/construction and testing to complete the calculations in Phases 2 and 3. A detailed test report
was published by the US Nuclear Regulatory Commission. A condensed version of this report was
prepared to meet the requirements of Phase 1 of the ISP.

This report also presents the results of the Phase 2 analyses of the PCCV model for the static pressure
loading. Thirteen organizations (or teams) accepted the invitation to participate in the ISP and the
majority of these performed calculations to predict the structural response of the PCCV model to static
overpressurization. Teams are listed at the beginning of the report.

This report presents the pretest analysis results provided by the ISP48 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/, construction and
instrumentation of the PCCV model. Section 3 summarizes the procedures and results of the
overpressure tests. Section 4 presents the Phase 2 calculations and the composite plots presented in
Appendix A. Section 5 summarizes the Phase 2 effort and provides some observations from the
comparison of results. Appendices B through I are the individual participant reports.

11
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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.
Results are presented in this report as well as considerations on the approach.

Most of the calculations show results beyond the maximum pressure achieved in the LST. These
results were used to estimate the failure pressures for the liner, the tendons and the rebar. Although
3D-models are necessary for simulation of local behavior in the vicinity of perturbations, the global
deformations and strains of the model containment are simulated quite well by axisymmetric models.
The most accurate estimates of the global hoop strain are obtained from the average radial
displacements at a given elevation. The rebar strains compare less favorably (than the displacements)
with analyses. Nevertheless the meridional rebar strains at the wall-base junction appear to capture the
bending response and, the rebar strains at the mid-height of cylinder are consistent with displacement
based strains. Liner strain comparisons with analysis are generally inconsistent primarily due to local-
perturbations in the structure. In general the calculated change (increase) in tendon strain/force
resulting from pressurization of the model are consistent and in agreement with test results. As to
cracking, most of the analyses demonstrate that the formation of cracking in the concrete starts at
about 1.5 Pd. One of the consequences is that the dependence of radial displacement on pressure
becomes nonlinear. This effect is in agreement with measured results.

By performing the ISP and comparing the different methodologies presented by participants, questions
were raised as to the most appropriate criteria for failure and modeling hypothesis to calibrate models
- and validate methodologies. This is actually the essence of such ISP and consensus on best approaches
will try to be achieved.

The next phase of ISP48 will combine thermal and pressure loading using two scenarios: (1) Saturated

Steam Conditions (mandatory for all Phase 3 participants), and (2) Station Blackout Scenario. Results
will be presented in April 2005.

12
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INTRODUCTION

Background

At the CSNI meeting in June 2002, the proposal for an International Standard Problem on containment
integrity (ISP 48) based on the NRC/NUPEC/Sandia test was approved (Ref.
IAGE_CONC/ISP48/(03)2). Objectives are to extend the understanding of capacities of actual
containment structures based on results of the recent PCCV Model test and other previous research.
Sandia National Laboratories (SNL) conducted a Cooperative Containment Integrity Program under
the joint sponsorship of the Nuclear Power Engineering Corporation (NUPEC) of Japan, and the NRC
Office of Nuclear Regulatory Research. The purpose of the program was 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. A uniform 1:4-scale model of a
prestressed concrete containment vessel (PCCV) was constructed and tested at SNL from 1997
through 2001. This model was representative of the containment structure of an actual pressurized-
water reactor plant in Japan.

Scope of ISP48

The first meeting of the ISP48 members was held on November 20 & 21, 2002 in Stockholm, Sweden
to define the scope and the schedule for the ISP. It was agreed that the ISP would consist of four
phases:

Phase 1: Data Collection and Identiﬁcatioh

Phase 2: Calculation of the Limit State Test (I.ST), i.e. static pressure loading
Phase 3: Calculation of response to both Thermal and Mechanical Loadings
Phase 4: Reporting Workshop

Under Phase 1, Sandia National Laboratories (SNL) was tasked with providing the data on the model
design/construction and testing to complete the calculations in Phases 2 and 3. A detailed test report
was published by the US Nuclear Regulatory Commission [1]. A condensed version of this report was
prepared to meet the requirements of Phase 1 of the ISP.

This report also presents the results of the Phase 2 analyses of the PCCV model for the static pressure
loading. Thirteen organizations (or teams) accepted the invitation to participate in the ISP and the
majority of these performed calculations to predict the structural response of the PCCV model to static
overpressurization. The participating organizations are:

17
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BE/HSE/NNC  British Energy ) UK
Nuclear Installations Inspectorate/Health & Safety Executive
NNC Ltd.
EGP Energoprojekt Praha, UJV Rez. Div. Czech Rep.
GRS Gesellschaft fiir Anlagen und Reaktorsicherheit mbH Germany
IRSN/CEA Institut de Radioprotection et de Stireté Nucléaire France
Commisssariat a 'Energie Atomique ‘
KAERI Korea Atomic Energy Research Institute Korea
KOPEC Korea Power Engineering Company ~ Korea
NRC/SNL/DEA  US Nuclear Regulatory Commission US

Sandia National Laboratories
David Evans and Associates

SCANSCOT Scanscot Technology Sweden

Some of these organizations participated in the Pretest Round Robin Analysis organized by SNL in
1995 to predict the response of the PCCV model prior to testing [2] while for other participants this
was a new problem. Each participating organization was provided with the model and loading data
and was asked to perform independent analyses to simulate the response of the PCCV model. Written
reports summarizing the Phase 2 calculations were submitted to SNL and are included in the
appendices.

In order to provide an initial basis for comparison of the Phase 2 calculations with the test data, each
participant was asked to submit response time histories at the same 55 Standard Output Locations
(SOLs) used in the PCCV Pretest Round Robin Analysis. Each participant was also asked to specify
the pressure at which they calculated key structural milestones, such as cracking, liner yield and
failure. These results are summarized in this report and were reviewed at a Phase 2 meeting held in
conjunction with the 8th meeting of the CSNI Working Group on the Integrity and Agelng of
Components and Structures on March 19, 2004 in Madrid, Spain.

At the same workshop, plans for the Phase 3 combined thermal and mechanical analysis were finalized
and each participant was requested to complete their calculations and submit their summary reports
and results by December, 2004. These results will be compiled and a final summary report on the ISP
will be prepared and is tentatively scheduled to be presented at the June 2005 CSNI meeting.

Report Organization

This report presents the pretest analysis results provided by the ISP48 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, construction and
instrumentation of the PCCV model. Section 3 summarizes the procedures and results of the
overpressure tests. Section 4 presents the Phase 2 calculations and the composite plots presented in
Appendix A. Section 5 summarizes the Phase 2 effort and provides some observations from the
. comparison of results. Appendices B through I are the individual participant reports.

18
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PRESTRESSED CONCRETE CONTAINMENT VESSEL MODEL

The PCCV model was a 1:4-scale model of the prestressed concrete containment vessel (PCCV) of an
actual nuclear poser plant in Japan, Ohi-3 (Figure 2.1). Ohi-3 is an 1127 MWe Pressurized Water
Reactor (PWR) unit, one of four units comprising the Ohi Nuclear Power Station located in Fukui
Prefecture, owned and operated by Kansai Electric Power Company.

Figure 2.1 Ohi Nuclear Power Station, Ohi-cho, Fukui, Japan

Model Features and Scale

The Ohi-3 containment is a thin prestressed concrete cylindrical shell with a hemispherical dome and a
continuous steel liner anchored to a reinforced concrete basemat which extends beyond the
containment to support other plant structures. Consistent with the objectives of the sponsoring
organizations, the features and scale of the PCCV model were chosen so that the response of the
model would mimic the global behavior of the prototype and local details, particularly those around
penetrations, would be represented. One of the primary considerations in determining the scale of the
model was the desire to utilize construction materials that were identical, or nearly so, to the material
used in the construction of the prototype. Preliminary design studies, conducted to determine the
appropriate scale of the model, initially focused on a mixed scale model where the scale on the overall
geometry would be 1:6, while the scale on the liner thickness would be 1:3. These preliminary studies
indicated, however, that use of this mixed scale might upset the relationship between failure modes
which might be expected in the prototype. In particular, the use of a steel liner which was twice as
thick, relative to the prestressed concrete shell, as the prototype might retard the onset of liner tearing
(leakage) failure modes and increase the likelihood of a structural failure mode occurring. As a result,
it was decided that the scale of the model would be a uniform 1:4, with minor exceptions to
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accommodate fabrication and construction concerns. This was judged to be the minimum scale that
would allow the steel liner to be constructed from prototypical materials and fabricated with details
and procedures that were representative of the prototype. The overall geometry and dimensions of the
PCCV model are shown in Figure 2.2.
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Figure 2.2 PCCV Model Elevation and Cross-Section

Although both NUPEC and SNL (under NRC sponsorship) had conducted component tests of both
full-size and scaled penetrations, it was decided that PCCV model would include both functional
representation of the major penetrations, namely the equipment hatch (E/H) and the personnel air lock
(A/L), and non-functional representation of the main steam (M/S) and feed water (F/W) penetrations.
The E/H and A/L penetrations were fully-functional, one-fourth scale models of the penetrations in the
prototype, while only the penetration sleeves of the M/S and F/W penetrations, terminated with
pressure seating blind flanges, were included in the model. The liner and concrete reinforcing details
around these penetrations were also retained in the model.

During construction and instrumentation of the model, primary access to the interior was through the
E/H, while the A/L was used to provide heating, cooling and ventilation for personnel working inside
the model. The M/S and F/W penetrations provided portals for interior instrumentation cabling, power
and, during testing, the pressurization medium. Prior to testing, after the E/H cover was installed and
sealed, the A/L provided the means for final egress and sealing of the model with a specially designed
pressure seating cover which could be closed from the outside of the model.

Project Schedule

The NUPEC/NRC Cooperative Containment Research Program commenced in June 1991. The tests
were conducted at the Containment Technology Test Facility-West at Sandia National Laboratories,
Albuquerque, New Mexico. Construction of the PCCV model commenced January 3, 1997 with
initial site preparation. Milestones in the construction and testing of the PCCV model include the
following:
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12 February 1997

19 June 1997

15 April 1999

12-14 October 1999

8 March-3 May 2000
25 June 2000

12-14 September 2000
27-28 September 2000
22 August 2001

14 November 2002

3 May 2002

NEA/CSNI/R(2004)11

First Basemat Pour (F1)

First Liner Panel Installed

Final Dome Pour (D3)

Pretest Round Robin Meeting

Prestressing

PCCV Construction Completed

Structural Integrity and Integrated Leak Rate Test
Limit State Test

Posttest Round Robin Meeting

Structural Failure Mode Test

PCCV Demolition and Site Restoration Completed

The Prestressed Concrete Containment Vessel model design was directed by NUPEC with overall
responsibility for the design and construction contracted to Mitsubishi Heavy Industries, Ltd. (MHI),
Responsibility for the design of the liner and penetrations was assigned to MHI’s Kobe
Shipyard and Machinery Works while the design of the concrete portions of the model were
subcontracted to Obayashi Corp., Tokyo.

Tokyo.

The basic philosophy guiding the design of the PCCV model was agreed upon very early in the
program. Key elements of this design philosophy included:

The PCCV model would be a uniform 1:4-scale model of the prototype prestressed concrete
containment vessel of Ohi Unit 3.

Elements of the model which would affect the ultimate strength would be equivalent to the

prototype.

The model liner would be one-fourth the thickness of the prototype liner.

Reinforcing ratios would be maintained and the number and arrangement of the prestressing
tendons would, to the extent possible, be identical to the prototype.

The model should be capable of reproducing the failure modes postulated for the prototype,

including

a) Hoop Tensile failure of the cylinder wall

b) Bending-Shear failure at the junction of the cylinder wall with the basemat

c) Shear failure in the basemat above the tendon gallery

d) Bearing failure at the tendon anchors

€) Bending-Shear failure at the large penetrations

D Bending-Shear at the small penetrations

2) Liner tearing due to strain concentrations at local discontinuities (stiffeners/anchors,

thickened reinforcing plates at penetrations and embedments)
h) Leakage at penetration seals due to ovalization or distortion of the sealing surfaces.

Furthermore, to the extent possible, introduction of non-representative failure modes, as a
result of scaling or other modeling artifacts, was to be avoided.
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The general arrangement of the prototype and representative failure mode locations are shown in
Figure 2.3.

While the PCCV model was not ‘designed’ in the conventional sense, its features were scaled directly
from the Ohi-3 design with some simplification to facilitate construction without compromising the
objectives of the test. The prototype, Ohi-3 was designed in accordance with the “Draft Technical
Code for Concrete Containment Vessels in Nuclear Power Plants” issued by MITI/ANRE in
November, 1981. This draft code was formally adopted in 1993 as MITI Notification No. 452. The
code is not identical to the ASME/ACI code which governs the design of concrete containments in the
US, however, the basic design philosophies are similar, i.e. to ensure that all elements of the
containment structure respond essentially elastically (with some minor exceptions for secondary
stresses) to the specified design loading conditions.
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Figure 2.3 Elevation of PCCV Prototype and Potential Failure Locations

Construction of the prototype was also governed by Japanese Architectural Standard Specifications
No. 5 and 5N for Reinforced Concrete Work at Nuclear Power Plants. Construction specifications for
the PCCV model also followed these standards to the extent possible, however modifications were
made to adapt the specifications to US construction practices.

It is beyond the scope of this report to include all the details of the design and construction
specifications. Those details are provided in the test report [1].

The completed PCCV model is shown in Figure 2.4.
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Figure 2.4 Completed PCCV Model
Instrumentation

The basic instrumentation plan was outlined by NUPEC in early 1992 during the initial planning for
the PCCV model test. Considering the basic design philosophy, described in Section 2.3, the basic
instrumentation plan identified the following measurements to be taken during the PCCV pressure
tests:

load (internal pressure),
displacement,

rebar strain,

concrete strain,
concrete crack mapping,

liner and liner anchor strain,

N o kD=

tendon force, and
8. temperature

These parameters were to be measured at a number of locations to be able to characterize both the
global and local response of the model.
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The basic instrumentation plan also specified a grid of azimuths and elevations which would form the
basis for the instrumentation layout and provide a scheme for incorporating the nominal gage locations
in the individual gage ID’s. This basic grid of cardinal lines is shown in Figure 2.6.
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Figure 2.6 Cardinal Instrumentation Layout Lines
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Thirteen cardinal elevations were established, from 1 at the top of the basemat (El. 0.00) to 13 at the
dome apex. Twelve cardinal azimuths, spaced roughly 30° apart, were established with A at 0° (or
360°) to L at 324°. A thirteenth cardinal azimuth was established at 135° and designated Z. This
azimuth was selected as representative of the global axisymmetric response of the containment, based
on preliminary analysis results. While the PCCV model is not axisymmetric in terms of geometry and
stiffness, Azimuth Z is reasonably distant from any major structural discontinuities and the net hoop
prestressing force is close to the average.

Acoustic monitoring was not specified in the basic instrumentation plan but it was agreed to
incorporate it into the final instrumentation plan to allow monitoring of the entire structure since it was
likely that damage could occur at locations which were not monitored via other methods. The specific
goals of the acoustic monitoring system were to:

e detect tendon wire breaks

e detect rebar breaks

e detect concrete cracking and crushing
e detect liner tearing and leakage

Acoustic monitoring of the PCCV model during both the prestressing and low and high pressure tests
was performed Pure Technologies Inc. of Calgary, Canada under a turn-key contract. Pure
Technologies developed the SoundPrint® acoustic monitoring system and has extensive experience in
acoustically monitoring structures, especially prestressed concrete structures such as parking garages
and bridges. This system was run independently of the main DAS. The system consisted of the
acoustic sensors, essentially piezo-electric accelerometers bonded to the structure and connected to a
separate data acquisition system. One of the unique features of this system is the capability to perform
real-time data processing and analysis to identify event types and locations. Thirty-two sensors were
glued the external surface of the model to monitor and 16 sensors were placed inside the model.

The nominal locations of the gages are shown in Figures 2.7 to 2.12. A detailed description of the
instrumentation is provided in the test report [1]. The total number of each type of instrument installed
on the PCCV Model is shown in Table 2.1.

Table 2.1 PCCV Instrument Summary

Instrument Type Number of Gages
Strain | Liner 559
Rebar 391 .
Tendons (Tensmeg) 37
Tendons (wire) 156
Concrete 94
Displacements 101
Load Cells (1/3 of Tendons) 68
Temperature and Pressure 100
Acoustic 54
Total 1560
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PCCV TESTING

For the test program, it was necessary to decide whether both thermal and pressure loads would be
applied to the model, either separately or simultaneously, what the pressurization medium should be,
and whether the transient characteristics of these loads should be considered. Programmatically, the
decision to perform a static, pneumatic overpressurization test at ambient temperature was dictated
by risk and cost considerations and previous experience. oo

It should be noted that the pneumatic Limit State Test was the final test in the original program plan.
This test was terminated following a functional failure, i.e. a leak, in the PCCV model, with only
limited structural damage occurring. Subsequently, it was decided to re-pressurize the PCCV model,
prior to demolition, in an attempt to observe larger inelastic response and, possibly, a global structural
failure. This test was a combined pneumatic-hydrostatic test, where the PCCV model was sealed
inside with an elastomeric membrane and filled nearly full with water, to reduce the volume of gas to
be pressurized, and nitrogen gas was used to generate the overpressure.

The effect of elevated temperatures will be considered in Phase 3 of the ISP.

Test Planning

The basic objectives of the PCCV test were specified by NUPEC in the Master Project Plan. The
stated objective of this plan was to... “investigate the ultimate behavior of PCCV under pressure
beyond the design basis accident and to prove the pressure retaining capacity of PCCV”. After
extensive discussions between NUPEC, the NRC and SNL, a series of three tests were agreed upon.
These tests are defined as follows and are illustrated in Figure 3.1.

e A leak check and System Functionality Test (SFT) @ 0.5 Pd (2.0 kgf/cm2 or 28.4 psig)

e A Structural Integrity Test (SIT) @1.125 Pd followed by an Integrated Leak Rate Test (ILRT)
@ 0.9 Pd

e A Limit State Test (LST) to the static pressure capacity of the PCCV model (or the
pressurization system, whichever comes first)

6.0

5.0 1

>
(=3

Pressure (Pd)
w
(=3

LIMIT STATE TEST, 5.3Pd Max

N
=)

SIT 1.125 Pd ILRT 0.9 Pd
1.0 ¢

SFT 0.5 Pd
0.0

Figure 3.1 Pressurization Plan

Til"ne {hours)
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A fourth test was added to the test program after the conclusion of the LST. After careful evaluation
of the LST results, NUPEC, the NRC, SNL and their technical advisors concluded that all of the
objectives of the test program were not fully met. SNL was tasked with designing and conducting a
test which would allow the PCCV model to be pressurized beyond the level reached during the LST in
an attempt to observe greater inelastic response of the model and, hopefully, generate a structural
failure mode. This Structural Failure Mode Test (SFMT) is described in Section 3.2.2.

Test Operations

For purposes of ISP48, only the Limit State Test and, secondarily, the Structural Failure Mode Test
are of interest. Details and results of the low pressure tests are provided in the test report [1].

Limit State Test

The Limit State Test (LST) was designed to fulfill 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.
. The LST was conducted after the SIT and ILRT were completed and the data from these tests
evaluated. The PCCV model was depressurized between the SIT/ILRT and the LST. The LST began
at 10:00 AM, Tuesday, September, 26, 2000 and continued, without depressurization, until the test
was terminated just before 5:00 PM on Wednesday, September 27.

The pressure and average temperature time histories during the LST, including depressurization, are
plotted in Figure 3.2. The LST followed the planned pressurization sequence up to the point where the
model began leaking.

Initially, the model pressurization sequence matched the pressurization steps followed for the SIT to
allow for comparison of the model response to two identical cycles of loading. Pressurization
continued in increments of approximately 0.2Pd until a pressure of 1.5 Pd (6.0 kgf/cm?2 or 85.3 psig)
was reached at approximately 4:30 PM. At this pressure, the first planned leak check was conducted
by isolating the model and monitoring the temperature and pressure. After approximately 3 hours, a
leak rate of 0.48% mass/day was calculated. Considering previous experience from the ILRT, which
demonstrated that thermal expansion of the model during the day yielded apparent leak rates in this
range, the results were interpreted to indicate that the PCCV model was leak-tight.

Pressurization of the model continued in increments of approximately 0.1Pd until a pressure of 2.0Pd
(8.0 kgf/cm2 or 113.8 psig) was reached at approximately 11:00 PM. At this pressure the model was
again isolated to perform a planned leak check. This leak check was also planned to be held for 8
hours to allow the test team to partially stand down for a rest period. A ‘skeleton crew’ consisting of
the Test Conductor (TC), Data Acquisition System Operator (DO) and Nitrogen Supply Operator
(NO) continued to monitor the response of the model and all other systems until approximately 7:00
AM on September 27. This pressure hold and leak check was also selected below the lower bound
prediction for the onset of structural yielding (i.e. yielding of the rebar or tendons) to ensure that the
model would remain relatively stable during this period. After approximately 8 hours, the calculated
leak rate was 0.003%, i.e. essentially zero. This confirmed the interpretation of the leak check results
at 1.5 Pd and also demonstrated the greater accuracy of the leak rate results when the model is
thermally stable.

Pressurization of the model resumed at 7:00 AM in increments of 0.1Pd, with increasing dwell time
between pressure steps, ~30 minutes, required to meet the gage stability criteria. As the pressure was
increased to the next planned leak check at 2.5Pd, liner strain gages in the vicinity of the E/H (LSI-C-
K5-12) began registering rapidly increasing strains in excess of 1%. At 2.4Pd, the acoustic system
operator (AO) reported hearing a change in the acoustic output which might indicate that “something
had happened”. At approximately 10:00 AM at a pressure of 2.5Pd (10.0 kgf/cm2 or 142.2 psig), the
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model was isolated for the third planned leak check. After approximately 1-1/2 hours, a fairly stable
leak rate of 1.628% mass per day was calculated. The leak rate calculations at 1.5, 2.0 and 2.5Pd are
plotted in Figure 3.3. Coupled with the confirmation from the AO that the acoustic data continued to
confirm that some new event had occurred, it became clear that the model was leaking, most likely
from a tear in the liner in the vicinity of the E/H. Plots of the output of the four internal acoustic
sensors surrounding the E/H at 2.3, 2.4 and 2.5 Pd are shown in Figure 3.4.
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Figure 3.4 Internal Acoustic Sensor Signals @ the Equipment Hatch

After consulting with NUPEC and the NRC, the Test Conductor concluded that the model had
functionally failed between 2.4 and 2.5 Pd and directed a change in the pressurization plan. Since the
model was leaking, the next goal was to pressurize the model as high as possible to collect data on the
inelastic response of the structure and to observe, if possible, a structural failure mode. Pressurization
continued in increments of 0.05 Pd, as planned, however, the gage stability criterion was abandoned
and the hold time at each pressure step was reduced to less than 10 minutes.

The PCCV model was pressurized to approximately 3.0Pd with increasing evidence of leakage and
increasing liner strains. At 3.0Pd it became increasingly difficult to pressurize the model, and the
nitrogen flow rate was increased to 99 std.m3/min (3500 scfm). At this flow rate, the pressure in the
model was increase to 3.1Pd, however the pressure dropped steadily after reaching this pressure. The
leak rate at this point was estimated to be 100% mass/day

The nitrogen flow rate was increased to the maximum capacity of the pressurization system, 142
std.m3/min (5000 scfm), and the pressure was increased to slightly over 3.3 Pd before the leak rate
exceeded the capacity of the pressurization system. The pressure time history and flow rates during
the final phase of the test are shown in Figures 3.5 and 3.6. Since it was no longer possible to increase
the pressure in the model and the supply of nitrogen was nearly exhausted, the TC made the decision
to begin terminating the test.
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The isolation valve was closed and the model was allowed to depressurize on its own. The terminal
leak rate was estimated to be on the order of 900% mass/day. (The maximum flow rate of nitrogen,
5000 scfm, is equivalent to a leak rate of 1000% mass/day.) Estimated leak rates during the final
pressurization and depressurization phases are shown in Figures 3.7 and 3.8.

After the model pressure was reduced to 1.0 Pd, test personnel were able to enter the test site to
inspect the model close-up. Nitrogen gas was observed (heard and felt) escaping through many small
cracks in the concrete, around the penetration sleeves and at the tendon anchors. It was speculated that
the liner acted as a leak chase, allowing nitrogen gas escaping through a tear or tears in the liner to
travel between the liner and the concrete until it found an exit path through a crack in the concrete or a
conduit in the tendon duct.
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At maximum pressure, local liner strains of up to 6.5% were recorded and global hoop strains
(computed from the radial displacement) at the mid-height of the cylinder averaged 0.4%. While large
liner strains were observed and it was suspected that the liner might have torn in several locations, the
remainder of the structure appeared to have suffered very little damage with the exception of more
extensive concrete cracking at some locations. The largest crack was observed to the left of the E/H,
shown in Figure 3.9.

After the model had completely depressurized, the model was purged with fresh air, the E/H was
removed and detailed posttest inspection of the inside of the model began. A cursory inspection of the
model identified 26 discrete tears at 18 separate locations.

38



Leak Rate (% mass/day)

Leak Rate (% mass/day)

NEA/CSNI/R(2004)11

350.0%
3000% B
3.1 P
i
250.0% é‘[
200.0% \
#
1
150.0% 4
¥ 30
I
L&
100.0% ?2'95 i‘
0 DB |
285 b
50.0%
2.55 Pd 27 275%‘28
i 7 2 b
26 265
25Pd 'a g, 3
0.0% ] = %ﬁ k
g 8 8 8 ] 8 ]
E 3 8 & 3 & g
Time (hour) [ ~0-Totol Time -8~ Point-to-Point
Figure 3.7 LST - Estimated Leak Rates (2.5-3.1 Pd)
900.0% T i T (0
851.83% w Terminal Leak Rate @ 180 psig
i
800.0% i
!
»
700.0% ‘* —
600.0% :. o —~
T 585.4%
500.0%
400.0% w7 3911%
'4‘?‘
300.0% “!'\
”
200.0% 1
‘l‘.\‘\.‘
i Leak Rate @ 170 psig » Ti‘g:“, -
100.0% R T o
1 e S N L
R MM 273%
0.0%
8 ] 8 8 g g ] 8 8 8 g
& 2 g s H 8 ] & S M H
5
Time (day/hour) r —&— Total Time - Point-Point

Figure 3.8 LST Estimated Terminal Leak Rates

39



NEA/CSNI/R(2004)11

Figure 3.9 Post-LST Cracks @ Az. 350°, El 4680 to 6200 (Grid 45)

Structural Failure Mode Test

Almost immediately after the completion of the LST, there was a recognition that while the PCCV
model had demonstrated its capacity to resist pressures well above the design pressure and confirmed,
arguably, liner tearing and leaking as the functional failure mode. The test objectives were not,
however, fully met with respect to observing large inelastic deformations, for comparison with
analyses, and witnessing the structural failure mode of the PCCV model. SNL was tasked by NUPEC
and the NRC with investigating the possibility of conducting a second limit state test.

Two issues needed to first be addressed to determine the technical feasibility of reloading the PCCV
model. First was the question of whether the LST had caused sufficient damage to the structure such
that any data obtained by reloading the structure would be compromised and of limited value for
comparison with analytical results. The LST data was thoroughly reviewed and, with the exception of
the liner and cracking of the concrete, there was no evidence of excessive structural damage. There
was also no indication that the tendons had been strained beyond their yield limit and, except for a few
isolated measurements, the same was true for the rebar. (Only 27 of the rebar gages registered strains
in excess of 0.4%, with a maximum of 1.7%-which likely reflects the local perturbation caused by the
presence of the gage.) Considering the radial displacement at the mid-height of the cylinder,
compared to the pretest Round Robin predictions in Figure 3.10, clearly illustrates that the structure
was on the verge of global yielding but had not undergone a significant amount of inelastic
deformation. (In this context, only the yielding of the steel and rebar is being addressed. Obviously,
the loss in stiffness that occurs with global concrete cracking at approximately 1.5Pd, cannot be
. recovered.) This was a positive finding for the prospect of reloading the model since most, if not all,
of the capacity of the rebar and tendons was still available. Another important conclusion from the
consideration of the LST data was that, if in fact, the model was on the verge of global structural
yielding, the additional pressure required to cause larger inelastic deformations was not very large,
perhaps only on the order of a few tenths to half the design pressure, i.e. an additional 1.0 to 2.0
kgf/em?2 (14 to 30 psig).
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Figure 3.10 LST Radial Displacement @ Az. 135°, El. 4680

The second issue was the requirement to re-seal the model in order to re-pressurize it. Since large
sections of the liner were removed as part of the post-LST inspection, the liner was no longer capable
of providing an effective membrane to prevent premature leakage. Furthermore, even if the liner tears
and cutouts were locally repaired or sealed, it was clear that other areas of the liner were susceptible to
tearing at the same pressures (or perhaps even at lower pressures) which caused the liner to tear during
_ the'LST. It was necessary, therefore, to devise a cost-effective method of completely replacing the
liner function in order to proceed with plans to re-pressurize the PCCV. The replacement ‘liner’ was
also required to ensure that the model could be re-pressurized to a level beyond the maximum pressure
achieved during the LST. (A corollary of this conclusion was that there was no further need to
investigate the response of the liner and the instrumentation applied to the liner could be abandoned.)

Furthermore, the SFMT had to be completed within the current program budget and schedule for
completing the project. The concept that was developed to re-pressurize the PCCV model is
illustrated in Figure 3.11.

The concept consists of sealing the interior surface of the liner with an elastomeric membrane after
removing all interior transducers on the liner. After closing the E/H and A/L, the model would be
filled with water to 1.5m (5 ft.) from the dome apex, approximately 97% of the interior volume
1,591,000 lItr (350,000 gal). Filling the model with water would provide several advantages:

e The leak rate of water through any tears in the liner is much less than the corresponding leak
rate of gas. Therefore, even if a leak path developed, the flow rate capacity of the
pressurization system should be adequate to compensate for the leak.

e By maintaining a gas pocket in the model, the pressurization system used for the LST, using
nitrogen gas as the pressurization medium, could be used for the SFMT without any major
modifications. The only modification required was the installation of additional piping inside
the model to allow the gas to be introduced at the dome apex and a pipe to fill (and drain, if
necessary) the model. Reducing the volume of gas to be pressurized reduced the demand on
the pressurization system in the event of a leak and also reduced the volume of gas required to
conduct the test. In the case of the SFMT, a pressurized tube trailer could be used instead of
the more expensive liquid nitrogen source required for the LST.
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e Since the pressurization system could compensate for small leaks, it was not essential that the
elastomeric liner be completely leak tight, only that the leaks were small enough to allow the
model to be pressurized to the desired level.

e Leaks of water would be readily visible compared to gas leaks.

e In the event of a catastrophic rupture of the PCCV model, the energy stored in the model
nearly filled with water was much less than the stored energy if pressurized to the same level
with only gas. As a result, the safety exclusion zone around the model could be reduced if
necessary.

Diffuser

Venting Air and Pressurizing Line

Filing and Draining Water Line

W H

Figure 3.11 PCCV Structural Failure Mode Test Concept
At the same time, filling the model with water had some disadvantages:

e Any instruments or other electrically powered components (lights, cameras, etc.) inside the
model had to be removed or completely sealed.

e The internal pressure would not be uniform due to the hydrostatic head, approximately 1.4
kgf/cm2 (20 psig).

These disadvantages, however, were not deemed to be significant, and efforts were then focused on
selection of a suitable liner. A number of vendors were contacted and two proposals for sealing the
liner were considered. One proposal was to prefabricate a 5 mm (200 mil) PVC sheet liner which
would be installed inside the model by heat welding the seams and sealing around the penetrations
using ring clamps. The second proposal was to apply a sprayed-on two-part polyurea coating, also a
minimum of 5 mm (200 mil) thick. After considering both proposals, the sprayed-on lining was
selected since it could be more readily adapted to the irregular liner surface and had significant cost
and schedule advantages. The elastomeric liner was installed by Ershigs Corporation in August, 2001
after the interior model inspection was completed and all the surface instrumentation was removed.

After the elastomeric liner was installed the interior instrumentation for the SFMT was installed. A
reduced set of instruments was selected to allow one data acquisition computer to scan all the gages in
less than 60 seconds to support ‘rapid’ pressurization of the model. The instrumentation suite for the
SFMT consisted of the following:
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e All interior gages used for the LST were removed or abandoned. These were replaced by 20
water proof displacement transducers (LVDTs), 17 radial and 3 vertical, located as shown in
Figure 3.12.

e Five interior pressure transducers, three below water at the base, cylinder mid-height and
springline, two to measure the gas pressure.

e Two interior video cameras and lights to monitor the E/H and the water surface
e 18 Exterior Liner Strain Gages:
o 14 @ Meridional @ Wall-Base junction
o 4 @ Hoop stiffener details
e 82 Rebar Strain Gages (Standard Output Locations):
o 35 rebar gages (all 22 SOL plus 13 meridional at Wall-Base)
o 47 Gage bars (all surviving)
e All surviving Tendon strain gages and all Load Cells
e  Soundprint® acoustic monitoring (external sensors only)
e Concrete Strain (6 SOFO gages)
e Four external digital video cameras at 0°, 90°, 270° and 360°, completely covering the PCCV

cylinder wall.
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Figure 3.12 SFMT Displacement Transducer Layout

After completing the installation and completing all test-readiness checks, the equipment hatch cover
was installed and after sealing the airlock, a low pressure pneumatic test was conducted to check for
leaks on October 3, 2001. The leak test began at approximately 09:30 and a leak was detected (via the
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acoustic system) at approximately 0.2 Pd (~12 psig). Pressure was increased to the target pressure of
0.5Pd (30 psig) at which time the vessel was isolated and monitored for a 24 hour leak test. The
acoustic system (multiple sensors) continued to output signals consistent with a leak in the model and
several potential leak locations were identified.

Once it was determined that the model was stable, the nitrogen supply was isolated and close
inspection of the model was conducted. Through a combination of visual/auditory inspection, hand-
held acoustic monitoring and application of soap-water solution, a number of locations where nitrogen
gas was leaking from the model were discovered:

e The largest apparent leak was from a crack on the left-hand side of the 90-degree buttress at an
elevation of approximately 6 meters (20 ft.) above the top of the basemat (Level 6 in our
cardinal coordinate system). This leak was the first detected by the acoustic system and was
immediately confirmed during the close-up inspection

s Secondary leaks, identified by the acoustic system, were confirmed at 150-degrees/3 and 6
meters (10 and 20 ft) and 210-degrees/4.5 meters (15 ft). These leaks appeared to be through
previously existing cracks in the concrete. The leak at 150-degrees was along the horizontal
construction joints between C1, C2 and C3 as well as along a vertical crack extending between
C2 and C3. The leak at 210-dergrees also appeared to be through a previous crack.

e The acoustic system also suggested leaks at 300-degrees/1 to 2 meters (3 to 6-1/2 ft) and 360-
degrees/0 meters, but close-up examination could not confirm leakage at either of these
locations.

e During the close-up inspection, we also detected a leak at 30-degrees/5 meters (16 ft) which
was not initially identified by the acoustic system. ‘

e Close-up inspection of the penetrations also revealed leakage at the feedwater penetrations.
There was no evidence of leakage at the E/H, A/L or M/S penetrations.

These results indicated that, in spite of the manufacturer's quality control procedures coupled with
detailed visual inspection (individual locations which appeared suspect were also sealed with RTV
prior to closing the model), the sprayed-on liner was not impermeable and once the gas escaped
through the sprayed-on and steel liners, it migrated between the steel and concrete until it was able to
find an exit path. It did not appear that the pressure was high enough to tear the sprayed-on liner when
a leak was first detected.

The calculated leak rate was initially 70% mass/day at the maximum pressure of 2.1 kgf/cm?2 (30 psi)
decaying to 45% at 0.77 kgf/lcm2 (11 psi) over 24 hours. The sound levels as detected by the
SoundPrint system, which are roughly proportional to the rate of gas escaping, indicated a stable leak
rate which was, to a large extent, independent of the pressure.

Based on these results, it was concluded that the leak was most likely due to a pre-existing hole(s) in
the sprayed on liner which did not increase (or decrease) significantly during pressurization or during
the leak test. (The equivalent orifice size reduced from about 6mm (0.25") at 2.1 kgf/cm?2 (30 psi) to
S5mm (0.20") at 0.8 kgf/cm?2 (12 psi), based on the calculated leak rates.) As a result, it was decided
that the SFMT could be conducted without repairing the sprayed-on liner and still have a reasonable
chance that the leak would not grow significantly and overwhelm the capacity of the pressurization
system.  (Nevertheless, during an un-scheduled one-month postponement of the SFMT, the surface
was re-tested with a ‘spark-tester’ and a few small holes were discovered and sealed with RTV. The
model was then resealed and readied for filling with water.)

Filling of the PCCV with water and the SFMT began at approximately 09:00 November 6, after the
initial data scan was taken, and continued until November 8, 2001. Slow leaks of water were initially
observed late November 6, after the model was about one-fourth full, however, the amount of water
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leaking was not significant. The pressure time histories at various elevations in the model from the
start of filling up to the SFMT are shown in Figure 3.13. This figure illustrates the hydrostatic head
and also reflects the slight loss of water due to leaks. The water level was ‘topped off” on November
12, prior to the start of the SFMT.
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Figure 3.13 Pre-SFMT Hydrostatic Pressures

The test sequence planned for the SFMT was to ‘rapidly’ pressurize the model using nitrogen gas to
compensate for the known leaks in the model. The minimum flow rate capacity of pressurization
system, 14 std.m3/min (500 scfm), would increase pressure in the reduced void space at a rate of about
0.35 kgf/cm2 (5 psi) every minute. At this rate, the model could be pressurized to failure in less than
an hour.

The SFMT began shortly after 10:00 AM on Wednesday, November 14, 2001. The pressure time
histories are shown in Figure 3.14. The pressure time history of all 5 gages are shown along with the
effective model pressure, which is calculated as a volume-weighted average. Any references to the
SFMT pressures are to the effective pressure, unless noted otherwise.

The model was continuously pressurized at a rate of approximately 0.35 kgf/cm2 (5psi)/min. All
active sensors were continuously scanned at intervals of approximately 30 seconds and the video
cameras were continuously recording the response of the model. As the pressure was increased,
evidence of leakage was visible as increasing wetting of the concrete surface. At 10:38 AM, the
effective pressure in the model equaled the peak pressure achieved during the LST, 3.3 Pd (1.29 MPa
or 188 psig). At approximately 10:39 AM, the acoustic system recorded a very high noise level event
which was interpreted as the breaking of a tendon wire. At this point in the test, events occurred very
quickly. Shortly after detecting the wire break, a small spray of water was observed at approximately
0° azimuth and additional tendon wire breaks were detected by the acoustic system with increasing
frequency. The wire break events are plotted in Figure 3.15, along with the effective pressure and the
radial displacement at Az. L. (324°), Elevation 6 (6280), as a function of time.

The rate of pressurization was decreasing and the nitrogen flow rate was increased to maintain the
pressurization rate. The gas pressure and flow rates are shown in Figure 3.16. The water surface
inside the model, viewed through the internal video camera, was observed to be dropping slowly, but
it was unclear if this was due to leakage or radial expansion of the vessel.
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Figure 3.15 SFMT Wire Break Events vs. Pressure vs. Displacement

Pressurization of the model continued until a second spray of water was observed and then, suddenly,
at 10:46:12.3, at an effective pressure of 3.63 Pd (1.42 MPa or 206.4 psig) the PCCV model ruptured
violently at ~6° azimuth near the mid-height of the cylinder. The rupture propagated vertically in both
directions and then radiated circumferentially about 2 meters above the top of the basemat, shearing
off the cylinder wall. The dome and cylinder wall then came to rest on the instrumentation frame
which appears to have prevented the model from toppling over. The entire collapse was over in
slightly more than one second. The entire SFMT, including the sequence of rupture and collapse was
recorded by the digital video cameras. A short movie (.mpg) file showing the rupture of the model is
included on the data CD enclosed. The moment of rupture is shown from all four angles in Figure
3.17. The video recorded failure of the tendons including ejection of tendon anchors. The condition
of the model after the SFMT is shown in Figure 3.18. '
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Because of program schedule constraints, demolition of the PCCV model commenced in December,
2001 and was completed in April 2002. During this period, attempts were made to further inspect the
model and characterize the damage caused by the SFMT, however, these efforts were of limited value
due to the difficulty of discriminating the damage caused during the SFMT from the demolition
process. A few specimens from the model were retrieved, however, more for sentimental value than
for providing any further technical insight into the behavior of the model.
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Figure 3.16 SFMT Pressurization System Data
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Figure 3.17 SFMT: Rupture of the PCCV Model
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LD

Figure 3.18 PCCV Model after the Structural Failure Mode Test

Test Results

The response of the model was continuously recorded beginning March 3, 2000, prior to prestressing,
through October 11, 2000, following the LST. Additional data was recorded, using a modified
instrumentation suite, from November 6 to 14, 2001 for the SFMT. A detailed description of the data
file structure and the data were provided in the test report [1].

The basic data was recorded for each instrument at discrete time steps. This basic data is referred to as
the DYNAMIC data. It should be noted that the time reported in the data files is the DAS clock time
at the start of a data scan. Since it took up to two minutes to complete a data scan (one minute for the
SFMT), the actual time the data was recorded may be up to two minutes later than the recorded time.
For pseudo-static loading, this is not a significant issue, but it may have some effect on the response
recorded near the end of the LST and SFMT.

The Data of Record (DOR) is a subset of the dynamic data. The concept of the DOR was defined to
facilitate comparison of the data with analysis results. Typically, the analysis results are described as a
function of pressure. The DOR is intended to provide a single, stable response value at each pressure
step. The DOR were recorded separately from the dynamic data when the gage stability criteria was
met or at the direction of the test conductor.

The concept of DYNAMIC and DOR data is illustrated in Figure 3.19. In this figure the DYNAMIC
data during and after the LST is plotted along with the DOR for the radial displacement at the cylinder
mid-height at 135°. At lower pressures, the data are essentially identical, however at higher pressures
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the drift due to model creep and/or leakage is apparent. Furthermore, the DOR data set does not
capture the maximum pressure. In subsequent discussions of the DOR, the response at the maximum
pressure from the DYNAMIC data has been appended to the DOR for completeness

25.000

20000 ~ 4
wee== Dynamic ~M- Data of Record /

15.000 -

.//

10.000 1 . / /

5.000 | /

0.000 —”)j/

"

Displacement {mm)

-5.000 . T " ey v
0.000 0.3%0 0.780 1170 1560

Pressure (MPa)

Figure 3.19 Radial Displacement @ AZ 135°, EIl. 6200
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PHASE 2 CALCULATIONS

Each ISP participant was asked to provide a report summarizing their analysis approach and results.
Each individual report is reproduced in Appendices B through L.

Fifty-five standard output locations, listed in Table 4.1, were selected to facilitate initial comparison of
the Phase 2 calculations with the test results. The selection of these locations was based on the
containment experience of the project team at Sandia and the results of preliminary analyses to
characterize model responses and identify possible failure modes. The general locations are illustrated
in Figure 4.1. This is the same set of variables used for the pretest Round Robin comparison. A gage,
or set of gages, were installed at every standard output location for the LST. Due to the practical
limitations, the model response was not measured at all these locations during the SFMT. The
participants were asked to provide analysis results as a function of gage pressure at these locations. A
summary of the results provided by each of the participants is given in Table 4.2. The calculated
results were collected into composite plots for comparison with the LST and SFMT results at each
SOL. These composite plots are provided in Appendix A.

To facilitate comparison of the calculated results with the pressure response of the model, most, if not
all of the participants chose to ‘initialize’ their analysis results with the test data at the start of the LST.
This was done to eliminate the variation in the calculation of the response due to dead load and
prestressing as well as the effects of creep, shrinkage and changes in ambient conditions, which were
not modeled. As a result, most of the comparisons are for the change in the response variable due
to_pressure, not the total response. Comparisons of analyses before initializing the response
variables were much more inconsistent and a similar result would be expected for full-scale
containments where the initial conditions might not be known.

In addition to submitting response predictions at the SOLs, each participant was also asked to provide
a best estimate of failure pressure and mechanisms of the PCCV model. These are summarized in
Table 4.3. Table 4.3 also summarizes predictions of the pressure for various milestones (onset of
cracking, yielding, etc.) leading up to failure.
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Table 4.1  Standard Output Locations for PCCV Round Robin Analysis

Loc. # Type Orientation | Az. (°) | EL (m) Comments General Location
1 Displacement | Vertical 135 0.00 Outside Cylinder Top of Basemat
2 " Radial 135 025 Inside Liner Surface | Base of Cylinder
3 " Radial 135 1.43 " "
4 " Radial 135 2.63 " "
5 " Radial 135 4.68 " E/H elev.
6 " Radial 135 6.20 " Approximate Midheight
7 " Radial 135 10.75 " Springline
8 " Vertical 135 10.75 " "
9 " Horiz.(Rad) 135 14.55 " Dome 45 deg
10 " Vertical 135 14.55 " "
i1 " Vertical 135 16.13 " Dome apex
12 " Radial 90 6.20 " Midheight @ Buttress
13 " Radial 90 10.75 " Springline @ Buitress
14 " Radial 324 4.675 " Center of E/H
15 " Radial 62 4.525 " Center of A/L
16 Rebar Strain | Meridional 135 0.05 Inner Rebar Layer Base of Cylinder
17 " Meridional 135 0.05 Quter Rebar Layer "
18 " Meridional 135 0.25 Inner Rebar Layer !
19 " Meridional 135 0.25 Outer Rebar Layer "
20 ! Meridional 135 1.43 Inner Rebar Layer "
21 ! Meridional 135 143 Outer Rebar Layer "
22 " Hoop 135 6.20 Outer Rebar Layer Midheight
23 ! ] Meridional 135 6.20 Outer Rebar Layer "
24 ! Hoop 135 10.75 QOuter Rebar Layer Springline
25 ! Meridional 135 10.75 Inner Rebar Layer !
26 " Meridional 135 10.75 Outer Rebar Layer "
27 " Hoop 135 14.55 QOuter Rebar Layer Dome 45 deg
28 " Meridional 135 14.55 Inner Rebar Layer "
29 " Meridional 135 14.55 Outer Rebar Layer "
30 " Meridional [ 90 0.05 |[. Inner Rebar Layer Base of Cylinder @ Buttress
31 " Meridional 90 0.05 Outer Rebar Layer "
32 " Hoop 90 6.20 Quter Rebar Layer Midheight @ Buttress
33 " Meridional 90 6.20 - Quter Rebar Layer !
34 Liner Strain | Meridional 0 0.010 Inside Liner Surface | Base of Cylinder
35 " Meridional 0 0.010 | Outside Liner Surface | "
36 ! Meridional 135 0.25 Inside Liner Surface | "
37 " Hoop 135 0.25 " "
38 ! Meridional 135 6.20 " Midheight
39 " Hoop 135 6.20 " "
40 ! Meridional 135 10.75 ! Springline
41 " Hoop 135 10.75 " "
42 " Meridional 135 16.13 " Dome apex
43 " Meridional 90 6.20 ! Midheight @ Buttress
44 " Hoop 90 6.20 " " e
45 " Hoop 332 4.675 " 10 mm from thickened plate
46 " Hoop 59 4.525 " 10 mm from thickened plate
47 Base Liner | Radial 135 0.00 100 mm Inside Cyl. | FF Basemat Liner Strain
48 Tendon Str. | Hairpin 180 15.60 Tendon - V37 Tendon Apex
49 " Hairpin 135 10.75 Tendon - V46 Tendon Springline
50 " Hoop 90 6.58 Tendon - H53 Mid Tendon
51 ! Hoop 180 6.58 - Tendon - H53 1/4 - Tendon
52 ! Hoop 225 6.58 Tendon - HS3 1/8 - Tendon
53 ! Hoop 0 4.57 Tendon - H35 Tendon btwn E/H and A/L
54 Tendon Force | Hairpin 241 -1.16 Tendon - V37 Tendon Gallery
55 " Hoop 275 6.58 Tendon - H53 @ Buttress
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Table 4.2 Results at Standard Output Location

- SCANSCOT

< | ¢
< z
a % -
A z 5
= i >
h
-«
D < Q
n = Ll =
AE Slel |zl
- | & Z12lale z o oo
n [ m Z o o I >xX | o o x
Al | < |W]|O | =g X ]| Z
Loc. # Type Orientation | Az. (deg)
1 Displacement Vertical 136
2 Displacement Radial 135
3 Displacement Radial 135
4 Displacement Radial 135
5 Displacement Radial 135
8 Displacement Radial 135
7 Displacement Radial 135 ‘i
8 Displacement Vertical 135 :
9 Displacement | Horiz. {(Rad) 135
10 Displacement Vertical 135
11 Displacement Vertical 135
12 Displacement Radial 90
13 Displacement Radial 20
14 Displacement Radial 324
15 Displacement Radial 62
16 Rebar Strain Meridional 135
17 Rebar Strain Meridional 135
18 Rebar Strain Meridional 135
19 Rebar Strain Meridional 135
20 Rebar Strain Meridional 135
21 Rebar Strain Meridional 135
22 Rebar Strain Hoop 135
23 Rebar Strain Meridional 135
24 Rebar Strain Hoop 136
25 Rebar Strain Meridional 135
26 Rebar Strain Meridional 135
27 Rebar Strain Hoop 135
28 Rebar Strain Meridional 135
29 Rebar Strain Meridional 135
30 |- Rebar Strain Meridional 90
31 Rebar Strain Meridional §. 90
32 Rebar Strain Hoop 90
33 Rebar Strain Meridional 90
34 Liner Strain Meridional 0
35 Liner Strain Meridional 0
36 Liner Strain Meridional 135
37 Liner Strain Hoop 135
38 Liner Strain Meridional 135
39 Liner Strain Hoop 135
40 Liner Strain Meridional 135
41 Liner Strain Hoop 135
42 Liner Strain Meridional 136
43 Liner Strain Meridional 90
44 Liner Strain Hoop 90
45 Liner Strain Hoop 334
46 Liner Strain Hoop 58
47 Base Liner Radial 135
43 | Tendon Strain Hairpin 180 G
49 | Tendon Strain Hairpin 135
50 | Tendon Strain Hoop 90
51 | Tendon Strain Hoop 180
52 | Tendon Strain Hoop 280
53 | Tendon Strain Hoop (4]
54 Tendon Force Hairpin 241
55 | Tendon Force Hoop 275 i
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SUMMARY

Phase 2 Results

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 ISP
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 ISP coordinator, Sandia National Laboratories, and other
participants do not necessarily represent the consensus of all the participants.)

e The figures in Appendix A include the LST post test analysis results in comparison with LST
and SFMT results. Most of the calculations show results beyond the maximum pressure
achieved in the LST. These results were used to estimate the failure pressures for the liner,
the tendons and the rebar, partly summarized in Table 4.3.

® Most of the comparison plots in Appendix A demonstrate that there is good agreement
between the calculated and measured response of the model up to approximately twice the
design pressure. This is the pressure where extensive hoop cracking has occurred, with the
associated loss of stiffness, and yielding of the metallic components (tendons, rebar and liner)
is starting to occur. Once generalized non-linear behavior begins to occur, agreement
between the analytical results and the experimental data degrades. Some cases which show
poor agreement, even at pressures below 2Pd, when the structure is still essentially elastic
require further investigation to explain the differences. These may be examined in more
detail during Phase 3.

e Displacements:

o The global deformations and strains of the model containment, especially in regions far
away from penetrations, are simulated quite well by axisymmetric models as well as full
3D models. 3D-models are necessary for simulation of local behavior in the vicinity of
perturbations like the air lock, the equlpment hatch, the main steam, the feedwater
penetrations and the buttresses.

o The most accurate estimates of the global hoop strain are obtained from the average radial
displacements at a given elevation (divided by the radius).

e Rebar strains:

o The rebar strains compare less favorably (than the displacements) with analyses. This is
primarily due to the difficulties in making point-to-point comparisons when local
perturbations in the structure are not known or accurately modeled. Some differences
also result from local perturbations resulting from the installation of the strain gages
themselves.

o The meridional rebar strains at the wall-base junction appear to capture the bending
response.

o The rebar strains at the mid-height of cylinder are consistent with displacement based
strains.
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Liner strains:

o For the locations compared in Appendix A, there is, in general good agreement between
the calculated and experimental results, at least up to 2Pd. Beyond this pressure the
comparison is less favorable. (Note: Other data [1] not included in this report suggests
that near geometric perturbations in the liner, where strain concentrations are present,
the comparison between analysis and test results is less favorable, even at low pressures.
This may be partially due to the assumptions and level of detail in the modeling of the
liner and anchorage.

Tendon strain/force:

o In general the calculated change (increase) in tendon strain/force resulting from
pressurization of the model are consistent and in agreement with test results.

o In some cases there is significant variation in the initial tendon strains and forces due to
the application of the prestressing. This is likely due to the assumptions and approach
to applying the prestressing forces and modeling the interaction between the unbonded
tendons and the concrete structure. These differences are hidden, to a large extent, in
the comparison plots in Appendix A, since most of the calculated results were initialized
to match the data at the onset of pressurization. Nevertheless, since the total response is
critical to establishing failure limits, these initial variations are important and should not
be ignored.

o It appears that the effect of the pressure loading has much less influence on the vertical
tendons than the hoop tendons and the hoop tendons are more highly stressed by
pressure loading up to failure,

Cracking:

o Most of the analyses demonstrate that the formation of cracking in the concrete starts at
about 1.5 Py. One of the consequences is that the dependence of radial displacement
(e.g. Fig. A-6) on pressure becomes nonlinear. - This effect is in agreement with
measured results.

Also, as a result of these comparisons, other questions regarding the approach were identified

Are the SOLs adequate for comparison of results with test data?

o How do concrete strains compare? _

o What other variables should be compared? »

o Would comparison of displacement profiles be more meaningful than point comparisons
Should the tendon force distribution be compared instead of strain or force at a ‘point’?

What is the appropriate criteria for the Limit State of the model (or prototype)? Liner rupture,
tendon rupture, structural collapse?

What level of modeling is required to achieve an accurate estimate of capacity? What is the
level of uncertainty?

Are there any scaling effects? Should Phase 3 calculations be done at full scale?

How can the response of the model be calculated in terms of leak rate? Crack size/width?
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How well do the material models represent the behavior of the structural components? Are

standard material property measurement methods adequate for development of non-linear
constitutive models?

Should parametric calculations be performed to understand the relative importance of the
various model elements?
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Phase 3 Plans

Plans for Phase 3 calculations, for combined thermal and pressure loading, were finalized at the Phase
2 Review Meeting. Two load cases will be considered for Phase 3:

e (Case 1: Saturated Steam Conditions (mandatory for all Phase 3 participants)
o Monotonically increasing static pressure and temperature (saturated steam).

o Each participant performs heat transfer calculations or uses gradients provided by SNL.

220

Temperature [C]

80

t t t t t t t t
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18 20

Pressure (MPa)

Figure 5.1 Phase 3, Case 1 Temperature-Pressure Loading

e (Case 2: Station Blackout Scenario
o NRC/SNL/DEA proposal plus hydrogen detonation defined by IRSN

o SNL will perform heat transfer calculation using full-scale axisymmetric model w/ 12
nodes through the thickness.

o Apply resulting gradients to 1:4-scale model

The thermal and mechanical analyses will be de-coupled with the heat transfer calculations being
performed first using a full-scale axisymmetric model with twelve nodes through the thickness in the
cylinder and dome. Thermal material properties will be based on typical data. Thermal gradiens will
be calculated at several locations and provided to the participants to perform combined temperature-
pressure response calculations. '

The results of these independent participant calculations are scheduled to be completed by the end of
December, 2004. The results will be summarized in the same manner as the Phase 2 results and
presented in the final report for the ISP, to be published in June, 2005. A meeting of the participants
and workshop will be held in early (March) 2005 to review the results and develop a consensus on
issues related to:

¢ Modeling and analysis methods
e Constitutive models for materials
o Limit state and structural failure criteria
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Figure 5.2 Phase 3, Case 2 Pressure and Temperature Time Histories
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Appendix A:

Comparison Slots on Standard Output Locations
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Appendix B:

British Energy
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1 INTRODUCTION

At the June 2002 meeting of the Committee on the Safety of Nuclear Installations (CSNI),
the proposal (Ref 1) for the International Standard Problem 48 (ISP48) on containment
integrity was approved.

This report covers Phases 1 and 2 of the ISP 48 work done by NNC Limited under contract
(C11248) from British Energy. NRC/NUPEC sponsored tests of the % scale pre-stressed
concrete containment vessel (PCCV) have been executed at Sandia National Laboratories
(SNL) in USA. The Limit State Test (LST) executed during September 2000 was based on
prneumatic pressurization of the vessel and achieved a maximum pressure of 1.3MPa (3.3
times the design pressure). The objectives of the ISP48 are 1o extend the understanding of
capacities of actual containment structures based on the results of the PCCV LST and any
other sources of available research. )

Under contract to the United Kingdom Health and Safety Executive (HSE), NNC participated
in the LST round robin exercise and completed the analysis (Ref 2) to predict the limit load
of the vessel. Predictions from ali the participants of the round robin were collated and
published by SNL in August 2000 (Ref 3). The LST identified liner tearing as the mode of
failure. Whilst there was no visible damage to the PCCV structure, the breach of the
pressure boundary dictated the limit load due to the excessive leakage rate. It can be seen
from Ref 3 that out of the total of 17 participants, the NNC/HSE model is one of only four
that successfully predicted liner tearing as the failure mode. It was recognised at the
international pre-test round robin meeting in October 1999 that the NNC/HSE modsel was
one of the most sophisticated models. The NNC/HSE model was a full 3D global model,
which took account of interaction between all the main structural features.

Following the pre-test round robin, NNC carried out the post-test analysis under HSE
contract CE/GNSR/1 and the work was presented in Ref 4. This work consisted of a
comparison between the FE analysis and the test results to give an assessment of the
accuracy and reliability in predicting failure modes and limit loads of PCCV structures using
finite element analysis. It also included analysis of the Structural Failure Mode Test (SFMT)
executed in November 2001, in which hydraulic pressure was used to overpressurise the
containment to total structural collapse. The results of the overpressurisation test have been
published by SNL in Ref 5. The analysis carried out by NNC in Ref 4 predicted the failure
location: and the behaviour up to collapse with good accuracy.

All the test and the analysis work done to date has shown that leakage occurs before the
burst pressure but in this study only the mechanical loading (gravity, prestress and internal
pressure) was considered and thermal loading was ignored. In real containments, increase
in internal pressure is associated with thermal loading. One of the aims of the 1SP48 is to
study the effects of accident temperatures and see if the onset of leakage is closer to the
burst pressure in full size containments.

Technical background to the PCCV analysis work done under the international roundrobin is
presented in section 2 and the scope of work for Phases 1 and 2 of the ISP48 project is give
in section 3. A description of the finite element model is given in section 4. Review of the
test data and subsequent changes to the FE model are presented in sections 5 and 6
respectively. The latest analysis results are given in section 7 followed by the assessment
of results in section 8. The conclusions from this study are in section 9. Recommendations
for the next Phase (3) work are made in section 10.
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2 TECHNICAL BACKGROUND

The original LST test sponsored by the NRC/NUPEC attracted contributions from 17
participants from USA, Canada; France, Japan, Korea, UK, Spain, China, India and Russia
who submitted their pre-test analysis results. 14 of these participants presented their results
at the meeting held in October 1999 at Sandia Laboratories, USA. There was significant
difference in the behaviour predicted by the participants. This was mainly due fo the
modelling approach, assumptions and interpretation of the design data. Many of the
participants constructed global models of the PCCV reflecting their assumptions, to predict
the limit joad. Others made detailed models of local features like the penetrations and
buttresses but did not have a full global model. The NNC/HSE model was the only full 3-D
global model (see Ref 2) which had included sufficient details of all the important local
features like the tendon layout, penetrations, buttresses, stressing gallery, soil foundation
and the liner.

In Ref 2 the NNC/HSE model was analysed using version 5.8 of the ABAQUS general
purpose FE code {Ref 6). It was found that the concrete material model in the 5.8 version of
ABAQUS gave numerical problems and the global 3-D model could not be analysed beyond
an internal pressure of 0.71 MPa. The analysis beyond 0.71MPa was completed by
incorporating the ANACAP concrete material model routine supplied by ANATECH (Ref 7).

The main objective of the exercise was to predict the failure mode and the behaviour up to
the limit load. The NNC/HSE mods! accurately predicted that the liner tearing would control
the fimit load. 1t also predicted accurately that the main structural components like the
tendons and reinforcing bars would not fail before liner tearing. Whilst the failure mode was
predicted accurately, there remained discrepancies between the history of the response
recorded during the test and that predicted by the FE analysis. This could be because the
maodel did not take account of the as-built conditions, which were investigated in the post-
test analysis (Ref 4).

The test model had a design pressure, Pd, of 0.39Mpa and the Limit State Test (LST)
achieved a pressure of 1.205MPa (3.3 Pd), which was well beyond the design basis. The
test was limited because the vessel leak rates increased beyond the supply limit of the N-
pressurization system. The overall PCCV structure remained substantially intact after the
LST. The sponsors agreed to extend the test and SNL sealed the leaks and conducted the
Structural Failure Mode Test (SFMT) by using a water pressurization system. The SFMT
was conducted on 14 November 2001 and achieved its objective of causing global collapse
of the PCCV structure, reaching a pressure of 1.423MPa (3.65 Pd).

The LST and SFMT data in conjunction with the pre-test and the post-test analyses show
three stages of the structural response of the pressurized PCCV as it approaches its
structural collapse load.

The first stage of predominantly efastic response can be predicted with very good accuracy
using standard finite element technology. The second stage involving inelastic response
with extensive concrete cracking required specialist concrete material models and detailed
geometric representation of the main structural features. It is important to model the
interaction between various structural elements to simulate load redistribution as some
components yield or fail. Such local yielding or rupture may lead to loss of functionality or
breach of pressure boundary. The third stage involving gross deformation leading to
structural collapse required solution of a highly non-linear problem. Extensive concrete
cracking, well beyond the tension stiffening range, occurs and requires robust constitutive
models capable of simulating extensively cracked concrete. Provided such a specialist FE
package is available, an experienced analyst can predict the collapse limit and failure mode
with fair accuracy.

125



NEA/CSNI/R(2004)11

As part of the ISP48, additional information about the test has now been made available o
the participants (Ref 5). For meaningful application of this research to real size

containments, a number of issues like the effect of thermal loading and scaling remain to be
resolved.
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3 SCOPE

The full scope of the ISP48 is to perform a new stress analysis of the % scale PCCV using
the same models as for the post-test analysis (Ref 4}, but incorporating thermal leading in
addition to the mechanical loading. The existing FE results (from Refs 2 and 4) and the
results from the new stress analysis will be compared with the test data to indicate the
following:-

. Effect of accident temperatures on the containment capacity
. Would the onset of leakage be later and much closer to the burst pressure
The overall project comprises four phases of work as follows:
Phase 1: Data collection and identification
Phase 2: Calculation of the LST
Phase 3: Calculation of response to both. thermal and mechanical loadings
Phase 4: Reporting workshop

This report addresses Phases 1 and 2 only, with recommendations for the way forward in
phase 3. The scope of work for phases 1 and 2 covered by this report as follows:

3.1 PHASE 1: DATA COLLECTION AND IDENTIFICATION.

The purpose of this phase is to review construction and vessel ioad data collected by SNL
during the LST/SFMT testing. Assessment includes reviewing the concrete, liner plate,
tendon and rebar material properties and the tendon posttensioning loads. This
information has been issued to all ISP participants (Ref 5) who are to use the data for
analysis. Necessary changes to the NNC model used in the previous analysis will be
identified for the ISP.

It is also required that results are reported at the standard output locations used in the
PCCV pretest round robin Figure 1. This will enable direct comparison between the
analytical results of the participants. NNC has provided results at the 55 standard output
locations in electronic format in an MS Excel spreadsheet.

3.2 PHASE 2: CALCULATION OF THE LIMIT STATE TEST (LST) PERFORMED AT
SNL - MECHANICAL LOADING

This task requires updating of the FE madel! to take account of any new information from the
Phase 1 review. The requirement is to analyse the LST (applying only the mechanical loads)
to predict the extent of concrete cracking, iiner tearing and tendon rupture. Comparison
between the analytical and test results will be made. The peak sustainable load wili also be
calcutated and compared with the test.

tn the previous analysis work (Refs 2 and 4), the ANACAP routine supplied by ANATECH
was used to remove some of the limitations of the ABAQUS version 5.8 concrete material
model. Incorporation of this concrete model extended the range of pressure over which
predictions could be made. A new concrete material model has been made available in the
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latest release of ABAQUS version 6.4. It is proposed to use the latest concrete material
model in ABAQUS v6.4 with the NNC's 3D global model to perform the LST analysis.

In this Phase, it is required of each participant to suggest a way forward for the following two
topics: -

« Transposition {o real size containments. This will include consideration of scaling
Issues.

« Definition of thermal loading for Phase 3.
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4 Ya SCALE PCCV FINITE ELEMENT MODEL

4.1 DESCRIPTION OF GLOBAL MODEL

Concrete components of the vessel are simulated with the ABAQUS eight-node solid
element C3D8. The eight-node solid element is mathematically formulated such that it
accommodates the inciusion of steel reinforcements. At a minority of locations, due to
meshing requirements, six-node linear prism elements (C3D6) were used. Six-node prism
slements do not support reinforcement capability. Within the cylinder, all solid elements are
fully integrated, while the basemat and dome elements have reduced integration. Figure 2
shows the 3D global model of the PCCV model.

The origin of the FE model is at the centre of the top surface of the basemat. Directions 1,
2and 3 are X, Y and Z respectively. X is along the 90° azimuth, Y is vertical and Z is along
the 180° azimuth.

4.2 CYLINDER WALL AND DOME

The mesh density of the cylinder wall and dome in the circumferential direction was driven
by the requirement to model the vertical post-tensioning tendons explicitly. Three elements
were employed in the wall-thickness direction of the cylinder and dome. For the fully
integrated elements, this gives a total of six integration points through the wall to provide
adequate information in areas of high bending. To allow for the explicit representation of
each vertical tendon, 184 solid elements wers arranged around the circumference of the
vessel. The resulting layout consists of a cylinder and dome wall mesh with elements at
approximately 2 degree intervals in the circumferential direction.

The mesh density in the vertical direction was influenced by the specification of the hoop
tendons in the concrete elements. The cylinder hoop tendons were arranged at vertical
intervals of 112.7mm. 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
14690mm, the location of the uppermost hoop tendon. The meshing of the dome in the
hoop direction was dictated by the vertical plane of the tendons through the dome. In the
dome apex region, a refined solid element mesh allows meshing of the vertical tendons
where they intersect at the vessel crown. Figure 3 shows a detailed view of the model.

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

4.3  BASEMAT
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The basemat is a thick concrete reinforced slab supporting the vessel superstructure within
which the vertical tendons are anchored. It is heavily reinforced at its top and bottom
surfaces. The top surface reinforcement consists of a layer of hoop rebars sandwiched
between two grids of radially spanning rebars. The bottom surface is reinforced with a
rectangular grid of cross rebars. Additional reinforcement is provided in the vicinity of the
tendon anchorage gallery. The flexural reinforcements were defined within each solid
element. The basemat shear reinforcements were not modelled. Figure 4 shows a view of
the basemat.

4.4 THE CYLINDER WALL PENETRATIONS

The cylinder wall penetrations and their immediate vicinity have been explicitly modelled.
Structural features within the penetration area that are represented explicitly in the model
are the enhanced reinforcement stiffening, thickened wall section (airlock and equipment
hatch penetrations), steel plates lining the penetration cavity, the penetrations cover plates,
the vertical and hoop tendons, internal vessel liner and the finer anchorage. The finite
element meshes of the airlock, equipment hatch, main steam and feed water penetrations
are shown in Figures 5, 6and 7.

4.5  THE POST-TENSIONING TENDONS

The post-tensioning tendons have been modelled using two different approaches. The
vertical tendons were modelied 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 upon its location within the vessel. Each vertical tendon
node lying within the cylinder of the vessel is constrained in the horizontal degrees of
freedom (i.e. the X and Z directions) to the coincident concrete nodes. The vertical degree
of freedom (Y) of tendon nodes within the cylinder were left unconstrained, allowing relative
sliding of the tendons and concrete in the vertical direction. Within the cylinder, friction at
the concrete/tendon interface is assumed to be negligible and has not been modelled.
However, within the dome, the curved trajectory of the tendon causes appreciable friction at
the concrete/tendon interface, resulting in a non-uniform variation of load in the tendon.
Although interface behaviour has not been explicitly modelled, the non-uniform distribution
of load in the vertical tendons over the dome is allowed for by constraining all coincident
tendon and concrete nodal degrees of freedom. The vertical tendon mesh is shown in
Figure 8

The hoop tendons are modelled as single rebars embedded within concrete elements. The
concrete elements were defined such that an element edge lies along the path of the hoop
tendon as this facilitated the placement of the hoop tendons with the elements. Each hoop
tendon starts at one face of the buttress, completes a 360° loop around the vessel and is
anchored at the opposite face on the same buttress. Alternative tendons are anchored at
opposite bultresses. Interface behaviour between the concrete and the tendon has not
been modelled: Frictional loss in the hoop tendons is discussed in section 5.3.

4.6 INTERNAL LINER AND LINER ANCHORAGE

The thicker insert plates surrounding the main steam and feed water penetrations are
simulated with the shell element S4R. The S4R element is a general purpose shell element
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suitable for both ‘thick and thin shell’ applications. It accounts for finite membrane strains
and atlows for change in thickness. Therefore it is suitable for large strain analysis. An S4R
element has 4 nodes and 6 DOF at each node. In order to try to keep the size of the model
within manageable limit, it was decided to model the general area of the liner with
membrane type M3D4R elements. These elements are reduced integration 4 noded
membrane elements with only two in-plane DOFs. Such elements are suitable for thin
plates which offer strength in the plane of the element and have negligible bending stiffness.
The liner elements are meshed around nodes defined independently but coincide with
adjacent concrete nodes. The internal liner mesh is shown in Figure 2. The meshes of the
plate lining the equipment hatch penetration cavity are presented in Figure 9

The liner-to-concrete anchorage was modelled by connecting the liner node to the
corresponding coincident concrete node with three linear spring elements at each node,
representing the radial, hoop and axial anchorage plate stiffness. Given that the pitch of the
horizontal and vertical liner anchorage plates is not uniform, no attempt was made to
simulate the anchorage plates at their exact locations. The spring stiffness values given in
Table & are derived from test resuits for the pull-out of anchorage plates in tensile and shear
modes, Ref 5, as follows.

The pull-out and shear test reported in Ref 5 are based on tests conducted on a number of
pre-stressed and non-pre-stressed liner/concrete anchorage arrangements. In this work,
test results from the pre-stressed liner/concrete anchorage arrangements have been used
to derive the stiffness of the anchorage. The liner strip, 300mm wide, and embedded in a
block of concrete was loaded first by tension load and then by shear ioad. In each case the
stiffness of the arrangement was computed. For each case the average measured values
were used as the basis for calculating the equivalent anchorage spring stiffness. The
measured tensile and shear stiffness are respectively 127ton/mm and 58ton/mm.

In the finite element model, the radial tensile anchorage stiffness is represented by 36
springs in the hoop direction. The equivalent tensile spring stiffness is computed as follows:

Tensile spring stiffness = 127 x 1000 x 9.81 x 27 x 5376
36 x 300

= 3.80 x 10° Nfmm

There are 36 shear springs around the circumference of the vessel model. The shear
spring stiffness is given as:

Meridional/hoop spring stiffness = 59 x 1000 x 9.81 x 2z x 5376
36 x 300

= 1.82 x 10° Nrmm

4.7 CONCRETE REINFORCEMENTS

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

The duct-supporting steel frame construction is modelled as single rebars within the parent
solid elements. The properties of the steel frame are given in Ref 9.
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4.8 PCCV SUPPORT CONDITIONS

The basemat is constructed on a 150mm thick un-reinforced slab which itself is supported
on an engineered sand and gravel subgrade. The soil stiffness was characterised as
exhibiting a settlement of less than 25mm due to a bearing pressure of 35Ton/m2, Ref 10.

The soil was represented using grounded spring elements (SPRING1). Each node on the
bottom surface of the basemat was supported on a spring element, Figure 10. The spring
stiffness was computed based on the influence area of each spring node.

The vessel was constrained to eliminate rigid body transiations and rotations at four nodai
positions on the top surface of the basemat in the horizontal degrees of freedom Figure 4
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5 REVIEW OF TEST DATA

5.1 CONCRETE MATERIALS

A full review of the concrete material test data versus the original LST analysis was carried
ouf. During this phase of the review, in the process of upgrading the input files from Version
58 to 6.4, it was decided that the mode! would now incorporate three different material
models for each of the three main components of the PCCV global model. Therefore
separate materials would be used for the cylinder, dome and basemat regions.

The concrete material properties that were assessed for review in the global model are: -

Young’s modulus
Density

Poisson’s Ratio
Compressive Sirength
Tensile Strength

Each property was assessed and an average selected for each region of the model.

511 Yoqng’s Modulus

Previously the model only used a single Young's modulus for all of the components. The
new analysis has three Young’s moduli specified as shown in Table 1.

From Table 1 it can be seen that the Young's modulus has increased for the dome
component. However, it has decreased for the basemat and the cylinder components. The
largest change is the decrease of approximately 8% for the cylinder.

5.1.2 Density

Once again three densities have been specified for the new analysis and are given in Table
2. The table of densities shows that there was a little difference between the values used in
the original LST analysis and the actual test data, giving rise to a small decrease in mass.

§.1.3 Poisson’s Ratio

The Poisson's ratio has increased quite considerably for all of the components of the global
model. The increase in Poisson's ratio would give a marginal rise in displacements for the
same vessel with the same internal pressure. The values used for Poisson’s ratio are given
in Table 3 »
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5.1.4 Compressive & Tensile Strength

The compressive and tensile strengths of the concrete define the starting point for the non-
linear portion of concrete material model. The non-linear portion of the concrete material
mode! incorporates effects of tension sfiffening, damaged plasticity and compression
hardening. In the global model of the PCCV a non-linear material used is for the main
cylinder wall and the dome. From the concrete test data the values in Table 4 were
calculated. .

These properties have been incorporated into the latest ABAQUS concrete material model, -
which is described in section 6.

6.2 TENDON /REBAR MATERIALS

The tendon and rebar materials in the global model were once again assessed during the
SFMT analysis. A review of the data supplied in Ref 5 showed that the material properties
were identical to those used for the SFMT therefore no modification to the material
properties was required.

83  VESSEL PRE-TENSIONING

The ioad distribution within the tendons was non-uniform because of friction between the
tendons and ducts. This was taken into account during the pre-test analysis by using the
design values of the anchorage loads of 350kN and 471kN for the hoop and vertical tendons
respectively. Variation in the tendon loads due to frictional loss was obtained by applying the -
foliowing Equation 1.
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P=pR,,¢#%D Egquation 1
Where
Py = Load at the tensioning end 1 or 2.
B = Change of angle from tensioning end.
P = Load at B from tensioning end.
o= Friction Coefficient.
L = Length of Tendon.

Hydraulic jacks were used to tension the tendons to the desired load. They were then
anchored at the buttresses and the base mat for the hoop and vertical tendons respectively.
Each hoop tendon was modelied by 183 elements, and from the element nodal coordinate,
the average change of angle from the anchorage was calculated. The same procedure was
used for the vertical tendons, but only over the dome area. Friction losses for the vertical
tendons in the wall region were assumed to be negligible.

A sample of the pre-loads for a selection of hoop and vertical tendons were measured at the
time of the test. It was seen that the values observed before the test were not consistent
with the design loads. The pre-loads specified in the pre-test analysis were up to 10% higher
than the pre-load values in the test. The comparison is shown in Figure 12 and Figure 13 for
vertical and horizontal tendons respectively. The tendon pre-load values within the input
decks were then altered fo simulate the test results taking into account the distribution of the
load due to friction. Not all tendon values were measured, so the tendons for which there
were known measured values were altered individually, and the intervening tendon loads
were assigned an average value.

The equipment hatch, airlock and mainstream penetrations were modelled separately from
the cylinder, so the areas where tendons passed through the penetrations were assigried an
average value arcund that section of the tendon.

At the “Post-Test Meeting” it was confirmed that seating-loss of the tendons had a larger
effect on the vessel than that initially calculated. The seating loss occurs when the tendons
are initially tensioned and then released by the hydraulic jacks. The tendons contract slightly
as they “settle in”. The pre-test analysis did not take into account this seating loss acting on
the tendons and had assumed that the loss was negligible. Allowance for this was made in
the post-test analysis and was assumed to act over a 90° segment {45° sections on each
side of the buttress). The average seating loss of 24757N was taken from the PCCV test
results, and was included in the calculations for the pre-loads. The modelling assumed that
the seating loss was linear throughout the 90° segment. Figure 14 shows the variation in
tendon load due to friction and the seating loss. The friction coefficient of 0.21 for the steel
tendons was kept unchanged.
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6 MODEL UPDATE TO ABAQUS V6.4

The PCCV giobal mode! was updated from ABAQUS Version 5.8 o the most recent version
of 6.4. The main difference between the two versions of ABAQUS is the format in which the
input files are created. . Using a utility included in version 6.4, the version 5.8 input files
were reformatted for use with version 6.4. Once the conversion was completed the input
files were checked against the original to check all the changes made had been
implemented correctly.

6.1 CONCRETE MATERIAL MODEL

ABAQUS version 6.4 includes an improved concrete damaged plasticity model. It uses
concepis of isotropic damaged elasticity in combination with isotropic tensile and
compressive plasticity ta represent the inelastic behaviour of concrete.

The parameters, which are required for definition of the concrete model, are as follows: -

Tension stiffening

Tension damage

Compression damage (optional}
Compression hardening

All of the above parameters are required, with the exception of the compression damage as
little damage occurs during the pre-stressing of the vessel.

The concrete model is a continuum, plasticity based, damage model for concrete. |t
assumes that the two failure mechanisms are tensile cracking and compressive crushing.

The model assumes that the tensile cracking of the concrete is characterised by damaged
plasticity. Under uniaxial tension the stress-strain response is inear until the failure stress is
reached. It is at this point micro cracking of the concrete is initiated. Once beyond the
failure stress the cracking of the concrete is represented by & strain softening approach.

6.1.1 Tension Stiffening

The tension stiffening option is used to model the interaction and load transfer between the
concrete and the steel reinforcement. The tension stiffening can be simulated in ABAQUS
either by a post failure stress-strain approach or by applying a fracture energy criterion.

The post failure stress-strain is defined as a yield stress versus a cracking strain or
displacement. ABAQUS converts the cracking strain or displacement into plastic strain
automatically. A reasonable estimate of tension stiffening for heavily reinforced concrete is
to assume that the strain softening after failure reduces the stress linearly to zero at a total
strain of abaut 10 times the initial cracking strain. This approach can be seen in Figure 15

The fracture energy approach uses an initial yield stress and a value for the fracture energy,
which was available from the test data.
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6.1.2 Tension & Compression Damage

The degree of tension and/or compression damage determines the amount of post cracking
damage (or stiffness degradation). This also determines the amount of recovery that can
take place in the concrete after unloading. This is defined by using a damage variable and
a direct cracking strain or displacement.

6.1.3 Compression Hardening

This parameter is used to define the changes in compressive strength of the concrete as
shown in Figure 16. The compression hardening is defined in terms of a stress versus a
crushing strain. During uniaxial compression, the response is linear until the vaiue of initial
yield (g.). In the plastic regime the response is characterised by a stress hardening and
then a strain softening approach that occurs after the ultimate stress (G, is reached.

6.2 CHANGES TO MODEL PARAMETERS

The properties for the linear portion of the concrete modelling, which includes the basemat
and butiresses was updated in line with the material data provided in section 5.1.1 to 3.

The properties for the Non-Linear portion of the modelling (for the cylinder and dome),
however, provided some problems. In order to be able to use the updated concrete model
within ABAQUS Version 6.4, the material test data had to be reviewed in line with the new
concrete material model.

Initial runs using the test data from Ref 5 produced convergence problems due to the initial
onset of micro cracking and premature faiture of the global model under tension. Therefore
some sensitivity models were run in order to deduce a correct tensile material property that
could be used in the global model.

The model built for testing the concrete properties was a solid cylindrical specimen of
150mm in diameter by 300mm long. A pressure was applied to one end of the cylinder with
the other end being fixed in the axial degree of freedom. This put the concrete specimen
under uniaxial tension.

The material properties, which give rise to the failure of the concrete within the giobal model,
are the tension stiffening and the tension damage parameters. The tension stiffening can
be controlled by various different means as stated previously. It can be controlled either by
the fracture energy or by specifying the stress-strain or stress-displacement curves.

All three approaches for modelling the tension stiffening were considered and data
implemented from the uniaxial tensile tests on the concrete specimens. Firstly the strain
approach was adopted and this proved that failure of the concrete occurred too early due to
the initial yield stress being too fow and complete cracking of the concrete had occurred
before 0.6MPa. With increased tensile strength at a value of 4.4 N/mm? the model ran
much further before running into convergence problems.

Secondly the fracture energy approach was adopted and an average value from the material

test data of 0.121 Nimm was used. This was checked against values from the CEB-FIP
Model Code 1990 and was found to be a reasonable value if not a little too high for the
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aggregate size (10mm) being used. The code gave a value of approximately 0.11 N/mm.
. The fracture energy approach once again produced convergence problems at a low
pressure and complete failure occurred at approximately 0.5 MPa.

Finally the stress versus displacement approach was tested, again using data from the
material tests. This approach gave complete failure of the concrete to be at around
0.52Mpa even with an increased yield of 4.4MPa.

The reason for the increased yield stress for the concrete was to take into account the effect
of the steel rebar within the concrete, which woutld delay the initial onset of micro cracking.

The tension damage option as explained previously must be used in order to simulate the
complete failure of the concrete. If this option is not used then as the concrete passes its
ultimate stress and proceeds into the plastic region, it will continue behaving as a plastic
material and not fail completely.

In conclusion to the sensitivity studies the tension stiffening was defined by the stress-strain’
approach. The compression hardening was also defined by the stress-strain approach.

Using the stress-strain approach gave the best results for comparison with the LST and the
previous analysis using the ANAMAT concrete material model.

The final material properties used in the analysis are given in Table 6.

7 LST ANALYSIS RESULTS

The finite element model data as presented in Figures 17 to 71 have the initial values reset
as to line up with the Limit State Test Results.

7.1 COMPARISON WITH TEST DATA ~ GLOBAL DISPLACEMENTS / STRAINS

Figures 17 to 71 are the comparison of the new ABAQUS 6.4 giobal model against the LST
lest data. As the concrete material model is relatively new, it was decided that the previous
analysis using the ANAMAT concrete material model would also be included in this
comparison.

The other reason for this is that after reviewing the data from both of these analyses, the
final deformed shape is different. The model using the ABAQUS concrete material shows
its maximum displacement at the equipment hatch location, whereas the ANAMAT material
mode! shows it to be on the 0° azimuth at an elevation of 7.73m. The location of maximum
displacement as exhibited by the ANAMAT model agrees with the failure location of the
SFMT test. The difference in location can be seen in Figures 72 and 73 for the ANAMAT
and ABAQUS respectively. Even with the above differences, the ABAQUS V6.4 analysis
gives a better agreement for the initial state of the model. This couid be due to the updated
elastic material properties that are the latest test data supplied. This is discussed further n
section 8.1.
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7.2 CALCULATION OF LIMIT LOAD

The limit load is determined by the inability of the vessel to retain pressure and this i5
dependent on the integrity of the steel liner. The steel finer has low ductility at the welded
locations, where an average rupture strain of 22% was observed in the original tests
performed on the liner material. More recent test data shows that the actual rupture strain
was more likely to be in the region of 6%.

From the global model high localised strains were found to be present at the locations where
junctions between thick insert plates and the thinner Liner plate. These are at the airlock
and equipment hatch and main steam feed penetrations. The junction of the two plates at
the equipment hatch was examined using a local 2D plate model as described in Ref 8 and
the model mesh can be seen in Figure 74 and the plastic strains can be seen in Figure 75.
The equivalent plastic strains can be seen in Figures 76 and 77 for the ANAMAT and the
ABAQUS analyses respectively. Previously the model showed that a free field strain of 3%
gave rise to an 11% strain at the thick/thin plate junction. Now with the test data showing
the rupture strain to be 6% the strain in the free field only needs to reach 1.5%. Figure 78
shows the response of the liner at location 44 for the meridional strain. This gives a limit
load range of approximately 1.2 to 1.4Mpa, which compared with the pressure of 2.5Pd
(1.0Mpa) when substantial leakage was observed during the LST.
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8 ASSESSMENT OF RESULTS

The primary objective of ihis phase of the ISP is to present the resuits from the LST analysis
of the PCCV utilising the information presented in SNL's test report (Ref. 3). This ensures
all participants in the ISP are using the same data. This section presents NNC's results.
Comparisons are also made with the test data and results reported for the post-test analysis
of the PCCV reported in reference C6635/TR/001.

8.1 ELASTIC RESPONSE OF VESSEL

Figures 17 to 31 present the displacement histories for locations 1 to 15 during the LST
pressurisation. Comparing the test and analytical resuits highlights two facets of the vessel
response.

At infernal pressures up to 0.6MPa, the vessels response remains essentially elastic. At
0.6MPa concrete cracking is initiated (see. section 8.2) and an increasing non-linear
response can be seen. The non-linear response increases up to the LST limit of 1.3MPa.
This is caused by crack progression in the concrete and yielding in some regions of the
steel liner as the pressure increases. The response of the vessel over the LST pressure
range is predicted by both analysis models and is confirmed by the test. Complete failure of
the vessel is not achieved.

As Figures 32 to 71 have been reset at the beginning of the test we cannot see the original
offset between the two finite element models and the Limit State Test results. However, the
ABAQUS v6.4 results demonstrate that at the beginning of vessel pressurisation the initial
conditions obtained from the analysis correspond well with the test data. This is a significant
improvement on the results predicted by the ANAMAT analysis. Previously, the difference
in initial conditions between the test and ANAMAT results was attributed to shrinkage and
creep effects in the concrete (Ref 4). These effects had not been fully captured in the
analysis. However, the primary difference between the ANAMAT and the ABAQUS v6.4
analyses are the values of the concrete material elastic constants Young's modulus (E) and
Poisson's. ratic (v), as discussed in section 5.1. This would indicate that the elastic
properties have a significant influence on the initial conditions predicted by analysis, whilst
also retaining the global elastic response of the vessel.

8.2 ASSESSMENT OF CONCRETE CRACKING

The ABAQUS 6.4 analysis confirms crack initiation in the concrete occurs at 0.6MPa. This
is predominantly in the vertical direction and local fo the intersection of the cylinder wall and
buttresses. Figure 79 highlights the areas of damaged concrete from the analysis. As the
vessel is pressurised, the inner surface of the wall experiences tension caused by local
bending about the buttresses. The deformed shape of the cylinder, presented in Figure 80,
highlights this. These analytical results are in close agreement with the test results. Figure
81 presents output from the acoustic monitoring system used for the LST test. This
confirms a number of cracks are initiated local to the wall buttress at the 270°% azimuth at a
pressure of approximately 1.5 Pd (0.56MPa).
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83  ASSESSMENT OF LINER TEARING

Section 7.2 highlights that liner tearing is initiated at the junction of the thick insert plates
and steel liner local to the wall penetrations. Figure 77 shows the areas of high liner strain
in these regions. The analysis estimates tearing in the pressure range 1.2 to 1.4MPa. The
inspection results of the liner after the LST test presented in Figure 82, confirm the largest
liner tear local to the equipment hatch penetration. However, tearing occurs at a pressure of
1 O0MPa (2.5 Pd). The difference in the predicted and test pressures are attributed to
variations inherent in the vessel construction. The analytical pressure calculated is based
on a rupture strain of 6% for the welded finer. This is obtained from tensile tests of liner
specimens conducted after the model testing (Ref 5). The number of specimens tested was
limited and variations in the results obtained can be expected throughout the actual
structure.

84  ASSESSMENT OF TENDON RESPONSE

Figure 83 presents a plot of the displaced shape of the PCCV vertical tendons at a pressure
of 1.4MPa. This figure aiso presents the axial stress distribution in each tendon. As
expected, it is observed that the tendon displacements follow the wall radial displacements.
Also as would be expected, the highest loaded tendons occur in the free-field region
adjacent to the 0° azimuth. This is the location of the wall experiencing the largest radial
displacements. An axial stress of approximately 1419N/mm? is calculated for these
tendons. This is less than the yield stress of 1741 N/mm?. Stress concentrations are seen in
the tendons surrounding the wall penetrations. This is due to the reduced length of these
tendons in the analysis, which are restrained axially local to the openings.

Inspection of Figures 64 to 71 indicates that none of the vertical or horizontal tendons break
during the LST.
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9

CONCLUSION

Conclusions from the analysis of the LST, utilising the data supplied for the ISP are
summarised as follows: -

0

{1y

{iii)

(v}

v

{vi)

{vit)

Catastrophic structural failure of the PCCV does not occur in the LST pressure
range.

Excessive leakage rate due to finer tearing is predicted as the limiting fault for the
test. Initiation of liner tearing is predicted in the range 1.2 to 1.4MPa.

The location of liner tear at the insert plate junction predicted by analysis is
confirmed by LST.

Concrete cracking is first observed at a pressure of 0.6MPa on the inner surface of
the cylinder walls, focal to the buttresses.

The values of elastic material constants used for analysis are influential in predicting
initial conditions for the containment. This is demonstrated in the ABAQUS v6.4
analysis for which closer correlation with the test results is seen. Good correlation is
also obtained for the linear/elastic range of the response.

Tendons do not vield dunng the LST.

The concrete material modelling facility in ABAQUS v6.4 now offers a viable package
for analysis of failure modes in concrete structures.
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10 PROPOSALS FOR PHASE 3

Two objectives are proposed for phase 3 of the I1SP.
« To assess issues relating to the translation of the LST test results to a full size
structure.
+ Evaluate the effects of elevated temperatures on the failure mode and limit load of
the containment.
The way forward is to be discussed at a meeting of the participants, scheduled for March
2004. * issues pertinent to those discussions are summarised in sections 10.1 and 10.2.
Section 10.3 is specific 1o discussing creep issues at elevated temperatures.

10.1  ASSESSMENT OF FULL SIZE CONTAINMENTS

The LST results are ail specific to the Y2 scale model. A fundamental issue associated with
testing models is with what confidence can the failure mode obtained be expected to occur
in full size containments.

It is important to recognise that some physical parameters, such as gravity and friction,
cannot be scaled and may have a disproportionate effect on the results from the test. For
example, preload losses in the tendons caused by friction interaction with the vessel wall are
known to be significant. Friction is a physical constant so will losses in the test model be
proportionally higher than for full size containments? Gravity is another physical constant.
Are its effects more influential on the smaller test model or full size containments? How
significant are the preload losses due to tendon anchorage at the seatings and how is this
affected by scaling?

Fabrication issues relevant fo construction may also affect the failure mode predicted. This
is particularly applicable to the liner. The liner for the LST model is 3mm thick and welding
such a thin plate is fraught with problems. For example, are the residual stresses and heat-
affected zone disproportionately high compared to a full size vessel? Also, can construction
tolerances be scaled and are those for the test model achievable in reality? In full size
containments these issues may not be as significant and liner tearing may occur at higher
pressures to that predicted by the test. This may result in a different initiating fauft for the
full size containment to that predicted by the model.

These parameters should be debated and conclusions drawn as to how the response of full
size containments may be different.

10.2 DEFINITION OF THERMAL LOADING.

Common approaches for calculating thermai distributions using numerical analysis include
nodal mapping of temperatures and heat transfer analysis. Both options provide a
temperature profile throughout the structure for transient heating/cooling cycles and steady
state conditions.

Nodal mapping requires the specification of a temperature at each node in the FE model.
Temperatures are specified for the initial condition of the structure and the elevated
condition at steady state or each increment of a transient. Thermal strains are calculated
from the temperature differentials. The mapping is mesh sensitive and may not be directly
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applicable to a pre-existing model. To alleviate this discrepancy, a post-processing routine
wauld be required for interpolation of the temperatures to a model with a different mesh.

Heat transfer analysis offers a more generic approach. All aspects of thermal behaviour can
be replicated, whether it is conduction, convection or radiation. A key aspect of this
approach is that the analysis is not mesh dependant. The thermal behaviour is defined in
terms of heat transfer coefficients, boundary temperatures and concentrated heat fluxes.
For these reasons, heat transfer would be the preferred analysis method to adopt in Phase
3. However, it will require detailed definition of the thermal properties and thermal boundary
conditions.

For any thermal cycle the inertias associated with the components of a PCCV will result in
different responses at different times. The finer is a thin shell and will expand quickly in
response to increasing temperature. It is therefore more susceptible to localised high
compressive strains during the heat up phase. Thermal expansion of the liner may also
delay liner rupture when internal pressure is applied. Peak temperatures are achieved at
steady state. During the cool down phase the concrete is susceptible to cracking induced
by tensile strains. The ISP meeting must therefore assess which aspect of the PCCV's
response is considered important when defining the thermal analysis for Phase 3.

10.3 CREEP BEHAVIOUR AT ELEVATED TEMPERATURES

The results from the LST analysis indicate that the material elastic constants used for the
analysis are a major influence on the initiat conditions and linear response of the vessel.
However, containments are required to withstand high temperature fault conditions. Under
such conditions redistribution of stress due to creep behaviour in the concrete and steel
components can be expected. This could influence the containments integrity at elevated
temperatures.
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Issue 01, Dec 2002

Overpressurisation Test of a 1:4 Scale Prestress Concrete Containment Vessel
Model, Sandia National Lab., NUREG/CR- 6810 SAND2003-0840P, Project Report
No. R-SN-P-010, March 2003

ABAQUS/Standard, ABAQUS/CAE, ABAQUS/Viewer, ABAQUS Inc., USA

ANACAP-ANATECH Concrete Analysis Program Users Guide, ANATECH Research
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C5769/TR/004.

Obayashi Corporation package of construction drawings of PCCV model

Sandia National Laboratory PCCV Design Package, Material Properties Report

145



NEA/CSNI/R(2004)11

12 NOTATION

o Coefficient of thermal expansion
B Azimuth angle

gy Init1al strain {creep + shrinkage)
£ Strain

) Stress

O, Compressive Yield Stress

Ocu Ultimate Compressive Yield Stress
O Tensile Yield Stress

M Coefficient of friction

E Young's modulus

Ep Tnitial Young's modulus

L Length of tendon

P1,P2 Tension loads at the tensioning ends
Pd Design pressure = 0.39MPa

T Temperature

121 ABBREVIATIONS

FE Finite Element

LS8T Linut State Test

PCCV  Pre-stressed Concrete Containment Vessel
SFMT Structural Failure Mode Test

SNL Sandia National Laboratories
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Table 1

Table 2

Table 3

Table 4

NEA/CSNI/R(2004)11

Original and updated Young’s Modulus

Component [Abaqus Version] | Young’'s modulus (Nlmmz)
All [V5.8] (original) 27950
Basemat [V6.4] 26973
Dome [V6.4] 28270
Cylinder [V6.4] 26831

Original and updated Density

Component [Abaqus Version] Density (tonnelmma)
All [v5.8] (original) 2.21* 107
Basemat [V6.4] 2.19*10°
Dome [V6 4] 220%10°
Cylinder [V6.4] 214107

Original and updated Poisson’s Ratio

Component [Abagqus Version] Poisson’s Ratio
All [V5.8] (original) 0.180
Basemat [V6.4] 0.214
Dome [v6.4] 0.217
Cylinder [V6.4] 0.218

Original and updated Compressive & Tensile Strength for cyiinder wall

Material Property [Abaqus Version] Value {Nlmmz)
Compressive Strength [V5.8] (original) 24
Tensile Strength [V5.8] (original) 4.4
Compressive Strength [V6.4] 55.86
"Tensile Strength [V6.4] 2.06
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Table 5 Anchorage properties

Description of Spring Stiffness {(N/mm)

Liner tensile pull-out stiffness 3880000

Liner shear stiffness . 1820000

Penetration lining anchor 581000

Table 6 Material properties for the ABAQUS Version 6.4 analysis

Material Property Dome Cylinder Basemat
Young's Modulus 2.8358 * 10° 2.58 * 10° 2.758 * 10
{N/mm°~) :
Paisson's Ratio 0.217 ' 0.218 0214
Density {tonne/mm®) 2.258 * 10° 2.1458 * 107 - | 2.1958 = 10°®
Concrete Damaged
Plasticity (dilation 35.0,,,.0.001 35.0,,,,0.001 Not Used* .
angle,., viscosity)
Concrete Compression
hardening (yield stress, gg'gfbogmgg gg'gfboguogq Not Used*
inglastic crushing strain) U e -
Concrete Tension
Stiffening (direct stress 440 44,0 Not Used”
post cracking, direct 0.04458,0.006058 | 0.04458,0.006058
strain)
Concrete Tension 00 00
Damage (tensile damage | ' . a3 ’ v a3 Not Used*
variable, direct strain) 0.99,6.058 * 10 ) 0.99,6.058 * 10

NB: Sfress in MPa

* ltems marked as Not Used are due to the material properties for these
components being linear.
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Standard Output Locations
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Figure 2 Finite Element Representation of the PCCV
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Figure 3 Detail view of the PCCY dome mode!

NEA/CSNI/R(2004)11

Figure 4 The basemat model showing locations of global restraints

Nodal 2 restrained

Modal X restrained
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Nodal X restrained

Nadal Z restrained
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Detailed view of the equipment hatch penetration model

Figure §

Detailed view of the airlock penetration mode!

Figure 6



Figure 7

Figure 8

NEA/CSNI/R(2004)11

Detailed view of the main steam and feed water penetration model

PCCV vertical tendons

model
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Figure 9 Equipment hatch penetration lining and cover plate

Figure 10 PCCV model supported on soil springs

I
LW H\} N I Hu l \H} H\} HE

supported on a
of approximately
spring elements
ssenting the soil
¢ stiffness
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Figure 11
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Internal liner model, showing detail around the main steam and
feedwater penetrations

Al other liner elements are

M304R Membrane
alements

Figure 12

12mm insert plate arcund
main steam penetrations;
S4R shell elemeants

gmm insert plate around
fead watar penetrations;
S4R shell glements

Comparison of Test & Pre-test Vertical Tendon Loads

Comparisen of Test and Pre-test Analysis Loads at the ends of the Vertical Tendons
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Vertical terdon Number

155




NEA/CSNI/R(2004)11

Figure 13 Comparison of Test & Pre-test Hoop Tendon Loads
Comparison of Test and Pre-test Analysis Loads at the ends of the Hoop Tendons
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Figure 15 Stress-Strain Tension Stiffening Relationship

Figure 16 Stress-Strain Compression Hardening Relationship
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Figure 17 Location 1 Vertical Displacement

Standard Cutput Location 1 Vertical Displacement LST Analysis
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Figure 18 Location 2 Radial Displacement

Standard Output Location 2 Radial Displacement LST Analysis
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Figure 19
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Location 3 Radial Displacement

Standard Qutput Location 3 Radlial Displacement LST Analysis

k34

%50

20

Dy lacement fmm)
o
f=3

0.0 -
- /’/" A
.r"t’ <7
£ S —
et T
e T T - [ST-TEBTRESULTS
i — R o SUAMAT ANALYSIS -
o ABARUS VB AANALY SIS
£D + . . . . . . :
0 0z 4 0B )] 10 11 14 18
Pressure {1Pa)
Figure 20 Location 4 Radial Displacement
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Figure 21 Location 5 Radial Displacement
Standard Output Location 5 Radiat Dispiacement LST Analysis
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Figure 22 Location 6 Radial Displacement
Standard Output Location 6 Radial Displacement LST Analysis
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Location 7 Radial Displacement
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Figure 23
Standard Output Location 7 Radial Displacement LST Analysis
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Figure 24 Location 8 Vertical Displacement
Standard Output Location 8 Vertical Displacement LST Analysis
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Figure 25 Location 9 Radial Displacement

Standard Output Lecation § Radial Displacement LST Analysis
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Figure 27 Location 11 Vertical Displacement
Standard Output Location 11 Vertical Displacement LST Analysis
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Figure 28 Location 12 Radial Displacement
Standard Qutput Location 12 Radial Displacement LST Analysis
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Figure 29 Location 13 Radial Displacement
Standard Qutput Location 13 Radial Displacement LST Analysis
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Figure 30 Location 14 Radial Displacement
Standard Qutput Location 14 Radial Displacement LST Analysis
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Figure 31 Location 15 Radial Displacement
Standard Output Location 15 Radial Displacement LST Analysis
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Figure 32 Location 16 Meridional Rebar Strain
Standard Qutput Lecation 16 Meridional Rebar Strain LST Analysis
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Figure 33 Location 17 Meridional Rebar Strain
Standard Output Location 17 Meridional Rebar Strain LST Analysis
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Figure 34 Location 18 Meridional Rebar Strain
Standard Qutput Location 18 Meridional Rebar Strain LST Analysis
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Figure 35 Location 19 Meridional Rebar Strain

Standard Output Location 19 Meridional Rebar $Strain LST Analysis
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Figure 36 Location 20 Meridional Rebar Strain

Standard Qutput Location 20 Meridional Rebar Strain LST Analysis
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Figure 37 Location 21 Meridional Rebar Strain
Standard Output Location 21 Meridional Rebar Strain LST Analysis
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Figure 38 Location 22 Hoop Rebar Strain
Standard Qutput Location 22 Hoop Rebar Strain LST Analysis
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Figure 39

Location 23 Meridional Rebar Strain
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Standard Output Location Z3 Meridional Rebar Strain LST Analysis
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Figure 41
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Standard Output Lecation 25 Meridional Rebar Strain LST Analysis
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Location 27 Hoop Rebar Strain
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Figure 43
Standard Output Location 27 Hoop Rebar Strain LST Analysis
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Figure 44 Location 28 Meridional Rebar Strain
Standard Output Location 28 Meridional Rebar Strain LST Analysis
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Figure 45 Location 29 Meridional Rebar Strain

Standard Output Location 29 Meridional Rebar Strain LST Analysis
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Figure 46 Location 30 Meridional Rebar Strain

Standard Output Location 30 Meridional Rebar Strain LST Analysis
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Figure 47 Location 31 Meridional Rebar Strain
Standard Output Location 31 Meridional Rebar Strain LST Analysis
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Figure 48 Location 32 Hoop Rebar Strain
Standard Output Location 32 Hoop Rebar Strain LST Analysis
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Locétion 33 Meridional Rebar Strain

Figure 49
Standard Output Location 33 Meridional Rebar Strain LST Analysis
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Figure 50 Location 34 Meridional Liner Strain
Standard Output Location 34 Meridional Liner Strain LST Analysis
0004000 -
eluxeinsl
{
0003000
~
002500 - :
e ]
- !
02000 = o :
z _,-'/ -
¥ omsw -
] v
e e
0.001000 —t =
e T i
ifi ] e — —=
£ i e - — -
e T — i:wT‘TEST“‘REE‘:’LTS
A0S0 oo ANAMAT. ANALYSIS L
“““““ ABARUSHE SANALYSIS
LA . . S— . : \
02 04 (i} 08 [ 12 14 16 2
Pressuse {Mia}

uki]

174



NEA/CSNI/R(2004)11

Figure 51 Location 35 Meridional Liner Strain
Standard Output Location 35 Meridional Liner Strain LST Analysis
0.0060%0
005630 £
\r‘l
3 ORI -
o O o
5 s
=
] P
£,00200 + -
T, e ™
2.001020
L £ e I - - i LST-TEST-RESULT! -
e AR T LMAL YIS
— ABAAISAE AN VSIS
LA T : : : . :
[N 0.2 04 1% a8 10 12 T4 1.6 18
Pressure R1Fa)
Figure 52 Location 36 Meridional Liner Strain
Standard Output Location 3¢ Meridional Liner Strain LST Analysis
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Figure 53 L.ocation 37 Hoop Liner Strain

Standard Qutput Location 37 Hoop Liner Strain LST Analysis
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Figure 54 Location 38 Meridional Liner Strain

Standard Output Location 38 Meridional Liner Strain LT Analysis
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Location 39 Hoop Liner Strain
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Figure 55
Standard Cutput Location 39 Hoop Liner Strain LST Analysis
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Figure 57

Location 41 Hoop Liner Strain
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Location 43 Meridional Liner Strain

Standard Output Location 43 Meridional Liner Strain LST Analysis
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Figure 61 Location 45 Hoop Liner Strain
Standard Qutput Location 45 Hoop Liner Strain LST Analysis
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Figure 63 Location 47 Radial Base Liner Strain
Standard Output Location 47 Radial Liner Strain LST Analysis
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Figure 64 Location 48 Hairpin Tendon Strain
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Figure 65 Location 49 Hairpin Tendon Strain
Standard Qutput Location 49 Hairpin Tendon Strain LST Analysis
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Figure 67 Location 51 Hoop Tenden Strain
Standard Qutput Location 51 Hoop Tendon Strain LST Analysis
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Location §3 Hoop Tendon Strain

Figure 69
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Figure 71
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Location 55 Hoop Tendon Force
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Figure 73 Displaced shape using ABAQUS concrete material model @ 1.40MPa
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Figure 74 Finite element model at junction of thin/thick liner plate
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Figure 76 Equivalent plastic strain contour at junction of thinsthick liner plate
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Figure 76 Equivalent plastic liner strains for ANAMAT analysis
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Figure 77

Equivalent plastic liner strains for ABAQUS analysis
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Figure 79 Contour plot showing concrete damage @ 0.68MFPa
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Figure 80 Displaced shape of cylindsr showing butterfly mode @ 1.4MPa
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Figure 81 Concrete acoustic monitoring system
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Figure 82 Liner tears after LST
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Figure 83 Vertical tendon axial load @1.4MPa
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Appendix C:

Energoprojekt Praha, UJV Rez. Div.
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1SP48 Phase ll Analysis Results
Jan Stepan, Jan Maly
UJV Rez div. Energoprojekt Praha

Analysis model

The analysis model is created in Abaqus general-purpose finite element program. The
principal objective of the model was mode! behaviour of the whole structure including openings.
The concrete is basic part of the model and is modeled by brick elements. Rod elements model
rebars and prestressing tendons and they are embedded into concrete elements. Liner is
modeled by plate elements connected on inner surface with concrete elements. Model includes
EH and AL openings including change of wall thickness and changes in rebar and prestressing
tendons. M/S openings weren't modeled because they have small impact on global response of
structure and only added rebar rods were considered in model. The first version of model
includes basement as well but due to limitations of model size (Abaqus error no. 3495 —
regardless of size of installed memory is maximum available memory for Abaqus pre-processor
about 1300MB under Windows systems) the size of model had to be decreased. Then the final
version of model includes only cylindrical and dome part of the structure.

Basics characteristics and simplifications are abstracted into next points:

+» The model includes concrete wall of cylindrical and dome part of structure. Basement
wasn't modeled, its stiffness was neglected and connection between cylindrical wall and
basement is modeled by external fix support, which eliminates displacements and
rotations (effect of this simplification is small because the stiffness of basement is much
more higher in comparison with the stiffness of remain parts of structure).

+» Rebar and prestressing tendons were modeled by rod elements considering actual
geometry around openings. Two simplifications were applied ~ the radial rebar wasn't
modeled due to size limit of model and anchors of hoop cables were replaced by
continual connections of elements due to elimination of cracks and instabilities in anchor
area at buttress.

« Prestressing tendons were modeled as bonded tendons. Prestressing force along
tendons was considered as uniform by mean value of measured force.

+ Connection of liner and concrete doesn't respect actual design and is performed by
common nodes of liner and concrete elements. So, results in liner corresponding of
global behavior but there could be differences in places with local peak of stress
{connection of finer to frame of openings, connection with basement).

« Starting state of analysis was unbroken structure. Cracking due to shrinkage was
modeled by decreasing of modulus of elasticity along with lower tensile strength of
concrete in tension.

Material characteristics were sets pursuant to results of tests. Abaqus Concrete damage
plasticity model was used for modeling of non-linear behavior of concrete. The behavior of
concrete in compression was assigned by Euro code 2, the behavior in tension was assigned by
tensile strength and fracture energy. The non-linear behavior of rebar, presstresing tendons and
liner was modeled by Abaqus Iron plasticity model. The basic values of material characteristics
are in the following table:

Material Moduius of elasticity | Strenght

Concrete 28 000 MPa 53 MPa in compression, 3.8 MPa in tension
{decreased at 0.5 MPa}

Liner 210 000 MPa yield stress 380 MPa, ultimate stress 450 MPa

Tendons 200 000 MPa yield stress 1600 MPa, ultimate stress 1950 MPa

Rebar SD345 (210 000 MPa yield stress 360 MPa, ultimate stress 500 MPa

Rebar SD390 {210 000 MPa yield stress 470 MPa, ultimate stress 600 MPa
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As indicated above, the prestressing tendons were modeled as bonded cables and their
prestressing force was set by mean value of measured force. The prestressing force of hoop
tendons is 30kN, the prestressing force of vertical tendons is 41kN.

Analysis was performed in two steps. The firs step was application of prestressing and dead
load. The second step was application of internal overpressure. The pressiresing was applied
by initial conditions type stress. The internal overpressure was applied at liner elements. Forces
in nodes at border of openings replaced the effect of internal ovepressure at locks. Response of
structure at increasing overpressure was evaluated as sequence of static analysis at first. Due
to decreasing of step time after beginning of cracks development and conjoin increasing of total
analysis time, the Abaqus/Explicit quasi-static analysis was used. Change of overpressure in
fime was defined by linear function with the end at 1.6 MPa.

Analysis resuits

Resuits of the first analysis demonstrated higher stiffness of model, especially after cracks
development, in comparison with response of real structure. Reevaluation was performed and
tendon prestressing forces {due to higher prestressing forces the response of the model was
below the response of structure) and tendon stress-strain curve (due to higher vield stress and
ultimate stress the model had higher stiffness at high overpressure) were changed. Now the
model shows quite good agreement with global structure response.

The global failure of structure and maximum internal overpressure is determined by hearing
capacity of prestressing tendons. Thearetical, due to plastic capacity of liner, the tightness could
be preserved till globat failure. The results of real structure test shows that the tears af liner
appear before the failure of structure (detailed inspections after LST revealed 26 discrete tears
in the liner, all located at vertical field welds, and fabrication defects contributed to nearly all of
the liner tears). Analogous, the breaking of tendons started at hoop strain approximately 1%
although the tests of cables assign the breaking at strain 3.5%. So, question is how to set the
limits of plastic strain of liner and tendons. For purpose of this analysis the strain at breaking of
tendon was set at 1% and the onset of liner tearing was set at reaching of liner yield stress.

Figures 6-0 show total deformation at selected internal overpressures. Figure 10 shows
comparison of test results and analysis results for radial displacements at 1357. History of
deformation shows rapid increasing after 1.3MPa. It corresponds with reaching of yield stress in
tendons at 1.25MPa. Figure 11 shows comparison of radial displacements at 90° (buttress) and
at openings. Figure 12 shows comparison of vertical dispiacements. History of deformation
shows higher model dome response to decreasing of stiffness of cylinder due to cracking in
comparison with results of test.

Figures 13-14 shows liner strain in circumferential direction at 1.0MPa (stress in liner
reaches the yield stress) and 1.25MPa (stress in tendons reaches the yield stress). In both
cases the peak of strain is between openings next to E/H (approximately at 0°) due to change of
curvature of the concrete wall. Additional concentrations of strain are at buttresses and at

. ending of additional rebar around openings.

Figures 15-16 shows tendon strain 1.25MPa (stress in tendons reaches the yield stress) and
1.52MPa (strain in tendons reaches 2%). Especially at overpressure 1.52MPa there is the
expressive difference in distribution of strain along tendons due to rigid connection between

~ tendons nodes and nodes of concrete wall. This type of connection doesn't make possible to
correctly simulate tendon failure in case of structures prestressed by unbonded tendons.
Despite it, the final failure mode during SFMT corresponds with state of stress detected by
analysis. The comparison of tendons strain history in Figure 17 shows, that the collapse of
structure happened when started the rapid increasing of tendons strain after reaching of the
yield point.
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The basic milestones of structure behaviour during overpressuration are summarized in the
following table:

Pressure Event
0.44 MPa Beginning of cracking around E/H
0.60 MPa Beginning of cracking of cylinder in circumferential direction
090 MPa Continual horizontal cracks in oylinder
0.98 MPa Yielding stress in liner
1.25 MPa Yielding stress in tendons
1.30-1 50 WPa Collapse of structure after breaking some tendons

Figure 1 FEM mode!
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Figure 2 Fresitressed tendons efements — hoop tendons
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Figure 3 Presiressed tendons elements — vertical tendons
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Figure 4 Rebar elements

Figure § Rebar elements — outer row
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i circtimferantial direction at 1.00Fa = stress i liner reaches vk
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Appendix D:

Structure Mechanics Analysis of the Prestressed Concrete Model Containment Tested at Sandia National
' Laboratories '
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Structure mechanics analysis of the prestressed concrete model

containment tested at Sandia National Laboratories -

Contribution to International Standard Problem (ISP) 48

H. Grebner, J. Sievers
Geselischaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Kéln, Germany

Introduction

Tests of the failure behaviour of a 1:4 scaled prestressed concrete containment vessel
were performed at Sandia National Laboratories (Albuquergue, New Mexico) in the

years 2000 and 2001. Fig. 1 gives a schematic view of the containment model.

in combination with the tests calculations were carried out by several institutions. After
completion of the tests the International Standard Problem ISP 48, supported by CSNI-
IAGE working group, was defined to perform an international comparative study on the
present state of analysis methods used for the assessment of prestressed concrete
containments conceming load-carrying capacity and leaktightness. Especially the
failure behaviour as well as the estifnation of leak rates through cracks in the steel liner
and the concrete are of interest. GRS participates in ISP 48. In the following pre-

liminary analysis results are summarized.

Basis of the standard problem is the so-called limit state test [1] which was finished
with an internal pressure of 1.3 MPa (about 3.3 times design pressure). At this
pressure the leak rate through leaks in the steel liner and the concrete was higher than

the amount which could be compensated by the nitrogen supply system.
GRS ~ Finite-Element-Model

Up to now an axisymmetric model is used without consideration of geometric
inhomogenities due to penetrations in the wall. Fig. 2 shows the model and its main
components. The steel liner at the inner surface and the ccmcr,ete parts are made of 8-

node isoparametric elements with 4 integration points, white the rebar and tendon parts
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are modelled as truss elements (with 3 nodes for the meridional and radial ones and
one node for those in hoop direction). A stiff coupling between steel and concrete is

simulated. Dimensions and material data are taken from [1].

For the liner and the rebar elements elastic-plastic material models with muilti-linear
stress-strain curves are used (see Fig. 3). The behaviour of the tendons is simulated
by a nonlinear-elastic material model (also shown in Fig. 3). The end points of the
curves correspond with the uniaxial rupture strains of the materials. As the rebar and
tenden elements behave primarily uniaxial the end values of the curves in Fig. 3 may
be used directly for the assessment of rebar and tendon elements. in the case of the
liner a reduction by the stress mulfiaxiality has to be taken into account. The concrete
material model includes the formation of micro-cracks for tensile sfresses exceeding a
critical value as well as crushing for high compressive stresses. Fig. 4 shows
schematically the uniaxial stress-strain curve used in the model. Tables 1 to 4 show
the material data used as input for the Finite-Element-Calculations. For the calculations
the Finite-Element-Program ADINA [2] was used.

The prestressing of the tendons is simulated by initial strains in the respective truss-

elements. The containment modet is loaded by increasing internal pressure.

Analysis results

in the calculations small increments are used for the increase of the internal pressure
{totally about 1200 time steps). Despite of this, convergence problems arise and above
about 1.0 MPa internal pressure the calculation is performed without equilibrium
iterations. As discussed in [3] the error caused by such a proceeding may be
neglected.

Some typical resulis are presented in the Figs. 510 28.

Figs. 5 to 8 show the deformation of the complete model for different values of internal

pressure.

The development of circumferential micro-cracks in the cylindrical part of the model is
presented in Fig. 9. Only a small pressure increment (about 0.01 MPa) is necessary to

get from only a few micro-cracks to a situation with micro-cracks at all infegration points
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through the wall at the section shown in Fig. 9. The formation of radial micro-cracks in
the cylinder starts at a higher pressure level (about 0.9 MPa as shown in Fig. 10).

Above 1.1 MPa also meridional micro-cracks are found.

Figs. 11 to 28 give a compilation of the results at the standard output locations
contributed by GRS to ISP 48, especially displacements and strains of the liner, the
rebars, the tendons and the concrete.

A few examples of comparisons between calculation and measurement are shown in
Figs. 14 1o 16, 19, 20, 24 and 26 to 28 for locations in the cylindrical part of the model.
While Figs. 14 and 15 present the radial displacement at the inner surface of the liner,
Fig. 16 shows the vertical displacement at the transition of cylindrical part to dome. The
other figures show comparisons of the strain from measurement and calculation for the
liner (Figs. 19 and 20), a hoop rebar (Fig. 24), 2 hoop tendons (Figs. 26 and 27) and
the concrete (Fig. 28).

For pressure loading up to 0.6 MPa (about 1.5 times design pressure) the calculated
results of displacements and strain in the liner, the rebars, the tendons and the
concrete agree very well with measured data. Major differences between experiment
and analysis are found in the pressure region of about 0.6 to 0.74 MPa. In this pressure
region the deviations may be due to a oo stiff coupling of concrete and steel in our
Finite-Element-Model, which will be investigated by further studies.

in the pressure region 0.74 to 0.75 MPa the formation of micro-cracks predominantly in
circumferential direction is calculated.

For the pressure region 0.75 to 1.0 MPa mostly a good coincidence of calculation and
measurement is found. Above 1.0 MPa plastification starts in the hoop rebars and
again larger differences between experiment and calculation are found. At maximum
load (1.3 MPa) hoop tendon strains of nearly 1% are found, which is about /3 of the
uniaxial rupture strain. The maximum strain values in the rebars and the liner lie below

1%. Thus a larger difference to the uniaxial rupture strain is found in this case.

The deformation behaviour of the dome part of the containment is not simulated very
well by our Finite-Element-Model. This is partly due to the fact that an axisymmetric
model is used which can not provide an adequate modelling of the hairpin tendons in
the upper dome part. Furthermore the formation of micro-cracks and the post-cracking
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stiffening behaviour have influence on the vertical deformation of the dome. Further

investigations are in progress.

Summary

GRS participates in the International Standard Problem {ISP) 48 with Finite-Element-
Calculations. An axisymmetric Finite-Element-Model was developed, in which the liner
at the inner surface and the concrete parts are simulated by 8-node elerments. Rebar
and tendbn parts are modelled by truss-elements. The necessary input-data for the
nonlinear material models used are gained from Sandia-measurements. The model is
loaded by the prestressing of the tendons and by increasing internal pressure {up to
1.3 MPa).

The analyses results in terms of displacements and strains in the liner, the rebars, the
tendons and the concrete of the cylindrical part agree well with. measured data up to
about 0.6 MPa internal pressure {i.e. 1.5 times design pressure). First circumferential
micro-cracks in the concrete are found at about 0.75 MPa. With increasing pressure
micro-cracks are present through the whole wall. Above about 0.9 MPa the formation of
micro-cracks in radial and meridional direction is caiculated. At the maximum load (1.3

WPa) almost ali concrete parts of the model have micro-cracks which may cause leaks.

Nevertheless the failure of the containment model is not expected for loads up to 1.3
MPa without consideration of geometric inhomogenities due to penetrations in the wall.
Although the calculated strains in liner, rebars and tendons show some plastification,
~ the maximum values are below the critical ones. The safety margin against failure is

smallest in some hoop tendons.

At present parametric studies are performed to investigate the differences between
calculations and measured data. Furthermore three-dimensional modeis are developed

fo simulate the wall penetrations in the Sandia containment model.

The work described in this Technical Report is sponsored by the German Ministry of
Economics and Labor.
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Table 1: Material data of the liner steel (see Fig. 3)

“True” stress-strain values for multilinear
clrve
Strain |-} Stress [MPa}
General data
0.002 380
Young' modulus 218000 MPa 0.01 . 403
Puoisson ratio 03 0.02 430
Density 7800 kg/m® 0.03 452
0.04 470
0.05 480
0.28 B70
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Table 2: Material data of the rebar steel

“True” stress-strain values for multilinear
curve
Strain [-] Stress [MPa]
General data
0.002 420
Young’ modulus 200000 MPa 0.01 455
Poisson ratio 03 0.03 520
Density 7800 kg/m® 0.05 580
0.075 620

Table 3: Material data of the tendon strands

“True” stress-strain values for nonlinear-

elastic curve

Strain [-] Stress [MPa)
General data
0.0 o
Young's moduius 216200 MPa 0.0074 1600
Poisson ratio 6.3 0.0080 1650
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Dens@ty 7800 kg/m® 0.0092 1734
0.0100 1760
0.0200 1880
0.0325 2000
Table 4: Material data of the concrete (see Fig. 3}
Density 2176 kg'm®
Initial Youngs' modulus 27000 MPa

Poisson ratio 0.18
Maximum tensile stra;ss 3.45 MPa
Strain at maximum tensile siress 0.000128

Parameter to describe post-cracking 8
stiffening £

Maximum stress in compression -47.3
Strain at maximum compressive siress -0.00188
Strain at beginning of crushing -0.0032

Stress at beginning of crushing -30
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Figures

1.6mm liner |}

£

»

5.55m

e

10.75m

7.20m

350m‘

Fig. 1: Major dimensions of the containment model
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Part of the model (middie of
dome, inner surface coated with
metallic liner)

Tendons middie of dome

T

Rebar elements middle of dome

Fig. 2: Finite element model of prestressed concrete mode! containment
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True stress«strain curves
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Fig. 3: True stress-strain curves of liner and rebar steel as well as tendon strand as

used as input for the finite-element-calculations
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Fig. 4: Uniaxial stress-strain curve used in the concrete model
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Fig. 5: Deformed model at 0.7 MPa Fig. 6: Deformed model at 1.0 MPa
{magnifcation of displacements = 50) {magnifcation of displacements = 50)

Fig. 7: Deformed model at 1.3 MPa Fig. 8: Deformed model at 1.4 MPa (only
{magnifcation of displacements = 10) in calculation, magnifcation of displace-
ments = 10)
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Fig. 9: Development of circumferential micro-cracks (shown by red circles) in the
cylindrical part of the model (height about 3 m)
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Fig. 10: Development of circumferential and radial micro-cracks (parallel straight red
lines) in the cylindrical part of the model (height about 3 m)
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Fig. 11: Radial displa‘cement results at inner surface of the liner (location 2: height 0.25
m, location 3: height 1.43 m, location 4: height 2.63 m)
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Fig. 12: Radial displacement results at inner surface of the liner {location 5 height 4.68
m, location 6: height 6.2 m, location 7: height 10.75 m)
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Dlsplacement results
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Fig. 13: Vertical dispiacement results at inner surface of the liner (location 8: height
10.75 m)
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Fig. 14: Radial displacement at the inner surface of the liner (vertical position 4.6 m
above top of basemat) from measurement and calculation
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Radial displacement (6.2 m)
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Fig. 15: Radial displacement at the inner surface of the liner (vertical position 6.2 m
above top of basemat) from measurement and calculation
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Fig. 16: Vertical displacement at the inner surface of the liner (vertical position 10.75 m
above top of basemat) from measurement and calculation
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Meridional liner strains
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Fig. 17: Meridional liner strains at different standard output locations (location 34:
height 0.01 m, location 35: height 0.01 m, location 36: height 0.25 m, location 38:
height 6.2 m, focation 40: height 10.75 m; all at inner liner surface except location 35,
which is at outside liner surface)
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Fig. 18: Hoop liner strains at inner finer surface for different standard output locations
{flocation 37: height 0.25 m, location 39: height 6.2 m, location 41: height 10.75 m)
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Fig. 19: Meridional strain in liner {veriical position 6.2 m above top of basemat) from

measurement and calculation
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Fig. 20: Hoop strain in liner (vertical position 62 m above top of basemat) from

measurement and calcuiation

229



NEA/CSNI/R(2004)11

Meridional rebar strains, inner layer
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Fig. 21: Inner layer meridional rebar strains at different standard output locations
(location 16: height 0.05 m, location 18: height 0.25 m, location 20: height 1.43 m,
location 25: height 10.75 m)
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Fig. 22: Outer layer meridional rebar strains at different standard ouiput locations
{location 17: height 0.05 m, location 19: height 0.25 m, location 21: height 1.43 m,
location 23: height 6.2 m, location 26: height 10.75 m)
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Hoop rebar straing, outer layer
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Fig. 23: Quter layer hoop rebar strains at different standard output locations (location
22: height 6.2 m, location 24: height 10.75 m)
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Fig. 24: Rebar hoop strain at outer hoop rebar (vertical position 6.2 m above top of

basemat) from measurement and calculation
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Tendon strain
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Fig. 25: Hoop tendon strains at different standard output locations (location 50: height
6.58 m, location 53: height 4.57 m)
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Fig. 26: Strain in hoop tendon (vertical position 4.6 m above top of basemat) from
measurement and calculation :
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Hoop tendan strain (6.2 m)
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Fig. 27: Strain in hoop tendon (verfical position §.2 m above top of basemat) from
measurement and calculation
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Fig. 28: Hoop strain in the concrete nearby the liner (vertical position 6.2 m above top

of base-mat) from measurement and calculation

233






NEA/CSNI/R(2004)11

Appendix E:

Institut de Radioprotection et de Siireté Nucléaire
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ABSTRACT

Objective of this paper is to describe the modelling and the computation of the NRC/NUPEC
Sandia test of a Prestressed Concrete Containment Vessel (PCCV) model. The model was a
1:4 scale of a Japanese nuclear power plant (ohi-3) The work is part of the ISP48 international
benchmark. In this paper is described the finite element model, the prestressed stage and the
computation of the Limit State Test (LST) which consists in increasing the internal pressure
as much as possible.
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1 Introduction

This work has been performed by IRSN (French Institut de Radioprotection et de Surete
Nucleaire) and CEA (French Conunissariat & 1"Energie Atomique) in the frame of the ISP 48
(International Standard Problem).

The computation of the containment has been performed with the Cast3M finite element code
of CEA. All input data has been collected in the ISP 48 PCCV Data Package edited by

Mr Hessheimer.

2 Finite element model

2.1 Geometry

The finite element model is a 3-D model with the modelling of the Equipment hatch and of
the Personal Air Lock penetrations. The two opposite buttress are also taken into account as
well as the basemat and the tendon gallery.

The concrete part is represented by solid linear elements (hexahiedron 8 nodes). Four elements
in the thickness of the wall and the mean size of elements is 0.5 metre in the vertical direction
and 0,4 metre in the hoop direction. 16834 elements and 19736 nodes compose the complet
model, including basemat. { Fig 1) : )

The reinforcing steel is represented by linear 2 nodes elements. The mean size of elements is
0,5 metre as well as for the wall as for the basemat, There are 130556 elements and 112532
nodes representing reinforcing steels. Meshes of concrete and of reinforcing steel are
independent. Nodes of reinforcing steels will be attached to concrete by means of relations
between displacements unknowns, Reinforcing steel are well meshed in the basemat and in
the cylindrical wall but simplifications are made around penetrations and dome (fig 2)

The 198 tendous are also meshed with their deviations around penetrations. Size of elements
is around 0,5 metre and there are 15174 elements with 15372 nodes. Figures 3 to 14 represent
tendons by group.

Liner is meshed by 3 or 4 nodes shell elements. There are 2694 elements with 2672 nodes
{Fig 15).

The whole mesh including attach relations between unknowns represented a total of 700.000
degrees of freedom.

2.2 Material characteristics

2.2.1 Concrete

The Concrete is modelled by the OTTOSEN model, which is a smeared cracks model. There
are two different concrete. The first is for the basemat and characteristics are:

¢  Young modulus E =29030 MPa
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¢ Poisson ratio v=02

¢ Voluminal mass P=2250 kg/'m’

e UTS Guraction = 3.93 MPa
+ GFIR GFTR=135 J/m’

The second concrete is for the wall of the containment, characteristics are:

» Young modulus E=31970 MPa

#» Poisson ratio v=02

» Voluminal mass P=2500 kg’m3

e UTS Giraction = 4.21 MPa
e GFTR GFTR=135J/ m’

For the prestressing part of the computation concrete is supposed to remain elastic.

2.2.2 Reinforcing steel

The general behaviour of steel is elastoplastic. Characteristics depend on the size of diameter
of irons. Elastic modulus of steel is extract from tensile curves.

Figure 16 to 21 give tensile curves for irons depending on irons diameter.
Young modulus E = 183600 MPa
Poisson ratio v=03
¢  Voluminal mass p= 7850 kg/m’

2.2.3 Tenidons

The general behaviour of tendon is elastoplastic. Characteristics are:

Young modulus
Poisson ratio
Voluminal mass
Yield Limit

s & & & B

Ultimate strength

E = 200 000 MPa
v=03

p=7800 kg/m’

0. = 1400 MPa
G, = 1900 MPa

The tensile curve is given Fig 22

2.2.4 Liner

The general behaviour of the liner is elastoplastic. Characteristics are

e Young modulus
* Poisson ratio

56 500 MPa
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» Voluminal mass P=7800 1~:g/1n3
¢ Yield limit G =375 MPa
¢ Ultimate strength G, = 430 MPa

The tensile curve is given Fig 23

2.3 Prestressing

The prestressing of the containment represents the real sequence of physical prestressing of
the mock-up. There'are 12 steps in the prestressing loading. The following table gives details
on each step.

Prestressing steps

Step ‘Tendons

H91 HO92 HOS H96 H99 H100 H103 H104
Hi07 H108

VIV3IVIVTVIO VAL V43 VA5 V46 V48
V50 V52 V84 V86 VB8 Va0

(]

3 V21 V32 V25 V66 V68 V70

. VOVII VI3 VISVITVIOV27T V2O V3l
4 V33 V35V3IT V54 V56 VS8 V60 V62 Vo4
’ V72 V74 V76 V78 V80 V82

H3 H4 H7 H8 H11 H12 H15 H16 H19 H20
H23 H24 H27 H28 H31 H32 H35 H36 H39
- H40 H43 H44 H47 H48 H51 H52 H59 H6O
H63 H64 H67 H68

6 H93 H94 H97 HO8 H101 H102 H105 H106

H71 H72 H75 H76 H79 H80 HS83 H84 H87
HS88

VI V4 V6 V8 V38 V40 VA2 V44 V4T V40
V51 V53 V83 V85 V87 V89

9 V20 V22 V24 V26 V65 V6T V69 V71

VIoVIZVI4VI6 VIS V28 V30 V32 V34
10 V36 V35 VST VSO V6L V63 V73 VIS V79
V81

H1 H2 HS H6 HO H10 H13 H14 H17 HI8
H21 H22 H2S H26 H29 H30 H33 H34 H37
H38 H41 H42 H45 H46 H49 HS0 H33 H54

H57 H58 H61 H62 H6S H66 H69 H70

11

H77 H78 H73 H74 H81 HS2 H8S H86 HEY
H90
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The effective loads are different for hoop tendons and vertical tendons. For the hoop tendons
the tension applied to the end of the tendon is Fy = 453300 N, For the vertical tendon the
applied tension at the end of the tendon is F, = 503100 N.

All formwlas to describe shrink of concrete, creep of concrete and lost of tension along a
tendon are coming from the French standard BPEL99. Coefficients used for these formulas
are the following:

Ff=0,18 coefficient of angular friction
Phif = 0.002 coefficient of linear friction
Ganc = 0,008 m seating loss

Rmmo0 = 0,43 relaxation coefficient of irons
Fprg=1978 MPa  ultimate strenght of tendon
Rh10=1.5 relaxation at 1000 hours in %

The prestressing of the containment starts 180 days after the end of the building of the
containment. Tensioning of group of tendons takes place every 3 days and the containment
can creep for another period of 125 days before the Limit state Test. We will use * this last
date as the “end of the prestressing period”.

/

3 Results of prestressing state

Displacements, loads in tendons and stresses in concrete and in the liner are shown hereafter.

3.1 Displacements after prestressing

The following figure presents the measured values of radial displacements during the building
of the mock-up at elevation 4.860 meter from the top of the basemat.
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PCCY Model Displacement History-Radial @ Cylinder Mid-height (Elev. 4680)
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-3,000 1
-3,500 3

4,000 Feore
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If we consider the maximum values for displacements measured on the mock-up, we obtain:

30° s2° 1200 150° 210° 300° 24
4680 4680 4680 4680 4680 4680 4680 -
-2,030E+H00 | -1.770E+00 | -1.730E+00 | -1.710E+00 | -3.660E+00 | -1.760E+00 | -2 400E+00

As it can be seen from figure 25 the computation leads to the same profile of distribution
along azimuth and values are of the same order. Computation leads to a maximum value of
4mm for radial displacement at this elevation in front of 3.66mm. The Fig 24 presents the

initial mesh and the deformed one after prestressing. The figure 25 is an isovalue of computed

radial displacements for the containment after prestressing.

3.2 Tensions along fendons

The following tables give maximum. mean and mininmum computed load for each tendon. The
three first tables are for vertical tendons and next ones are for hoop tendons.

242

Group | tendon ‘vﬁnf'mlmf Mean Mazfimum Group |tendon Minimum Mean Ma:f:imtun
bension(N) tension ()| teaston(IN) enston(N) |tension (N)| tension (N)

2 1 300019 | 376336 | 434065 3 1 334755 403216 430225

2 320414 | 391773 33236 2 334798 403290 420818

3 328655 | 396079 | 434309 3 333882 403203 430203

4 323287 | 387681 | 4243530 4 310250 383393 431428

3 332137 | 400990 | 430912 3 333034 398572 431503

5] 341730 | 401109 | 433760 6 323485 391322 431452

7 343291 | 402597 | 432672 move | 328367 397233 430772

8 334169 | 403391 | 433717 mini | 310250 383593 429818

9 338722 | 404181 | 431166 maxt | 334798 403290 431503
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10 344444 | 402557 | 431118
11 343969 | 401524 | 431041
12 333732 | 400700 | 430936
13 284743 | 370825 | 430823
14 280585 | 371020 | 430849
15 282583 | 372583 | 430857
16 289537 | 375929 | 430918
moye | 312289 | 387415 | 430966
mini | 280585 | 370825 | 424530
maxi | 344444 | 404181 | 434309

Prestressing of groups 2 and 3 for vertical tendons

Mimmum| Mean | Maximum Minimmm|  Mean | Maximum

roup | tendon L . . Group| tendon - - . . " -
Group tension(NMtension (N)tension (N} up | tendaor tension(XV )| tension (N) ftension (N)

4 1 306891 | 383075 | 437933 8 1 320244 | 396468 451811
2 315723 | 389203 | 432213 2 333767 | 407313 452011
3 338587 | 404562 | 436420 3 339977 | 408768 444691
4 344453 | 407189 | 432336 4 314643 390796 443919
3 344130 | 406977 | 432526 3 345184 | 415314 434529
6 343614 | 407104 | 432099 6 346147 | 415899 434389
7 343369 | 407069 | 432034 7 337836 | 416344 451980
8 344182 | 406900 | 432370 8 358924 | 417634 451662
9 344088 | 407019 | 432466 9 349733 | 417766 440686
10 343595 | 406715 | 433320 10 357442 | 416531 440340
11 343749 | 406499 | 432503 11 356295 | 415790 439761
12 335243 | 406206 | 432457 12 343490 | 414976 439854
13 336046 | 406071 | 432367 13 303706 | 384992 439970
14 335735 | 406175 | 432430 14 298683 384746 439771
15 334307 | 402328 | 432411 15 301218 | 386389 439958
16 323008 | 304111 | 432458 16 299019 | 386669 440300
17 306344 | 382433 | 432468 moye | 326449 | 400982 440105
1§ 333120 | 401129 | 432432 mini | 298685 | 384746 434529
19 334445 [ 392048 | 437724 : maxi | 358924 | 417766 452011
20 335680 | 400843 | 428112

21 310392 | 381780 | 421832
22 314682 | 3B6363 | 425942
23 293700 | 379181 | 432430
24 289187 | 374831 | 432307
mave | 313444 | 387466 | 429156
mini | 289187 | 374851 | 421832
maxi | 344453 | 407189 | 437933

Prestressing of groups 4 and 8 for vertical tendons
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Gronp | tendon Migimum N_ieag - 1ax}tmm2 Gr‘ou}i tendon Miqimum Iv‘lean ?:mmn
bension(N) tension {IN)enston (N) tension(N}| tension (N} ™~
9 1 353411 | 417069 | 439631 10 1 326593 400438 443527
2 346753 | 417454 | 440971 2 339235 412382 444767
3 346531 | 417447 | 440864 3 358738 422470 445221
4 353387 | 417062 | 439485 4 358687 422432 445376
3 336337 | 404555 | 440013 3 358567 422001 445392
[ 336138 | 406133 | 440383 6 358437 421996 443465
7 345651 | 413288 | 440583 7 338612 422403 443243
8 322049 | 397460 | 440560 g 358569 422386 444914
moye | 342532 | 411309 | 440312 9 358909 422460 444581
mini | 322049 | 397460 | 439485 10 349988 422419 443113
maxi | 353411 | 417454 | 440971 11 330107 422478 430003
12 349844 422325 450264
13 340857 414374 446551
14 327198 403631 446646
15 353438 419766 446650
16 346289 413700 449120
17 312727 391875 440900
18 328412 402921 437344
19 321368 396070 441376
20 311444 393223 449975
move | 330217 404448 444820
mini | 311444 391875 437344
| maxi | 358909 421478 450264
Prestressing of groups 9 and 10 for vertical tendons
Group | tendon Mm'imtml Megﬂ i Iv}da@nlulz Group| tendon Min?mum Me an Mamfimum
Fension({N) rension (N)ftension (IN) tension(IV) ension(N) fension (N}
1 1 243656 | 306874 | 367344 3 1 249771 | 316371 377433
2 244379 | 308034 | 368960 2 248599 | 315397 376776
3 246895 | 308544 | 338041 3 244796 | 310879 371480
4 247270 | 308166 | 338133 4 244109 | 309963 370921
5 245568 | 303982 | 336234 3 239003 | 306234 367209
[ 242061 | 302523 | 333487 6 240162 | 305549 366613
7 245020 | 299969 | 337464 7 231870 | 301011 364606
g 245496 | 207731 | 333804 g 231791 | 299799 365157
9 238609 | 290023 | 342464 9 234067 | 301847 363253
10 239121 | 288198 | 334459 10 235704 | 300671 354342
move | 243755 | 299892 | 352264 11 228603 | 300604 363031
mini | 238609 | 288198 | 334459 12 231554 | 297463 360902
maxi | 247270 [ 308544 | 368960 13 218865 | 293365 360374
14 222375 | 287934 360601
13 211400 [ 288456 339740
16 222186 | 289635 340082
7 188711 | 277083 336206
18 213737 | 287716 357490 .
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19 211017 | 285120 356242
20 210134 | 284596 357694
21 217381 | 293386 356662
22 226640 | 294444 358029
23 230298 | 299703 362388
24 236154 | 298283 | 360488
25 236430 | 301270 361563
26 236482 | 301142 | 363198
27 236121 | 300739 360883
28 236174 | 300634 363621
29 235844 | 300197 360222
30 233849 | 300082 362545
31 235437 | 269613 359534
32 235336 | 299486 361769
33 234972 | 299037 358850
34 234723 | 298952 360994
moye | 235560 | 299843 361057
mini | 188711 | 277083 349982
maxi | 249771 | 316371 377433

Prestressing of groups 1 and 5 for hoop tendons

Group | tendon Munmum Mean i anxml Group| tendon Mn\m Meaﬂ Vainum
tenston({N} frension {N)frension (N) rension{N)| tension (N} fension (N)

4] 1 250278 | 313425 | 374316 7 1 240012 304566 364797

2. 250639 | 314235 | 373838 2 239804 304699 366640

3 252470 | 314714 | 365149 3 230369 305257 365549

4 252261 | 314135 | 363318 4 230368 305370 367320

3 252271 | 310174 | 367843 5 241401 306335 366720

6 250255 | 309638 | 363504 6 241519 306546 368489

7 251280 | 305185 | 364801 7 242669 307870 368334

8 249328 | 302996 | 359101 g 243032 308240 370164

maove | 251098 [ 310568 | 367012 9 245088 310263 370811

mini | 249328 | 302996 | 359101 10 245687 310769 372556

maxi | 252470 | 314714 | 375838 move | 242567 307582 368745

mini | 239804 | 304566 364797

maxi | 245687 310769 372556

Prestressing of groups 6 and 7 for hoop tendons

Minimum | Mean Vaxinm Vi Mean Maximum

Group | tendon . . ; - |Gr tendon . . - .
P tension(N} tension (N)ftension (N} Group tension(N) | tension (N) fension (V)

11 220 [ 324538 | 386023 12 254456 | 320246 381470

b =

254388 | 320267 382217

25822
257681 | 324135 | 385835
253856 | 322208 | 383578

(VAR IR T

254547 | 320388 381634

G
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4 235541 | 321863 | 383474 4 254342 [ 320443 382371
5 254218 | 320342 | 381557 S 254780 [ 320707 381991
6§ 254036 | 320102 | 381626 6 254813 | 320771 382679
7 247418 | 3175153 | 380222 7 255299 | 321292 382618
8 232526 | 317061 | 380465 8 255420 [ 321308 383278
g 245406 | 315593 | 379474 9 256336 | 322203 383584
10 251840 | 316936 | 380463 10 236302 322363 384165
11 231811 | 317009 | 379331 moye | 255280 | 321196 | 382790
12 251637 | 314761 | 378619 mini | 254388 | 320246 | 381470
13 242292 | 314520 | 378426 maxi | 256302 | 322365 384165

14 244663 | 311923 | 378461
15 225902 | 307735 | 378234
16 234774 | 305609 | 378403
17 220341 | 301836 | 367722
18 229677 | 305639 | 375646
19 [ 222362 [ 299325 | 375146
20 224152 | 300939 | 375698
21 228052 | 304931 | 375238
22 229075 | 301931 | 375792
23 243096 | 314492 | 368489
24 245010 | 313502 | 375968
25 245410 | 315864 | 379027
26 231505 | 315922 | 378
27 231615 | 317476 | 378613
28 231630 | 317406 | 379925
29 231304 | 317007 | 378078
30 251262 | 316909 | 379375
31 250883 | 316383 | 377387
32 250744 | 316241 | 378336
33 250228 | 315531 | 378465
34 250061 | 313397 | 377503
33 249362 | 314534 | 373385
36 249014 | 314396 | 376372
maye | 350357 | 315805 | 377388
mini | 220341 | 299325 | 367722
maxi | 258229 | 324538 | 386023

Prestressing of groups 11 and 12 for hoop tendons
From all these values we can see that there is a good homogeneity in the tension of all

tendons. Figures 27 1o 34 present tensions along tendons H11, H35, H53, H67, H68. V37,
V46 and V85,

3.3 Stresses in concrefe

Results show a good uniform state of stresses in the concrete as expected.

The following table present a summary of maximum and minimum computed values of
stregses at the end of prestressing period.
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Minimum value (MPa) Maximum value (MPa)
Radial stresses -7.4 2.0
Hoop stresses -14 0,1
Meridional stresses -8.85 2.5
Principal stress 1 -2.9 4.2
Principal stress 2 -0.25 1.0
Principal stress 3 -13,2 2.5

Swmnmary table for stresses in the concrete

Values obtained in normal zones are in agreement with the value of the tension of tendons.
Figures 35 to 36 present a visualisation of the stresses state in the concrete.

3.4 Stresses in the liner

The following table presents a summary of the computed stresses in the liner.

Minimum value (MPa)

Maximum value (MPa)

Principal stress 1

-147

-12,5

Principal stress 2

-250

=28

It appears that the liner is

everywhere in a compressive state.

3.5 Conclusion for prestressing computation

The computed prestressed state has displacements a bit higher than in experiment and tensions
of tendons a bit smaller than in experiment. Stresses are also a little too small. All this may be
explained by the use of the French BPEL99 rules for creep and shrink. The quality of concrete
in front of creep and shrink has been taken from French rules and this seems to over estimate
the creep and the shrink of the concrete.

Another difference in the computation in front of experiment is that the computation considers
that as soon as a tendon is in tension it is sealed in the concrete.

Nevertheless the computed prestressed state of the containment seams fo be in a good
agreement with the experiment. This state will be used, as an initial state. to perform the Limit

State Test.

4 Limir State Test computation

The already computed presiressed state of the containment is used as initial state at the
begiming of the increasing of pressure.
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4.1 Loads

Starting from the initial state computed after the prestressing of the concrete, an inside
pressure, given by air pressure. increase up to 1,295 MPa as in the experimental test. Looking
at results, and especially at curve 14 giving radial displacement just nearby the Equipment
Hatch, we have noticed that we have applied the pressure on the surface of the hatch in the
wrong way. This affects the local results but is not important for global results.

4.2 Analysis of results

The beginning of the cracking of concrete is around 0.67 MPa, which is ina good agreement
with experiment. First cracks appear at the junction of the cylindrical wall and the basemat.

After this level of pressure it seems that the response of the structure is more or less the
response of tendons and irons.

At a level of 1,2 MPa a new type of behaviour takes place. In the experiment this appears at a
level of 1,05 MPa. '

We can notice that the change of behaviour in the experiment is slow while it seems to be
sharper in the computation. This may come from the perfect connection between irons and
concrete in the computation while in the reality this connection breaks here and there for high
level of pressure.

In the computation, the extremity of a tendon is not well represented because the end node is
attached in the concrete and it creates local stresses that do not exist. Then results, in the
concrete along buttress are not workable,

Results are plotted for two different pressure levels, after the beginning of cracking and at the
end of the computation for a pressure of 1,295 MPa (Figures 43 to 59).

A series of curves (displacements, deformations. loads) comparing computation and
experiment are also given.

4.2.1 Displacements

Looking at curves 1 to 15 we can notice that displacements for node, which are near the
basemat, are not very good. This is because the computation considers that all nodes at the '
bottom of the basemat have a zero displacement in the axial direction. For that reason all
results for nodes too close to basemat are not very good. In another hand, values of
displacements are not very large and this may not influence the global behaviour of the
structure. Starting with curve 3 at an elevation of 1.43 metre results have the same shape than
experimental ones.

For most of the curves displacements at the starting of loading are higher than experimental
ones. This can be explaining by the fact that the creep given by French rules BPEL99 with
French coefficients taken for south of France are not valid for Sandia experiment.
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Looking at curve 10 we can see that computation follows pretty well the general behaviour of
the dome.

Curve 14 which gives radial displacements at nodes just by Equipment haich, shows clearly
that in the computation, pressure was not applied in the rigth direction.

4.2.2 Deformations

Again all results concerning rebars too close to the basemat are not easy to compare. For
others rebars, by example curve 24 for a rebar at an elevation of 10,75 metre results are in a
good agreement with experimental results. In this curve it can be seen that creep during
prestressing is too important.

It must be pointed here that, in the computation, rebars are perfectly clamped in the concrete.
This fact in conjunction with the fact that the cracking concrete behaviour is a smeared one
induced that results along a rebar can be very different for one point to another one.

For the curves giving deformations in the hoop direction we find the type of curve giving
radial displacements which is obvious and which is not so clear for experimental results.

4.2.3 Tensions in tendons

In the computation tendons are perfectly clamped in the concrete and therefore no
redistribution of tensions occurs in the computation. This explains the oscillations observed in
curves (Fig 55 - 56 - 57).

At the beginning of the LST the general level of tensions of tendons are a little too small. This
is also due to the excessive creep during prestressing of the concrete.

4.2.4 Cracks

The first change of response of the structure can be observed around 0.67 MPa, this is due to
the first cracks in the concrete. As we have taken the OTTOSEN model for concrete, which is
a smeared one, we can cbserve that cracks concern often one row of elements out of two.

Atalevel of 0,71 MPa we can clearly observed vertical cracks due to excessive hoop stresses,
especially in the region between the two penetrations (Fig 50)

If we do not consider results around buttress, the main crack, even at a level of pressure of
0.71MPa, is between the two penetrations which is the failure point during experimental test.
The computation is able to predict where the failure wiil occur.

5 Conclusion

The computation of a prestressed concrete containment vessel has been conducted through a

pressure of 1,295 MPa. The mesh is 3D with very little simplifications of concrete part or
irons part. There are 700 000 degrees of freedoms in the structure and the computation with
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Cast3m has been possible because of all improviuents made these three last years under the
direction of IRSN .

First, the prestressing is computed using French regulatory rules for creep and shrinkage. For
this part, the prestressing has been applied in twelve steps and results are in a good agreement
with experimental data’s.

Then the limit state test, consisting in increasing internal pressure, is computed up to the end
of the experiment. After a long computation (1 000 0600 seconds CPU) results are in a good
range in front of experimental results. The prediction of the failure mode seems to be possible
from the computation.
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maillage beton 16384 elements 19736 noeuds

Fig 1. mesh of the concrete of the containment with basemat
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maillage des fers passifs 118556 elements 130525 ncoeuds

Fig 2: mesh of the irons!
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cables groupe 1,

. Fig 3: mesh of first group of tendons
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cables groupe 2, 1340 elements 1356 noeuds

Fig 4: second group of tendons
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cables groupe 3, 6513 elements 519 noeuds

Fig 5: Third group of tendons
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cables groupe 4, 2124 elements 2148 nosuds

Fig 6: Fourth group of tendons
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cables groupe 5,

7: Fifth group of tendons
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caklea groupe &, 532 elements $40 noeuds

Fig &: Sixth group of tendons
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cables groups 7, 560 elaments &7 noeuds

Fig 9: Seventh group of tendons
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Fig 11: Ninth group of tendens
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Fig 12: Tenth group of tendons
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Fig 14: Twelfth group of tendons
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Fig 17: tensile curve for 10mm diameter irons
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Fig 18: tensile curve for 13mm diameter irons
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Fig 19: tensile curve for 16mm diameter irons
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- deformation
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deformation
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deformation

Curve 25 Rebar Strain Meridional Az 133 el 10,75 Inner
Rebar Layer

£,001500

G.001000

G,000500

—o— expenment
~— k-~ COMPIRation

0,000000

0.0
-0.000500 »

-0.001000

pressure MPa

3

deformation

Curve 26 Rebar Strain Meridional Az 135 el. 10,75 Quter
Rebar Layer

0,000600
0,000400
0.000200
=& experiment
0.000000 .
——computation

-0.000208"
-0.000400

-0,000600

pressure MPa

deformation

Curve 27 Rebar Strain Hoop Az 135 el 14,55 Outer Rebar
Layer

0.001000
0.000800
0,000600

0,000400
0.000200
0.000000

—e— expermment
— i COMPULation

-0.000200 de
-0.000400 +
-0.000600

pressure MPa

308




NEA/CSNI/R(2004)11

deformation
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Curve 31 Rebar Strain Meridional Az 90 el. 0,05 Outer
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deformation
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deformation
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deformation
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deformation
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deformation
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Korea Atomic Energy Research Institute
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FINITE ELEMENT ANALYSIS OF A 1:4 SCALE PCCV MODEL

Hong-pyo Lee. Young-sun Choun

Korea Atomic Energy Research Institute, Korea

Abstract

This report describes the finite element (FE) analysis results of a 1:4 scale model of a pre-stressed
concrete containment vessel (PCCV) model. The objective of the present FE analysis s to evaluate the
ultimate internal pressure capacity of the PCCV as well as its failure mechanism when the PCCV
model is subjected to a monotonous internal pressure beyond its design presswre. The FE analysis
used two concrete failure criteria with the commercial code ABAQUS. One is axi-symumetric model
with modified Drucker-Prager failure criteria and the other is 3-dimensional model with damaged
plasticity model. Finally, the FE analysis results on the ultimate pressure and failure modes have a

good agreement with experimental data.

Intreduction

This report describes the finite element (FE) analysis results of a 1:4 scale model of a pre-stressed
concrete containment vessel {PCCV) tested by the Nuclear Power Engineering Corporation (NUPEC)
of Japan and the U.S. Nuclear Regulatory Commission (NRC) [1]. The main objective of the present
FE analysis is to evaluate the failure load of the PCCV as well as its failure mechanism when the
PCCV model is subjected to a monotonous internal pressure beyond its design pressure 0.4MPa. In
addition we try to evaluate the performance of the existing numerical simulation tool and intend o use

its results as future numerical reference solutions.
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Two FE models such as 2-dimensional axi-symmetric model and 3-dimensional model with
opening and two buttresses are considered in the present nonlinear FE analysis. In the axi-symmetric
model, all the portions of PCCV such as the cylinder wall. dome and basemat are considered in the FE
analysis. Concrete part was modeled with 4-node axi-symmetric solid element and the steel liner was
modeled with 2-node axi-symmetric membrane element. In addition, reinforcement and tendon were
modeled with rebar element. Modified Drucker-Prager model {2] is used for concrete failure criterion.
In the 3-dimensional model, concrete part was modeled with 8-node solid element and the steel liner
was modeled with 4-node membrane element. Reinforcement and tendon are modeled with the

embedded element. A damaged plasticity model [3] is adopted to be used as concrete failure criterion.

This report summarizes the FE analysis results produced by Korea Atomic Energy Research
Institate (KAERT) with the above two FE models using the commercial code ABAQUS [4]. The
material properties and detailed structural geometry used in the present FE analysis are provided in the

following sections with numerical results.
Material Properties used in FE analysis

The material properties for concrete, steel rebars, post-tensioned tendons and steel liner are
prepared by using the experiment data provided by Sandia National Laboratories (SNL){1]. In this
section, the material properties used in FE analysis are briefly described.
Concrete

Two types of concrete such as a normal strength concrete and a high strength concrete were used
to construct the SNL PCCV test model [1]. In the present FE analysis, the material property data for
the frial mix concrete based on a field curing are used. The material properties adopted in the FE
analysis are described in Table 1.
Reinforcing Steel

The material properties for each type of rebar are selected from the test data. The material

properties are summatized in Table 2 and the test data for reinforcing bar is illustrated in Figure 1 [1].
In FE analysis, we adopt the mean value for the material properties of rebar: (a) SD490 1s used for the
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basemat part; (b) SD390 is used for the eylinder wall and dome parts.

- Elastic modulus  : 1.86E5 MPa (basemat), 1.848E5 MPa (wall and dome)

- Yield stress : 512.2 MPa (basemat), 479.9 MPa (wall and dome)
- Ultimate stress ~ : 709.7 MPa (basemat), 628.7 MPa (wall and dome)
- Poisson’s ratio :0.3

- Elongation(%) : 17.8 MPa (basemat), 21.32 MPa (wall and dome)

Prestressing Tendon

TAISEI performed the calibration tests of six samples of a three-strand tendon assembly. The
stress-stain data are calculated by the division of the measured forces by the initial cross section area

{339mm’) as shown in Figure 2 [5]. The ultimate stress and strain test data are summarized in Table

312}
Steel Liner Plate

Two sets of material samples for the steel liner plate, LPY in vertical direction and LPX m
circumferential direction, were tested to evaluate their material properties. Each test set consists of

three samples. The stress-strain data is illustrated in Figure 3 and the test results are summarized in
Table 4.

Table 1. Material data for trial mix concrete (unit: MPa)

Material £,=29.42 {basemat) £,=44.13 (dome & wall)
Ttem Standard curing | Field curing Standard curing | Field curing
Compressive strength © 5139 41.68 60.21 48.84
Tensile strength 3.93 3.37 4.21 3.45
Flexural strength 5.37 4.00 5.58 5.51
Young's modulus 29,030 27.950 31,970 26,970
Poisson’s ratio . 020 0.18 0.20 0.18
Density (ton/m’) 225 2.21 2.26 2.19

323



NEA/CSNI/R(2004)11

Figure 1. Stress-strain relationship for steel
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Table 2. rebar material properties {unit:MPa)
Material D10 D13 Dis D19 22 Di¢g
Ttem (SD390) | (SD390) | (SD390) | (SD390) | (SD390) | (SD490)
Elastic modulus 1.83E5 1.83E5 1.83E5 1.84E5 1.91E5 1.86E5
Poisson’s ratio 0.3 0.3 0.3 0.3 0.3 0.3
Yield stress 482.0 490.1 476.6 491.9 459.0 §12.2
Ultimate stress 613.6 640.4 606.2 6304 653.2 709.7
Elongation (%) 205 242 22.1 211 18.7 17.8
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Figure 2. Stress-Strain relationship for tendons

2500
2000 -
%" 1500
& N
7]
g
@ 1000 e Tendon No. 1
e - Tendon No. 2
500 L e s e e Topdon No, 3
] i b ] [ NN
00 1 2 3 4
Strain, %
Table 3. Tendon material data
Test specimen Ultimate stress (MPa) Failure strain (%)
Specimen 1 ' 1,924 3.32
Specimen 2 1,912 3.51
Specimen 3 1932 3.36
Specimen 4 1.921 No strain gages
Specimen 5 1.934 No strain gages
Specimen 6 1,924 33
Mean 1.924.5 3.3

* Estimate based on surviving strain gages
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Figure 3. Stress-strain relationship for steel liner
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Table 4, Material data for steel liner
Material Temperature Test sample Yield stress | Ultimate stress | Elongation
(MPa) (MPa) (%)
5GV410 R.T(23 C) ' LPY-1 3815 4952 33.8
" " LPY-2 403.1 498.2 33.0
" " LPY-3 3854 497.2 33.6
" " LPX-1 377.6 499.2 33.0
" " LPX-2 377.6 500.1 33.0
" " LPX-3 3707 497.2 33.0
Average 382.7 497 .85 33.2
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Constitutive Models

As briefly mentioned before, two FE models are prepared for the nonlinear analysis of 1:4-scale
PCCV model. One is axi-symmetric FE model and the other is three-dimensional FE model
considering the penetrations such as equipment hatch and personal airlock. This section describes the

constitutive models used for two FE models.
Concrere model

2-dimensional axi-symmerric model

The modified Drucker-Prager’s model [2] is used for 2-dimensional axi-symmetric FE analysis.
In this model, three different yield criteria based on the shape of the yield surface in the meridional
plane are provided in ABAQUS. These yield surfaces are a linear form, a hyperbolic form and a
general exponent form. In the present analysis, the yield surface with linear form is adopted. The linear

model used in FE analysis is written in terms of all three stress invariants.

F=t-ptanf—-d=0 {1

, Wpond
where =lq1+i—[1~l—](£} -!

2 K | Xlgq J

D . q.r arestress invariants defined in stress and strain measurements.

B s the slope of the linear yield and is commonly referred to as the friction angle of the
material,

d is the cohesion of the material and

K is the ratio of the yield stress in triaxial tension to the vield stress in triaxial compression
and, thus controls the dependency of the yield surface on the value of the intermediate

prineipal stress.

The values of K=1, t=q imply that the yield swrface is the von Mises circle in the deviatoric
principal stress plane (the 7 -plane). in which case the yield stresses in triaxial tension and
compression are the same. It requires 0.778 2K 1.0 to enswe that the yield surface remuains

convex. In the present FE analysis, the friction angle and the dilation angle such as 71.56 degrees and
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56.97 degrees are adopted respectively.

Figure 4. Typical yield and flow surfaces of the linear model in the deviatoric plane.

84

3-dimensional model

The damaged plasticity model [3] is used for conérete material in the 3-dimentional FE analysis.
Specifically, two main failure mechanisms such as tensile cracking and compressive crushing of the
concrete material are considered in this model. The evolution of the yield (or failure) surface is
controlled by two hardening variables, 57 and Z7 which are related to failure mechanisms under
tension and compression loading respectively. We referto 7 and Z% as tensile and compressive

equivalent plastic strains respectively.

In this model, the uniaxial tensile and compressive response of concrete is characterized by the
damaged plasticity model as shown in Figure 5. Under uniaxial tension, the stress-strain relationship
follows a linear elastic relationship until the value of the failure stress (0,0 ). The failure stress
corresponds to the onset of micro-cracking in the concrete material. Beyond the fatlure stress, the
formation of micro-cracks is represented macroscopically with a softening stress-strain response,
which induces strain localization in the concrete structure. Under uniaxial compression the response is
linear until the value of initial yield (&, ). In the plastic regime the response is typically characterized

by a stress hardening followed by strain softening beyond the ultimate stress o, .
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It is assumed that the uniaxial stress-strain curves can be converted into stress versus plastic-

strain carves. Thus,

O, =0, (Erpl-‘?:p{~9'.f; )

o =0 (87.2".6.1,)

where the subscripts r and ¢ refer to tension and compression respectively. £ and £ are the
equivalent plastic strains and £” and £7 are the corresponding plastic strain rates. € is the

temperature and £, (i=1,2,...) are other predefined field variables.

As shown in Figure 5, when the concrete specimen i3 unloaded from any point on to the strain
softening branch of the stress-strain curves, the unloading response is weakened and the clastic
stiffness of the material appears to be damaged (or degraded). The degradation of the elastic stiffness
is characterized by two damage variables. d, and d,. which are assumed to be functions of the

plastic strains, temperature, and field variables:

d,=d(E".6.5). 0<d, <1

o ®
d =d,(87.6.£). 0<d <1
Figure 5. Response of concrete to uniaxial loading in
tension (left) and compression (right)
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The damage variables can take values from zero, representing the undamaged material, to one,
which represents total loss of strength. If Ej is the initial (undamaged) elastic stiffness of the

material, the stress-strain relations under uniaxial tension and compression loading are

a, =(1—d1)E0 (E,—E,P!)
(1-d,)E (s, -E")

©

(4)

I

JC

Tension stiffening model

Owing to the bond effect between concrete and reinforcing bars, the concrete can take a part of
the tensile force even after crack formation. It makes that the stiffness of reinforced concrete remains
higher than that of the reinforeing bars alone. This phenomenon is so called “tension stiffening effect’.
In numerical simulation, this effect can be represented in two ways: one is to modify the stiffness of
reinforeing bars and the other is to modify the stiffness of the concrete so that the conerete can carry
the tensile force after cracks. In the present FE analysis. the latter tension-stiffening model proposed

by Okamura [6] is adopted (see Figure 6).
From Okamura’s study [6].

Ascending branch (6,2 &, )

o, =Lk ¢ (%)
Descending branch (&, » &, ).
S0
£y |
G, = f; } (6)
g )

where £ 15 total strain in concrete, &, i the cracking strain and f, is the stress corresponding to

the cracking strain.
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Figure 6. Tension stiffening model for concrete
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Steel model

The stress-strain relationship of the mild steel is usually assumed to be elasto-perfectly plastic

with a distinct yield stress of f, . However, when the reinforcing bars are surrounded by concrete, the

average stress-strain relationship exhibits a quite different behaviour to the bare bar as shown in Figure

7. To consider this behaviour, we generally underestimate the yield stress £, . In the present FE

analysis, the stress-strain relationship for the steel bar is represented by Hsu’s model [7] as follows:

-_izl..i[ﬁr
Lo UL

where f, and f , are the yield stresses of bare bar and embedded bar in conerete respectively. p

is the reinforcement ratio and  f, is the cracking stress value.

331



NEA/CSNI/R(2004)11

Figure 7. Average yield stress-strain curve
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Tendon model

The stress-strain relationship for the tendons is evaluated from the tensile test results of the PCCV
tendon system and the static tensile test of PCCV tendon strand. The tendon is theoretically modeled
as an elasto-plastic material model with *PLASTIC option in ABAQUS. In the FE analysis, the stress-
strain curve having three main data points is used as shown in Figure 8. The first point A represents the
elastic limit value which is straight line up to 0.7 f,, from zero point. where f, is the ultimate
strength of the tendon. The third point C is the representative ultimate strength of the tendon. The
prestressing data such as the average measured values of forces, friction and seating losses are

summarized in Table 3.

The following material properties of tendon are used to prepare the input data for the FE analysis:

- Elastic modulus : 2.197E5 MPa
- Poission’s ratio 103

- Yield stress 1,621 MPa

- Ultimate stress - ; 1,875.8 MPa
- Elongation 1 3.42%
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Figure 8. Stress-strain curve for tendon
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Table 5. Prestressing data summary
Item Hoop tendons Vertical tendons
Awverage Tensile Force:
Design: | 4441 T 97.9 kips 4957T 109.00 kips
Jack: | 43537 95.97 kips 49.02T 108.07 kips
Jack{w/ Load Cells only): | 43.61T 96.14 kips 49.09T 108.23 kips
Load Cell: | 4321T 95.27 kips 48207 106.27 kips
Average Lifi-off Force:
Design: | 34.11 T 752kips | 4631T 102.10 kips
Jack: | 34.02T | 750lkips | 4422T 97.49 kips
Average Friction Coefficient: 0.18 0.22
Average Seating Toss: 3.95mm 0.16 inch 4.95mm 0.19 inch
Jack: 951T 20.96 kips 4.80T 10.58 kips
Load Cell: 986T 21.75 kips 4.64T 10.23 kips
Average Final Load Cell Force: 33347 73.52 kips 4356 T 96.04 kips
Average Elastic Loss: 027T 0.59 kips 0.58T 1.29 kips
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Liner plate model

The steel liner plate is modeled by using an elasto-plastic material model with *PLASTIC option
m ABAQUS. In Figwe 9, the sfress-strain curve for the FE analysis is compared with experimental
data provided by SNL.

The following material properties of liner plate are used to prepars the input data for the present
FE analysis:

- Elastic moduls
- Poission’s ratic
- Yield stress(MPa)

- Ultimate tensile stress

: 2.187E5 MPa
$0.3

: 382.7 MPa

: 497.85 MPa

- Elongation{%%} 1332

Figure 9. Stress-strain curve for liner plate
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FE Analysis Procedure for ABAQUS Code
The numerical analysis steps used in the present FE analysis are:

{1) Gravity - Pre-stress force

(2) Gravity + Pre-stress force + Internal pressure

An initial load step in which the PCCV is brought into static equilibrium with the initial post-
tensioning tendon loads and the self-weight is established. The weight of the embedded steel

reinforcements and tendons has not been included as part of the toral vessel weight.

After initial load step, a uniform pressure is applied to the faces of the liner plate elements that
comprise of the internal surface of the vessel. The internal pressure is also applied to the penetrations

cover plates such as personal airlock and equipment hatch.

Finite Element Model

2-dimensional axi-symmetric model

The axi-symmetric FE model used in the prediction of the overall response of the PCCV is
illustrated m Figure 10. The FE model consists of 768 axi-symmetric 4-node solid elements (CAX4) to
represent concrete layer and 2-node 203 axi-symmetric membrane elements (MAX1) to represent liner
layer as shown in Figure 10. All rebars and tendons are modeled by using the rebar sub-element
provided i the code ABAQUS. Therefore, they are assumed to be rigidly bonded to the concrete. The
pre-siressing force for tendon 15 represented by the *INITIAL CONDITION option in ABAQUS. The
boundary condition for the bottom of the base slab is assumed to be fixed so that the present FE model

can not simulate the possible vertical uplift during internal pressurization.

3-dimensional model
The 3-dimensional FE model with large penetrations such as equipment hateh and air lock is also

adopted as shown in Figure 11 and 12. The 3-dimensional model consists of 6,992 8-node solid
elements (C3D8), 3,100 4-node limer elements (M3D4) and 9.522 truss elements (T3D3). The rebar
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and tendon are modeled with embedded element. The layout of tendon used in the present FE analysis
1s illustrated in Figure 13. The pre-stressing force for tendon is represented by the *INITIAL
CONDITION option in ABAQUS. The tendons are assumed to remain rigidly bonded to the concrete.
Therefore, the slippage of a tendon within the tendon sheath can not be considered in the present FE
analysis model. The boundary condition for the bottom of the base slab is assumed to be fixed similar
to that used in the axi-symmetric model and this model also can oot simulate the possible vertical

uplift during internal pressurization,

Figure 10. Axi-symmetric finite element model
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Figure 12. Buttress and Basemat FE mesh

Figure 11. 3D FE mesh

—

)

ight) -

Figure 13. Hoop tendon (left) and meridional tendon (r
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FE Analysis Results

The present FE analysis produces results at 37 standard output locations (SOLs) which are
obtained from the axi-symmetric model and 52 standard output locations except SOL #35, #54, #35

. from 3-dimensional model.

Axi-symmetric analysis results

The first cracking of concrete in cylinder wall due 1o hoop stress occurred at the value of
0.59MPa in the cylinder. The cracking of the cylinder due to meridional stress is initiated at the same
pressure level at mid-height of the cylinder wall. Then, cracks spread all over the cylinder of the
PCCV from the value of 0.67MPa,

The first crack occurs in the lower part of the dome and the cracks are observed at the values of

0.67MPa and 0.77MPa in the upper part of the dome.

The first yielding of hoop rebar is initiated at 1.036MPa ar mid-height of the cylinder wall and the
yielding of meridional rebar in wall-basemat juncture begun at 1.29MPa. The maximwmn strain of the
rebar in the hoop direction is observed as 14.37% in the nud-height of the cylinder wall at the final

stage.
The strain values of hoop tendons in cylinder wall reach 1%, 2% and 3% associated with the
stress values of 1.43MPa, 1.47MPa and 1.50MPa respectively. The maximum strain of hoop tendon in

cylinder wall is observed as a value of 15.26% at the final stage.

The deformed shape of axi-symmetric model at ultimate pressure state is shown in Figure 14.

Three-dimensional analysis results

The first hoop and meridional cracking of the cylinder wall are occurred at 0.62MPa as shown in
Fignre 15. This is a larger pressure value than the corresponding cracking pressure obtained from the
axi-symmeric model. The first crack occurs at the lower part of dome and the cracks are also observed
at the upper part of the dome at the values of 0.675MPa and 1.06MPa.
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The first yielding of hoop rebar is nutiated at 0.94MPa at mid-height of the cylinder wall as
shown in Figure 16 and the vielding of meridional rebar in wall-basemat juncture begun ar 1.19MPa.
The maximum strain of hoop rebar is observed at midheight of the cylinder wall with the value of
0.55% at the final stage. The maximum value of the strain in the hoop tendon is observed as 0.51% at
the final stage. Because numerical insmbi.lity has occurred, there is no indication of tendon or rebar
failure at the final load step. The deformed shape of 3-dimensional model at ultimate pressure state is

illustrated in Figure 17.

Displacement wverses internal pressure relationship comparisons at several Standard Output
Locations (SOLs) such as mid-height of the cylinder. springline and dome apex are made in Figure 18
through Figure 21. There is a very good agreement for vertical displacement in the springline (Figure
20) as well as radial displacement in the mid-height of the cylinder {Figure 18} and springline (Figure
19) between analysis and test. As mentioned above, the first crack is occurred at 0.62MPa. The
analysis and the test coﬁsistenﬂy exhibit a sharp jump in displacement at cracking pressure. There is
poor correlation between analysis and test data for vertical displacement in dome apex. Unfortunately,
test data between LST DOR and SFMT DYN has a quite different aspect.

Finally, The pressure levels due to the event milestones requested by SNL are summarized in
Table 6.

Table 6. Pressure level due to the event milestones (unit: MPa)

Event milestones Axi-synunetric model | 3D model

First cracking of concrete in cylinder due to hoop stress 0.59 0.62
First cracking of concrete in cylinder due to mertdional stress 0.59 0.62
First yield of hoop rebar in cylinder 1.036 0.94
First yield of meridional rebar in wall-basemat juncture 1.29 1.19
First eracking of dome concrete above 45° dome angel 077 1.06
First cracking of dome concrete below 45° dome angle 0.67 0.675
Hoop tendons in cylinder reaching 1% strain 1.43 -

Hoop tendons in cylinder reaching 2% strain 147 -

Hoop tendons in cylinder reaching 3% strain 1.50 -
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Figure 14, Deformed shape of axi-symmetric model at uitimate pressure (x100)
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Figure 15. The first crack location of the concrete
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Figure 16. The first yielding location of the rebar
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Figure 18. Radial displacement at the mid-height of cylinder (SOL #6)
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Figure 19. Radial displacement at springline (SOL #7)
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Figure 20. Vertical displacement at springline (SOL #8)
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Figure 21. Vertical displacement at dome apex (SOL #11)
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Appendix G:
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Posttest Analysis of a Prestressed Concrete
Containment Vessel Model

(Ultimate Pressure Capacity of 1:4 scale PCCYV)

% KOREA POWER ENGINEERING COMPANY
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1. Introduction

The purpose of the work contained herein is to summarize the posttest analysis results performed by
Korea Power Engineering Company fo simulate the structural responses accurately comparing the
measured responses from SFMT (Structural Failure Mode Test) tested at Sandia National Laboratories
[1].

To simulate the failure loading as well as the failure mode of the PCCV model, a three-dimensional full
model involves at least two critical features for the structural idealization: one is by geometry model
considenng the effects due to presence of the openings and the buttresses in the PCCV. The other is by

material property models for concrete, reinforcement, tendon and liner plate.

The computer program ABAQUS [2] was used to analyze a three dimensional model of containment
with nonlinear material properties of concrete, liner plate, reinforcing steel, and prestressing tendon by
increasing the internal pressure to failure. Thereby, the final results including the faslure mode and the

corresponding internal pressure level are determined.

The modeling approaches of geometry and materials and the analysis results with comparing the test

results are summarized in the following sections.

2. Material Property and Modeling
2.1 General

To simulate the SEMT test results of the 1:4-scale prestressed concrete containment structure, the
actual properties are used for the concrete, reinforcing steel, post-tensioning tendon, liner plate and
soil. The actual material properties for these materials are established from test data provided by
Sandia Naﬁonfl Laboratories used in the construction of the 1:4-scale PCCV [31.

2.2 Concrete
Material Model

The concrete is characterized by a materially nonlinear deformation behavior. The material non-
linearity is assumed to occur due to cracking of concrete in tension and plasticity of concrete in
compression. However, the material non-linearity due to the latter is relatively less influence than that
due to the former on the failure mode of the containment structure under internal pressure. Therefore,

* the Modified Drucker-Prager’s failure model that is known to be suitable to represent the tensile
concrete cracking of the three-dimensional finite element model is introduced in the numerical
analysis.
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The yield surface and flow potential parameters for elastic-plastic material yield swrface in the
modified Drucker-Prager’s failure model with a non-associated flow potential and the strain
hardening are defined by the model parameters K-factor, the friction angle £, and the dilation angle .
The material parameter K (&, f,} controls the shape of the yield surface in the deviatoric plane and
angle £ is the angle between the yield surface and the pressure stress axis in the-meridian plane [4].

The concrete structure was appeared to be damaged during the Limit State Test. Thus, to evaluate the
effect of tensile and compression damage on the analysis resulfs, the damage index d .= 0.1
considering the micro damage level corresponding to the surface crack status showing some tensile
cracking is introduced in the analysis [5]

Material Property

The following concrete properties from the uniaxial strength test data for trial mix concrete are used

in the analysis of the 1:4 scale PBCCV model.

Table 1 Concrete Material Property

Property Value for Basemat Value for Shell & Dome
Elastic Modulus 27950 Mpa 26970 MPa
Umiaxial Compressive Strength 39.16 Mpa 47.30 MPa
Uniaxial Tensile Strength 3.37Mpa 3.45MPa
Poisson’s Ratio 0.18 0.18

2.3 Reinforcement Steels (Rebars)
Material Model

Rebar materials are generally incompressible when they deform plastically and yielding is
independent of the pressure stress. The Von Mises failure criterion is therefore used for thus steel

material.

Hsu's study result [6] noted that the stress-strain curves for bare steel bar and for steel bar embedded
in concrete are quite different as shown in Figure 1. Therefore, the stress-strain relationship of rebar
embedded in concrete has been recommended in reinforced concrete structure to simulate the realistsc

behavior of the rebar in concrete.

The stress-strain curve of the rebar for the numerical analysis is idealized by bilinear curve having a
slope of E, before yieldmg and a slope of E, after yielding as ifustrated in Figure 1. The equations of
two lines are expressed with the stress level designated as f; at which the two straight lines intersect
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as equation (1) and (2). The plastic modulus E,’ after yielding can be taken a small fraction of the

elastic modulus E;.

/. =E,¢, for f <f, ¢}
fi=E s, for f.>f, @

wheref, is the vertical intercept of the post-yield straight line. The intersection stress level £, and the
plastic modulus E,’ depend mainly on the level of the apparent yield stress fi* illustrated in Figure 1.
The values of f;’ and E,’ in the stress-strain relatinship introduced to the numerical analysis are
calculated as equations (3) and (4) using the apparent yield stress £* and the strain-hardening
modulus of the bare bar E,, from the actual material properties.

5 5t

L =0.43+0.5 (3)
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Figure 1 Stress-strain relationship of rebar using bilinear model
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Material Property

The test results provided in the appendix of References [3] are used the rebar material properties.

Table 2 presents the modulus of elasticity for each type and each size of the reinforcement steel.

Table 2 Remforcing Matenial Properties

D6 DI0 |- D13 D16 D19 D22 D19
(SD345) | (SD390) | (SD390) | (SD390) | (SD390) | (SD390) | (SD490)
Elastic
Modulus(Mpa) | 1-69ES | 1.83Es | 1.83ES | L.83ES | 1.84ES | 19IES | L.86ES
Poisson’s ratio 03 03 03 0.3 03 03 03
Yield
Stress(Mpa) 369.4 4729 4323 4575 473.1 459.0 512.2
Tensile
Stress (Mpa) 489.4 665.9 6106 | 6165 6583 680.8 709.7
Extenston(%6) 304 20.5 242 221 21.1 18.7 178

2.4 Prestressing Tendon
Material Model

The stress-strain curve of a bare prestressing tendon consisted of two straight lines jointed by curve
knee shown in Figure 2 is used for the numerical analysis. The first part of the curve is a straight-line
up to 0.7f, and the second part is expressed by Ramberg-Osgood equation(S) that meets the first part
at the stress level of 0.7f,.

fp: = p_ 73 (5)

where f., /5, E," and &, is the ultimate strength of the tendon, the sirength in the tendon, the tangential

modulus Ramberg-Osgood curve at zero load and the sum of strain in the tendon, respectively [5].

The finife element code ABAQUS has no function to express the unbonded tendon and thus the
prestressing tendons are modeled by the embedded approach available in ABAQUS using the rebar
subelement in conerete. That is, the numernical modeling of tendons as rebar sub-elements implies that
the tendons are assumed bonded to the concrete and the slippage of the tendon in the tendon sheath is

not considered in the numerical analysis.
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Figure 2 Stress-strain relationship of prestressing tendon

Material Property
The following material properties from Sandia Laboratories are used for the tendon modeling.

Table 3 Tendon Material Properties

Property Values
Elastic Modulus 191000 MPa
Elatic Limut Stress 1339 Mpa
Yield Strength 1691 Mpa
Poisson’s Ratio 0.3

Ultimate Strength 1912 MPa
Extension 4.5%

2.5 Steel Liner Plate
Material Model

The liner plate was partially teared during Limit State Test, but it is considered to contribute to the
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structural sirength during SFMT. Thus, the stress-strain behavior of the liner plate steel 15 modeled by
using elasto-plastic model that is available in ABAQUS. The von Mises failure surface with kinematic
hardening is used to represent the nonlinear behavior of the matersal.

Material Property

The material properties for liner plate infroduced to the numerical analysis are as shown m Table 4.

Table 4 Steel Liner Material Properties

Property Values
Elastic Modulus 218700 MPa
Elatsc Limit Stress 1339 Mpa
Yield Strength 375.595 Mpa
Poisson’s Ratio 0.3

Ultimate Tensile Strength 499.158 MPa

3. Finite Element Model

3.1 General

The three-dimensional fimte element model includes two butiresses and large penetrations such as
equipment hatch and airlock. These non-axisymmetric factors may cause deviation from an
axisymmetric response and decrease the ultimate pressure capability of the PCCV. An interconnection
between shell element in the base slab(or basemat) and shell elements in the wall 1s modeled by the
composite shell element with orientation to properly simulate the shell/slab junction. All rebars
embeded in the prestressed containment structure were modeled by usmg the rebar subelement
provided by ABAQUS and the liner was modeled as a thin inner layer of the shell elements.

The model consists of 1822 four-node shell elements, 278 nonlinear soil spring elements and 1509

nodal points and the overall finite meshes are shown as Figure 4.

3.2 Shell and Dome Model

The dome and cylindrical wall are modeled with multi-layer shell elements consisting of a {hin imer
layer of stee! representing the liner and a much thicker outer concrete layer including rebar and
tendon. In order to simulate accurate displacements versus internal pressure extracted from the test
data near these regions, a more refined mesh was considered around openings and the opening sleeve

and hatch cover are also modeled using shell element as shown in Figure 5. All remforcing bars in the
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dome and cylindrical wall are modeled by using the rebar sub-element provided by ABAQUS

" computer progrant.

Due to limitation of the computer program ABAQUS, the tfendons are assumed to remain rigidly
bonded to the conerete and thus modeled by using the rebar sub-element with introducing prestressing
stress provided by ABAQUS. Therefore, the actual condition including the shippage of tendon m the
tendon sheath can not be considered in the analysis model. Prestressing stresses being induced m the
tendons are expressed by using the *INITIAL STRESS command with the *PRESTRESS HOLD

option in ABAQUS computer code to remain the tendon stresses at predetermined levels.
3.3 Base Slab Model

The reinforced concrete base slab is also modeled by four-node multi-layer shell elements consisting
of an inner thin layer of steel representing the liner and a much thicker outer concrete layer. Since the
base slab is modeled by shell elements, the tendon gailery is not included in the three-dimensional

model.

The bottom of the base slab rests on soil foundation that is modeled by the nonlinear soil spring with
tension cut-off. The soil properties were also not provided and thus an appropriate elastic modulus
was introduced only to simulate the uplift by using the nonlinear spring with tension cut-off. That is,
the compression stiffness was considered as the empinically large value not to develop the
compressive behavior while the tension stiffness was neglected. All rebars in the basemat are modeled

one-for-one by usmg the rebar sub-element of ABAQUS smularly to the wall and dome parts.
3.4 Prestressing Forces in Tendon

The meridional stress and hoop stress along the length of the tendon in the concrete are estimated as
shown in Figure 6 with the prestressing losses at the time of testing and the prestressing force was
introduced prior to applying the internal pressure to the numerical model. The four types of losses
given specific modeling consideration are (1) the friction between the tendon and the concrete, (2) the
elastic shortening of the concrete, (3} the creep and shrinkage of the concrete, and (4) the stress

relaxation in the prestressed tendons.

The vertical prestressing forces of 106.27kips before anchoring and 96.04kips after anchoring are
introduced from the PCCV Model-General Arrangement. Based on the prestressing forces at
anchorage, the magnitudes of the vertical tendorn stress are calculated along the length of the vertical
tendon and considered in the finite element analysis model with considering the losses shown in Table
5. Sinularly, the hoop tendon forces of 95.27kips before anchoring and 73.52kips after anchoring are
used in the caleulation of hoop tendon stress.
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Table 5. Prestressing Losses

Vertical Tendon Loss Hoop Tendon Loss
] MPa (ksi} MPa (ks1)
Elastic shortening of concrete 31.855 (4.620) 31.855 (4.620)
Creep of concrete 66.999 (9.717 83.829 (12.138)
Shrinkage of concrete 129.309 (18.754) 129.309 (18.754)
Steel relaxation 19.747 (2.864) 14,473 (2.099)
Total losses 247.910 (35.955) 259473 (37.632)

3.5 Self-weight, Water Pressure and Internal Pressure

Because of the elastic support below the bottom slab, the effect of the weight of the structure had to
be inifially considered prior to internal pressurization. This 15 accomplished by specifying as mass
proportional load for each material included m the 1:4 scale PCCV model prior to mitiating the
internal pressure. The weights of each material are considered in the numerical model by using the
GRAVITY parameter of *DEAD LOAD option of ABAQUS.

The hydrostatic pressures from the water filled to 1.5m from the dome apex are calculated with
Pascal’s principle and loaded on the surface of the wall and base slab prior to internal pressnrization.
Internal pres:auré loads are specified to act as a uniformly-distributed force, remaining normal to the

interior element surface of the contatnment shell, dome and base slab as 1t deformed.

4. Analysis Results and Discussion

All analysis results at 55 standard locations are selected and prepared as excel file to compare with
SFMT test results. The three-dimensional finite element model (3DFEM) provided a good simulation
of the SFMT test results. Most of the behavior comparisons show generally good correlation excepting
some results of the 3DFEM showmy differences between the 3DFEM and the SFMT (see Figures 7
through 10).

4.1 Displacements

The displacement fransducer were ‘zeroed’ prior to the start of the SFMT before filling the vessel
with water and thus the measured displacements reflect only the response o pressure (including the
hydrostatic pressure) and not the effects of prestressing, nor any other previous loading [3]. Therefore,

the numerical analysis displacements excluding the responses due to prestressing and dead load were
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plotted and compared with the corresponding measured displacements: Most of the displacements
comparisons show generally good correlation excepting some results of the 3DFEM showing
differences between the 3DFEM and the SFMT (see Figure 7).

The displacements at EL. 1.43m and 2.63m show good agreement between the analysis and the test as
shown in Figure 7(a) and (b). At the base of the wall (below EL. 0.25m), however, the numerical
model deforms radally outward while the test measurement shows very small inward deformation (as
shown in Figure 7(c)). This reverse trends near wall-mat junction is judged to come from the
characteristics of the numerical model introducing shell element to basemat and putting sotl spring
under basemat to simulate uplift. That 15, in the numerical analysis some flexural behaviors seem to
be occurred in the basemat due to the overestimated uplift and plate bending larger than the test

measurements reflected the actual behavior of the massive rigid basemat.
4.2 Rebar Strains

The residual rebar strain remained at each gage after LST was the inttial strain at the start of the
SFMT. Thus, both the analysis initial stains prior fo pressure and the measured initial residual strams
should be compared. Also, the strains due to only pressure need to compare for both the analysis and

the test as the pressure increased.

The hoop outer rebar at the mid-height of ¢ylinder (135°, EL. 6.20m) is the reinforcing steel D16
having a yield strain 0.25% calculated from a yield stress 457.5Mpa and elastic modulus 1.83E+05 m
Table 2 [3]. The 3DFEM shows that the hoop outer rebar at the mid-height of cylinder is judged to
yield at the pressure level of 1.10Mpa and the maximum strain in the hoop rebar indicates 3.8% at
pressure level of 1.52Mpa(see Figure 8).

The strains in the meridional outer rebar at the elevation 0.05m and 0.25m show different trends. That
is, the numerical model show the outer rebar strain changing from tension to compression while the
test measurement indicates the outer rebar stramn 15 very small but changing from compression to
tension (as shown in Figure 9). These reverse trends near wall-mat junction are judged fo come from
the same reason as for the reverse trends for radial displacements at the same locations
aforementioned in section 4.1. Also, to investigate the effects of the basemat uplift on the behaviors
near the wall-mat junction, the outer rebar strains are compared depending on the boundary condition
at the base of the cylidrical wall.

4.3 Tendon Strains

Tendon strains gages were ‘re-zeroed” before the SFMT [3] and thus the analysis tendon strains prior

to the start of pressurization were deducted from the tendon strains during pressure to directly
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compare with the measured tendon strain.

Most of the tendon strains simulated by the 3DFEM model exhibit a good agreement with the test
measured tendon strams as shown Figures 10(a) through (¢). However, the strains measured at the
hoop tendon passing near buttress (Az.90°, EL. 6.58m) show much larger values than those of
3DFEM as shown in Figure 10(d). The hoop tendon at the mid-height of the wall is started to yield at
pressure level of 1.43Mpa and the maxmmum stram comesponding to the pressure of 1.54Mpa is
appeared to reach 3.74%.

4.4 Liner Strains

The response of liner was not a critical objective during the SFMT and thus the measurements are not
provided for comparison. The analysis results show that the liner at the mid-height of cylindrical wall,
especialty the regions near equipment hatch, 15 started to yield at the pressure level of 0.84 Mpa and
the yield in liner is appeared extend to the bottom of wall at 1.45Mpa as shown in Figure 11.

4.5 Concrete Cracking

The finite element analysis fesults show that the first concrete cracking in the numerical model occurs
at a pressure level of 0.58Mpa and is located at the surface of cylindrical wall at the wall and basemat
joint. At the pressure level of 0.60Mpa, the elements near large openings of wall cylinder are cracked
in both the hoop and meridional directions as shown in Figure 12.

Figure 13 illustrates the strain at the pressure level of 1.52 MPa judged to be the structural failure
mode in the analysis and the distribution of concrete cracking at the failure can be indirectly
compared with the test results. According to the strain distributions in the model, the final faiture
appeared to occur between the edge of equipment hatch and the buttress for the x-direction and there

were large strains from the spring line upto 45 degrees of dome.
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ta) Equipment Hatch (b} Personal Anlock

Figure 5 Refined Mesh arcund Large Penetrations m Model (Inside Surface)
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Fignre 11 Stress Comtours for Liner Yield and Tearing
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Analysis of a 1:4-Scale Prestressed Comcrete Containment Vessel Model and Post-test
Analytical Studies of Tendon Friction

Sandia / DEA report to NEA/CSNT's Int’l Standard Problem 48 {Phase 2 — Mechanical Loading)
R. A. Dameron”, B. E. Hansen, E. R. Kel]ley“, and M. F. Hessheinzer?

1} David Evans and Associates, Inc., San Diego, CA, USA
3} Sandia National Laboratories, Albuquerque, NM, USA'

BACKGROUND and INTRODUCTION

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear
Regulatory Commission (NRC), Office of Nuclear Regulatory Research. co-sponsored a Cooperative
Containment Research Program at Sandia Natiomal Laboratories {(SNL} in Albuquerque, New
Mexico. As part of the program._ a prestressed concrete containment vessel (FCCWV) mode] {shown
Fignre 1) was subjected to z sentes of overpressurization tests at SNL beginning in July 2000 and
culminating in a functional failure mode or Limit State Test (LST) in September 2000 and a
Structoral Failore Mode Test (SFMT) in November 2001, The PCCV model, uniformly scaled at 1:4,
is representative of the containment structure of an actual Pressurized Water Reactor (PWR) plant
(OHI-3) in Japan. The objectives of the pressurization tests were to obtain measurement of the
structural response to pressure loading beyond design basis accident in order to validate analytical
modeling, to find pressure capacity of the model, and to observe its failure mechanisms. The model’s
limst state reached during the LST was liner tearing and leakage at various locations in the cylinder,
a5 shown in Figure 2. The structural failure mode during the SFMT was gross mpture of the cylinder
wall as shown in the post-SFMT photograph of Figure 3.

Sandia National Labs is also participating in the Internationa! Standard Problem (ISP 48) on
containment imegrity and providing assistance to NEA/CNSI in distributing data and interpretations
from the PCCV model test to participants in the analysis exercise. David Evans & Associates, vader
a contract with SNL which began in 2003 is supporting SNL's involvement in the ISP 48 and
conducting additional post-test analytical studies. This work is especially focusing on aspects of the
PCCV behavior where analytical predictions were significantly different than the test measurements,
and on possible scaling issues and “test model artifacts” that may influence interpretations and
judgment which can be obtained from the test.

This report represents SNL's submittal to the ISP 48 Analysis Exercise, Phase 2 -
Mechanical Loading. It compares results of pretest analytical studies of the PCCV model to the
PCCV high pressure test measurements and describes results of post-test analyfical studies. All of the
pretest analyses and most of the post-test analyses have been performed by ANATECH Corp. under
contract with SNL. These analyses conducted through 2002 are documented in detail in References
{11, {2]. and [3]. This ISP-48 submittal summarizes the modeling approach and analysis tools,
comparisons between measured behavior and predicted behavior of the liner, concrete, rebar, and
tendons, and the various failure modes and locations that were investigated. Comparison of pretest
and post-LST analysis results to the SEMT data and additional analyses, to provide insight into the
mechanisms leading to the stuctural failore, are also included in this report. Observations on the
accaracy and adequacy of the prediction analyses, lessons learned from the 1:4 Scale PCCV, such as

_the modeling and behavior of prestressing and some unique liner seam details, are also discussed.

! Sandia i a multi program laborawory eperated by Sandia Corporation, a Lockhead Murtin Company, for the
L.3. Department of Energy under Conmract Number DE-AC04-944L85000..
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SUMMARY OF PRETEST ANALYSIS

The models that constituted the final pretest predictions were the global axisymmetsic, the
senut-global three-dimensional cylinder midheight (3DCM) model, and local models of the E/H
Personnel Airlock (A/L). and Mainsteam (M’S) penetrations. These models are shown in Figures 4-7.
{Figure 7 also shows strain contour result information plotted oato the finite element model )

The ABAQUS general purpose finite element program [4] and the ANACAP-U concrete and
steel constitutive modeling modules [5] were used for the analysis. Tendons and their prestressing
were modeled to replicate expected tendon stress-strain behavior and friction effects. Concrete
cracking was simulated with the "smeared crack” approach, where cracking is introduced at the finite
element integration points. Cracks can form at orthogenal directions, up to three cracks per
itegration point, and once 2 crack forms, it can never heal. Rebar was always modeled with
ABAQUS rebar subelements, which reside within the “parent” concrete element, and therefore, are
required to have strain compatibility with the concrete. However, the rebar stress-strain law is
completely different than the concrete and is represented by a J-2 plasticity model available within
ANACAP-U. The tendons were modeled in various ways for the different models, depending on the
level of detail. In some cases, the tendons were modeled with rebar subelements, and in other cases,
modeled individually with beam elements in which the tendon elements were allowed to slide relative
to the concrete. In these cases, friction was represented in various ways. Tendon friction modeling
was studied in detail in this work, and this is described later in this report. |

The local failure predictions were all driven by response versus pressure histories calculated
by the 3DCM model. The only changes made betvreen the 1999 pretest predictions reported in [2] and
the final (20007 pretest predictions were to material properties and prestressing levels. Because visual
mspection of the model revealed the existence of micro-cracking (probably due to curing and

- shrinkage) throughout the cylinder, the concrete tensile strength was reduced to a eracking strain of
&g = 40 = 10-6, based on prior experience with similar test structures. A new suite of concrete
compressive tests became available in February, 2000, so these were also incorporated into the final
pretest analyses. .

The failure predictions consisted of liner tearing locations, all occurring unear the midheight of
the cylinder near penetrations and weld seams with “rat-hole™ details. The most likely location for the
liner tearing failure was predicted to be near the Equipment Harch (E'H) at the ending point of a
vertical T-anchor, near where the liner is attached 1o the thickened liner insert plate (also a weld
seam). The failure pressure was predicted to be 3.2 times the design pressure (PJ) of 0.39 MPa or 1.27
MPa. :

COMPARISON OF PRETEST ANALYSIS TO THE TEST MEASUREMENTS

During the LST, liner tearing and leakage failure was first detected at a pressure of 2.3 Py,
and a subsequent increase in pressure to 3.3 Py resulted in very extensive tearing at many strain
concentration locations. Ultimately, the leak rate through the tears exceeded the flow capacity of the
pressurization system so the test was concluded. In reviewing the PCCV test data, the 55 Standard
QOutput Locations (SOLs) used for the Round Robin prediction exercise held in 1999 [6] were very
useful comparison points. Pretest analysis test data comparisons (e.g.. Figures 8-18) show
comparisons of typical displacements, liner strains, and rebar strains. (Post-test analysis curves,
described in the next section are also included on these plots.) Analysis data curves were “rezeroed”
to the first point of the test data, i.e. the data reading occurring at the start of the test. This slightty
shifted the analysis data, but it simplified the comparison of the response to internal pressure and
eliminated differences in response to dead load, prestressing and creep or other time-dependent
effects. This is justified because most of the PCCV instrumentation was initialized in March, 2000;
after dead loads were applied, the model was prestressed, and underwent six months of outdoor
temperature fluctuations and low- pressure testing prior to the start of the LST (September, 2000).
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The conclusions from the comparisons of fhe pretest analysis with the LST were as follows:

+ Radial displacements in the cylinder wall (Figure 8 and Figure 9} were well predicted by global
axisymmetric analysis, but dome and overall vertical displacements (Figure 9 and Figure 10)
were overpredicted.

s  Wall-base juncture behavior, including many rebar and liner sirain measurements, (e.g.. Figore 1}
were well predicted by the detailed wall-base juncture (axisymmetric) modeling.

o Functional failure (1.e. leakage in excess of 1% mass/day) at a pressure of 2.5 P; oocurred at a
liner tear in an area of high strain that was not examined in detail by analysis, but was probably
amplified due to defects associated with weld seam repair.

« Maximum pressure, 187.9 psig (3.30 Py). was closely predicted by analysis, but the predicted
failnre location did not manifest. (Maximum pressure was also limited by the capacity of the
pressurization system.} Ultimately, liner tears at many locations occurred, and many of these
were identified by analysis. v ' ’

+ The average radial displacement at the midheight of the cylinder of 20mm at maximum pressure,
equivalent to an average hoop strain of 0.37%, is within 10% of that predicted by global analysis
(21.9 mm or G.41%).

¢ Maximum radial displacement at E/H = 29mm equivalent hoop strain of 0.0054, was reasonably
predicted by 3DCM model, but prediction of displacements at other azimuths—like the buttresses—
were poorly predicted by 3IDCM model.

s Hoop tendon stress distribution simulated by analysis at start of LST showed fair agreement with
measurements, implying that the angular friction and anchor set modeling assumptions at the start
of the test were reasonable. Vertical tendon siress distribution at the start of the LST were less
consistent with the initial modeling assumptions.

+ For the hoop tendon stress distribution, gages interior from the ends were undespredicied by
anatysis and the anchor forces (gages near the ends) were overpredicted. The cylinder hoop
tendon data, in total, shows evidence of the tendons slipping during pressurization, and
measurements indicate that the shape of the tendon stress profile changes from its initial friction
dominated “V-shape” to a nearly unifiorm stress profile during pressurization.

POST TEST ANALYSES

Global Axisymmetric posttest analyses were performed after the LST. Vertical and dome
displacement comparisons were significantly improved by redistributing soi! basemat springs
according to tributary area, and by improving the dome meridional tendon representation to account
for the added stiffness of the overlapping tendons due to the rectilinear “hairpin” layout.

Comparisons were also improved by using no vertical tendon friction in the cylinder.

Extensive additionsl studies were also performed for the posttest 3DCM analysis. In the
pretest analyses, the 3DCM model was developed to investigate the non-axisymmetric behavior of the
cylinder wall and provide more realistic boundary conditions for the penetration’s snbmodels.
Buttresses above and below the 3DCM model boundaries have vestical beam stiffnesses that are got
accounted for in a cylinder skice model. Equivalent spring properties were derived and then applied as
radial spring elements. The other modeling assumption found to be at significant variance with
observed test behavior was the tendon modeling, especially the representation of friction. As shown
in Fignre 19, the pretest models used tendon friction truss ties oriented at an angle of arctan(0.21) to
simulate angular friction. Two important observations were made from the test about the hoop tendon
behavior:

1. When pressure overcomes prestress, P = 0.59 MPa, tendon stress distributions change from the
classical angular friction design assumption to an approximately uniform distribution; then they
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stay fairly suiform at most higher pressures. Toward the end of the test, some tendon interior
forces even slightly exceed the force at the anchor.

2. The apparent strain increases in tendons corresponding to force/strain gage readings are
significantly larger (e.g. 0.48% versus 0.33%, for H33 as shown in Figure 20} than the strain that
corresponds purely to radial expansion. This can only be explained by force redistribution
associated with sliding. Thus the position of the tendon relative to the concrete must be allowed
to change after initial prestress in order to adequately simulate tendon behavior dunng
overpressurization. {The analytically predicted tendon force distributions are also shown in Figure
205

These observations fed to changes in tendon friction modeling of the 3DCM model. Because
obgerved tendon friction behavior turned out to be quite complex. new analysis strategies were chosen
to bracket tendon behavios:

Model 6. Apply prestress. Then, by using the ABAQUS *MODEL CHANGE capability, fix the
tendon nodes at their initially deformed position relative to the concrete. In other words.
start from classical design prestress with friction and then effectively bond the tendons.

Model 7. Perform original analysis up to P = 1.5 P4 (0.39 MPa), then "MODEL CHANGE" friction
elements to non-friction elements (truss ties aligned perpendicular to the tendons). In other
words, perfectly unbond fendons.

Model 9. After prestress, keep the initial friction elements, but add friction elements in the reverse
orientation so that if points on the tendon move relative to concrete in the reverse direction
from that of initial prestress, they will experience reverse directicn friction.

In general. the tendon friction simulation runs 6, 7, and 9 showed progressively better
agreement with test measurements, with run 9 (tendont force profile shown in Figure 21) showing the
best agreement at the anchors and at most points imterior to the tendon ends. Based on these and the
other observations, the results of run 9 were used to drive the submodels for E/H and M/S (and
estimated feedwater (F/W)) penetrations posttest analysis. On tendon friction behavior, the test
measurements and analytical evidence support the conclusion that tendon friction is important {o the
tendon behavior, but traditional friction design formulas that predict tendon stress distribution begin
to break down once pressurization exceeds the pressure that overcomes prestress (in this case, roughly
1.5 Py). The coefficient of angular friction appears to lessen, allowing sliding and force redistribution
as the vessel expands, but more importantly, some parts of the tendon are forced to reverse direction
of travel relative to the duct, reverse it from the direction of travel experienced during prestressing.
Under this action, angular friction properties probably still hold, but the direction of friction must
change sign from that assumed in a design calculation.

Posttest analyses were also performed for the penetration submodels. Liner strains measnred
in the vicinity of the E/H penetration collar were much lovwer than predicted by pretest analysis
(Figure 22}, Since the predicted high strain locations were fundamental to the failure predictions,
significant effort was spent reanalyzing the E/H model after the test. As a result of this work, two
hypotheses were developed.

Hypothesis 1: The liner in the E/H area had a high degres af bond-friction with concrste, praventing
slippage of the liner relative to the concrete; relative slippage is required for elevated
strains to develop near local discontinuities iks T-anchors and stiffeners. This highly
lovalized affect was not captured in the pretest analysis.

Hypothesis 2: A major crack near edge of E/H embossment further concentrated liner strains at
edge of embossment.

374



NEA/CSNI/R(2004)11

Postiest analysis showed that by preventing relative slip between liner and concrete, the
overall behavior of the system {concrete strains, tendon strains, liner strains away from the hatch)
rematned the same_ but the elevated strains close to the collar were eliminated. In the final case,
directed cracks were introduced to one row of elements, and a discrete crack was formed by adding
double rows of nodes along an assumed crack line. This was found to create elevated liner strain. The
additional strain concentration coincides with rat-hole weld seam details, and in the LST, elevated
strains were measured and numerous tears occurred at these details. Based on results of detailed liner
rat-hole analysis, the additional strains associated with sach details is enough to exceed the liner
tearing strain criteria. This shows that with discrete crack modeling and local rat-hole modeling, a
liner tear could have been predicted to occur as early as 2.8 Py. Based on the evidence provided by
liner steain gages and by acoustic monitoring, cne of the tears along this embossment edge may have
even occurred as early as 2.5 P, (Note that this posttest analysis did not attemipt to inclode as-bualt
tiner defects, such as local thinning or residual stresses resulting from initial fabrication or subsequent
repairs.} The posttest E/H study thus presents a modeling strategy with results that correlate well with
the LST measurements and observations. A somewhat higher strain prediction might be possible if a
discrete crack (separate rows of nodes) were propagated all the way through the concrete wall, but
this would require a change in rebar modeling strategy—one that is probably not practical even for
very detailed analysis of containments.

The M/S and F/W penetration hot spots (both analysis and LST observations) occurred near
the vertical T-anchor terminations and near the ‘equator’ of the thickened insert plate surrounding the
penetration group, i.e. at the 3:00 and 9:00 positions as was previously shown in the strain contour of
Figure 7. For the posttest analysis effort, no changes to the M/S model were necessary, other than
updating the applied displacement versus pressore histories that were obtained from 3DCM posttest
Model 9. After studying the F/W geometry in the posttest phase of the project, it was determined that
the F/W penetration model was similar enough to the M/S penetration model that it would be
assumed the posttest M/S model was reasonably representative of the F/W penetration. Several
observations could be made from the well-instrumented M/S and F'W locations that are relevant to
response predictions around containment penetrations.

¢ Many of the highest strains recorded during the L8T are near the M/S and the F/'W.

+ There is wide variation in peak strain measurements, even at locations that are theoretically
identical in geometry; factors contributing to these differences are: slight variations in liner
thickness {doe to manufacturing and weld repair grinding), gage position relative to the
collar'weld, material properties (including welding heat effects), etc.

+ The highest strain measurements can, but do not always, correspond to tear locations. Sometimes
a gage can show evidence of rising prior to tear occurrence, then declining due to the stress
relief caused by the tear; a gage located near 2 tear crack tip, on the other hand can show quite
low strain up to 3.1 Py and then suddenly jump. ’

Comparisons of analysis to the M/S and F/'W liner strain gages showed that the posttest
analysis of the M/S penetrations captured the strains measured in the LST quite well for both the M/S
and F/W penetrations.

POST-TEST ANALYSIS OF LINER TEARS WHICH OCCTURRED AWAY FROM
PENETRATIONS

Detailed analytical investigation was conducted of liner tears that cccnrred away from
penetrations but where welding details may have cansed local liner strain concentrations. The PCCV
model exhibited 16 distinct locations at which liner tears occurred. All 16 locations were near vertical
weld searas, but with some variation in the configuration of a horizontal stiffener or rat-hole. By
comparing "before and after” photos taken by SNL (such as shown in Figure 23) and with reference

375



NEA/CSNI/R(2004)11

to a posttest metaliurgical study [6], it was observed that liner welding irregulanties were present at
almost all of the tear locations. These irregularities included points of extensive repair, such as
grinding, points of discontinuous or missing back-up bars, or points with weld and liner seam fit-up
irregular geometry. Some locations, where a seam and rat-hole existed and high strains were
measured, but a tear did not occur provide additional evidence of the importance of the welding
details to liner tearing. Ultrasonic measurements showed substantial reductions in thickness near
many tears. Measurements showed ~23% thickness reduction in many locations, and more (up to
40% in a few locations).

A posttest liner seam analysis study (using the model shown in Figure 24) was aimed at
quantifying effects of welding irregularities and distinguishing these from strain concentrations solely
related to geometry. A mesh-size sensitivity study was conducted. Analysas were then conducted to
assess material and geometry variations. The first varfation implemented varying material properties
near the weld areas. This included assignment of different material properties to the base metal, heat
affected zone (HAZ), and weld fusion zone {WFZ) regions of the model. The second variation only
modified the material in the WFZ. The final phase incorporated geometry modifications to the model
near the weld lines. This included thinning of elements and varying the extent of thimning in the
vicinity of the welds due to grinding. The geometry modifications were coupled with modified
material properties ranging from uniform to including variations of base metal, HAZ, and WFZ
regions. A typical strain contour result for one of the detailed liner analyses is shown in Figure 25.

The conclusions of the liner seam/rat-hole modeling study are summarized below:

» By comparison with strain gages and posttest liner tear ocbservations, some of the fintte element
weld seam analyses are able to generate strain fields in and around the rat-holes and liner welds
which agree reasonably well with strain page measurements and which exceed the liner tearing
strain criteria at locations where tears were cbserved.

s« Competing mechanisms between the weld zone and ends of stiffeners make yield and nltimate
strength adjustosents to the HAZ material properties necessary to correctly predict straimn
concentration location and intensity.

o  The models with back-up bars. nominal peometric properties, and best-estimate material
properties yielded the best simulations of defect-free construction of rat-hole/weld-seam details.
However, even models without back-up bars also provided reasonable correlation with gages at
these locations.

s A case with severe (~40%) amouats of thinning appears to provide the best simulation of the
behavior of tear occurrences in which severe liner thinning {due to weld repair grinding) was
reported.

¢ If a rat-hole/liner-seam detail is subjected to additionally elevated strain (i.e. strain across the
liner mode! that is larger than free-field global strain) a tear even earlier than 3.0 P4 can be
justified. In practice, such a prediction could approximately be made using a strain concentration
factor approach. The strain concentration factors (K = peak 2.5 divided by global eu,,,) implied by
this liner seam study are as follows: K = 48 (tear at stiffener end. no back-up bar); K =45 {tear at
stiffener end, with back-up bar); K = 39 (tear at HAZ, no back-up bar. and 40% thickness
reduction due to grinding); K = 91 if a short segment of horizontal weld seam back-up bar is
missing.

« Using a mode] of the rat-hole/seam locations without defects showed that liner tears still would
have developed by pressure of 3.4 Py, so liner tearing and leakage would still have been the
failure mode (for quasi-static pressurization} even in the abzence of lmer weldmg irregularities.

ANALYSIS OF THE STRUCTURAL FAILURE MODE TEST
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The LST resulted in liner tearing and leakage. but not a structural failure. Structural damage
was limited to concrete cracking, and the overall structural response (displacements, rebar and tendon
strains, etc.) was only slightly beyond yield. {(Global hoop strains at the madheight of the cylinder
only reached 0.4%, approximately twice the yield strain in steel } In order to provide additional
structural response data to compare with in-elastic response conditions, the PCCV model was
resealed, filled mearly full with water, as shown in Figure 26, and repressurized during the SFMT to a
maximum pressure of 3.6 Py The test ended when a catastrophic rupture occurred as was shown in
Figure 3. The SFMT posttest analysis showed that good simulation of the PCCV global behavior
through and including tendon rupture is possible with a 3D shell model as shown in Figure 27. The
main limitations of the shell mode] were a lack of local liner strain concentration prediction and a2 lack
of aceuracy in the predictions of local wall-base-juncture behavior. However, accuracy in global
behavior prediction did not seem to be lost when a bonded tendon assumption was used.

The SFMT model provided additional insight as to how the structural faiture likely
developed. Near the O - 6 degree azimmith of the cylinder. there is a reduction in inner and outer hoop
rebar area of 38% (from alternating D19, D16 bars to a pattern of 1D16/3D13 bars). At3.49 P, the
wall and tendon strain at the 0 - 6 degree location is higher than all other azimuths as shown in Figure
28, and a tendon mpture occurs. The analysis then shows neighboring tendons rupturing and
deformations spreading quickly along this azimuth. The secondary tendon ruptures spread upward.
From review of test video, this appears to agree with observations. By 3.65 Py, the analysis shows
ruptuse to have spread over a vertical line spanning about 6 m. This also agrees with observations. A
comparison of cylinder midheight radial displacement, test versus SFMT post-test analysis is shown
in Figure 29. Deformed shape “slice™ views of the cylinder midheight radial displacements can be
seen in Figure 30, showing the development of the faiture near the § degree azimuth.

Afier wall ruptre, a secondary event occurred in the SFMT: through-wall failure around the
circomference of the wall at about 1.5 m elevation. While it is difficult to say at what azimuth this
failure inthated, 1f seems clear that this was a shear or combined shear/flexural failure of the wall. The
ptotting of analysis shear sesults in the SFMT analysis model showed that such failure may have
initiated at the buttresses (evidenced by the high shear stresses predicted there) and then “vnzipped.”
With the triggering event of a massive wall rupture, one of two mechanisms may have caused shear
demand to exceed capacity: 1) a large deformation of the wall opening, creating large rotations near
the base of the wall, would crush the outer concrete of the flexural section and thereby reduce the
capacity, or 2} the water jet-induced momentum imbalance would cause added shear demand; this
would create tangential shear at sonue azimuths and would be the maximum at the buttresses; such
shear acting in combination with the already high radial shear stresses could have increased shear

_stress demand enough to induce the shear failure.

SPECTAL STUDIES ON TENDON FRICTION MODELING

In 2003, a new approach to modeling the tendon friction was investigated. To begin the
study the final post-test 3DCM maodel {“Run 9) was reduced to a ring model representing an
infinitely long cylinder as shown in Figure 31. Similar to the semi-global 3DCM model the concrete
was modeled with brick elements, the liner with shell elements and the rebar was included as rebar
syb-elements. Tendons were modeled with a truss element and, initially, friction truss-ties to adjacent
- concrete nodes. The inittal run with the truss-ties was used to compare with the original 3DCM
maodel and establish a baseline ring model to evaluate the effects of varying tendon modeling
parameters.

Once the baseline ring model had been developed and tested, the friction truss-ties were
removed and replaced with a sliding contact surface, coefficient of friction equal to 0.21. Inthe
original 3DCM analysis the stress in the tendon was applied through an initial stress in elastic
elements, external to the concrete mesh, at the end of each tendon. Anchor set losses in the tendons
were simulated by adjusting the orientation of the friction truss-ties near the end of each tendon. The
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friction truss-ties required the use of “small displacement™ theery so that the tendon friction would be
oriented correctly regardless of the movement of tendon nodes relative to concrete nodes. However,
because the orientation of the truss-ties does not change, the shape of the tendoen stress profile is
“Jocked in.” and this was found to have potentially significant effects on the analysis at intenmediate
pressures (pressures in the range of 1.5 Pd to 3 Pd). Because the truss-ties were eliminated in the
contact surface model, the tendons could be stressed in two steps, similar to the way stressing
operations cccur in the field. The tendons were stressed first to the full design stress and then the
stressing is reduced to simulate the anchor set losses. This second step, reducing the stress, allows the
ends of the tendon to slip relative to the concrete. Because there is fairly large displacement of the
tendon relative to the concrete nodes, now large displacement theory (zeometric nonlinearity) was
needed (in ABAQUS, done by including the “NLGEOM™ parameter). Without activating large
digplacement theory the loss in the tendon as a result of reducing the stress was effective over the
entire length of the tendon rather than just the anchor loss zone. By switching to large displacement
theory the tendon stress profile matched the design stress profile quite closely. The initial tendon
stress profiles of the two methods are shown to be nearly identical in Figure 32. Bui Figure 33 and
Figure 36 show how the two models begin differing substantially once significant pressure is appled.
Figures 32-34 show tendon stress comparisons and Figures 35-37 show radial deformation. At
pressures of about 2.0 P; and larger, the results using the two methods differ significantly.
Comparison to the measured radial displacements shown in Figure 38 show that the contact surface
model provides the best prediction of 3D behavior of the cylinder, even at intermediate pressures.

Two models were run with the contact surface. In Model 1 the initial stress profile attempted
to match the stress profile from the latest post-test analysis, namely a relatively small anchor sei,
corresponding to ~2 mm. In the post-test anafysis this was accomplished by orienting the truss-ties
perpendicular to the tendon over the anchor set zone of ~15 deprees of azimuth. For the ring model
with the contact surface, the stress profile was obtained by redueing the initial stress from 100% to
97%. Model 2 included an anchor loss zone of approximately 45 degrees, which comresponds to the
design anchor set of ~6 mm. For this analysis the anchor stress was reduced to 89%. Once the mnitial
stress profile was determined for each of the analyses, pressure loads were applied the same as to the
3DCM moedel. Comparisons are presented for tendon force and displaced shapes for each of the
models in Figures 39-42.

When comparing the displaced shapes, significant differences exist between the contact
model with different anchor sets at P=2.0 P;. In the large anchor set model the largest radial
displacements are occurring near the buttress location similar to the 3IDCM model. This creates an
elliptical displaced shape. However, in the small anchor set model the displacement is more vniform
over the eatire circumference of the model with the smallest displacements occurring at the butiress.
This has been judged to be closer to what was observed in the test.

The comparisons of tendon force show that, overall, the tendon behavior is quite similar
between all three models. Because the tendon forces are similar and the displaced shapes are quite
different, it indicates that there is significant sliding of the tendon relative to the concrete that the
truss-tie approach may not be capturing correctly. Further evidenceof this is provided in Figure 43
which shows tangential motion of Tendon HES relative to the concrete at the anchorage (azimuth 90
degrees) and at 180 degrees from the anchorage (Azimuth 270 degrees). All deviations from the
*flat” line are sliding movements of the tendon after anchorage lock-off; these appear to be somewhat
important to include in analytical simulations.

The overall conclusions of the study are that the contact surface approach provides maproved
simulation of cylinder response and tendon behavior at intermediate pressures of say 1.3 Py to 3Py, but
that near the tendon limit state of ~3.5 Py, all myethods provide a reasonable prediction. Further, it is
concluded that the PCCV test model probably experienced anchor set lower than the design value of §
mm, and probably in the range of 3-4 mm.
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DISCUSSION OF MODEL SCALING ISSUES

One of the goals of the final phase of SNL's containment research is to apply lessons learned
from scale model testing and analysis to full scale containments. This s also a parallel goal of the
I5P48 exercise. Before making direct comparisons of the 1:4 scale PCCV to full scale prototypes,
however, examination and analyses of several model scaling i1ssues was performed, and this is
summarized below.

Three basic analytical models were developed at full scale: global axisymmetric, the “ring
madel” for examining tendon friction, and the local liner mode! of liner welded connections. Each
fintte element model was changed to full scale based on comparison of geometry of the existing 1:4
scale models to the OHI-3 containment geometry. In the global axisymmetric model, the density was
reduced in the full scale model so that with the application of gravity, the vertical stress in the

cylinder at the base of the wall was the same at full and quarter scale.

Some results of the full scale ams}mmmnc model compared to the quaﬂar scale results are
shown in Figures 44-46. Figure 44 shows comparisons of radial displacement at cylinder midheight,
vertical displacement at springline, and strain in meridional rebar near the inner surface of the wall-
base juncture. Here the displacements of the scale model were multiplied by 4 in order to make direct
comparison. These plots show that while hoop response of the cylinders are “identical,” vertical
displacement and flexural strains at the wall-base juncture are somewhat reduced. The wall-base
flexure response illustrates the difficulties encountered in concrete mode! scaling, becanse shear and
flexure behavior tend to scale differently. These differences are also illustrated in the strain
comparison plots of Figure 43 and Figure 46. The vertical and shear strains are somewhat lower in
the full scale prototype model. The vertical strains show that the nentral axis has shifted somewhat.
The shear strains are an indicator of damage to the concrete in the wall base juncture. The result
implies increased separation of cylinder midheight versus wall-base juncture shear failure modes for a
full scale versus 1:4 scale model. This is actually a favorable result because it means that the scaling
ofthe 1:4 scale PCCV did not “mask™ a failure mode that could be more likely to occur at full scale.
Instead. the analysis results indicate that quarter-scaling could make a wall-base shear failure
somewhat more likely than in the prototype.

Full scale axisymmetric analysis was also used to examine the effects of including the reactor
pit in the center of the basemat (as shown for OHI-3 in Figure 47). These studies showed virtually no
influence on the basemat or the cylinder response, except for some very localized strain differences in
the immediate vicinity of the pit at the center of the basemat.

Full scale liner weld seam (rat-hole) model analysis showed similar strain concentrations as
the 1:4 scale model. However, the 1:4 scale liner rat-hole models which were found to best simulate
the observed behavior of the LST were those with 20% and 40% liner thickness reductions due to
“over-grinding” near welds that were found present in the 1:4 scale model. Since grinding and other
thickness irregularities are likely to scale closer to 1:1 than 1:4, such conditions, if they exist at all,
would only scale to, at most, 5%-10% of total liner thicknes. When these thickness reductions were
introduced, the intensity of strain concentrations near the weld seams was significantly reduced.
Conclusion: premature tears of the type that occurred as early as 2.5 Py in the 1:4 scale PCCV are
much less likely to occur in foll scale containment. Ogn the other hand, the 1:4 scale liner rat-hole
studies of models without thickness reductions predicted liner tear at ~3.4 P; and these results are
judged to be fully applicable at full scale. It should also be noted that most full scale containment
liners nse back-up bars at all liner seam weld locations, and this was found through earlier analytical
studies to further reduce the possibility of premature liner tear near weld seams.

Finally, with regard to tendon scaling, the axisymmetric model offers some insights about
vertical tendons and the ring model provided insights into hoop tendon scaling issues. Comparison of
vertical tendon behavior at 1:4 scale to full scale showed the 1:4 scale structure had a larger level
overall prestress in the cylinder than would be found in a full scale containment. This stems from the
fact that angular friction losses in the dome at 1:4 scale were much larger than at full scale {again,
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0.21 friction versus the normal 0.11 friction), so presiress had to be increased to compensate for this.
The resnlt of this scaling difference, however, was not found to have any significant influence on
behavior.

The hoop tendon stress and displacement comparisons between 1:4 scale and “equivalent full
scale” shown in Figures 48-51. The changes at “full scate” are two-fold: 1) Friction coefficient is
reduced from (.21 10 0.11 (0.11 is the traditiona! assumption in design, while for the smaller radins
1:4 scale model, tests conducted by NUPEC resulted in 0.21}; 2 Extent of affected azimuth of anchor
set is reduced, because anchor set 15 a length, on the order of 3 to 6 mm, regardless of scaling. For
purposes of this study, 6 mm of anchor set was assumed, which produces an anchor set zone of
influence of ~15 degrees for a full scale containment. The results show that with the results of earlier
sensitivity studies, these scaling differences in hoop tendon friction affect cylinder radial deformed
shape at intermediate pressures of ~2.0 Py to 3.0 P (with the full scale shape being more “pinched” at
the buttresses), but at pressures higher than 3.0 Py when the tendons begin reaching vield, behaviors
of all friction and anchor set assumptions approach the same deformed shape and tendon stress
distribution.

CONCLUSIONS AND LESSONS LEARNED

The 1:4 scale PCCV test showed that the response guantity driving the limit state of the
vessel 15 cylinder radial expansion. This aspect of response must be predicted correctly in order to
reasonably predict vessel capacity and predict, at least approzimately, the many other local aspects of
response (local liner strains, etc.) that are driven by the cylinder expansion. With this test, as with
other steel-lined concrete vessel tests, many competing strain concentrations occur around the mid-
height of the cylinder. Although it is difficult to predict which local liner detail will tear first, and
although some particular response quantities, like basemat uplift, were not predicted exactly by the
ANATECH/SNL pretest analysis of the PCCV model, the radial expansion of the cylinder was
predicted very accurately. A response mechanism that also appears to have been well predicted was
cylinder wall-base flexure and shear, another mechanism that, if predicted incorrectly, could lead to
erronecus pressure capacity/failure mode conclusions. The minimam requirement for a containment
overpressure evaluation should certainly be a robust axisymmetric analysis.

QOther steps, guidelines, and lessons learned are provided in [3]. The lessons learned which
may be most novel that result from this work are those related to tendon friction behavior. It was
found that the best calculation methods recommended for tendon friction modeling are, in descending
order of preference, 1) an advanced contact friction sutface between the tendons and the concrete, 2
pre-set friction ties applied in one direction during prestressing and then added in the other direction
during pressurization (3DCM run 9) and 3) if neither of these methods are practical within the scope
of the calculation, it is best to start with an “average” siress level (using a friction loss design
formula), but assume uniform stress distribution in the tendons throughout pressurization, ie., an
uabonded tendon assumption, and finally 4) same as 3, but using a bonded tendon assumption.

By recently examining some possible scaling issues, it has also been concluded that this
wosk, and the analysis methods demonstrated, are also highly relevant to full size prestressed concrete
containments. Cylindrical hoop expansion behaviors were found to be the same, regardless of
scaling, except for minor variations that occur at intermediate pressures (~2.0 Py to ~3.0 Py) due to
tendon friction differences. Wall-base flexure/shear behavior and vertical response of the
containment are slightly inflnenced by scaling, but the likelihood of a wall-base shear faiture appears
to be even lower at full scale than at 1:4 scale. And finally, liner teaning near liner stiffness
discontinuzties remains the most likely “first” failure mode from static pressurization, but very early
tears due to flaws near liner weld seams appears to be much less likely at full scale than what was
observed in the 1:4 scale PCCV.
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Figure 7. Hoop Strains for Posttest M/S Analysis at P=3.3P,
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Figure 18. Comparison of Pretest (Upper) and Posttest (Lower) Analysis, Vertical Displacement of
Springline to Test Data
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Figure 19. IDCM Model; Added Buttress Springs; Tendon Friction Modeling
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A% 7% Swran j‘

{
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Figure 25, Local Liner Seam Analvsis Model (Simularion of Tear 18]
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Water
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Figure 26. POCV SFMT Pressurization Configuration
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1.381 MPa
For Pressure at 1.381 MPa (3.51Py), Displacement x10.

Figure 28. FCCV SFMT, 3D Global Shell Tendon Rupture Model. Concrete Maximun Principal Strain. -
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Preggure 1.366 MPg {3.47 Pd) Pressury 1373 MPa (349 Pd)

Pressure 1.381 MPa (3.51 Pd) Pressure 1.389 MPa (3.53 Pd)

Figure 30. PCCY SFMT, 3D Global Skell Tendon Rupture Model. Deformed Shape. For Elevation of
6.5m. Displacement x10,
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Fixed Vortically at
Bottom of Moded

Faotation Fixed at
Top of Modal

Figure 31. Ring Model Tendons and Boundary Conditions
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Ring Modet with Tnuss Ties
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i
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Figure 32. Tendon Stress Contour (Initial Prestress)
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Ringg Meeked with Tross Ties
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Figure 33. Tendon Stress Contour (Pressure=2.0P3)
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sontoct Model

a
270 IHRSPLACED MESH

Truss Tie Model

180°

270"

TG OISPLACED MESH

Figure 35, Comparison of Deformed Shapes (displ. x 206) Using Tendon Friction Truss Ties vs. the
Contacy Surface Model at P=0P g After Prestress
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Contact Mode!
"
HR| T RS CHEPLIWCED BAESH
Trass Tie Moodel
0 180°
o
270 ORI RAL WES! [HSPLACED MESH

Figure 36. Comparison of Deformed Shapes {displ. x 200) Using Tendon Friction Truss Ties vs. the
Conract Surface Model at P=2.0P¢
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Cortact Model
UD “l Boo
CHSPLACED MESH
Truas Tie Mociel
Vi 180°
270° - -
RGN B DASPLACED MESH

Figure 37. Comparison of Deformed Shapes (displ. x 20) Using Tendon Friction Truss Ties vs. the
Contact Surface Model at P=3.5Pa
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Contact Model
2mm Anchor Set

180°

DBl BEG DEAACED MESH

Contact Modet
érmm Anchor Set

A AL DEPLACED MESH

Figure 40. Comparison of Deformed Shapes (displ. x 200) Using Contact Surface Models with 2mm and
Gmm of Anchor Set; After Prestress
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Figure 41. Comparison of Deformed Shapes (displ. x 200) Using Contact Surface Models with 2mm and
omm of Anchor Set; P=2.0P:
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Figure 41. Comparison of Deformed Shapes (displ. x 20) Using Contact Surface Models with 2mm and
Smm of Anchor Set; P=3.5P
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igure 46. 1/4-Scale vs. Full-Scale Shea
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Figure 49, Comparison of Deformed Shapes (displ. x 20{) Using Contact Surface Models with p=0.11 and
p=0.215; After Prestress
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Figure 0. Comparison of Deformed Shapes (displ. x 200) Using Contact Surface Models with p=0.13 and
pu=0.215; P=2.0P,
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Figure 31. Comparison of Deformed Shapes (displ. x 20) Using Contact Surface Models with p=0.11 and
u=0.215; P=1.5P,
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ABSTRACT

The design events for a reactor containment usually refers to accidental loading
conditions for which leak-tightness and load-bearing capacity should be veri-
fied. This involves the containment to be loaded far into the non-linear range,
putting high demands on the engineering simulations. It is therefore of vital im-
portance to ensure that the methods apphed for advanced structural analysis can
be verified and validated.

This report presents a method for carrying out comprehensive structural analysis
of pre-stressed concrete reactor containments using the finite element technigue.
The method is verified and validated by comparison with test data from a large-
scale overpressurization test performed on the NUPEC/NRC 1:4-scale model of
a prestressed concrete containment vessel model at Sandia National Laboratory,
USA. The prototype for the model is the containment building of unit 3 at the
Ohi Nuclear Power Station in Japan. an 1127 MW Pressurized Water Reactor
(PWR) unit.

Some different approaches on how fo model unbonded pre-stressing tendons
have been evaluated in the report. The chosen approach predicts pre-stressing
forces very well in accordance with registred test data. This method makes it
possible to take into consideration the transition from the initial uneven pre-
stressing force distribution along the tendons, to a more or less even distribution
along the tendons during pressurization.

The structural response predicted by applying a three-dimensional model ap-
proach agrees very well with registred test data. Pressure levels related to crack-
ing of concrete, yielding of the steel liner, and the collapse of the containment
are captured by the structural analysis, and giving results consistent with regis-
tred test data. To capture the pressure level at which rupture of the steel liner oc-
curs, more detailed local models are needed, this is beyond the scope of this re-
port. However, the analysis methods are capable of catching the zones where
excessive yielding of the steel liner occurs, corresponding well with the first reg-
istred liner rupture position. The applied analysis methods also accuratly predict
the displacements of the containment, and strains in the steel liner, the rebars
and the pre-stressing tendons.

The proposed method can be used for design of new containments as well as for
structural verification of existing ones. The method can be applied in case of de-
sign or evaluation against specified pressure levels and acceptance criterias ac-
cording to national standards. or to calculate the leak-tightness and load-bearing
capacity in order to estimate the safety margins of the stmcture. Furthermore,
the anatysis results can be used to estimate the probability of leakage or struc-
tural collapse in a probability safety assessmient (PSA) of the plant.

It is also possible to utilize the method when verifying safety-related structures
for other types of accidental load effects.
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INTRODUCTION

Background

The design event for a reactor containment refers usually to accidental loading
conditions for which leak-tightness and load-bearing capacity should be veri-
fied. This involves the containment to be loaded far into the non-linear range,
putting high demands on the engineering simulations.

It is therefore of vital importance to ensure that the methods applied for ad-
vanced structural analysis can be verified and validated. The verification of
codes for structural analyses (FEA-software) is made by the supplier, usually at -
the local finite element level. The codes are also usually verified with the help of
experimental tests on smaller test cubes, columns, beams and slabs loaded to
failure, i.e. laboratory tests. To achieve an even higher accuracy in analysis re-
sults it is necessary to compare analysis results with the measured response from
tests on large-scale structures, see Figure 1.1.

In the ISP 48 project, benchmark studies are performed in order fo compare
structural analysis results to test data from a large-scale test of a 1:4-scale
prestressed concrete contaimment vessel.

Element Smaller structure  Structure component In-situ material Large-scale structure
tested in laboratory tests

Figure 1.1  Examples of structural analysis verification.

Scanscot Technology has for more than ten years carried out reactor contain-
ment investigations for the nuclear power industry in Sweden, using advanced
finite element analysis methods. The ISP 48 project gives us the possibility to
validate our software by comparing analysis results with large-scale experimen-
tal test results, Another important benefit from the project is to share experience
and knowledge with colleagues from other countries who are also working in
this subject field

Participation in this project also provides valuable input to the ongoing
EURATOM 5® framework programme project CONMOD [1], in which
Scanscot Technology is one of the participants. The CONMOD project aims to
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create a system which will ensure that safety requirements for concrete contain-
mertt structures will be up-held during the entire planned lifetime of plants and
possibly during an extended lifetime. An important past of the project is to de-
velop the application and understanding of Non-Destructive Testing (NDT)
techniques for the assessment of conformity and the condition of concrete reac-
tor containments as well as to integrate this with state-of-the-art and developed
Finite Element (FE) modelling techniques and analysis of structural behaviour.
The objective being to create a diagnostic method for the evaluation of defects,
ageing and degradation of concrete containments.

Our possibility to participate in ISP 48 has been made possible by financial sup-
port from the Swedish and Finnish nuclear power industry (Oskarshamm, Ring-
hals, Forsmark and TVO), and the Swedish Nuclear Power Inspectorate.

General

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S.
Nugclear Regulatory Commission (NRC) cosponsored and jointly funded a Co-
operative Countainment Research Program at Sandia National Laboratories
(SNL), USA, from July. 1991 through December, 2002.

As a part of this program, a 1:4-scale model of a pre-stressed concrete contain-
ment vessel (PCCV) was conducted and pressure tested to failure. The prototype
for the model is the confainment building of unit 3 at the Ohi Nuclear Power
Station in Japan, an 1127 MW Pressurized Water Reactor (PWR) unit. The de-
sign accident overpressure, Py, of both the prototype and the model containment
is 0.39 MPa. '

The objectives of the model containment test were to;

- simulate some aspects of the severe accident loads on containment ves-
sels ‘

- observe the model failure mechanisms

- obtain structural response data up to failure for comparison with analyti-
cal models

Construction of the model containment commenced January, 1997, and ended
Tune, 2000. During September, 2000, the limit state pressurization test (LST)
was carried out. At the end of 2002, the limit state test was complemented with a
pressurization up to total collapse of the structure, the structural failure mode
test (SFMT). During pressurization the structural response was monitored, giv-
ing information on displacements. liner. rebar, concrete and tendon strains and
tendon anchor forces. In addition, acoustic monitoring, video and still photogra-
phy were used to monitor the structural behaviour.

During 2002, the Nuclear Energy Agency (NEA) at OECD, decided to include
the NUPEC/NRC model contaimment test as an International Standard Problem
(ISP) on containment capacity, ISP 48. At a first meeting in Stockholm, Swe-
den, the objectives and schedule was set up. The ISP 48 project started up Janu-
ary. 2003 and will be ended June, 2003,
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The objective of the ISP 48 is to extend the understanding of capacities of actual
confainment structures based on results of the NUPEC/NRC model containment
test and other previous research. Two questions regarding full size structures
arise; How to transpose to real size containment (would the onset of leakage be
later and much closer to the burst pressure)? How would including the effect(s)
of accident temperature change the outcome?

The ISP 48 postiest analysis of the NUPEC/NRC model containment was de-
cided to consist of four phases:

1. Data collection and identification

[§%)

Calculation of the limit state test (LST) — mechanical loading
3. Calculation of the response under both mechanical and thermal loadings
4. Reporting, Workshop

A detailed description of these four phases with a corresponding time-schedule
is given in Appendix 1. Appendix 1 also includes a table of the names of the ISP
48 participants.

The scope of this report covers the phase 2 calculations performed by Scauscot
Technology.

Over-pressurization test

The model containment was a 1:4-scale model of the prestressed concrete con-
tainment vessel (PCCV) of an actual nuclear power plant in Japan, Ohi-3
(Figure 1.2). Ohi-3 is an 1127 MW Pressurized Water Reactor (PWR) unit. one
of four units comprising the Ohi Nuclear Power station located in Fukui Prefec-
ture, owned and operated by Kansai Electric Power Company.

The prototype containment, Ohi-3, consists of a thin prestressed concrete cylin-
drical shell with a hemispherical dome and a continuous steel liner anchored to a
reinforced concrete basemat which extends beyond the containment to support
other plant structures.

The features and scale of the model containment were chosen so that the re-
sponse of the model would mimic the global behavior of the prototype but also
to represent local details, particularly those around penetrations. One of the pri-
mary considerafions was the desire to utilize construction materials that were
identical, or nearly so, to the material used in the construction of the prototype.

Tt was decided that the scale of the model would be a uniform 1:4, with minor
exceptions to accommodate fabrication and construction concerns. This was
judged to be the minimmum scale that would allow the steel liner to be con-
structed from prototypical materials and fabricated with details and procedures
that were representative of the prototype. The model containment and its overall
geometry and dimensions are shown in Figure 1.3 and Figure 1.4

Tt was also decided that the model containment would include representation of
the major penetrations, namely the equipment hatch (E/H), the personnel air
lock (A/L), the main steam (M/S) and the feed water (F/W) penetrations.
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Key elements of the design philosophy of the model containment included;

- The model containment would be a uniform 1:4-scale model of the proto-
type or actual prestressed concrete containment vessel of Ohi Unit 3.

- Elements of the model which would affect the ultimate strength would be
equivalent to the prototype. The model liner would be one-fourth the
thickness of the prototype liner. Reinforcing ratios would be maintained
and the number and arrangement of the presiressing tendons would, to
the extent possible, be identical to the prototype.

- The model should be capable of reproducing the failure modes postulated
for the prototype. including:
a) Hoop tensile failure of the cylinder wall
b) Bending-shear failure at the junction of the cylinder wall with the
basemat
¢) Shear failure in the basemat above the tendon gallery
d) Bearing failure at the tendon anchors
e) Bending-shear failure at the large penetrations
f) Bending-shear at the small penetrations
g) Liner tearing due to strain concentrations at local discontinuities

(stiffeners/anchors, thickened reinforcing plates at penetrations and
embedments)

h) Leakage at penetration seals due to ovalization or distortion of the
sealing surfaces

- Avoid introduction of non-representative failure modes, as a result of
scaling or other modeling artifacts

The general arrangement of the prototype and representative failure mode loca-
tions are shown in Figure 1.2.

The decision was to perform a static, pneumatic over-pressurization test at am-
bient temperature, The test was terminated following a functional failure, ie. a
leak in the mode} containment, with only limited structural damage occurring.
Subsequently, it was decided to re-pressurize the model containment prior to
demeolition, in an attempt to observe larger inelastic response and, if possible, a
global structural failure. This test was performed as a combined pneumatic-

hydrostatic test.
Milestones in the construction and testing of the model containment include the
following;

12 February 1997 First Basemat Pour (F1)

19 June 1997 * First Liner Panel Installed

15 April 1999 Final Dome Pour (D3)

12-14 October 1999 Pretest Round Robin Meeting
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8 March-3 May 2000  Prestressing

25 June 2000 Construction Completed

12-14 Septemiber 2000 Structural Integrity and Integrated Leak Rate Test
27-28 September 2000 Limit State Test

22 August 2001 Posttest Round Robin Meeting

14 November 2002 Structural Failure Mode Test

3 May 2002 Demolition and Site Restoration Completed

The model containment was not ‘designed’ in a conventional sense, instead its
features were scaled directly from the prototype containment Ohi-3 design with
some simplification to facilitate construction, but without compromising the ob-
jectives of the test. The basic design philosophies were to ensure that all ele-
ments of the containment structure respond essentially elastically (with some
minor exceptions for secondary stresses) to the specified design loading condi-
tions,

A detailed presentation of the overpressurization test is given in {2].
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Figure 1.2

Prototype containment:
Ohi Nuclear Power Station, Ohi-cho, Fukui, Japan (from [2]).
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Figure 1.3 The model containment (from [2] 1.
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Pian View Through Cylinder

Figure 1.4 Model containment geometry (dimensions in mm), from [2].
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METHODS OF ANALYSIS

General

In principle. four major levels of analysis approaches ars applicable when neiliz-
ing the finite element techuique for studying the structinal behaviour of @ pre-
stressed concrete reactor contaimment;

1. Axi-svmumnetrical analvsis

2. Three-dinensional global analysis

3. Local analysis at critical areas

4. Detailed studies of the leak-tightness integrity

These levels are examplified in Figure 2.1, and discussed here below,

-

Figure 2.1 FEwmodeling, levels of derailing.

A reactor confainnient constitutes in principle a cylindrical construction and is
therefore suitable to be analysed with the help of an -axi-symmetrical model
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when affected by globally distributed loads of the type overpressures. An axi-
symmetric analysis can thus be used to understand the global behaviour of the
model containment in an un-disturbed region, as a first approximation of the
leak-tightness and structural capacity. The local behaviour of the wall-basemat
connection can also be studied, if the model is detailed enough. Otherwise, a
separate local model has to be used.

Another advantage with an axi-symmetric model is to execute parametrical stud-
ies and sensitivity analysis in an efficient way. In order to provide a good basis
for defining high-quality model assumptions for the three-dimensional analysis.

The axi-symmetrical model is not capable of catching the structural effects due
to major penetrations, pre-stressing buttresses. non-uniform layout of the pre-
stressing tendons and reinforcement, and non-uniform and pressure-dependent
pre-stressing effects, These effects will to a major extent influence the structural
behaviour of the containment, including overpressure levels at leakage and col-
lapse, as well as rupture positions. To take these matters into consideration. a
fully three-dimensional model has to be used.

This is evident not only from the outcome of this report, but also from other
studies, see for example Figure 2.2 from [1], illustrating the influence on the re-
sponse from a containment buttress.
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Figure 2.2 Study of influence of buttress on radial deformation (from {1]).

The need for advanced models is even more pronounced for the more compli-
cated geometries of type BWR containments, see Figure 2.3. At the Swedish
BWR contaiments, there is another complication in the sense that the steel liner
is embedded approximatly 20-30 cm from the inside of the contaiment wall. The
liner is not anchored to the concrete wall with any mechanical anchors, except at
a few locations. Thus, the friction between the embedded liner and the swrround-
ing concrete is an important paramater to take into consideration.
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Figure 2.3  Typical Swedish BWR containment.

For some important and more complicated parts of the containment, such as the
major penetrations. focal detailed models can be used instead of increasing the
discretization level in the global 3D-model. When using local models, submod-
eling can be a useful technique, where the boundary conditions of the local
model is driven by the deformation calculated in the global analysis.

To fully reach the objective of this project. i.e. to determine good estimates of
the pressure level and rupture position at leakage, even more detailed local mod-
els of the steel liner including welds and stiffeners etc are needed. This due to
the fact that the rupture is dependent on local strain as well as workmanship of
the welds.

In general, the degree of detailing to be used is dependent on the objectives of
the analysis. and the different requirements to be regarded:

- Design or evaluation against specified pressure levels and acceptance crite-
rias according to national standards.

- Analysis results to be used as input to a probabilistic safety assessment
(PSA) of the plant, where input may be the probability of leakage. a specific
leak-rate or structural collapse.

- Best estimate of leak-tightness and load-bearing capacity and safety margins
of the structure based on nominal or measured parameters (as in the
CONMOD project, see section 1.1 and [1]).

The interpretation of the acceptance criterias, or failure criterias, to be assest in
the finite element analysis will of course differ depending on the objective of the
analysis, but also on the modeling and analysis approaches to be applied.
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Model containment

The objective of this project is to simulate the behaviour of the model contai-
ment pressurized to rupture. With the aim of describing the pressurization event
as realistic as possible the analysis have been carried out using a fully three-
dimensional (3D) global modei applying non-linear material models.

An axi-symmetrical model has been applied for parametrical studies, in order to
minimize executional runtimes. The parametrical studies have provided the ba-
sis for model assumptions for the 3D-model analysis.

In the next phase of the ISP 48 project, the above mentioned models will be '
complemented with local models of the major penetration.

Software

In the main analysis, the finite element program ABAQUS/Explicit version 6.4
has been used. Comparative calculations have been performed with
ABAQUS/Standard version 6.4 For pre- and postprocessing both
ABAQUS/CAF and Altair/HyperMesh have been used.
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STRUCTURAL SYSTEM

General

This chapter will cover a description of the structural system of the model con-
tainment.

Description of the structural system

General

The mode! containment can be devided into three main structural parts. the base-
mat, the cylindrical wall and the dome. see Figure 3.1. These are briefly pre-
sented below, followed by a description of the structural elements in each part.
A detailed description of the model containment is given in [2].

Dome

¥ 10750

Buttress

Cylindrical
wall

Basemat

Tendon
gallery

Figure 3.1  Model containment, main siructural parts and dimensions {mm].
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3.2.2

Basemat

The basemat consists of a 3.5 m thick reinforced concrete slab on a 0.3 m thick
mudmat of concrete, cast on an approximately 8 m thick engineered backfill.

The basemat includes the tendon gallery, situated underneath the cylindrical
wall, where the vertical wall tendons are tensioned and anchored.

A steel liner is placed on top of the basemat.

Cylindrical wall

The wall has a thickness of 0.325 m, locally thickened at the major penetrations.
The wall is pre-stressed in both the vertical and horizontal directions. Two verti-
cal pre-stressing buttresses are erected at 90 and 270 degrees, where the hoop
tendons are tensioned and anchored. The butiresses start at the top of the base-
mat and extend halfway into the dome. The wall includes conventionally ar-
ranged reinforcement bars.

The steel liner is placed on the inside of the wall and anchored fo the concrete
by means of mechanical anchors, see section 3.2.5.

All penetrations through the containment are situated in the cylindrical wall. see
section 3.2.6.

Dome

The dome thickness is 0.275 m. At the connection to the wall the thickness is
gradually increased to 0.325 m. in order to match the thickness of the wall. The
vertical tendons in the wall are continued throughout the dome, constituting an
orthogonal pattern of tendons. see Figure 3.2 and Figure 3.6. Hoop tendons are
placed in the dome except for the uppermost part. The dome also includes con-
ventionally arranged reinforcement bars.

Figure 3.2 Arrangement of tendons in the dome.

The steel liner is placed on the inside of the dome and anchored to the concrete
by means of mechanical anchors, see section 3.2.5.
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Steel liner

Steel liner

The steel liner is fabricated from carbon steel and has a thickness of 1.6 mm.
The as-built liner is 1.8 mm, the extra 0.2 mm providing a fabrication allowance.
The liner was shop welded to liner plates approximately 3 meters square. During
this construction phase the vertical anchors were also welded to the plates.
Plates for the dome and around penetrations where generally smaller. To prevent
buckling during erection horizontal stiffeners where welded to the plates. These
stiffeners had no structural function after the model containment construction
was completed. The plates were welded together at site. At penetrations, locally
thickened plates were used. connected to the penetration assemblies.

Welds

The liner was shop welded into plates using computer controlled automatic
welders. Also anchors and stiffeners were continuously welded to the liner dur-
ing this phase. All shop welding was done without the use of back-up bars.
When connecting the liner plates at site, back-up bars were used during welding.

Anchors

The steel liner was anchored to the concrete with vertical T-anchors continu-
ously welded to the liner. They are spaced 0.45 m, except in the regions of the
penetrations where they are more closely spaced, 0.15 m apart. The liner anchor

layout is presented in Figure 3.3.
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Figure 3.3 Liner anchor layout.

The vertical T-anchors are not extended into the dome. Here the liner is instead
anchored to the dome with small stud-type anchors.
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3.2.6

Penetrations

There are several penetrations through the model containment; the equipment
hatch (B/H), the personnel airlock (A/L), the main steam (M/S) and the feedwa-
ter (F/W) penetrations. All penetrations are placed in the cylindrical wall, the
layout of the penetrations is shown in Figure 3.4. The E/H and A/L penetration
assemblies are 1:4-scale finctional representations, while the M/S and FAH#W
penetrations only includes the penetration sleeve and reinforcing plates.

s h
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'"Illl||||‘|||ll|ll|||||{||l|l'ill 1|l||1lll||||l||Illllil'ﬂ*llll‘flll'
270 180° 90° 62 1 329 276°

Figure 3.4  Lavout of the penetrations (elevation, oulside containment).

Pre-stressing tendons

The cylindrical wall and the dome are pre-stressed using unbonded tendons. The
tendons consists of 3 pieces of 13.7 mm seven wire strands placed in metal
ducts, normally 35 mm in diameter. The tendons were erected in the ducts after
the concrete was cast and cured. and then tensioned.

The hoop tendons consist of 360° tendons with both ends anchored at the same
vertical buttress. These tendons are tensioned from both ends. Every other ten-
don is anchored at the 90° buttress and 270° buttress respectively. The vertical
tendons in the wall and dome are tensioned and anchored in the basemat tendon
gallery. The tendon layout is shown in Figure 3.5, Figure 3.6 and Figure 3.7.
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a) Pre-stressing tendon in cylindrical wall, elevation, cutside contatnment, 270° - 90°
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b) Pre-stressing tendon arrangement in cylindncal wall, elevation, outside containment, 907 - 270°

Figure 3.5  Pre-sivessing tendon arrangemeni, cylindrical part (elevation).
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Buttress
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Figure 3.6  Pre-stressing tendon qirangement, dome (plan view from above).

Reinforcing steel

All outside and inside surfaces of the containment are conventionally reinforced
with carbon steel deformed rebars. Also, all structural parts have shear rein-
forcement. Additional reinforcing is placed around penetrations, near the wall-
basemat junction and at tendon anchoring zones, ie. tendon gallery and but-
tresses. The general rebar layout is shown in Figure 3.7. The bars in the vertical
direction are of diameter 10-19 mm, and the bars in the horizontal direction of
diameter 10-22 mm.
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3.2.9 Concrete

A concrete mix with the same properties as for the prototype structure where
used for the model containment. Two different concrete strengths where used,
30 MPa for the majority of the basemat and 45 MPa for the wall and dome as
well as above the basemat tendon gallery. Concrete lifts and strengths are shown
in Figure 3.8.

The concrete mix used is air-entrained and contains flyash and superplasticizer.
Maximum aggregate size is 10 mm.
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Figure 3.8  Concreie quality and cast stages.

33 Material

3.3.1 General

The aim of this project is to simulate the actual structural response of the model
containment. The values of material parameters are therefore based on tests per-
formed on material specimens from the model containment. and mean values are

460



333

3.34

NEA/CSNI/R(2004)11

chosen. The tension-stiffening curves are chosen as piece-wise linear curves fit-
fing test data, :
Stress and strain measures

In order to describe the behavior of the material on a local element level,
ABAQUS uses true stresses and strains, even referred to as logarithmic strains.
The following convention is used to translate the nominal stresses and strains to
true stresses and strains for isotropic materials:

Gtrue = Onom * (1 + €nom)
e =m(1+g,,)-Tm
E
where E is the Young’s modulus.

Failure criteria

In ABAQUS it is possible to define material failure criteria. When the strains in
an element reach the prescribed failure criterion that element is no longer active
in the model. A failure criterion is introduced for every steel structural part

‘when €, is reached. The concrete material failure criteria is explained in sec-

tion 3.3.4 below.

Concrete

The following mean values for the concrete material properties at the time for
the limit state test (LST) have been identified from the given test data presented
in [2}:

Dome and cylinder, specified strength 44.1 MPa

£.5T = 58.5 MPa

EPT=26.8 GPa

Basemat, regions with specified strength 29.4 MPa

55T = 49.2 MPa

ET=26.0 Gpa

Basemat, regions with specified strength 44.1 MPa

£5T = 59.4 MPa

EFT =28.0 GPa

The strain at peak stress is chosen to 0.0026.

Tensile strength values are also provided. Since visual inspection of the model
containment before the start of the LST test revealed the existence of micro-
cracking thronghout the cylinder. the tensile concrete strength was reduced to
correspond to a cracking strain of g, = 40-10°%. A typical value for Mode I frac-
ture energy Gf is chosen to 120 N/m according to CEB-FIP Model Code 1990.
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This value is reduced as shown in Figure 3.9. The genera! tension-stiffening
curve for concrete exposed to tension is also presented in Figure 3.9.

The Poisson’s ratio is set to 0.2, also based on test results.
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Figure 3.9 General tension-stiffening curve for concrete.
Upper diagram: Crack-free concrete.

Lower diagram: Idealization for concrete with micro-cracks, mod-
eled with reduced strength fu.

Pre-stressing tendons

The following mean values for the pre-siressing tendon material parameters
have been identified from the test data provided in [2]:

f,=1713 MPa
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f, = 1882 MPa
E; =191 GPa
Loy = 3.83 %

These values are calculated using given test data of force-elongation and cross
sectional area for the tendon system. Each fendon has an ultimate capacity of
638 kN.

The general tension-stiffening curve for pre-stressing tendons is presented in
Figure 3.10.

G (MPa)

fo |

£y Tendon system

[
!
!

£=0.002 ~0.8 €y €

Figure 3.10 General tension-stiffening curve for pre-siressing tendons.

Reinforcement

The following mean values for the rebar material parameters have been identi-
fied from the test data provided in [2]:

Reinforcing steel, specified vield strength 392 MPa

fy =440 MPa
fo =610 MPa
E, =183 GPa
£=0.85%
£3=8.64 %

Laax = 13 %0 (estimated value of strain at maximum engineering stress)

The general tension-stiffening curve for reinforcement, shell main bars, is pre-
sented in Figure 3.11.
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Figure 3.11 General tension-stiffening curve for reinforcement steel.

Steel liner

The following mean values for the steel liner material parameters, not affected
by welding, have been identified from the test data provided in [2]:

f, =383 MPa
f, = 498 MPa
E,=219 GPa

£ax = 20 % (estimated value of strain at maximum engineering stress)
£:=1.37%

£3=6.77 %

The general tension-stiffening curve for steel liner is presented in Figure 3.12.
Corresponding values for steel liner in zones affected by welding are:

Emax = 18 % (estimated value of strain at maximum engineering stress)

464



NEA/CSNI/R(2004)11

G (MPa)

[ —

£ € € Erax

Figure 3.12 General tension-stiffening curve for steel liner.

34 Loads

341 General

Here below follows a presentation of the loads applied in the analyses.

3.4.2 Dead load

The dead load of the structural parts is based on the material densities specified
in Table 3.1 below.

Material Density [kN/m’]
Concrete 219
Remforcement 78

Steel liner 78

Pre-stressing tendons 78

Table 3.1  Densities for structural paris.

3.4.3 Pre-stressing load

The forces in the pre-stressing tendons prior to pressurization are chosen as the
values measured at site two months after completion of the pre-stressing opera-
tion. These measurements were performed approximately two months before the
start of the limit state test. No adjustments have, however, been done due to time
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dependent losses for the period of time between measurement and start of the
LST test. This because the tendon forces appear to be very stable, when com-
pared to measwements performed earlier. In Table 3.2 pre-siressing data are
given, as average values in the vertical and the horizontal directions respec- .

tively.

Average values Hoop tendons Vertical tendons
Load cell force 331 kN 435 kN

Friction coefficient 0.18 0.21

Seating loss 3.95mm 4.95 nun

Seating loss force 956 kN 479 kN

Table 3.2  Pre-stressing data summary.

The variation of the pre-stressing force along the tendon due to friction and seat-
ing loss can be calculated using measured values of the friction coefficient and
seating loss, as well as test data giving strains in discrete positions along the ten-
dons. In Figure 3.13 and Figure 3.14 variation of pre-stressing force along the
tendons valid for horizontal and vertical directions respectively are presented.
These are average values supposed to be valid for all tendons not affected by
penetrations. Near penetrations, tendons have increased curvature giving rise to
additional losses due to friction. How the tendon force distribution during pres-
surization is handled is presented in section 5.

Force (kN}

i

i : ; Azimuth
T 6 130 180 270 degrees
(270) (230) (180) (90) (degrees)

0

Figure 3.13 Horizontal tendon force variation.
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Figure 3.14 Vertical tendon force variation.

The Young's modulus of the concrete at pre-stressing and at the start of the LST
test show only a minor difference (~1-2%). The same modulus can thus be used
both when simulating the tensioning of the tendons and the pressurization of the
model containment during the LST test.

3.44 Over-pressurization

The over-pressurization studied in this report correspond to the limit state test
(LST). The pressure history for all tests performed is given in Figure 3.15 be-
low. A linear monotonic increasing internal pressure load is applied as an over-
pressure in relation to normal atmosphere pressure.
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Figure 3.15 Pressurization of the model containment.

468



NEA/CSNI/R(2004)11

4. PARAMETRICAL STUDIES: AXI-SYMMETRICAL MODEL

4.1 General

The model containment can be reasonably well analysed with an axi-
symmetrical model when studying global behaviour in the evemt of over-
pressurization. An axi-symimetric analysis can be used to understand the global
behaviour of the model containment in an un-disturbed region, i.e. as a first ap-
proximation of the leak-tightness and structural capacity.

However, the main purpose of an axi-symmetric model is to provide efficient
executional runtimes in order to facilitate parametrical studies and sensitivity
analysis. This to be able to define high-quality model assumptions for the three-
dimensional model to be used in the main structural analysis (section 6).

Only a small part of the basemat is included in the axi-symmetric model since
the local non-linear behaviour close to the wall-basemet connection is dominat-
ing over the global effects of the basemat to the containment wall, as is shown in
the parametrical study presented in section 4.6. The basemat behaviour, and spe-
cially the tendon gallery zone, hias ther Yo be studied in a separate analysis.

4.2 Structural model

4.2.1 Geometry

The axi-syminetrical model has been established out of drawings provided in
[2]. General dimensions are presented in section 3 above. The axi-symmetrical
model is shown in Figure 4.1.

The finite element model represents the geometry of the model containment at
approximately azimuth 135°, see Figure 4.1. This section is relatively free from
geometrical disturbances like e.g. buttresses and penetrations. Furthermore, the
force in the pre-stressing tendons is here representative.

For comparative studies, an axi-symmetric model including both the base-siab
and the underground, mudmat and engineering backfill, has been built as shown
in Figure 4.2. The mudmat of concrete and the engineering backfill are modeled
using linear elastic material properties. Between the bottom of the base-slab and
the mudmat, a contact formulation is specified, allowing uplift of the baseslab.
The material properties of the underground are adjusted to correspond to a set-
tlement of 25 mm for the dead weight of the containment, as registred on site
during construction.
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Figure 4.1  Axi-symmetric model.
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Figure 4.2 Axi-symmetric model incliding underground.

Types of finite element

The concrete parts in the FE-model are represented by axi-symmetrical contin-
vum elements with a reduced number of integration points denominated
CAX4R. The steel liner is represented by axi-symmetrical shell elements de-
nominated SAX1. Both the pre-stressing tendons and the reinforcement are des-
ribed by using the rebar modeling feature in ABAQUS. The reinforcement is
modeled by rebars in the formy of a layer inside the underlying continuum ele-
ments {concrete). The tendons are defined as single rebars in the underlying
element.

Boundary conditions

Only a minor part of the basemat is included in the FE-model. the part between
the cylindrical wall connection and the tendon gallery, i.e. approximately corre-
sponding to the cast stage F3p, see Figure 3.8 in section 3.2.9. The bottom and
the vertical faces of the basemat part are constrained in both vertical and hori-
zontal direction. No constrains are applied on the nodes situated directly above
the tendon gallery. Constrained nodes are shown in Figure 4.3.
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= Constrainted node

Figure 4.3 Boundary conditions applied to the basemat part.

In order to describe the symmetry conditions at the top of the dome the horizon-
tal degree of freedom are constrained, see Figure 4.4.

# "
L’rx
Asxis of symmetry  —
r,=0
r,=free

Figure 4.4  Axi-symmetric boundary conditions at the top of the dome.

Reinforcement

The reinforcement lavout in the cylindrical wall, i.e. elements including rebar
specification, is shown in Figure 4.5. The rebars are rigidly connected to the
concrete.

Pre-stressing tendons

The tendon layout is shown in Figure 4.5. The tendons are simplified and mod-
eled as rigidly connected to the concrete, i.e. modeled as grouted, since it is not
possible to do otherwise for the hoop tendons in an axi-symmetric model. For
the vertical tendon, the effect of longitudinal variation has lesser influence than
for the horizontal tendons. as can be noticed when comparing the tendon force
variation presented in Figure 3.13 and Figure 3.14.

The tensioning of the tendons is modeled by applying a temperature load to the
tendons, giving a uniformly pre-stressing force along the length of the tendon.
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The tendons in the horizontal direction are tensioned to 928 MPa, corresponding
to a pre-stressing force of 320 kN, and the tendons in the vertical direction to
1300 MPa, corresponding to a force of 447 kN,

4.2.6 Steel liner

The steel liner is positioned on the inside of the containment as shown in Figure
4.5. The steel liner is rigidly connected to the concrete elements.

Pre-stresui
Rebars t;:‘dim:s smg__” Steel liner —

Figure 4.5  Positions of rebar, pre-stressing tendons and steel liner.
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4.2.7

Application of loads

Dead weight is modeled applyixlg a field of gravity acting downwards, using the
gravitational constant 9.81 m/s”.

The internal overpressure is applied as a linear monotonic increasing internal
pressure load to the inside of the containment, i.e. to the shell element represent-
ing the steef liner.

Structural analysis

General
Four comparative studies regarding FE-analysis techniques have been carried
out;

1. Comparison between implicit and explicit solving techniques. ie. the

analysis are executed using ABAQUS/Standard and ABAQUS/Explicit
respectively.

b

Comparison between two different material models for concrete. The
material models compared are the Brittle Cracking (BC) model and the
Concrete Damage Plasticity (CDP) model, both included in ABAQUS to
be used when modeling concrete structures. For further information see

3.

Comparison of the influence on results when modeling the baseslab and
underground in detail. An analysis modeling only a small part of the bas-
eslab is compared with an analysis including both the baseslab as well as
the underground (mudmat and enginesting backfill),

L5}

4. Loading rate and mass scaling are important issues to regard influencing
- the executional runfime in explicit analysis. These parameters are
trimmed with the help of parametrical studies.

Result positions

Results are presented in the nodes of the model corresponding to test data posi-
tions. In Figure 4.6 result positions from the axi-symmetrical analysis are
shown. All points correspond 1o azimuth 135°,

Due to the fact that the main purpose of the axi-symunetric analysis is to carry
out parametrical studies, only displacement data are presented. However, the
axi-symmetrical results for all output postions at azimuth 135 are presented in
the result diagrams for the 3D-analysis as a comparison, see section 7.3.3.
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Figure 4.6  Result positions, axi-symmetric model azimuth 135° [mm].

4.4 Parametrical study 1: Solver techniques

4.4.1 General

In this section, results from parametrical studies regarding comparison between
implicit and explicit solving techniques are given, i.e. the analysis are execufed
using ABAQUS/Standard and ABAQUS/Explicit respectively.

4.4.2 Displacements

Displacements in the radial direction are presented with the initial position of
the structure before pressurization as reference. Displacements in the vertical di-
rection are presented with the upper part of the basemat as reference, i.¢. exclud-
ing any basemat uplift. ’

In Figure 4.7 to Figure 4.17 in the next section analysis resulis regarding radial
and vertical displacement are presented together with measured displacements
during the limit state test (LST) of the model containment.

The analysis results agree very well with corresponding test data regarding dis-
placements in the radial direction. In the vertical direction, the results for the
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4.4.3

dome differ from test results when using the Concrete Damage Plasticity (CDP)
model as described in section 4.5.2.

As can be seen in the diagrams, there is good agreement between analysis using
implicit and explicit time integration schemes, respectively.

Conclusions

Due to the fact that there is no difference in results between using implicit or
explicit solver, the explicit solver will be used in the main three-dimensional
analysis.

Parametrical study 2: Constitutive models for concrete

General

Results from a comparison between two different material models for concrete
is presented in this section. The material models compared are the Brittle Crack-
ing (BC) mwodel and the Concrete Damage Plasticity (CDP) model, both in-
cluded in ABAQUS to be used when modeling concrete structures. For further
information see [3}.

Displacements

Displacements in the radial direction are presented with the initial position of
the structure before pressurization as reference. Displacements in the vertical di-
rection are presented with the upper part of the basemat as reference, i.e. exclud-
ing any basemat uplift.

In Figure 4.7 to Figure 4.17 analysis results regarding radial and vertical dis-
placement are presented together with measured displacements during the limit
state test (LST) of the model containment.

The analysis results agree very well with corresponding test data regarding dis-
placements in the radial direction. In the vertical direction, the results for the
dome differ from test results when using the Concrete Damage Plasticity (CDP)
model. When the concrete starts to crack, the analysis result using the CDP
model shows a decrease in vertical displacement, not registered during the test.
This can be explained by the fact that in the CDP model no consideration is
taken to the direction of the concrete cracks. Instead, the stiffness in the concrete
is decreased in all directions, not only in the principal tension direction. There-
fore, even if the concrete is cracked only due to hoop stresses, the stiffiess in the
vertical direction drops as well. When the pressure level is reached cracking in
the hoop direction occurs, there are conipression stresses in the vertical direction
due to the pre-siressing force. This will give rise to a displacement directed
downwards due to the aritifical decrease in stiffness. In the Brittle Cracking
model, crack direction is taken into consideration, thus giving a much better es-
timation of the displacement in the vertical direction.

There is a good agreement between the two different concrete material models
used, except in the vertical direction as explained above.
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Displacement in the radial direction af elevation 250

Figure 4.8 Displacement in the radial direction at elevation 1430
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Figure 4.9  Displacement in the radial direction at elevation 2630

477



NEA/CSNI/R(2004)11

Displacement (mm)

O

03903

073 H
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Figure 4.13 Displacement in the horizonial direction at elevation 14550
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Conclusions

Because the Concrete Damage Plasticity model gives some non-accurate results
for the typical stress state prevalent in the containment, the Brittle Cracking
model is chosen for the main analysis.

Parametrical study 3: Basemat and underground

General

To be able to minimize the model size for the three-dimensional model, it would
be conveniant if most of the basemat and the underground could be neglected.
Therefore, in the third parametrical study a comparison between modeling the
baseslab and underground in detail with modeling only a small part of the bas-
eslab is done.
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4.6.2 Displacements

The radial displacement is in principal equal for both analysis. The vertical de-
formation also agrees well.

4.6.3 Conclusions

Due to the fact that the results from the the two comparative analysis do not dif-
fer, the central part of the basemat and the underground can be neglected when
creating the three-dimensional model.

4.7 Parametrical study 4: Loading rate and mass scaling

In an explicit dynamic analysis the load has to be applied quasi-statically during
a sufficiently long period of time, in order not to introduce any dynamical ef-
fects on the structure, i.e. inertia forces and kinetic energy can be regarded as
negligible. A loading rate well below the critical value has to be chosen.

To minimize the executional runtinie, mass-scaling can be used. Mass-scaling is
only to be used during the linear elastic response phase of the analysis, that is up
to an overpressure of 600 kPa. Mass-scaling increases the effect of inertia forces
so care must be faken not to introduce any dynamical effects in the quasi-static
analysis, The benefits of using mass-scaling is explained below.

An estimate of the stability limit in explicit dynamics procedure can be ex-

pressed as
ar=L
Ca

where At is the stable time increment, L° is the smallest characteristic element
length and ¢, is the dilatational wave speed of the material. The dilatational
wave speed in a linear elastic material (with Poisson’s ratio equal to zero) is

Ca™ ;

where E is the elastic modulus and p is the material density.

If we artificially increase the material density by a factor of 2, the wave speed
decreases by a factor of f, and therefore the stable time increment increases by a
factor of /. This increase in stable time increment will give rise to a correspond-
ing reduction in executional runtime.

The mass-scaling chosen in the presented analysis has reduced the executional
runtime with approximately 40 percent. This reduction is of great importance
when analyzing large FE-models, or in the case of performing comprehensive
sensitivity studies.
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MODELING OF PRE-STRESSING TENDONS

Overview

One of the most important modeling issues is the modeling of the pre-stressing
tendons. The tendons in the model containment are non-grouted, i.e. unbonded.
These types of tendons can be modeled at different levels of sophistication;

Level I Taking into consideration the actual friction between the tendon
and the concrete, not only during the tensioning and seating proce-
dure, but also during the pressurization of the containment,

Level 2 The tendon force is specified by taking the variation of tendon
force along the tendon into consideration during tensioning due to
friction and seat losses etc. During the pressurization process the
tendon is modeled as fully bonded to the concrete.

Level 3 The tendon force is specified as a constant force along the tendon,
initially specified as a mean value taking friction and seat losses
etc into consideration. During the pressurization process the ten-
don is modeled as folly bonded to the concrete.

The test results show, as expected, that the force distribution along the tendon is
un-evenly distributed due to friction and seating losses during the tensioning
procedure. This foree distribution, however, will gradually change to a more or
less evenly distributed force along the tendon when the internal pressure in the
containment rises. The change of force distribution starts to appear when the
hoop forces equilibrate the pre-stressing force and the distribution will then
gradually approach an even distribution for further increase in pressure load. In
this phase the tendon force increases as expected as a consequence of elongation
due to the radial deformation of the containment.

Due to this tendon behaviour. it is an advantage if the modeling method is in ac-
cordance with the level 1 approach described above.

Test of level 1 modeling methods

We have used ABAQUS in order to test four different level 1 methods to enable
to take into consideration the friction and slip between the unbonded tendon and
the concrete during both construction. i.e tensioning and seating, and during
pressurization. These methods are briefly presented in sections 5.2.1 — 5.2.4 be-
low. A comparision of results iy also made using the level 2 approach, ie. to
mode] the tendons fully bonded to the concrete during pressurization.

The test is carried out as a basis for choosing modeling methods to be used in
the 3D FE-analysis of the model containment. Three main areas are evaluated in
the test:

- Simulation capabilities. i.e. the possibility to simulate the true tendon
forces along the tendon.
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- Computational runtime.
- Modeling effort.

The evaluation of the modeling effort is a subjective matter and to some extent
dependent on the pre-processor available, however a relative comparison will be
presented. Computational runtimes will be presented as relative values because
the absolute values are of course dependent on the computer capacity at hand.

The test calculations are carried out using a horizontal 130° segment of an 0.3
meter high un-disturbed part of the model containment wall including 3 pre-
stressing tendons, see Figure 5.1. The loading sequence of the model is tension-
ing, seating and finaly pressurization. Geometry, loading conditions and mate-
rial parameters are the same as for the analysis of the model containment.

Buttress for anchoring
of tendons. Tensionag
of tendoms.

Herizontal tendons \ o

Figure 5.1 Horizontal 1807 segment model including three pre-stressing ten-
dons.

5.2.1 Contact formulation between tendon and concrete (truss elements)

The tendons are modeled with truss elements and the concrete with solid ele-
ments. The interaction between the truss elements and the solid elements is
modeled with a contact formulation. A friction coefficient is specified between
the tendon and the concrete.

* Using this method the force distribution along the tendon during tensioning and
seating is automatically calculated. Also, the re-distribution of tendon force and
increase in friction force during pressurization is autoinatically taken into con-
sideration in the analysis.
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th
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Figure 5.2  Horizontal tendons modeled with frusses, interaction between fen-
don and concrete modeled with a contact formulation.

The element and node positions for truss and solid elements respectively can be
specified independently of each other making the modeling work straight-
forward.

The contact formulation increases the computational runtime in comparison to
the other methods using coupling elements berween the tendon and concrete
nodes, i.e. friction connectors and friction trusses.

Contact formulation between tendon and concrete (Inembrane elements)

This method is identical to the one specified in section 5.2.1 above. except that
the tendons are modeled using membrane elements instead of truss elements, see
Figure 5.3. Using this method it is not necessary to explicitly model each ten-
domn.
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il

Figure 5.3 Horizomal rendons modeled wirh membrane, interaciion beiween
sendon and concrete modeled with a contact formudarion.

This method is favourable whew the rendon curvature is oaly in one plane. and
the tendons are evenly distributed at rather small distances. It is possible to use
the method also for curvarure in wore than one plane by using rotated material
directions. see Figure 5.4, However. this increases the modeling effort. and ther-
fore modeling tendons explicitly with truss elements would in this case be an
equal or even betrer alternative,

Fignre 5.4 Rotating matevial directions impper tendon) for rendon curvaiure
in more thaw one direcrion, when using membrane elements wod-
eling the rendons.
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Friction connectors between tendon and concrete

The tendons are modeled with truss elements and the concrete with solid ele-
ments. The interaction between the truss elements and the solid elemeats is
modeled with friction connectors. A friction force is specified and this force will
be activated in the correct direction based on the relative motion between the
coupled nodes.

Using this method the force distribution along the tendon during tensioning and
seating is automatically calculated. Also, the re-distribution of tendon force dur-
ing pressurization is automatically taken into consideration in the analysis. Dur-
ing pressurization, the friction force will increase. Therefore the friction force
specified with the connector element has to be a function of the pressure load.
This dependency has to be calculated before the finite element analysis starts
and is given as input data.

0

Figure 5.5 Inferaction between tendon and concrete modeled with fiiction
connectors.
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VA
7 Friction contzector
I (connection) “\

Figure 5.6 Inferaction between tendon and concrete modeled with fiiction
conneciors.

In this method the truss nodes are connected fo the nearest solid element node.
Therefore the node positions for truss and solid elements respectively can not be
specified to far away from each other, putting some constraints on the modeling
work. However, this will often be easily handled by using approximatly the
same element size for truss elements and solid elements and due to the fact that
the element size has to be rather small in any case.

Friction trusses between tendon and concrete

The tendons are modeled with truss elements and the concrete with solid ele-
ments. The interaction between the truss elements and the solid elements is
modeled with friction frusses. This method is presented in [4]. The direction of
the friction trusses have to coincide with the angle of friction. Therefore the di-
rection of the friction trusses have to be adjusted when the direction of slip is
changed. This is the case when going from tensioning to seating, but also in
some areas during pressurization, see Figure 5.14.

Using this method the force distribution along the tendon during tensioning and
seating is calculated. Also, the re-distribution of tendon force and increase in
friction force during pressurization is taken into consideration in the analysis. .
Howevet, this is only true as long as the friction force doesn’t change direction.
‘When a direction change is at hand the model has to be changed by adjusting the
direction of the friction trusses, see Figure 5.8.
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Figure 5.7 Interaction between tendon and concrete modeled with fiiction

mrusses.
\\\ o o g e
. /When the friction force
" Node in solid af:le(memr= S /' changes direction,

\{M} N
s ) changed also /

(_g"f Friction truss :
{connection) S

. . e
/" Node in truss elements . /" Node in truss elements \\
// (tendon) . | " (tendon)
S d

Figure 5.8 Interaction between tendon and concrete modeled with fiiction
trusses, plan view.

To receive the correct direction of the friction trusses when comnecting the truss

elements with the solid elements, the spatial positioning of the nodes have to be

very exact. Also, in zones were the friction force changes direction two nodes

have to be specified for the fruss element for each solid element connecting

node. The demands on spatial positioning of nodes will increase the time to

build the model to a great extent, if an automated process is not available, i.e
. through a specially tailored pre-processor or scripf.
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Results

All methods provide accurate results when modeling tensioning and seating, as
can be seen in Figure 5.9, In this figure the curve named Contact represents both
the method using trusses and membranes for modeling the tendons.

500 T T T T T ¥ T T
-— Contact
- Connector
~~. Friction trusses
450 | .
== Tensioning
o e g — After seating
Rt Y
- '.""’"4.. —
= 400 m.\:\:: X
X, b
2
e
s
350 i
300 |- B
258 H L L 1 L 1 I i
90 100 110 120 130 140 150 160 170 180
: Azimuth

Figure 5.9  Distribution of pre-siressing force for unbonded tendons at ten-
sioning using different modeling technigues.

During pressurization the method using friction trusses has been excluded due to
the fact that the direction of the friction trusses has to be modified when the fric-
tion force changes direction. The direction of the friction force changes several
times, see Figure 5.14. The three remaining methods can in an accurate way
capture the changes in tendon force distribution along the tendon during pres-
surization.

Figure 5.10 and Figure 5.11 present the tendon stresses after tensioning and after
seating respectively. In Figure 5.12 tendon forces along the tendon at different
loading levels are shown.
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Figure 5.10 Pre-stressing tendons modeled with membrane elements/contact
formulation, tensioned using translatory connectors: tensioning
phase.

S Wl
Holvdiple amceion points
ZEak. 1 TE)

3

P

‘K“‘J_,f‘ 1

Figure 5.11 Pre-stressing tendons modeled with membrane elements/contact
formulation, tensioned using translatory connectors: afier seating.
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Figure 5.12 Pre-stressing tendons modeled with muss or membrane ele-
ments/contact formulation: distribufion of pre-stressing force for
unbonded tendon at different loading stages.

A comparison with level 2 methods, i.e. modeling the tendons as fully bonded to
the concrete during pressurization, is made in Figure 5.13. Here we see that the
force in the tendons differ to a great extent in some regions. If these regions co-
incide with critical areas regarding leak-tightness, the difference has a non-
negligible effect.
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Figure 5.13 Pre-stressing tendons modeled with fruss or membrane ele-
ments/contact formulation: distribution of pre-siressing force for
unbonded tendon at different loading stages. As comparison, theo-
retically determined force disivibution for fully bonded tendon, and
uniform strain along the fendon, are shown.
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Figure 5.14 Differential displacement between a concretre node and a tendon
node due to slippage during pressurization. The node is positioned
at approximatly azimuth 120, see figure 5.13.

Conclusions
In Tabie 5.1 a short summary of the different modeling technigues is given.

As can be seen in Figure 5.13, the re-distribution of the tendon force along the
tendon occurs between the overpressurization levels 1*Py and 2¥Py. Due to the
fact that the yielding and rupture of the liner oceurs at pressure levels well above
this, we have decided to take this phenomena into consideraiton in the 3D-model
analysis.

In the 3D-model of the model contaiment a combination of trusses and mem-
branes have been chosen for the modeling of the tendons together with the con-
tact formulation/friction coefficient to simulate the interaction between tendons
and concrate, see section 5.2.1 and 5.2.2.
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Method | Contact Friciion connector Friction trusses
Area (sectrons 5.2.1, 5.2.2) (section 5.2.3) (section 5.2.4)
Simulation Tendon force distribu- | Tendon force distribu- | Tendon force distribu-
capabilities tion: along the tendon tion along the tendon tion along the tendon
during tensioning and during tenstoning and | during tensiomng and
seating automatically seating avtomatcally seating calculated.
calculated. Friction coef- | calculared. Friction Change of model neces-
ficient has to be speci- | forces has to specified as | sary when friction force
fied as input data. input data. changes direction, i.e
Re-distribution of tendon | Re-distribution of tendon | 257 ecn fhe tensioning
- . . . . and the seating phase.
force during pressuriza- | force dunng pressuriza- e
. : . ; Angle of friction implic-
tion automatically calcu- | tion automatically caleu- | . -
lated lated itly specified when de-
ted. ated. fining geometry.
incgease in fncfmx_l force Inqease in ﬁxgum} force Re-distribution of tend
dunng pressurization during pressunzation has . -
X . force dunng pressuriza-
awtoratncally calculated. | to be specificed as a . !
function of th tion auntomatically calcu-
Can be used both for load ;:;0 Ve; ge;s:i: lated only as long as the
implicit and explicit o & PU | direction of the friction
codes, but convergence . forces not change, oth-
problems can occur Can be used both for erwise the model has to
when vsing implicit implicit and explicit be changed as stated
codes. * codes. above.
Increase m friction force
during pressunization
automatically calculated.
Cannot be used with
explicit codes or using
large deformation theory
with implicit codes.
Computarional | 1 ~0.5 ~0.5
runtime
Modeling 1 {rendons modeled wath | ~ 2 ~4
effort trusses)
~ .73 (tendons modeled
with membranes)
Comments Medeling techmique
selected 10 be used in the
3D-model (section 6).
Table 5.1  Comparison berween friction modeling methods when modeling

unbonded pre-stressing tendons.
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6. MAIN ANALYSIS: GLOBAL THREE-DIMENSIONAL MODEL

6.1 General

The axi-symmetrical approach applied in the parametrical studies (section 4)
provides a first estimate regarding the global response of the structure. However,
the axi-symmetrical model is not capable of catching effects due to for example
major penetrations, pre-stressing butiresses, non-uniform layout of the pre-
stressing tendons and reinforcement. and the non-uniform and pressure-
dependent pre-stressing effects. These effects will to a major extent influence
the structural behaviour of the containment, including overpressure levels at
leakage and collapse, as well as rupture positions. To take into consideration all
these matters. a fully three-dimensional model has to be used.

Modeling assumptions are based on the parametrical studies carried out in sec-
tion 4, and the investigation regarding modeling techniques for unbonded ten-
dons presented in section 5.

6.2 Structural model

6.2.1 Geometry

The global three-dimensional model has been established out of drawings pro-
vided in [2]. General dimensions are presented in section 3 above. The model is
shown in Figure 6.1. Figure 6.2 and Figure 6.3.
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Types of element
The concrete parts are in the FE-model represented by rectangular solid contin-

uum elements with a reduced number of integration points denominated C3DSR.

The steel liner is represented by rectangular shell elements denominated S4R. A
very limited number of the elements are triangle elements denominated C3D6R
and S3R respectively. The pre-stressing tendons are modeled by using both truss
and membrane elements. The reinforcement are described by using the rebar
modeling feature in ABAQUS. The reinforcement are then modeled by rebars in
form of a layer inside the underlying continuum elements (concrete).

Boundary conditions
Only a minor part of the basemat is included in the FE-model, the part between

the cylindrical wall connection and the tendon gallery, i.e. approximately corre-

sponding to the cast stage F3g, see Figure 3.8 in section 3. The bottom and the
vertical faces of the basemet part are constrained in both the vertical and the

horizontal direction. No constrains are applied on the nodes situated directly
above the tendon gallery. Constrained nodes are shown in Figure 4.3.
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Figure 6.4 Boundary conditions applied to the basemat part.

6.2.4 Contact
In order to get a realistic interaction between the pre-stressing tendons and the

concrete, contact definitions have been intreduced in the model. In the contact

definition the coefficient of friction between the structural parts has to be de-
fined. The coefficients of friction controls the amount of transferable shear force

between the tendon and the concrete due to compressive stress over the contact
surface. When tensile stresses occur over the contact surface, neither normal

stresses or shear stresses can be transferred.
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In Figure 6.5 the principles of contact definition between the pre-stressing ten-
dons and the concrete are presented.

Contact definiton

Tendon duct

Truss element
representing tendon

Part of solid element mesh

Concrete wall, cutside

o — -

Figure 6.5  Contact definition between pre-stressing fendon and concrete.

Pre-stressing tendons

The tendons are connected to the cancrete by applying a contact definition, see
section 6.2.4 above, i.e. they are modeled as un-grouted (unbonded). The ten-
sioning of the tendons is modeled by using translator connector elements, con-
necting the end of the tendons to a steel anchorplate. The anchorplate is con-
nected to the buttress concrete. The tensioning and seating process are then
simulated in the analysis, stretching the tendons with the help of the connector
element to the same amount as done with the jack during construction, see
Figure 6.6.

This procedure gives rise to an un-evenly distributed tendon force along the
length of the tendon, due to the friction specified in the contact definition, thus
matching the actual tendon force variation.

With the method chosen for the modeling of the tendons. during pressurization,
the pre-stressing force along the tendon is automatically changed from an un-
even distribution to a more or less evenly distributed force, see section 5.2.1 and
Table 5.1.

The tendons in the horizontal direction are tensioned to a maximum stress after
seating of 1120 MPa, corresponding to a pre-stressing force of 380 kN, and the
tendons in the vertical direction to 1280 MPa, corresponding to a force of 435
kN. The modeling of the tendons is shown in Figure 6.7 and Figure 6.8.
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Figure 6.6  Tensioning of cables using Connector elements: before tensioning
(left) and afier tensioning (vight) respectively.

Figure 6.7 Vertical pre-stressing tendons.
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Figure 6.8 Horizontal pre-stressing fendons.

Reinforcement

The reinforcement bars at the inner and outer surface of the model containment
are in principle modeled as shown in Figure 6.9 and Figure 6.10. The different
colours represent regions with different reinforcement content. The rebars are
rigidly connected fo the concrete as described in section 6.2.2 above,
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Application of loads

Dead weight is modeled applyivng a field of gravity acting downwards, using the
gravitational constant 9.81 nv/'s”.

The internal overpressure is applied as a linear monotonic increasing pressure
load at the inner face of the containment, i.e. to the shell element representing
the steel liner.

Since an explicit dynamic analysis has been executed the load has been applied
quasi-statically during a sufficient long period of time, in order not to introduce
any dynamical effects on the structure, i.e. inertia forces and kinetic energy can
be regarded as negligible. This means for the 3D-model a loading-rate of 1000
kPa/s according to Figure 6.11. The internal overpressure in the contaiment has
been limited to 2000 kPa, which is well above the ultimate load bearing capacity
of the containment model.

Pae {kPa)

2000

1000

t{s)
b

Figure 6.11 Load-fime history of the internal overpressure in the explicit dy-
namic analysis.
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STRUCTURAL ANALYSIS AND RESULTS

General

In this chapter the results from the structural analysis are compared to test data
at pre-defined positions. In addition, pressure-levels corresponding to important
characteristic events, i.e. cracking of concrete, yielding of the steel liner. and
tendon rupture leading to burst of the structure, are estimated. An estimation of
pressure-level at first leakage. i.e. liner rupture. is somewhat cumbersome to
carry out because of the large rupture strain of the liner given by material tests,
even for the welded zones, The load level at leakage has in principle to be esti-
mated using more detailed models (modeling approach level 3 and 4 according
to Figure 2.1) taking into consideration major penetrations, localized strains,
construction details and workmanship etc. Therefore, no prediction of these
pressure levels hias been made within the scope of this report. Instead, the
maximum stee! liner strain in the analysis is provided at the test pressure levels

corresponding to first leakage and excessive leakage respectively.

In addition to the pressure levels, factors of the design pressure Py (0.39 MPa in-
ternal overpressure) are shown in tables and in result diagrams to facilitate the
result interpretation.

All results presented, if not otherwise stated, are taken from the main analysis
using the global three-dimensional model.

Result summary of important events and output parameters

General
Major characteristic events of interest are;
- Start of non-linear structural response, i.e. cracking of concrete.
- Risk of leakage, i.e. yielding of steel liner.
- Excessive leakage, i.e failure of steel liner.
- Collapse of the structure, i.e. failure of tendons.

In Table 7.1 overpressure levels. when these events occur during the experimen-
tal tests, are presented and compared with estimated values from the three-
dimensional model and the axi-symnetrical model analysis. The events are then
discussed in more detail in section 7.2.2 - 7.2.5.

In section 7.2.6, a summary of the outcome of overpressure histories at pre-
defined positions for several output parameters is presented. Detailed output pa-
rameter results are presented in section 7.3.
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Maddel | Concrete | Steel liner Huoop tendlons Unit
Cracking Yield First Excessive | Yield 2% Faihare
fatluge leakage
Test | 0.59-078 |-V .98 129 L17 - 14 | MPa
1.5:2.0 23 331 3.0 359 Py
017 %% 0,42 0%
iD 0.55-0.7 0.8 - - 1.12 1.35 1.38 | MPa
141179 203 - - . 287 346 354 *Py
' 09%%  |2497
Axi (52062 102 - - 1.29 147 ~1.75 | MPa
133159 (2682 - - 331 378 4 49 Py
G170 | o420

Table 7.0 Resudt simmary of Tnporiant events.

2.2 Cracking of concrete
In Fizure 7.1 predicted initial cracking of the concrete is shown, As can be seen
the first cracking occurs at the major peuetrations and near the buttresses,
The major eracking of concrete occurs at overpressure levels of 0.56-0.78 MPa,
By analysis predicted overpressure af cracking of concrete is 0.55-0.7 MPa. Le.
that 15 m good agresment with test results.

Figipe 7.1 Cracking of conerere (ved colowr indicares the laygest cracking).
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Steel Hner

In Figure 7.2 predicted vielding of the steel liner is shown. and in Figure 7.3 the
position of predicted yielding 1s compared with steel liner rupture positions
mapped after completion of the overpresurization test. The analvsis rasults and
test resuits agree well,

As can bee seen in Figure 7.3, the position of first vielding near the equipment
hateh {E/HY predicted by the analysis {position I} differ to a swmall sxtent from
the acrual rupture position during test. This is due to the fact that the rupturs of
the liner during the test occurs at a position where the thickness of the steel liner
changes. This sectional change is not included in the model used. gziving a rup-
ture position placed underneath the E/H {nstead of at the side of the hatch.

The first vielding of the steel liner during test is registred for an overpressure of
1.1 MPa, However, the strain gauges neasuring the strains in the steel liner are
not placed at the positiont for first vielding. 1.e first vielding has to occur at an
lower overpressure level. By analysis. predicted first wielding of the steel liner
oceurs at an overpressure of 0.8 MPa. which is 1 agreement with the conclu-
sions stated abave,

-

Figine 7.2 Yielding of steel Imer fred colowr indicares maxinim vielding).
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Figure 7.3 Liner vapiure positions fromt tesi compared with analysis resulrs,

Collapse of structure

In Figure 7.4 .(lefty the predicred position of rupture of the contalmuuent during
structural collapse is shown, The predicted position agrees very well with the ac-
tual rupturs (burst; position during test. as can be seen in Figure 7.4 (rightl.

Collapse of the model contaunent during the test occusred at an overpressure
level of 1.4 MPa. By analysis. wsing the SD-muaodel. collapse was predicted to
occurre at an overpressure of 1,38 MPa. in good agresment with test data. The
axi-synunetrical model. however. overastimate the lead-bearing capacity of the
contatent. predicting a collapse pressure of more than 1,75 MPa,

Figire 7.4 . Rupiure position (red colowi.
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Results at pre-defined positions

Results for several output parameters as a function of overpressure are presented
in section 7.3 for different pre-defined positions in the structure, in total 55 dia-
grams. These result outputs correspond to experimental test data positions. In
Table 7.2 below, a summary and evaluation of the analysis results is presented.

The most important result parameters are the radial deformation, strains in the
steel liner and strains in the tendons. This is due to the fact that the radial
stresses and strains governs the capacity of the model containment, not the
stresses/strains in the vertical direction. Further more, the strain in the liner is
the most important parameter to determine the leak-tightness capacity. and the
strains in the tendons, the corresponding parameter to govern the load-bearing
capacity. For these parameters there is good agreement between measured test
data and calculated analysis results. The same applies for vertical deformation
and rebar strain,

Result component 1 Result evaluation

Displacements

Radial:

Good - very good

Vertical:

Accurate - good

Rebar strain

Hoop:

Accurate - good

Meridional:

Accurate - good

Liner strain

Hoop:

Accurate — very good

Mendional:

Accurate — very good

Tendon stram

Hoop:

Very good

Vertical:

Very good

Table 7.2 Evaluation sunmary of results for the 35 oufput locations.

For azimuth 135, the axi-symmetrical model also gives good results regarding
displacements. However, due to the fact that the radial displacement varies a lot
depending on the circumferential position (azimuth}, as can be seen in Table 7.3,
it is evident that the axi-symmetrical model is not quite capable of capturing the
true behaviour of the contaiment. For rebar strain the axi-symmetrical model
gives poor results, while the three-dimensional models gives good results. Core-
spondingly for liner strains the 3D-model gives more accurate results than the
axi-symmetrical model.
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7.3.2

Level Azimuth Displacement
Measured test | Results from axi-
data symunetrical model
(azimmth 133)
46 66 9 mm -
135 §mm 10 mm
334 13 mm -
6.2 90 6 mm -
135 10 mun 10 mm

Table 7.3 Comparison between during the fest measured radial displace-
ment, at overpressure 1 MPa, in different circumferential positions
with displacement caleulated using the axi-symmetrical model.

3D-model analysis

General

The main analysis of the model containment is carried out using a three-
dimensional model as discussed in section 2.

In this section analysis results from the 3D-model analysis are compared to test
data. For results at azimuth 135 degrees, corresponding results from the axi-
symmetrical analysis are also shown for comparison.

Result positions

Results are presented in 55 pre-defined positions corresponding to test data posi-
tions. In Figure 7.5 and Figure 7.6 result positions used for presentation are
shown. Most of the positions correspond to azimuth 135°, but results are also
presented at azimuth. 0, 58, 66, 90, 180, 241, 275, 280 and 334 respectively, as
indicated in the figuwes.

508



NEA/CSNI/R(2004)11

EL.[16130 ;
EL. 14550

e o e, AOT30 S

Figure 7.5  Resulf positions for 3D-model.

L3 B o o E 4 F <] " 1 ® L “
A I b ol Er 120 38 18 1eo* 210 240 ol w34 330 350
18135 i, 2 TiDome.
TS 12
a8
14351 sindzzize I .
] b 1. ]
I I
] ] 1 1
12887 ‘L :~ ——- — : : 1w
v f
I dha
I Vi
iy 3 o "
1R 5 ASUTE 6 AL bt o Shrnginz
R I
1 ] t ]
o il B
53 0 _ T 2
I L
[ 1
) g — -2 .
| €9 £ s L]
L fayae s, A0 423p 38 11
203 ¥4 =3 — e &
1 1 1 )
et e .
. 'A@_H N -0 5-0) i & idas .
T 1
s & ;l i N kgr
I i
Vi Vi
e H e -4 i .
1
i = i
430 4t A _ -1 H
HE Vi
1 ] - ] ]
250 PEECETE o N
& T r T I z TBazemar.
335 38,31 118,17 .47,
e m e SR BRI PEefed MEEW - - BuE BN ]
L P~ m v e m e m e m e m e —m—m - T Y < e mdmc e~
2550 DEmenw
Eievaton
oo} Motation:  *  Stanmant Sutpul LocaKons
o AGER

E;"H‘ Equipment Halen
WIS Maln Steam Peretration
F!W: Feecwatsr Penetralion

Figure 7.6  Result positions for 3D-model (elevation of inside surface).

509



NEA/CSNI/R(2004)11

7.3.3 Resnlt presentation

7.3.3.1 Displacements

Displacements in the radial direction are presented, using the initial position of
the structure before pressurization as reference position. Displacement in the
vertical direction are presented with the upper part of the basemat as reference,
i.e. excluding any basemat uplift.

In Figure 7.7 to Figure 7.21 analysis results regarding radial and vertical dis-
placement are presented together with measured displacements during the limit
state test (LST) of the mode! containment.

The analysis results agree very well to corresponding test data regarding dis-
placements in the radial direction. The results in the vertical direction also agree
well to corresponding test data.

-3

332 Rebar strain

In Figure 7.22 to Figure 7.39 analysis results regarding rebar strain are shown.
For the main analysis using the 3D-model the results agree well with test data.
However for the axi-symmetrical analysis, a large deviation from test data oc-
curs.

Liner strain

=3
(7]
|25 ]
;‘gj

In Figure 7.40 to Figure 7.51 analysis results regarding liner strain are shown.
The results agree well to corresponding test data.

7.3.34 Tendon strain

In Figure 7.52 to Figure 7.58 analysis results regarding tendon strain are shown.
The results agree very well to corresponding test data.

7.3.3.5 Result diagrams

----- 3 anodsl
o Aimsytnmetrical modk]
- Measuroments

Displacenient (mm)

0 03905 0.78 1 117 1.3
Pressure (MPa)

Figure 7.7 Pos. 1-Displacement in vertical direction for el 0.0 and az 135,
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Figure 7.8  Pos. 2-Displacement in radial direction for el 0.25 and az 135.
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Figure 7.9  Pos. 3-Displacement in radial direction for el 1.43 and az 135.
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Figure 7.10 Pos. 4-Displacement in radial direction for el 2.63 and az 135.
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Figure 7.11 Pos. 5-Displacement in radial direction for el 4.68 and az 133,
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Figure 7.13 Pos. 7-Displacement in radial direciion for el 10.75 and az 135.
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Figure 7.14 Pos. 8-Displacement in vertical direction for el 10.75 and az 1335.
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Figure 7.15 Pos. 9-Displacement in radial divection for el 14.55 and az 135.
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Figure 7.16 Pos. 10-Displacement in vertical divection for el 14.55 and az 135.
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Figure 7.17 Pos. 11-Displacement in vertical divection for el 16.13 and az 135.
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Figure 7.19 Pos. 13-Displacement in radial divection for el 10.7 and az 90.
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Figure 7.20 Pos. 14-Displacement in radial divection for el 4.675 and az 334.
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Figure 7.21 Pos. 15-Displacement in radial direction for el 4.525 and az 66.
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Figure 7.23 Pos. 17-Rebar strain outside laver in meridional direction for el
0.05 and az 135.
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Figure 7.32 Pos. 26-Rebar stvain ouiside layver in meridional direction for el
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Figure 7.33 Pos. 27-Rebar strain outside layer in hoop direction for el 14.35

and az 135,
3
® U
3 rooded
2 deasurements
b
2
@* O
Byt
ot g
0 03% 03 .78 1 117
Prossure (MPa)y

Figure 7.34 Pos. 28-Rebar strain inside laver in meridional direction for el

10.75 and az 135.
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Figure 7.38 Pos. 32-Rebar strain outside layer in hoop direction for el 6.2 and
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Figure 7.48 Pos. 43-Liner strain in meridional direction for el 6.2 and az 90.
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Figure 7.49 Pos. 44-Liner strain in hoop direction for el 6.2 and az 90.
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Figure 7.50 Pos. 45-Liner strain in hoop direction for el 4.675 and az 334.
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Figure 7.51 Pos. 46-Liner strain in hoop direction for el 4.525 and az 58
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Figure 7.52 Pos. 48-Tendon strain in vertical direction for el 13.6 and az 180.
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Figure 7.53 Pos. 50-Tendon strain in hoop direction for el 6.58.6 and az 90.
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Figure 7.54 Pos. 51-Tendon strain in hoop direction Jor el 6.58 and az 180.
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Figure 7.55 Pos. 52-Tendon strain in hoop direction for el 6.58 and az 280.
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Figure 7.56 Pos. 33-Tendon strain in hoop direction for el 4.57 and az 0.
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Figure 7.57 Pos. 534-Tendon force in hairpin direction for el-1.16 and az 241.
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Figure 7.58 Pos. 55-Tendon force in hoop direction for el 6,58 and az 275.
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APPENDIX 1: ISP 48

Phase 1: Data collection and identification

The group of members in ISP 48 agreed on the following basic principles: all participants
should use the same data, calculate the same structure, and report on the same positions for
comparison. It was also agreed that the most representative data should be used.

It was decided that

s The chairman would send the list of requests for completion to all participants within a
week for all of them to comment within one week. The list will then be sent to SNL.

» SNL would provide the list of available data taking into account the list mentioned
above to the extent possible. Deadline is Jan 15,

¢ Considering that participants may use different models, data needed may be different.
Consequently. participants would review SNL's list and see if data fitted. Comments
would have to be sent to SNL by end of February.

e SNL would deliver the data in a format appropriate with the use of computer codes
and standard softwares.

With regard to the location of measurements, the group agreed that it would be easier to use
the locations as for the round robin (displacement, strain, rebars strain, etc ). The group would
check if it was complete enough and make suggestion with regard to possible addition by Jan
15.

Phase 2: Calculation of the LST test (Limit State Test) performed at Sandia - Mechani-
cal loading

Phase 2 will start on April 1, 2003 and delivery of individual reports is expected by the end of
Dec 2003.

The following items were agreed upon:
« Computation up to leakage. It was nevertheless recognized that assessment of the time
and the value of the leakage was very complicated.
« Displacements and stresses would be compared with test resuits.
e Concrete cracking, liner tearing and cable rupture would be compared with test results

» Individual reports would be issued by Dec 31, 2003 to SNL and circulated through
participants in January 2004.

With regard to Phase 2 syntliesis report by SNL, it was agreed that it would include:

» Comparison of all results including sensitivity of the results to models
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& Proposals for transposition to real size containments.

With regard to the completion of Phase 2, it was agreed that a meeting would be held in Feb
2004 with the following preliminary agenda:

o Presentation of Phase 2 synthesis report

+ Individual presentations on phase 2 calculations

e Conclusions by the group including thoughts on transposition to real size contain-
ments

e Definition of Phase 3 exercise including the data and thermal hypothesis to be used for
the exercise

Phase 3: Calculation of the response under both mechanical and thermal loadings.

Considering that models would have been checked out against the test under mechanical load-
ing after Phase 2, the objective of Phase 3 is to study the effect of temperature on the global
behavior of the structare.

Although there was no test supporting this calculation, the group agreed that an increase in
temperature was better and more realistic than a constant temperature. They thus approved the
proposal made by IRSN to use the pressure and thermal loadings as defined in WASH1400.
IRSN will provide the group with the evolution of temperature and pressure versus time by
the end of March 2003.

As said before, the group decided to discuss thoroughty thermal hypothesis and data to be
used during the phase 2 meeting. Nevertheless. the following were agreed upon:

s  Temperature will be applied on the surface of the liner;

e Contact (i.e. no air gap) will be assumed between the liner and the concrete. The trans-
fer coefficient will be specified;

¢ Boundary conditions will be the same for all participants and will be specified;

+ Calculation should be performed up to 24 hours or up to rupture whichever comes
first;

e As to results, it was decided to compare, at several times to be defined:
+ the temperature profile through the thickness;
e tendon, liner stresses (to be determined);

o displacements {less points that in phase 2 will be selected based on phase 2
results);

e crack patterns;

L - (™
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Individual reports will be delivered at the end of phase 3.

The duration of Phase 3 is still under discussion. This item is discussed under Phase 4 below.

Phase 4: Reporting, Workshop
The group decided that the ISP should be completed and presented at the June 2005 CSNI
meeting.

Based on that, it was agreed that:
» a Workshop would be held in April 2005 to allow time for conclusions and recom-
mendations to be written:

e the individual phase 3 reports should be delivered to SNL, copy to all. about 6 months
before (i.e Nov 2004);

* between those dates, SNL would draft the phase 3 synthesis report and the outline of
the draft final synthesis report with inputs from all participants.
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ISP 48 time-schedule
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ISP 48 participants

Name City Est

CZECH REPUBLIC

Mr. Jan MALY Prague ENERGCPROJ
FRANCE

Mr. Georges NAHAS Fontenay-aux-Roses IRSN

Mr. Jean-Pierre TOURET Milleurbanne EDF VILLEUR
GERMANY

Dr. Hans GREBNER Koeln GRS KOLN
Mr. Christoph NIKLASCH Karlsruhe UKARLIBM
Dr. Jurgen SIEVERS Koeln GRS KOLN
JAPAN

Mr . SHIBATA MISIPN

Dr. Mildo YAMAMOTO Tokyo NUPEC
KOREA (REPUBLIC OF)

Dr. Nam-Ho LEE Tasjon KOPEC

Dr Sanggin LEE Taejon KAERI
SLOVAK REPUBLIC

Mr. Milan PRANDORFY MISSL
SWEDEN

Mr. Ola JOVALL Lund SCANSCOT
UNITED KINGDOM

Mr. Michael W. JOHNSTON East Kilbride BEG

Mr. David SHEPHERD Boatle (nr. Liverpool) HSE BOOTLE

UNITED STATES OF AMERICA
Dr. James F. COSTELLO Washington NRC

Mr, Michael F. HESSHEIMER Albwquerque SANDIA

533



	csni11bis.pdf
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	




