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ABSTRACT

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory Commission (NRC),
Office of Nuclear Regulatory Research, cosponsored and jointly funded a Cooperative Containment Research Program
at Sandia National Laboratories (SNL) from July, 1991 through December, 2002. As part of this program, a 1:4 scale
model of a prestressed concrete containment vessel (PCCV) was constructed and pressure tested to failure. The
prototype for the model is the containment building of Unit 3 of the Ohi Nuclear Power Station in Japan. The design
accident pressure, P;, of both the prototype and the model is 0.39 MPa (57 psi). The objectives of the PCCV model test
were to simulate some aspects of the severe accident loads on containment vessels, observe the model failure
mechanisms, and obtain structural response data up to failure for comparison with analytical models.

The PCCV model was designed and constructed by NUPEC and its Japanese contractors, Mitsubishi Heavy Industries,
Obayashi Corp., and Taisei Corp. SNL designed and installed the instrumentation and data acquisitions systems and
conducted the overpressurization tests. ANATECH Consulting Engineers conducted the pre- and posttest analyses of
the model under contract to SNL.

Nearly 1500 transducers were installed on the PCCV model to monitor displacements, liner, rebar, concrete and tendon
strains and tendon anchor forces. This instrumentation suite was augmented by the Soundprint® acoustic monitoring
system, video, and still photography.

Low pressure testing, including a Structural Integrity Test to 1.125 P,, and an Integrated Leak Rate Test at 0.9 P,, was
conducted in September, 2000. The Limit State Test (LST) of the model was conducted on September 27-28, 2000 by
slowly pressurizing the model using nitrogen gas. A leak, presumably through a tear in the liner, was first detected at
a pressure of 2.5 P, and a leak rate of 1.5% mass/day was estimated. The test was terminated when the model reached
a pressure of 3.3 P,. At this pressure, the leak rate was nearly 1000% mass/day, exceeding the capacity of the
pressurization system. Posttest inspections revealed 26 tears in the 1.6mm (1/16") steel liner as the source of the leaks.

Since only limited damage and inelastic response occurred during the LST, the interior was resealed with an elastomeric
membrane. The PCCV was then filled nearly full with water and repressurized on November 14, 2001. This Structural
Failure Mode Test reached a maximum pressure of 3.6 P, when the model ruptured violently by failure of the prestressing

tendons and then the reinforcing steel.

The resulting data from all the tests are provided for comparison with pretest and posttest analyses.
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EXECUTIVE SUMMARY

Introduction

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory Commission (NRC),
Office of Nuclear Regulatory Research co-sponsored and jointly funded a cooperative containment research program
at Sandia National Laboratories' (SNL). Tests of two containment models were authorized under this program. The first
model, a mixed-scale model of an Improved Mark-II type steel containment vessel (SCV) for a Boiling Water Reactor
(BWR), was tested in December 1996. The second model tested was a 1:4-scale model of the prestressed concrete
containment vessel (PCCV) of an actual nuclear power plant in Japan, Ohi-3. Ohi-3 isan 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. The scale of the PCCV model was a uniform 1:4, with minor exceptions
to 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.

By definition, the scope of this program was limited to addressing the capacity of containment vessels to loads beyond
the design basis, the so-called severe accident loads. Design accident loads for light water reactor containment vessels
are typically based on the loss-of-coolant accident (LOCA) and are defined by bounding pressure and temperature
transients. The design accident pressure, P,, of both the prototype and the model is 0.39 MPa (57 psi). The term “severe
accidents” is used to describe an array of conditions that could result in loads, in excess of the design basis loads, on the
containment. The definition of severe accident loads, which is not as rigorous as the design basis loads definition, results
from a consideration of various postulated failure scenarios of the primary nuclear system, up to and including a
complete core meltdown and breach of the reactor pressure vessel. The resulting pressure and thermal loading
characteristics depend on the unique features of the nuclear steam supply (NSS) system and the containment structure
in addition to the postulated accident.

For this 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.

Design and Construction

Within the cooperative framework agreed on by NUPEC and the NRC, NUPEC and its Japanese contractors designed
and constructed the PCCV model at SNL’s Containment Technology Test Facility-West (CTTF-W). This test facility
was specially constructed by SNL on land temporarily permitted for this purpose on Kirtland Air Force Base (KAFB),
Albuquerque, New Mexico, USA. The prime contractor to NUPEC for the construction of the PCCV model was
Mitsubishi Heavy Industries (MHI), who also designed and constructed the prototype plant, Ohi-3. In addition to overall
design and construction, MHI designed, fabricated and erected the steel liner and all primary steel pressure-retaining
components. Supporting MHI for the reinforced concrete portions of the model and ancillary structures were several
subcontractors. Obayashi Corp., a large Japanese Architect/Engineer (A/E) and construction company, performed the
detailed design of the PCCV model and Taisei Corp, another large A/E/Contractor, was the construction manager. Taisei
retained the U.S. construction firm, Hensel Phelps Construction Co., Greeley, CO for general construction work and
management of day-to-day construction operations. MHI pre-fabricated portions of the steel liner and the penetrations
at their Kobe Shipyard and transported these components to the CTTF-W for final erection. The balance of the model
was constructed on-site.

This work is jointly sponsored by the Nuclear Power Engineering Corporation and the U.S. Nuclear Regulatory Commission.
The work of the Nuclear Power Engineering Corporation is performed under the auspices of the Ministry of Economy, Trade
and Industry, Japan. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for
the U.S. Department of Energy under Contract Number DE-AC04-94AL85000
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Instrumentation and Data Acquisition

NUPEC funded SNL to provide programmatic and model design support, instrument the model, and design and assemble
the data acquisition system. The PCCV model instrumentation suite was designed to measure the global behavior in free-
field locations of the model and the local structural response of the model near discontinuities. Global response
measurements included both displacements referenced to a global or fixed reference and strain measurements at a regular
pattern of azimuths and elevations to characterize the overall shape of the model. Local response measurements
consisted of strain measurements of individual structural elements (i.e. liner, rebar, tendons, concrete) to characterize
the force distribution near structural discontinuities. In areas absent of structural discontinuities or where membrane
behavior was expected to dominate the response, relatively simple arrays of transducers were specified. Where structural
discontinuities were judged to be significant more complex arrays of strain gages were utilized. Both hoop and
meridional strains were measured.

Pressure measurement requirements included careful measurement of the PCCV interior pressure for purposes of leak
detection, and to a lesser extent, leak rate measurement, characterization of the mechanical response as a function of
pressure and to control the pressurization rate. It should be noted, that while measurement of leak rates was not a
primary objective, detection of the onset of leakage requires the calculation of very small leak rates with relatively high
accuracy.

As implied by the name, the unique feature of the PCCV model is the prestressing system, comprised of the vertical and
hoop tendons and associated hardware. Special efforts were made to monitor the response of the prestressing system,
both prior to and during pressure testing. An extensive effort was undertaken to develop and demonstrate the reliability
of the tendon instrumentation. The resulting system was comprised of two types of strain gages to monitor the strain,
and by calculation, the force distribution along the length of selected tendons along with load cells to measure the forces
at the tendon anchors. Since the behavior of the tendons and the overall response of the model to the pressure load would
be directly affected by the initial prestressing forces, the response of the PCCV model was monitored continuously from
the start of prestressing through the subsequent pressure tests.

While these force, strain and displacement measurements provide accurate information on the response of the model at
discrete locations, it was desirable to have some method to monitor the overall response of the model in the (likely) event
that some significant response occurs at locations remote from any transducer. The displacement transducers reflect,
to a greater extent than the strain or force transducers, the overall response of the model but might still miss other local
response modes. This deficiency was addressed by including an extensive array of acoustic and, to a lesser degree,
video/photographic monitoring of the PCCV model. While more qualitative in nature than the discrete response
measurements, some quantitative information could be obtained from these monitoring systems. The acoustic system,
in particular, was designed to detect the onset of liner tearing and leakage, along with concrete cracking and rupture of
tendon wires or rebar. Similarly, video and still photography was used to document the development and distribution
of concrete cracking, detect liner tearing at discrete locations during pressure testing and capture any unanticipated
response modes.

Analysis

NRC funded SNL to perform preliminary, pre- and posttest analyses of the model. This analytical work was
subcontracted by SNL to ANATECH Consulting Engineers, San Diego, CA. The preliminary analyses supported design
studies, identified critical response modes and assisted in locating instrumentation. The pretest analysis consisted of the
development and analysis of detailed numerical models in an attempt to predict the response of the PCCV to the test
pressures and predict the capacity and most probable failure mode. The posttest analysis compared the test results to
the pretest predictions, investigated and demonstrated changes in the modeling methods to improve the comparison with
the test results and provided insights into the response observed during the pressure tests. The pre- and posttest analyses
have been reported separately and are not included in this report.

NUPEC and NRC also jointly provided funding to share the costs associated with organizing and conducting a pretest
Round Robin analysis. The Round Robin analysis euphemistically refers to an activity where a number of nuclear safety
research organizations from government, industry and academia in the United States, Japan and other countries are
provided with a common set of data on the model test (design drawings, material properties, test specifications, etc.) and
then complete independent predictions of the model response, failure mode and pressure capacity. SNL was the focal
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point for this effort in terms of disseminating and consolidating the work of the participating organizations. Seventeen
independent organizations, including NUPEC and SNL, participated in this effort, performing pretest analyses and
meeting before and after the PCCV model test to discuss and compare analysis results. The efforts of these Round Robin
participants are documented in separate NUREG Contractor Reports. While a formal posttest Round Robin exercise was
not conducted for the PCCV, most of the participants attended a posttest workshop and have reported the results of their
posttest analyses independently.

Testing

NRC funded the planning and conduct of test operations. After extensive discussions between NUPEC, the NRC and
SNL, a detailed Test Plan was developed by SNL to describe the conduct of the pressurization tests of the PCCV model.
A final series of three tests were agreed upon:

+ A leak check and System Functionality Test (SFT) @ 0.5 P, (2.0 kg/cm? or 28.4 psig)
* A Structural Integrity Test (SIT) @1.125 P, followed by an Integrated Leak Rate Test (ILRT) @ 0.9 P,

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

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 Structural Failure Mode Test (SFMT) was a combined pneumatic-hydrostatic
test, where the PCCV model was filled nearly full with water, to reduce the volume of gas to be pressurized, and nitrogen
gas was used to generate the overpressure.

The SFT was conducted beginning approximately 9:00 AM, July 18, 2000. The model was pressurized using nitrogen
to 0.5 P, (0.2 MPa or 28.4 psig) in three increments holding pressure for one hour or longer at each step, depending on
the duration needed to perform all system functionality and leak checks. The model was then isolated and a leak rate
check was performed by monitoring the model pressure and temperature for approximately 18 hours. After 18 hours,
the calculated leak rate was 0.15% mass/day, which was interpreted as confirming that the model was leak-tight. After
the model leak rate check, the model was allowed to depressurize through a pair of orifice plates calibrated to leak rates
of 1% and 10% mass/day to perform a calibration test on the leak rate measurement instrumentation. The calculated leak
rates for each test were 0.87% and 7.86%, respectively, indicating that the leak rate instrumentation was capable of
accurately detecting a leak of 1% mass per day, which is the goal specified for the ILRT. The SFT was concluded on
July 20 by opening the vent valve, allowing the model to depressurize.

The Structural Integrity Test and the Integrated Leak Rate Test were conducted on September 12-14, 2002 as a combined
test, with the ILRT following immediately after the SIT. The SIT/ILRT reproduced the pre-operational tests conducted
at the prototype plant and allows for a comparison of the model’s elastic response characteristics and leak behavior with
the prototype and pretest analyses. The SIT test pressure, Pg;r, was 1.125 P;. After the SIT pressure was maintained for
one hour, the PCCV model was depressurized to the ILRT pressure, 0.9 P,. The calculated leakage rate at P 1, L,,,, after
24 hours at 0.9 P,;, was 0.06% mass/day.

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 model was pressurized in increments
of approximately 0.2P, to 1.5 P,when a leak check was conducted yielding a leak rate of 0.48% mass/day. Pressurization
of the model continued in increments of approximately 0.1P, to 2.0P,when a second leak check resulted in a calculated
leak rate 0f 0.003%, i.e. essentially zero. Pressurization of the model resumed in increments of 0.1P;to 2.5P,. At2.4P,
the acoustic system operator reported hearing a change in the acoustic output which might indicate that “something had
happened”. The model was isolated for a third leak check and after approximately 1-1/2 hours, a fairly stable leak rate
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of 1.63% mass per day was calculated, indicating that the model was leaking, most likely from a tear in the liner in the
vicinity of the E/H. The average hoop strain at 2.5P,, coinciding with the onset of liner tearing and leakage was 0.18%.

After concluding that the model had functionally failed between 2.4 and 2.5 P,, the next goal was to continue 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 P,. The pressure was increased to
slightly over 3.3 P, before the leak rate exceeded the capacity of the pressurization system and the test was terminated.
After the model had completely depressurized, it was purged with fresh air, the E/H was removed and a detailed
inspection of the inside of the model revealed 26 discrete tears in the liner, all located at vertical field welds. Extensive
examination and metallurgical analysis of the liner after the test revealed that fabrication defects contributed to nearly
all of the liner tears.

Almost immediately after the completion of the LST, there was a recognition that while the PCCV model had
demonstrated it’s capacity to resist pressures well above the design pressure and had exhibited liner tearing and leaking
as the functional failure mode, the test objectives were not fully met with respect to observing large inelastic
deformations, for comparison with analyses. NUPEC and NRC approved a concept proposed by SNL to seal the interior
surface of the liner with an elastomeric membrane, fill the model with water to 1.5m (5') from the dome apex,
approximately 97% of the interior, and repressurize the remaining gas pocket with nitrogen until the model failed or
pressure could not be maintained.

The Structural Failure Mode Test (SFMT) began shortly after 10:00 AM on Wednesday, November 14,2001. The model
was continuously pressurized at a rate of approximately 0.035 MPa/min (5 psi/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 by 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 P,. Atapproximately 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 rate of pressurization was decreasing and the nitrogen flow rate
was increased to maintain the pressurization rate. 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 P, (1.42 MPa or 206.4 psig) the PCCV
model ruptured violently at ~6° azimuth near the mid-height of the cylinder. The maximum average hoop strain at the
peak pressure of 3.63 P, was 1.02%. The model continued to expand after reaching the peak pressure and the maximum
hoop strain recorded just prior to rupture was 1.65%.

Conclusions

The over-pressurization tests of the 1:4-scale PCCV model represent a significant advance in understanding the capacity
of nuclear power plant containments to loads associated with severe accidents. The data collected during the tests, as
well as the response and failure modes exhibited, will be used for many years to come to benchmark numerical
simulation methods used to predict the response of concrete containment structures. While lessons for actual plants can
and should be drawn from this and previous large scale containment model tests, these insights are beyond the scope of
this report and will be addressed in a future effort. The reader is cautioned not to draw direct conclusions regarding the
pressure capacity of actual plants from these tests or interpret these results as a demonstration of the prototype capacity.
The PCCV model tests have demonstrated the importance of the unique details and as-built characteristics of the model
on the ultimate capacity. Any efforts to estimate the capacity of an actual containment must address the unique features
of the plant under consideration.

With the completion of the PCCYV tests, restoration of the test site and submittal of the test reports, the NUPEC/NRC
Cooperative Containment Research Program was formally concluded on December 31, 2002.
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fortunate and proud to have had the opportunity to work with such an outstanding group of individuals. The primary
project team included Dave Pace (PCCV Lead Engineer), L. Dwight Lambert (Site Manager and Instrumentation
Leader), Eric Klamerus (Instrumentation and Pressurization System Engineer), Gina Rightley (DAS Lead Engineer),
Mike Rightley (DAS and Instrumentation Design), Mike Luker (DAS and Instrumentation Engineer), Vincent Luk
(Analysis and Round Robin Coordinator), Ken Eckelmeyer (Liner Inspection and Metallurgical Analysis) and a team
of outstanding technicians consisting of Mike Ramirez, Bob Smyth, Ed Baynes, Bob Eyers, Raymond Davis, Roy
Morgan, John Mulder, Richard Padilla, Jack Pantuso, Ed Vieth, Richard Klingler, and Larry Yellowhorse. Kimberly
Brower assisted in the posttest data processing and analysis. Management and Administrative support was provided by
Berlinda Gonzalez, Yolanda Aragon, Viola Madrid, Mary Campos, Rebecca Campbell, Linda Flores, Barbara Meloche
and Barbara Hawkins. Site support was provided by SNL’s Facilities Department members Walter Heimer, Paul
Schlavin, George Greer, Ed Sanchez and Dave Hendrix. Nadine Williams was responsible for all permits and land-use
issues. Dave Sparks and Russ Adams from SNL’s Video Services Department taped the construction and testing of the
model. Environmental, Safety and Health support was provided by Daniel ‘Mac’ MacLaughlin.

In addition to SNL’s in-house staff, vital support was provided by several key sub-contractors, especially from
ANATECH Consulting Engineers: Bob Dameron (Lead Analyst), YusefRashid, Jason Maxwell and Brian Hanson; from
Pure Technologies, Ltd. Peter Paulson and Monroe Thomas; and from the University of New Mexico’s ATR Institute,
Lary Lenke. Faith Puffer (Tech Reps) was the technical editor responsible for producing this report.

The direction and planning of the project was greatly assisted by special advisors to the project. In Japan, NUPEC’s
Structural Advisory Committee included Prof. Hiroshi Akiyama, Prof. Katsuki Takiguchi and Prof. Noriyuki Miyazaki.
The NRC’s Peer Review Panel consisted of Tom Ahl, Bryan Erler, Ted Johnson, Richard Orr, Mete Sozen, John
Stevenson, H.T. Tang, Walt von Riesemann, Richard White, Lyle Gerdes, Harold Townsend and Joseph Ucifferro.
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ABBREVIATIONS

A/L air lock

A/E Architect/Engineer

AO Acoustic System Operator

ASME American Society of Mechanical Engineers
BWR Boiling Water Reactor

CE fiber optic gages

CONV converted data

COR corrected data

CPOT Cable Potentiometer

CTTF Containment Technology Test Facility
CVDT converted

DA data analyst

DAS Data Acquisition System

DET Division of Engineering Technology
DISP displacement

DO Data Acquisition System Operator
DOE Department of Energy

DOR data of record

DT displacement

DYN dynamic

E/H equipment hatch

EPRI Electric Power Research Institute
ES&H Environmental Safety and Health

F/'W feedwater

GBST gage bar strains

GFAC gage-specific factors

ILRT Integrated Leak Rate Test

KAFB Kirtland Air Force Base

LI liner strain gage

LINST liner strains

LOCA loss-of-coolant accident

LST Limit State Test

LVDT Linear Variable Differential Transformer
M/S main steam

METI Ministry of Economy, Trade and Industry
MHI Mitsubishi Heavy Industries

NO Nitrogen Supply Operator

NRC U.S. Nuclear Regulatory Commission
NSS nuclear steam supply

NUPEC Nuclear Power Engineering Corporation
PCCV prestressed concrete containment vessel
PLC Programmable logic controller

PRES pressure

PWR Pressurized Water Reactor

REBST rebar strain

RES Office of Nuclear Regulatory Research
RS rebar strain gages

RTD Resistance Temperature Detectors
SCV steel containment vessel

SFMT Structural Failure Mode Test

SFT System Functionality Test

SIT Structural Integrity Test

SNL Sandia National Laboratories

SOL Standard Output Location

XiX



T/C
TC
TEMP
UTS
YS

thermocouple
test conductor
temperature
ultimate strength
yield strength

XX



1. INTRODUCTION

The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory Commission (NRC),
Officeof Nuclear Regulatory Research have cosponsored and jointly funded acooperative containment research program
at Sandia National Laboratories (SNL). NUPEC was founded in 1976 as the Nuclear Power Engineering Center under
theinitiative of academia and private corporations. Supported by the Agency for Natural Resources and Environment
of the Ministry of Economy, Trade and Industry (METI), NUPEC is mandated to advance the performance and public
acceptance of commercial nuclear power plants through engineering tests, safety analyses, information acquisition and
analyses, and public relations activities. Within NUPEC, the Systems Safety Department is conducting research on the
integrity of reactor containment vessels during severe accidents. Containment integrity tests include experiments and
analyses of debris cooling phenomena, hydrogen combustion behavior, fission products transport behavior, and
containment structural behavior. I1n addition, the department coordinates the cooperative containment program with the
NRC and manages program activities with SNL and other subcontractors.

The Officeof Nuclear Regulatory Research (RES) at U.S. NRC plans, recommends, and implements programs of nuclear
regulatory research, standards devel opment, and resol ution of safety issuesfor nuclear power plantsand other facilities
regulated by the NRC. Within RES, the Division of Engineering Technology (DET) plans, develops, and directs
comprehensiveresearch programs and standardsdevel opment for nuclear and materialssafety. Inthenuclear safety area,
there are programs for the design, qualification, construction, maintenance, inspection, and testing of current and
advanced nuclear power plants. For materials safety, program activities include material characteristics, aging, and
seismic and engineering aspects of these facilities and materials. Within DET, the Engineering Research Applications
Branch hasthelead for determining adeguacy of structuresand systemsand for the coordinating and interfacing activities
associated with the American Society of Mechanical Engineers (ASME) Code Section I11. Thisbranch coordinates the
cooperative containment program with NUPEC and manages SNL activities.

SNL isamulti-program national security laboratory, operated by Sandia Corporation, asubsidiary of Lockheed Martin
Company, for the National Nuclear Security Administration, U.S. Department of Energy (DOE). SNL’sNuclear Energy
Technology Center has provided engineering and scientific support in the areas of reactor safety and safeguards to the
NRC and the DOE for morethan 20 years. A significant areaof support hasincluded analytical and experimental efforts
to addressissues related to severe accidents and containment integrity.

Thiscooperative containment program buildson the combined experti se of these organi zations and continuesto advance
the understanding of nuclear containment structure’ s response to pressure |oading beyond the design basi s accident and
the ability to predict, analytically, the structural behavior. This is accomplished by conducting static, pneumatic
overpressurization tests at ambient temperature of scale models of actual containment vessels for nuclear power plants
in Japan. NUPEC and the NRC formulated the overall scope of the program, and NUPEC, under contract with METI,
isresponsible for designing and constructing the models. SNL isfunded by NUPEC to develop and operate a facility
for conducting these tests, review the model designs and provide design support, instrument the modelsand collect data
during the pressure tests, and report the results of the test. The NRC is funding SNL to perform pre- and posttest
analyses of the models and to conduct the pressure tests. All funding is directed to SNL through agreements with the
DOE’ s Work-for-Others Office in the Science and Technology Transfer Division.

Tests of two containment models were authorized under this program. The first model, a mixed-scale model of an
Improved Mark-11 type steel containment vessel (SCV) for a Boiling Water Reactor (BWR), was tested in December
1996. The results of the SCV tests and analyses have been published [1-5]. The second model tested was a 1:4-scale
model of the prestressed concrete containment vessel (PCCV) of an actual nuclear power plant in Japan, Ohi-3 (Figure
1.1). Ohi-3isan 1127 MWe Pressurized Water Reactor (PWR) unit, one of four unitscomprising the Ohi Nuclear Power
station located in Fukui Prefecture and owned and operated by Kansai Electric Power Company.

Thisreport describesthe design, construction, and instrumentation of the PCCV model, the conduct of the pressuretests,
and the results of those tests. The pre- and posttest analyses performed by ANATECH Corp (San Diego, CA) under
contract to SNL are reported separately [6, 7]. Independent pretest analyses, conducted by a number of international
organizations, were also conducted and presented in a summary report [8].



Figure1.1. Ohi Nuclear Power Station, Ohi-cho, Fukui, Japan

1.1  Background

Containment vesselsin nuclear power plants comprise, with the penetrations and other pressure boundary components,
the final barrier between the environment and the nuclear steam supply system. The functions of the containment are
to:

e contain any radioactive material that might be released from the primary system (reactor vessel, steam generators,
piping) in the event of an accident;

e act asasupporting structure for operational equipment.

Containment buildings have been an integral part of commercial nuclear power plantsin Japan and the United States
since the first units were constructed in the 1960s. For U.S. containments, the design loads and their combinations, as
well asthe response limits, are specified in the ASME Boiler and Pressure Vessel Code[9]. Initialy, severe accidents
were not part of the design basis due to their perceived low probability of occurrence, and pressure relief valves were
not required. In Japan, METI Directives control the design of nuclear power plants, and the design standards for
containments are specified in the MET| Natification No. 501 and in JEAG4601.

After the accident at Three Mile Island in the United States in 1979, attention turned to the capacity of containment
systems beyond their design basis. SNL conducted a preliminary study [10], commissioned by the NRC, to identify
experiments conducted to investigate this issue, but concluded that the scope of the tests and the data did not provide
sufficient insight into the problem. Asaresult, aprogram, including scale model tests coupled with detailed structural
analysis, wasformulated by the NRC to investigate theintegrity of containment systems beyond their design basis. The
primary objective of the NRC program was, and continuesto be, the validation of analytical methods used to predict the
performance of light water reactor containment systems when subjected to loads beyond those specified in the design
codes. While some insights could be gained into structural response and failure mechanisms of actual containments, it
wasalso recogni zed that the capacity of actual containments could not be determined solely fromtestsof simplified scale
models. Theresultsof thisprogram, as summarized by Parks[11], concluded that there was significant reserve capacity
inthe containment vessel sto resist loadsabove the design basisand that although theanal ytical effortswereencouraging,
uncertainties remained about structural response and failure mechanisms.

Remaining uncertainties regarding the response of containment structures |ed to discussions among NUPEC, the NRC,
and SNL that culminated in a 1991 agreement to start the NUPEC/NRC Cooperative Containment Program. In parallel
with thiscooperative program, there areindependent efforts sponsored and conducted by both NRC and NUPEC. These
effortsinclude investigating the response of penetrations[12,13], the effects of aging on containment structure capacity
[14], and the seismic capacity of containment structures[15, 16].
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1.2  Scope

Nuclear power plantsin Japan and the U.S. generally utilize one of two types of light water reactor systems; BWR and
PWR. The containment vessels for the pressurized water reactors in Japan and the U.S. are typically free-standing
reinforced concrete shellswith anintegral steel liner. A few have only regular steel reinforcing bars (rebar); however,
the magjority use both regular and posttensioned reinforcing. (For this report, the terms prestressed and posttensioned
are used synonymously, even though the reinforcing is, technically, posttensioned; i.e. tensioning of the reinforcing is
conducted after the concrete has been placed and cured to the specified minimum strength.) A variety of prestressed
reinforcing or tendon configurations are represented in the fleet of PWR containments. However, the evolution of
prestressed containment designs has been toward the use of longer, continuous tendons, culminating in the two-buttress
containment with meridonal *hairpin’ tendons and 360-degree hoop tendons, represented by the Ohi-3 design. No two-
buttress prestressed concrete containmentswere constructed in the U.S. (although some were planned prior tothe TMI1-2
accident); however, many of the features of the Ohi-3 containment are similar to featuresin existing U.S. plantsand the
design philosophy issimilar. Asaresult, NUPEC and the NRC agreed on a scale model of the Ohi-3 containment for
the second test subject in the Cooperative Containment Program.

1.2.1 Model Featuresand Scale

The Ohi-3 containment isathin prestressed concrete cylindrical shell with ahemispherical dome and a continuous steel
liner anchored to areinforced concrete basemat that 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 considerationsin determining the scal e of the model was
the desire to utilize nearly identical construction materials to the material used in the construction of the prototype.
Preliminary design studies, conducted to determine the appropriate scal e of the modd, initially focused on amixed scale
model wherethe scale on the overall geometry would be 1:6, while the scale on the liner thicknesswould be 1:3. These
preliminary studies indicated, however, that use of this mixed scale might upset the relationship between failure modes
that might be expected in the prototype. In particular, the use of a stedl liner, which was twice asthick, relative to the
prestressed concrete shell, as the prototype, might retard the onset of liner tearing (Ieakage) failure modes and increase
the likelihood of a structural failure mode occurring. Asaresult, it was decided that the scale of the model would be a
uniform 1:4, with minor exceptions to accommodate fabrication and construction concerns. Thiswas judged to be the
minimum scal e that would allow the steel liner to be constructed from prototypical materials and fabricated with details
and procedures representative of the prototype. The overall geometry and dimensions of the PCCV model are shown
in Figure 1.2.

Although both NUPEC and SNL (under NRC sponsorship) had conducted component tests of both full-size and scaled
penetrations [12-13, 17], the PCCV model included both a functional representation of the major penetrations, namely
the equipment hatch (E/H) and the personnel air lock (A/L), and nonfunctional representation of the main steam (M/S)
and feedwater (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 accessto theinterior wasthrough the E/H, whilethe A/L
was used to provide heating, cooling, and ventilation for personnel working inside the model. The M/S and F/W
penetrations provided portal sfor interior instrumentation cabling, power and, during testing, the pressurization medium.
Prior to testing, after the E/H cover wasinstalled and sealed, the A/L provided the meansfor final egress and sealing of
the model with a specially-designed pressure seating cover that could be closed from the outside.

Details of the design and fabrication of the PCCV model are described in Chapters 2 and 3.
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1.2.2 Loading

By definition, the scope of this program was limited to addressing the capacity of containment vessels to loads beyond
the design basis, the so-called severe accident loads. Design accident loads for light water reactor containment vessels
are typically based on the |oss-of-coolant accident (LOCA) and are defined by a“bounding” pressure and temperature
transients. The term “severe accidents’ is used to describe an array of conditions that could result in loads exceeding
the design basis on the containment. The definition of severe accident loads, whichisnot asrigorous asthe design basis
loadsdefinition, resultsfrom considering of various postul ated failure scenarios of the primary nuclear system, up to and
including a complete core meltdown and breach of the reactor pressure vessel. The resulting pressure and thermal
loading characteristics depend on the unique features of the nuclear steam supply (NSS) system and the containment
structure, in addition to the postulated accident.

For thistest program, it was hecessary to decide whether both thermal and pressure loadswould be applied to the model,
either separately or simultaneoudly; what the pressurization medium should be; and whether the transient characteristics
of theseloads should be considered. Programmatically, the decision to perform astatic, pneumatic overpressurization
test at ambient temperature was dictated by risk and cost considerations and previous experience.

The effects of severe accident temperature loads on the structural response of the containment building are primarily
limited to (1) the effects of elevated temperatures on the mechanical properties of the materials and (2) the mechanical
loadsresulting from differential or constrained thermal expansion. The effects of temperature onthe material properties
can be determined from standard material tests methods. Thesetest results could be incorporated into the eval uation of
the prototypical containment vessels without adding this complexity and cost (in terms of generating the thermal
environment and protecting theinstrumentation) to the PCCV model test. Regarding the stressesimposed by differential
thermal expansion, there are only afew locationsin asteel and/or concrete containment building wherethese effectsare
significant, notably at the junction of the containment wall and the basemat or, in the case of the PCCV model, the
differential thermal expansion between the steel liner and the concrete shell under non-steady-state thermal conditions.
Again, the added complexity and cost of simulating thethermal environmentsto reproducetheselocal effectswasjudged
not justified for the PCCV model. It was further concluded that the effects of temperature could be addressed using
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analytical methods that had been benchmarked against the pressure tests. Therefore, the decision was made to conduct
the PCCV model test at ambient temperature.

The containment atmosphere during a severe accident consists of air, steam, and other by-products of the accident,
including hydrogen and particulates (aerosols). The program’s primary interest is in observing and measuring the
structural response of the containment to pressureloads, and identifying failuremodes. Containment failure (see Section
1.2.3) includes both functional failure, i.e. leakage, and structural failure, i.e., rupture of the pressure-resi sting elements.
Thereis not arigorous distinction between functional and structural failure, and it is conceivable that they might occur
simultaneously. Conventional wisdom holds, however, that local, limited structural failure(i.e. liner tearing) and leakage
will occur prior to, and at pressureswell bel ow those required to cause extensive structural failure. Asaresult, detection
of leakage, which indicates atear in the steel liner or failure of a penetration seal, not measurement of actual leak rates
for real containment atmospheres (see Section 1.2.3), isthe objective of thetest. Hence, thereis no need to reproduce
the containment atmosphere resulting from a severe accident. The choice of a pressurization medium, then, becomes
somewhat arbitrary and is dictated by safety and operational considerations. Hydrostatic testing is preferable from a
safety viewpoint; however, it raisesoperational problemsand requiresprotection of sensitive el ectronicsand wiring from
the water under high pressure. Pneumatic testing, while more dangerous, does not present any risks that cannot be
managed cost-effectively and does not require any unusual measures to protect the instrumentation. Nitrogen gas was
chosen as the pressurization medium for the PCCV model tests primarily for operational considerations. Fairly large
guantities could be delivered at the test sitein liquid form with alimited amount of fixed equipment. Nitrogen gasalso
has the advantage of being dry for instrumentation considerations, and it allows simpler and more accurate cal culations
to detect asmall lesk.

The test plan and conduct of the pressure tests, along with the design and operation of the pressurization system, are
described in Chapter 5.

It should be noted that the pneumatic Limit State Test (LST) was the final test in the original program plan. Thistest
was terminated following a functional failure, i.e. aleak, in the PCCV model, with only limited structural damage
occurring. Subseguently, it was decided to repressurize the PCCV model, prior to demolition, in an attempt to observe
larger inelastic response and, possibly, aglobal structural failure. Thistest wasacombined 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 rationale and design of
this Structural Failure Mode Test (SFMT) are also described in Chapter 5.

123 Response

One important aspect of the PCCV model response in the high pressure testsis the concept of failure. Inthe U.S,, the
functional failurefor the prototypical containment is defined in the regulations as containment leak rates exceeding 0.1
to 0.5% of the containment mass per day [18], considering maximum offsite dose rates due to fission product released
to the environment. In Japan, the functional failureis defined in design specifications made by the utility company, not
theregulations. (The specified leak rate for the PCCV prototypeis0.1% mass/day.) Thefunctiona failure criteriaare
not particularly useful to test the structural capacity of acontainment vessel model, especially when one of the objectives
isto generate large inelastic response modes for comparison with analytical predictions, which may be well beyond the
levelsrequired to cause functional failure; and secondly to gain some insight into design margins, i.e. the functional and
structural capacity beyond the specified design load conditions. 1n the case of the PCCV model test, the pressurization
system allows the model to be pressurized to level s significantly above those expected to causelocal strainsinthe model
to exceed the ultimate strain limits of the materials. The test(s) were terminated when the model and the pressurization
systemwere incapable of maintaining or increasing the model pressure dueto excessive leakage or grossrupture. Inthis
report, the maximum pressure achieved prior to the termination of the testswill not be identified asthe failure pressure,
since failure is defined in terms of some acceptance criteria, not the operational inability to maintain pressure in the
model.

The PCCV model instrumentation suite was designed to measurethe global behavior in free-field | ocations of the model
and the local structural response of the model near discontinuities. Global response measurements included both
displacements referenced to a global or fixed reference, and strain measurements at a regular pattern of azimuths and
elevationsto characterizethe overall shapeof themodel. Local response measurementsconsisted of individual structural
element (i.e. liner, rebar, tendons, concrete) strain measurements to characterize the force distribution in the free field
and near structural discontinuities. Inareaswithout structural discontinuities or where membrane behavior was expected
to dominate the response, relatively simple arrays of transducers were specified. Where structural discontinuitieswere
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judged to be significant, more complex arrays of strain gages were utilized. Both hoop and meridonal strains were
mesasured.

Pressure measurement requirementsincluded careful measurement of the PCCV interior pressure for leak detection (to
a lesser extent); leak rate measurement; characterization of the mechanical response as a function of pressure; and
controlling the pressurization rate. Note that while measurement of leak rates was not a primary objective, detecting
the onset of leakage requires calculating very small leak rates with relatively high accuracy.

While there was no attempt to simulate severe accident temperature conditions, a fairly extensive set of thermal
measurements were taken to measure both the interior and exterior atmospheric temperature for accurate leak rate
calculation. Giventhelargevolume of the PCCV model, gastemperaturesinside the model could vary significantly and
multi ple measurementswererequired to limit errorsresulting from nonuniform gastemperatures. During pressurization
steps, large thermal gradients could occur as the gas inside the model was compressed. Furthermore, since the model
was exposed to the environment, ambient thermal variations, both spatial and temporal, affected the interior gas
temperature and could affect the accuracy of the leak rate calculations if not considered. Similarly, ambient thermal
effects could affect the model response measurements. Multiple measurements of the model temperature using both
embedded and surface mounted temperature transducers were employed to account for this effect.

Asimplied by the name, the unique feature of the PCCV model isthe prestressing system, comprised of the vertical and
hoop tendons and associated hardware. Specia efforts were made to monitor the response of the prestressing system,
both prior to and during pressuretesting. An extensive effort was undertaken to devel op and demonstrate the reliability
of thetendon instrumentation. The resulting system was comprised of two types of gagesto monitor the strain, and, by
calculation, the force distribution along the length of selected tendons along with load cells to measure the forces at the
tendon anchors. Since the behavior of the tendons and the overall response of the model to the pressure load would be
directly affected by the initial prestressing forces, the response of the PCCV model was monitored continuously from
the start of prestressing through the subsequent pressure tests.

While these force, strain, and displacement measurements provide accurate information on the response of the model
at discretelocations, it isdesirable to monitor the overall response of the model inthe (likely) event that some significant
response occurs at locations remote from any transducer. The displacement transducersreflect, to agreater extent than
the strain or force transducers, the overall response of the model, but might still miss other local response modes. This
deficiency was addressed by including an extensive array of acoustic and, to a lesser degree, video/photographic
monitoring of the PCCV model. While more qualitative in nature than the discrete response measurements, some
guantitative information could be obtained from these monitoring systems. The acoustic system, in particular, was
designed to detect the onset of liner tearing and leakage, along with concrete cracking and rupture of tendon wires or
rebar. Similarly, video and still photography were used to document the development and distribution of concrete
cracking, detect liner tearing at discretelocationsduring pressure testing, and capture any unanti ci pated response modes.

Thedesignandimplementation of themodel instrumentati on suite aredescribed in Chapter 3. Performancerequirements
and features of the data acquisition system and data management are summarized in Chapter 4. A summary and
discussion of the high pressure tests and posttest inspections are provided in Chapter 5. The test results are also
summarized in Chapter 5 and the corrected test data, including a description of the corrections applied to the raw data,
are included in the appendices.

1.3 Project Organization

As noted above, NUPEC and the NRC are the sponsoring organizations for this cooperative containment research
program. Programmatic authorization to pursuethisareaof research isprovided to these organizations by the ministerial
or executive offices of their respective national governments, as dictated by statute. Technical guidance was provided
by panels of expert advisersfrom academiaand industry in each country. In Japan, the Structural Advisory Committee
met regularly with NUPEC personnel to review the program plans and status, whilein the U.S., aspecial Peer Review
Panel provided the same support to NRC and SNL personnel.

Within the cooperative framework agreed to by NUPEC and the NRC, NUPEC and its Japanese contractors designed
and constructed the PCCV model at SNL's Containment Technology Test Facility-West (CTTF-W). Thistest facility
was specially constructed by SNL on land temporarily permitted for this purpose by Kirtland Air Force Base (KAFB),
Albuquerque, New Mexico, USA. This‘West’ facility isdistinct fromthe CTTF used for the previouslarge-scale model
tests conducted for the U.S. NRC inthe 1980s. The'East’ facility was not considered suitablefor continued large-scale
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model testing due to the identification of previous environmental contamination (not associated with the containment
test operations) and subsequent clean-up operations that might interfere with the Cooperative program operations. The
CTTF-West Land-Use Permit required NUPEC and the NRC, through their contracts with SNL, to remove all
improvements within the permit boundaries and return the site to near its original condition at the conclusion of all test
operations.

NUPEC and its Japanese contractorswere authorized to construct themodel at the CTTF-W under aspecially negotiated
Premise Access Agreement with SNL and the DOE. This agreement required NUPEC and its contractors to abide by
all environmental health and safety regul ationstypically required for all capital construction activitiesmanaged by SNL,
and authorized SNL to perform construction safety inspection to ensure that all requirements were being satisfied. The
prime contractor to NUPEC for the construction of the PCCV model was Mitsubishi Heavy Industries (MHI), who also
designed and constructed the prototype plant, Ohi-3. In addition to overall design and construction, MHI designed,
fabricated, and erected the steel liner and all primary steel pressure-retaining components. Supporting MHI for the
reinforced concrete portions of the model and ancillary structureswere several subcontractors. Obayashi Corp., alarge
Japanese Architect/Engineer (A/E) and construction company, performed the detailed design of the PCCV model, and
Taisel Corp, another large A/E/Contractor, was the construction manager. Taisel retained the U.S. construction firm,
Hensel Phel ps Construction Co., Greely, CO for general construction work and management of day-to-day construction
operations. MHI prefabricated portions of the steel liner and the penetrations at their Kobe Shipyard and transported
these components to the CTTF-W for final erection. The balance of the model was constructed on-site.

NUPEC also funded SNL to provide programmatic and model design support, instrument the model, and design and
assemble the data acquisition system.

NRC funded SNL to perform preliminary, pre- and posttest analyses of the model. This analytical work was
subcontracted by SNL to ANATECH Consulting Engineers, San Diego, CA. The decision to subcontract thiswork to
ANATECH wasbased, in part, on asuccessful history of collaboration on previous containment model tests[19, 20] and
ANATECH' sexperiencein devel oping sophisticated concrete model sand rel ated effortsfor the El ectric Power Research
Ingtitute (EPRI), Palo Alto, CA [21]. The preliminary analyses supported design studies, identified critical response
modes, and assisted in the locating instrumentation. The pretest analysisconsisted of devel oping and analyzing detailed
numerical models in an attempt to predict the response of the PCCV to the test pressures and predict the capacity and
most probabl e failure mode. The posttest analysis compared the test results to the pretest predictions, investigated and
demonstrated changes in the modeling methods to improve comparison with the test results, and provided insightsinto
the response observed during the pressure tests. The pre- and posttest analyses are reported separately [6,7] and are not
included in this report.

NRC also funded the planning and conduct of test operations.

NUPEC and NRC aso jointly provided funding to share the costs associated with organizing and conducting a pretest
Round Robin analysis. The Round Robin analysiseuphemistically refersto an activity where anumber of nuclear safety
research organizations from government, industry, and academiain the U.S., Japan, and other countries, are provided
with acommon set of dataonthe model test (design drawings, material properties, test specifications, etc.) and complete
independent predictions of the model response, failure mode, and pressure capacity. SNL was the focal point for this
effort in terms of disseminating and consolidating the work of the participating organizations. Seventeen independent
organizations, including NUPEC and SNL, participated in this effort, performing pretest analyses and meeting before
and after the PCCV model test to discuss and compare analysis results. The efforts of these Round Robin participants
are documented in separate NUREG Contractor Reports [8]. While aformal posttest Round Robin exercise was not
conducted for the PCCV, most of the participants attended a posttest workshop and have reported the results of their
posttest analyses independently.

Regular Technical Working Group meetings were held in both Japan and the U.S., involving program personnel from
NUPEC, (including its contractors), the NRC, and SNL. These meetings planned and coordinated program activities
and resolvetechnical issues. Separate meetings were held to discuss administrative issues related to cost and schedule.

1.4 Project Schedule

The NUPEC/NRC Cooperative Containment Research Program commenced in June 1991. The tests were conducted
at the CTTF-W at SNL. Figure1.3illustratesthe layout of thetest site. A safety zone consisting of acircular areawith
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Figure 1.3 Plan of Containment Technology Test Facility-West

radius of 600 m (2000 ft) was maintained and monitored throughout the high-pressure test. The command center in
Building 9950, located outside the exclusion zone, served as headquarters for conducting the high-pressure tests.

The high-pressuretest of the SCV was completed on December 12, 1996. Construction of the PCCV model commenced
January 3, 1997 withinitial site preparation. Milestonesin the construction and testing of the PCCV model included the
following:

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 2001;

3 May 2002;

First Basemat Pour (F1)

First Liner Panel Installed

Final Dome Pour (D3)

Pretest Round Robin Meeting

Prestressing

PCCV Construction Compl eted

Structural Integrity and Integrated Leak Rate Test
Limit State Test

Posttest Round Robin Meeting

Structural Failure Mode Test

PCCV Demolition and Site Restoration Completed

With the completion of the PCCV tests, restoration of thetest site, and publication of the test reports, the NUPEC/NRC
Cooperative Containment Research Program was formally concluded on December 31, 2002.
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2. DESIGN AND CONSTRUCTION OF THE PCCV MODEL

21  Design

The PCCV model design wasdirected by NUPEC with overall responsihility for the design and construction contracted
to MHI, Tokyo. Responsibility for the design of the liner and penetrations was assigned to MHI’ s Kobe Shipyard and
Machinery Works while the concrete portions of the model were subcontracted to Obayashi Corp., Tokyo.

The basic philosophy guiding the design of the PCCV model was agreed upon very early in the program [22]. Key
elements of this design philosophy included:

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

2. Elementsof themodel that would affect the ultimate strength would be equivalent to the prototype. Themodel 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.

3. The model would be capable of reproducing the failure modes postulated for the prototype, including

Hoop tensile failure of the cylinder wall

Bending-shear failure at the junction of the cylinder wall with the basemat

Shear failure in the basemat above the tendon gallery

Bearing failure at the tendon anchors

Bending-shear failure at the large penetrations

Bending-shear at the small penetrations

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.

@roop o

Furthermore, to the extent possible, introduction of non-representative failure modes as a result of scaling or other
modeling artifacts was to be avoided.

The general arrangement and representative failure mode locations are shown in Figure 2.1.

While the PCCV model was not ‘ designed’ in the conventional sense, it’s features were scaled directly from the Ohi-3
design with some simplifications 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 Vesselsin
Nuclear Power Plants’ issued by Ministry of International Tradeand Industry/Agency for Natural Resourcesand Energy
(MITI/ANRE) in November, 1981 [23]. Thisdraft code was formally adopted in 1993 as MITI Notification No. 452.
The code is not identical to the American Society of Mechanical Engineers/American Concrete Ingtitute (ASME/ACI)
code [9], which governs the design of concrete containments in the U.S.; however, the basic design philosophies are
similar, i.e., to ensure that all elements of the containment structure respond elastically (with some minor exceptionsfor
secondary stresses) to the specified design loading conditions.

Construction of the prototype was also governed by Japanese Architectural Standard Specifications No. 5 and 5N for
Reinforced Concrete Work at Nuclear Power Plants [24, 25]. Construction specifications for the PCCV model also
followed these standards to the extent possible; however, modifications were made to adapt the specificationsto U.S.
construction practices.

Thefinal design drawingsfor the PCCV model are provided in Appendix A. Whileit isbeyond the scope of thisreport
to include all the details of the design and construction specifications, a discussion of those features relevant to the
model’ sresponse is appropriate and is included below.
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2.1.1  Liner Design Considerations

Design and fabrication/erection of the liner and penetrations was performed by MHI. The detailed specifications and
practices are included in the project files. Essentially, the 1.6 mm (1/16") model liner was scaled from the 6.4 mm (~1/4")
prototype liner. The as-built model liner thickness was 1.8 mm (0.070"), the extra 0.2 mm (0.008") providing a
fabrication allowance. The model and prototype liner were both fabricated from SGV 410" carbon steel. JIS G3118 does
not specify plate material under 6mm in thickness. The PCCV liner plate was fabricated to the same specifications as
SGV410. Liner anchors and stiffeners were fabricated from SS 400%. Penetration assemblies were fabricated from SGV
410. The nominal properties of SGV 410 and SS 400 are given in Table 2.1. Miscellaneous non-structural components,
e.g. back-up bars, were fabricated from U.S. common bar stock, typically ASTM A36 carbon steel.

Table 2.1 Properties of Liner Materials

Nominal Properties Liner Plate Liner Anchors
SGV 410 SS 400
Yield Strength 225 Mpa (33 ksi) 235 Mpa (34 ksi)
Tensile Strength 410 MPa (59 ksi) 392 Mpa (57 ksi)

The liner material was procured in Japan, and liner panels were prefabricated and welded at MHI’s Kobe Shipyard. Jigs,
to support the liner panels and facilitate field erection and assembly, were attached to the liner panels prior to shipping
them to the test site in Albuquerque, NM. Note that these jigs are unique to the construction of the model. The prototype
liner is thick enough to be self-supporting without the use of any jigs. All vertical and horizontal liner weld seams in the
prototype were reproduced in the model. Typically, the panel assemblies for the cylinder wall fabricated in Kobe
encompassed three vertical rings of individual plate segments, resulting in assemblies approximately 3 m*>. Dome
segments and penetration assemblies were typically smaller, individual plate segments. All welding of the assemblies in
Kobe, including attachment of the anchors and stiffeners, was done by computer-controlled automatic welders. All shop
welding was done without the use of back-up bars.

Standard coupons were made from the liner and liner anchor materials, and these specimens were tested for quality control
purposes and to determine the actual material properties. The results of these tests are summarized in Appendix B.

The general arrangement of the liner anchors on the PCCV model is shown in the design drawings and is illustrated in
Figure 2.2. The vertical liner anchors in the prototype consisted of ‘T-anchors’ spaced 600 mm (24") on-center
throughout the cylinder wall and dome. These anchors are built-up sections, continuously welded to the liner plate with
double-sided fillet welds. Horizontal bar stiffeners are provided above and below each horizontal weld seam to stiffen
the liner during construction. The model liner anchors and stiffeners are 1:4-scale of the prototype. At 1:4-scale, the
vertical anchor spacing would be 150 mm (6"); however, because the liner anchors are, in general, ineffective at resisting
pressure and facilitating fabrication, the vertical anchor spacing was increased to 450 mm (18") except near discontinuities
in the liner, such as the wall-base junction, around the E/H, A/L, M/S, and F/W penetrations and around the crane rail
bracket embedments, as shown in Figure 2.2. Furthermore, the vertical liner anchors were not extended into the dome.
T-stiffeners were used at the perimeter of the dome liner segments, but interior T-anchors were replaced with small stud-
type anchors, as shown on the drawings. Again, since the strains in the dome were expected to be well below those
experienced by the cylinder wall, this modification was not judged to affect the pressure capacity of the model.

As noted previously, the majority of the liner anchors were shop-welded to the liner using welding machines. One
additional deviation from the prototype was the use of intermittent, staggered fillet welds to attach the anchors and
stiffeners to the liner plate. There was a concern that these ‘stitch’ welds might generate additional local strain
concentrations from the weld geometry itself. Therefore, anchors and stiffeners adjacent to other local liner discontinuities
were continuously welded to reduce the possibility of premature liner tearing.

! Japanese Industrial Standard (JIS) G 3118, “Carbon Steel Plates for Pressure Vessels for Intermediate and Moderate
Temperature Service,” Japanese Standards Association.
2J1IS G 3101, “Rolled Steel for General Structure,” Japanese Standards Association.
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Figure2.2 Liner Anchor Layout

While al the penetrationsin the prototype were not included in the model, the major penetrations, consisting of the E/H,
A/L, M/S, and F/W penetrations, were included in the model. These penetrations were representative of all the
penetrationsin the prototype and would be capabl e of reproducing the local strain concentrationsin the structure and the
liner. The E/H and A/L penetration assemblies in the model are 1:4-scale functional representations of the prototype
assemblies, except that the A/L assembly includes only a single pressure seating cover and the interior doors are not
reproduced. Themodel M/Sand F/W penetration assemblies only included the penetration sleeve and reinforcing plates
and were equipped with an interior flange and sealed with bolted pressure seating blind cover. No attempt was made to
simulate the constraint conditions that might be imposed by the M/S or F/W piping. All the penetration sealing surfaces
were milled and machined with groves for double O-ring gaskets. The prototype penetration assemblies are shown in
Figures 2.3 to 2.6 for comparison to the model penetration assemblies shown in the design drawings. The model did not
includethe polar cranerail or brackets; however, a set of three adjacent bracket embedments were included to reproduce

the local discontinuitiesin the liner.

The erection, field welding, and quality control of the liner are described in Section 2.2.

2.1.2 Concrete Design Considerations

2.1.2.1 Geometry

While the basic geometric scale of 1:4 was maintained throughout the PCCV model, some exceptions and modifications
wererequired. Most significantly, the configuration of the model basemat had to be determined. The thickness of the
model basemat at 1:4 scale is 3.5 m (11' 5-3/4"). The primary design consideration of the model basemat is that the
rotational stiffnessat thewall-basejunctioniseguivalent to the prototype, sincethisaffectsthebending-shear failuremode
at thislocation. The prototype containment basemat i scontinuouswith themat for the surrounding structuresandincludes
alarge reactor cavity at the center of the containment. Simplified three-dimensional finite element analyses of both the
prototype and model subjected to pressure loading were performed to select the dimensions and reinforcement for the
model basemat that would yield the desired response characteristics. The scaled basemat thickness of 3.5 m was
maintained and, with the reactor cavity eliminated from the model, the radius of 7.2 m (23' 7 %2")and reinforcing were

selected to match rotational stiffness of the prototype.
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The location and size of the tendon gallery were scaled from the prototype. However, some modification of the
construction sequence was required to accommodate this decision. Since the vertical prestressing tendons could not be
inserted and tensioned inside aroughly 1-m? (2'-1" x 2'-8") tunnel, the portion of the basemat outside and below the tendon
gallery was not constructed until after the tendons had been tensioned. This resulted in a somewhat different state of stress
in the model basemat after prestressing; however, this difference was not significant and was unavoidable. Four access
‘tunnels’ to the tendon gallery were also included at 0 degrees, 90 degrees, 180 degrees, and 270 degrees to allow for
visual inspection of the vertical tendon anchors and to ventilate the tendon gallery to minimize moisture that might affect
the tendon anchors and the instrumentation.

Finally, some minor modifications in the geometry of the hoop tendon buttresses were required to accommodate the
prestressing hardware. These were again judged to be insignificant with respect to the model’s response to pressure.

2.1.2.2 Concrete Mix

The fundamental requirement of the PCCV model concrete was that it exhibit the same properties as the concrete used
in the prototype. Based on prior experience with the construction and testing of a 1:6-scale reinforced concrete
containment model at SNL, the approach to achieving this requirement was to specify a mix, using local (New Mexico)
materials that would have the same 91-day® compressive strength (f,’) as the prototype concrete and then test the trial
mix(es) to ensure they exhibited the same mechanical and chemical properties.

Two different concrete strengths were used in the prototype: 300 kg/cm? (4300 psi) for the majority of the basemat and
450 kg/cm® (6400 psi) for the cylinder wall, dome, and the portion of the basemat above the tendon gallery. The location
of each mix, along with the lifts used in the construction of the model, are shown in Figure 2.7. Note that concrete lifts
were not scaled from the prototype and are unique to the model.

The mix designs for the PCCV model consisted of Type I-II cement, air-entrained with 20% Class 2 Flyash and
superplasticizer. Cement, aggregate, flyash, and water were all obtained locally and were batched by a supplier and mixed
in transit. Maximum aggregate size was 10 mm (3/8"). Water/cement ratio for the 300 and 450 kgf/cm? mixes were
0.43% and 0.34%, respectively.

Corrosion due to the presence of chlorides and alkalis in the mix was a concern for the prototype due to the close
proximity of the plant to the ocean; however, this was not judged to be a major concern for the model, although the
chemical composition of the mix would be tested. Flyash was specified for the trial mix, since the use of flyash is standard
practice in the construction of Japanese nuclear power plants and minimizes possible reaction and expansion of the
aggregate. (Use of flyash is not permitted in construction of U.S. nuclear power plants). Superplasticizers were specified
to facilitate placement of the concrete by pumping in congested areas. A maximum slump of 10 cm (4") before and 20
cm (8") after adding superplasticizers at the site was specified.

The trial mixes were batched and tested by Construction Technologies Laboratories, Skokie, IL to determine if they met
the project specifications. The properties determined from trial mix specimens are summarized in Appendix B. In lieu
of actual material property data, the trial mix properties were used for the pretest analysis of the PCCV model.

Quality control and material property test results for the concrete used to construct the model are described in Section 2.2
and summarized in Appendix B.

2.1.2.3 Reinforcing Steel (Rebar)

Normal, i.e. non-tensioned reinforcing steel for the prototype included grade SD490, SD390, and SD345 deformed bars®.
The same grade steels were used to manufacture the rebar for the model in the U.S. (Cascade Steel, McMinnville, OR)
in accordance with JIS Standards. The nominal properties for the rebar used in the model are summarized in Tables 2.2
and 2.3.

3 JIS A 1108, “Method of Test for Compressive Strength of Concrete,” allows specification of design strength at four weeks (28
days) or 13 weeks (91 days). Project specifications for the PCCV prototype and model specified the design strength f.” at 91
days.

4 JIS G 3112, “Steel Bars for Concrete Reinforcement.”
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In order to minimize rebar congestion in the model, all splices were originally intended to be made using swaged threaded
couplers or position threaded couplers®’. Swaged in-place couplers were not considered practical for the model due to
limited clearance for the hand press. However, field considerations required some limited use of this type of coupler®.

Samples of all the rebar used in the model were tested for quality control and to determine mechanical properties for
analysis according to JIS and ASTM methods. Tests were also conducted of both the threaded and position-threaded
couplers used in the model construction. (No tests were conducted of the swaged in-place couplers.) ‘Dumbbell’
specimens were machined from SD390 D16, and D22 bars to measure the basic material properties. Finally, a series of
bars were tested with strain gages installed in the same manner as the instrumented bars in the model to calibrate the
strains with a standard extensometer. The results of all these tests are summarized in Appendix B.

While the basic reinforcing ratios in the model were nearly the same as the prototype, the reinforcing in the model differed
from the prototype. Individual bars in the model were not scaled directly from the prototype. Generally, in the
containment shell (i.e. the cylinder wall and dome), the rebar was placed in one layer in each direction on each face.
Figure 2.8 compares the arrangement of the reinforcing at the base of the cylinder wall in the prototype with the model.
In-plane spacing of the rebar in the model is based on the arrangement of the prestressing tendons (2 degrees on center
circumferentially and 112.5 mm (4.4") on center vertically). Bar sizes were then selected to reproduce as closely as
possible, within the limits of the standard bar sizes available, the reinforcing ratio of the prototype.

Tolerances on formed surfaces and placement of rebar were developed by considering the 1:4-scaled tolerances for the
prototype and then adjusting these to accommodate practical construction limitations, such as congestion and clearance
for concrete placement. These tolerances are specified in the model construction specifications along with the as-built
records. The deviations from the nominal design dimensions were not judged significant enough to affect the response
of the model and, accordingly, are not included in this report.

Additional reinforcing was also provided around the penetrations in the model. However, where prototype penetrations
were eliminated, no additional reinforcing was included in the model.

2.1.3 Prestressing Design Considerations

Since the unique feature of the PCCV model, compared to previous large-scale containment model tests, was the
prestressing system, particular attention was paid to the design, construction, and instrumentation of this component. An
unbonded, seven-wire strand prestressing system’ was used in both the PCCV prototype and model. The tendons in the
prototype consisted of 55, 12.7mm (%% in) diameter seven-wire strands®. The number and arrangement of the tendons in
the model were kept the same as the prototype. The arrangement of the tendons is shown in Appendix A.

Both the prototype and model tendons were inserted in galvanized metal sheath or ducts after the concrete had been placed
and allowed to cure, then tensioned. The model ducts were, generally, 35 mm (1-3/8") in diameter and were not ‘greased’
after tensioning. (The prototype tendon ducts were, as typical of most unbonded tendons, injected with a heavy grease
after tensioning to protect the tendons from corrosion. Since the model tendons would only be in use for a relatively short
time (< 2 years), they were not greased, although an anti-corrosion ‘shop-coat’ was brushed on prior to insertion in the
ducts. Not greasing the tendons also facilitated the placement of instrumentation on selected tendons.)

In order to maintain the correct scaled cross-sectional area, the model tendons consisted of three, 13.7-mm (0.54") seven-
wire strands. These model strands were custom-manufactured by the vendor for the model and nominal properties are
not defined in the Japanese standard specifications, although the basic wire material was the same used for the prototype
tendons’. The minimum properties of the model strands per the project specifications are given in Table 2.4. Extensive
testing of individual strands as well as the tendon system were conducted for quality control and to determine the
mechanical properties of the tendons. The results of these tests are summarized in Appendix B.

3 Grip-Twist®System, manufactured by BarSplice Products Co., Dayton OH.

% Bar-Grip®System, ibid

7 VSL Multistrand Posttensioning System?, VSL Corporation, Japan

8 JIS G 3536, “Uncoated Stress-Relieved Steel Wires and Strands for Prestressed Concrete.”
° JIS G 3502, “Piano Wire Rod.”
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Concrete | Specified
Pour Strength
D1
Date | fc (kglem?)
F1 2-12-97 300 - — - -
F2 2-28-97 300
F3A | 5897 300 (o7
F3B 5-8-97 450
F4 7-2-97 450 —
c1 11-11-98 450
c2 | 12-10-98 450 c3
c3 1-5-99 450
ca | 1-2899 450 L
D1 3-3-99 450
D2 4-12-99 450 C2
D3 4-15-99 450
5 5-24-00 300 H
6 6-9-00 450
c1
F4
/
Fia | F%
F2 ><| F6
[
%1 F5
;
Figure 2.7 PCCYV Concrete Lifts and Strengths
Table 2.2 JIS G 3112 Reinforcing Steel Properties
Grade SD345 SD390 SD490
Model Location Shell shear ties Shell main bars, basemat Basemat main bars
shear bars
F, min 343MPa  ~50 ksi 392MPa  ~57 ksi 490MPa  ~71 ksi
F, min 490MPa  ~71 ksi 559MPa  ~81 ksi 618MPa  ~90 ksi
Elong. 18-20% 16-18% 12-14%
Table 2.3 JIS G 3112 Bar Properties
(Comparison with ASTM Standard Rebar)
Nom. Diameter (d) Nom. Area | Nom. Weight
millimeters in cm’ in’ kg/m Ib/ft
D6 (#2) 6.35 0.25 0.317 0.05 0.25 0.17
D10 (#3) 9.53 0.375 0.713 0.11 0.56 0.38
D13 (#4) 12.7 0.5 1.267 0.2 1 0.67
D16 (#5) 15.9 0.626 1.986 0.31 1.56 1.05
D19 (#6) 19.1 0.752 2.865 0.44 2.25 1.51
D22 (#7) 22.2 0.874 3.871 0.6 3.04 2.04
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Table 2.4 PCCYV Model Tendon Strand Properties

Diameter:min 13.5 millimeters 0.531in
nom 13.7 millimeters 0.539in
max 14.1 millimeters 0.555 in

Area 1.131 cm? 0.175 in®
Yield Strength* 190 kN 42.7 kips
Tensile Strength 210 kN 47.2 kips
Min. Elongation 4.5% 4.5%

*Load at 0.2% elongation

Given the properties and arrangement of the tendons, the tensioning forces were specified to achieve the same effect in
the model as the prototype, considering the unique features of the model prestressing system that do not scale. Three basic
criteria were used to establish equivalence between the prototype and model prestressing.

1.

First, the state of prestressing in the model should reflect the predicted state of stress in the prototype after reaching
its 40-year design life. Since the model was tested approximately six months after tensioning the tendons, it was
necessary to adjust the initial tensioning forces to account for the expected creep and relaxation losses in the
prototype.

Second, the effective hoop compressive stress due to prestressing should be the same in the model as the
prototype. This relates directly to the requirement that the hoop tensile response and failure mode in the cylinder
wall be accurately modeled.

Third, the vertical compressive stress in the concrete at the base of the cylinder wall should be the same in the
model and the prototype. This relates directly to the requirement that the bending/shear response and failure
mode at the base of the cylinder wall be accurately modeled.

Given these criteria, the following factors were considered:

1.

Tendon friction: Tendon stresses decrease from the point where the tension load is applied, i.e., the anchor, due
to friction between the tendon and the sheath and between the strands themselves. Two components of friction
are considered in the design; ‘wobble’ friction, | , which results from the internal friction between the tendon
strands and ducts, and angular friction, M) which occurs as a result of sweeping the tendons around a curve. The
tendon stress at any point, S,, along the length of the tendon is given by:

s, =s, e Mo

where g, is the applied tension, a is the arc length, and 1 is the distance from the anchor along the tendon.

The values of mand | used in the design of the prototype were 0.14 and 0.001, respectively. Since the model strands
were actually larger in diameter than those used in the prototype (and therefore stiffer) and bent to a ‘4x’ tighter
radius, tests of the model tendons resulted in values for angular and wobble friction coefficients of

m=021,1 =0.001

Setting Losses: After the tendons are tensioned, the tensioning forces are locked in by seating the strands in the
anchor blocks using tapered wedges. During this process, there is some loss of anchor force due to slipping and
settling of the anchor components. The tensioning hardware (anchors, wedges, jacks, etc.) cannot be scaled and as
a result, the maximum setting loss specified for the model, 5 mm (0.2"), is larger than the scaled setting loss and
nearly equal to the actual setting loss specified for the prototype. (The setting loss, specified in terms of length, is
the measured change in length of the projecting tails of the tendons strands before and after anchoring.)
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The larger setting loss, coupled with the higher friction coefficients for the model, result in stress profiles in the model
tendons that are much less uniform than those in the prototype.

3. Gravity: For geometric scaling, mass densities are not scaled correctly if the same materials are used to construct the
model and the prototype. For static tests, this only affects the dead load stresses, which, typically, are only a small
percentage of the total stress. For the static overpressurization tests of the PCCV, this scaling artifact would not
significantly affect on the model response, except, possibly, at the wall-base junction. Compressive stresses due to
dead load are larger at the base of the cylinder wall than anywhere else in the model, and this stress may be an
important response component for a bending/shear failure mode. Consequently, vertical tendon design loads were
increased in the PCCV model to compensate for the reduced stress due to dead load at the wall-base junction.

The final tendon design stress profiles are shown in Figure 2.9. The profiles are given for a typical hoop tendon in the
cylinder wall and for the longest and shortest vertical hairpin tendons. The stress distribution for the shorter hoop tendons
in the dome and for both hoop and vertical tendons deflected around penetrations are not shown but can be calculated in
a similar manner. (Note that the design tensioning and anchor forces for ‘deflected’ tendons are not adjusted in either the
prototype or the model, to account for additional friction losses due to ‘in-plane’ curvature.) The corresponding design
anchor forces are given in Table 2.5. These values were included in the model prestressing specifications. The as-built
prestressing results are summarized in Section 2.2.3.

Table 2.5 PCCV Model Design Prestressing Anchor Forces

Tendons Tensioning Force Lift-Off Force Losses (CrF ep and At Test
Relaxation)*
Vertical 49.6 tonnes 46.3 3.1 43.2
Tendons (109.3 kips) (102.1) (6.8) (95.3)
Hoop 44 .4 tonnes 34.1 3.1 31
Tendons (97.9 kips) (75.2) (6.8) -68.4

*Losses evaluated at six months.

Considering the design tendon stress profiles, the prestressing design criteria can be satisfied. For the prototype, the
average hoop tendon stress after 40 years is 85.3 kg/mm? (121.3 ksi). Calculating the equivalent pressure, Peqv

= (85.3 kg/mm?)(5429 mm?) = 4.8 kg/cm’ (68 psi)
(2150 cm)(45 cm)

peqv =

Sa

Rs
where

a = the area of the tendon,

R = the inside radius of the containment, and

s = the hoop tendon spacing.

For the model, the average hoop stress after six months is 85.7 kg/mm? (121.8 ksi) and the equivalent pressure is:

= (85.7keg/mm?*)(339.3 mm?) =
(537.5 cm)(11.25 cm)

Py = 4.8 kg/cm? (68 psi)

sa
Rs
which is essentially identical to the prototype. Comparing the design pressure, P, the hoop prestressing is equivalent to

applying a counterbalancing pressure of 120% of the design pressure.

P . 2
eav _ 4.8kgt/cm2 - 120
P, 4.0kg,/cm

Comparing the concrete compressive stress at the base of the wall:



For the prototype after 40 years:

s . = sa = (106.3 kg/mm?)(5429 mm?) = 57.4 kg/cm? (817 psi)
ts (130 cm)(77.32 cm)
Concrete compressive stress due to Dead L oad 15.2 kg,/cm? (216 psi)
Total compressive stressin Concrete 72.6 kgdcm? (1,033 psi)

wheret is the thickness of the containment wall and sis the vertical tendon spacing.

For the model after 6 months:

s, = sa = (127.5 kg/mm?)(339.3 mm?) =  68.9 kg/cm? (980 psi)
ts (32.5cm)(19.33 cm)

Concrete compressive stress due to dead load 3.2 kg/cm? (46 psi)

Total compressive stress in concrete 72.1 kg/cm? (1025 psi)

Therefore, the higher vertical tendon stressin the model, when combined with the dead |oad stress, yieldsnearly the same
compressive stress in the concrete as the prototype.

2.2 Construction
2.2.1 General Construction
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