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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:

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 economy;

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 (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear 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 NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up
of senior scientists and engineers, with broad responsibilities for safety technology and research programmes, and
representatives from regulatory authorities. It was set up in 1973 to develop and co-ordinate the activities of the NEA
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 amongst the OECD
member countries. The CSNI’s main tasks are to exchange technical information and to promote collaboration
between research, development, engineering and regulatory organisations; to review operating experience and the
state of knowledge on selected topics of nuclear safety technology and safety assessment; to initiate and conduct
programmes to overcome discrepancies, develop improvements and research consensus on technical issues; to
promote the coordination of work that serve maintaining competence in the nuclear safety matters, including the
establishment of joint undertakings.

The committee shall focus primarily on existing power reactors and other nuclear installations; it shall also
consider the safety implications of scientific and technical developments of new reactor designs.

In implementing its programme, the CSNI establishes co-operative mechanisms with NEA’s Committee on
Nuclear Regulatory Activities (CNRA) responsible for the program 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 (CRPPH), NEA’s Radioactive Waste Management Committee (RWMC) and
NEA'’s Nuclear Science Committee (NSC) on matters of common interest.
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Foreword

The International Standard Problem No.48- Containment Capacity report NEA/CSNI/R(2005)5 is divided
into three Volumes:

While Volume 1 is the Synthesis Report, Volumes 2 and 3 contain the contributions of participating
organizations for both phases 2 and 3.
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ANALYSIS RESULTS OF A 1:4-SCALE PRESTRESSED CONCRETE CONTAINMENT
VESSEL SUBJECTED TO PRESSURE AND THERMAL LOADING

M. Ohba?, T. Kawasato®, A. Kato®, A. Shimizu®, T. Ogata®, Y. Hino?, T. Kitani®

and Y. Murazumi®

1) The Japan Atomic Power Company
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3) Mitsubishi Heavy Industries, Ltd.
4) Taisei Corporation

Abstract

This report describes the finite element analysis results of a 1:4-scale model of a prestressed
concrete containment vessel (PCCV) subjected to pressure and thermal loading beyond the design
basis and summarizes the modeling approach, the analysis results, the influence of thermal loading on
the nonlinear behaviors of the model and the scaling issues for the thermal loading.

Two types of global analysis models used are as follows.

1) An axisymmetric model which idealizes a general portion at 135 degrees of azimuth
2) A 3D180-degree model which idealizes one half sector of a 1:4-scale model including openings

It was found that no steel materials have reached critical strains within this range of the
conditions and the nonlinear behaviors of 1:4-scale model of PCCV are largely influenced by the
substantial fluctuations of both the pressure and thermal loads.

H-4
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1. Introduction

Static high-pressure tests (Limit State Test) on a 1:4-scale prestressed concrete containment vessel
(PCCV) model were performed in September, 2000 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 pressure and thermal loading beyond the design basis.

Before and after the Test, Round Robin analysis meetings were held in order to improve the
existing analysis methods for the nonlinear behaviors of PCCVs. The Japan PCCV research group
participated in the meetings. For the meetings, many types of global and local analyses were carried
out on the model to establish an analysis methodology that can predict the nonlinear behaviors of
actual PCCVs subjected to increasing internal pressure. At the Posttest meeting, it had been confirmed
that the analysis results demonstrated the nonlinear behaviors of the test results up to the ultimate state
with good accuracy [2]-[3].

This report describes the finite element analysis results of a 1:4-scale model subjected to pressure
and thermal loading beyond the design basis and summarizes the modeling approach, the influence of
thermal loading on the nonlinear behaviors of the model and the scaling issues for the thermal loading.

Two types of global analysis models used are as follows.

1) An axisymmetric model which idealizes a general portion at 135 degrees of azimuth
2) A 3D180-degree model which idealizes one half sector of a 1:4-scale model including openings

The computer code used here is FINAL [4] using the finite element method, which has been

developed by Obayashi Corporation for nonlinear analysis of reinforced concrete structures.

H-5
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2. Numerical methods for analyses and analytical modeling
2.1 Numerical methods for analyses

In this research, all of the numerical analysis tasks were performed using the finite element
method (FEM), taking material nonlinearity into account. All of the analyses were performed by two-
and/or three-dimensional FEM, where a tangential incremental loading method and the Newton
method for convergence criteria were adopted.

Global analyses to grasp global non-linear behaviors of a 1:4-scale PCCV model are as follows.

1) Axisymmetric model at 135 degree of azimuth.
2) Three-dimensional 180° shell model including E/H and A/L openings and buttresses.

The concrete was modeled using 8-node solid element in the axisymmetric model, or 4-node
quadrilateral multi-layered shell element in the shell model. The rebars were represented with truss
elements or orthogonal layers. The tendons were replaced with truss elements, and tendon friction
elements which take into account the friction effects between concrete and tendons were adopted. The
bond characteristics between the concrete and the rebars were assumed to be bonded perfectly. The
liner was replaced with 4-node shell elements and a perfect bond between concrete and liner was
assumed in the analyses. The prestressing forces of the tendons were considered in the analyses as an
initial stress state.

The heat transfer FEM analyses for Casel and Case2 were carried out on the assumption in the
heat transfer analysis report [5]. The heat transfer FEM model for the axisymmetric analyses was the
same model as the stress analysis, and one dimensional FEM models corresponding with each wall
thickness were used for the three-dimensional shell analyses. It was confirmed that the results of the
heat transfer analysis were consistent with the analysis results in the heat transfer analysis report [5].

Material constitutive models are as follows:

As for the concrete, the equivalent uniaxial stress-strain model proposed by Darwin et al. was
adopted, and the smeared crack model was used. Kupfer’s failure criteria for a biaxial stress state and a
five parameter model by Willam et al. for a triaxial stress state were used [6]-[8]. The five parameters
obtained from the experiments by Ohnuma et al. were also adopted [9].

As for the steel materials, such as liner, rebars and tendons, the elasto-platic theory based on the
von Mises yield criterion was used. The uniaxial stress-strain relationships of steel materials were
assumed to be multi linear.

H-6



2.2 Analytical modeling
2.2.1 Axisymmetric finite element model

In the analytical model shown in Figure 2-1, a 3D
FEM for the narrow wedge of the vertical section(2°) is
used instead of the normal axisymmetric FEM . This
model plane is chosen at 135 degree of azimuth, which
is reasonably far from the penetrations.

The concrete is modeled as an 8-nodes solid
element. The meridional tendons are represented by
truss elements and attached to the concrete by sliding
elements. The bond characteristics between concrete
and the meridional tendons are assumed to be
unbonded. Rebars are represented by truss elements in
the meridional direction and shell layers which are
given an area equivalent to the rebar area, and a
Poisson’s Ratio of zero to avoid any in-plane/out of
plane stress - strain interactions in the hoop direction.
The liner is constructed of quadratic shell elements.
Perfect bonding is assumed between the rebars and the
concrete, and between the liner and the concrete also.

Because the deformation of the basemat may be
large when the thermal load is loaded with Case 1, the
soil is modeled as the rigid spring element with the
tension cutoff characteristics to consider uplift of the
basemat.

2.2.2 Three-dimensional shell finite element model

NEA/CSNI/R(2005)5
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Figure 2-1 Computational grids
of axisymmetric FEM model

The analyses are conducted for the sections between azimuths 0° to 90° and 270° to 360° which

include the large openings (A/L, E/H) of the PCCV model. These analyses are used to determine the
overall behavior of these sections taking into account the effects of the large openings and the buttress,
as well as the distribution characteristics of tendon strain and the determination of the boundary
conditions.

Figure 2-2 shows the analytical models. These models incorporate the buttress, as well as
reinforcement around openings A/L and E/H, and use a multi-layered shell element for the entire
reinforced concrete. Tendons are modeled as a truss element every two for the meridional tendon and
every three for the hoop tendon. The tendon arrangements around the dome and openings areas are
faithful reproductions of those found in the model. The bottom of the cylindrical wall is fixed. The
friction coefficient between the tendon and concrete is defined to be 0.21.
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Figure 2-2 Computational grids of three-dimensional FEM model

Figure 2-3 is a schematic diagram of the sliding surface between the friction element, which
transmits frictional force between the tendon and the reinforced concrete skeleton, and the tendon.

The friction element, which connects the
tendon to the reinforced concrete skeleton,
consists of 3 axial springs which transmit
frictional force as well as normal stress.
The axial springs are oriented perpendicular
to the tendon’s slide direction. The tendon’s
sliding surface is defined as a plane given by
the nodal points X2, X1 and X3. X2 slides
along this plane in direction. The frictional
force used in this element is based on
Coulomb’s Law of Friction. Figures 2-4
and 2-5 show the stress-displacement
relationship of the element friction. The
friction characteristics in the slide direction
are indicated as the characteristics of a spring
with perfect elasto-plasticity, whose initial
stiffness is extremely high. Normal stress is
transmitted by the two elastic springs with
the same initial stiffness.

Reinforced concrete skeleton
(nulti-layered shell element)

" Friction elerien

8.

2 Tendon  truss elemenf =T "l

X\T/y

Figure 2-3 Tendonr friction element
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Figure 2-4 Relationship between slip and  Figure 2-5 Relationship between displacement
friction force (x direction) and normal stress (y,z direction)

3. Material characteristics

The material models and critical strain of each material such as concrete, rebar, tendon, and liner
are set up based on the design package.

The thermal characteristics of the materials are set in accordance with the assumptions in the heat
transfer analysis report [5]. However, the coefficients of linear thermal expansion are calculated by the
following equations.

concrete;  0c=9.0x10°+6.9x10""'xT? (T in °C) Eq.(3-1)
steel; 0s=1.2x10"+0.8x10"xT (T in °C) Eq.(3-2)

3.1 Concrete

For the concrete model, the authors adopted the equivalent uniaxial strain model proposed by
Darwin et al. and developed for three-dimensional analysis by Murray [10]. A smeared crack model is
assumed for the modification of cracks.

Basic Uniaxial Stress -Strain Relationship

The modified Ahmad model [11] shown in Figure 3-1 is used in the compression zone.

Elastic behavior is assumed until cracking occurs in the tensile zone. After cracking,

tension cut-off or tension stiffening (c=0.8 at Izumo model) is assumed.

Failure Surface

The five-parameter model developed by Willam et al. in the 3D model, and Kupfer’s model in a

shell model is used to model a failure surface [7], [8]. The five parameters obtained from the

experiments by Ohnuma et al. are adopted [9].

Shear Retention Model in Cracked Plane.

The Al-Mabhaidi equation shown in Figure 3-2 is used to model shear retention in a cracked plane

[12].

H-9
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Figure 3-1 Uniaxial Stress -Strain
Relationship(compression)

Figure 3-2 Shear Retention Model
in Cracked Plane

The compressive strength of the concrete used in the analyses is the same as the design strength
recommended by SNL. Young’s modulus(E), tensile strength(ft), and strain (£, ) at maximum
strength, used in the analyses, are obtained from the following equations [13].

£,= (13.970,+1690)/ 10° ; O, =44.13MPa, £,=0.0023 Eq.(3-3)
Eo = (3.57yo, +5.71) (kN/mm’) ; Eo = 2.94x10*MPa Eq.(3-4)
ft = 0.196MPa Eq.(3-5)

As for Case2, the difference between the temperature distributions of the sectional direction will
have much effect on the analysis result. This is because the element meshing in the section direction of
the stress analysis models is too large to evaluate the temperature distribution accurately. Figure 3-3
shows the accurate values and the calculated values calculated by axisymmetric model on the
temperature distributions. Therefore, the coefficients of linear thermal expansion of concrete
calculated by Eq.(3-1) for the stress analysis must be multiplied by 0.3 to evaluate the influence by a
concrete thermal expansion appropriately. This coefficient is determined on the condition that the heat
strain energy calculated with the average temperature value of a element becomes equivalent to that
calculated with the accurate gradients.
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b) Calculated tempega‘gure distribution for
axisymmetric model
Figure 3-3 Temperature distribution

d T . . .
a) Accurate temperature distribution
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3.2 Rebars
3.2.1 Modeling method

The rebar stress-strain relationship obtained from the material test results are approximated as
polygonal lines where the following parameters are used:

Yield point, strain hardening point, 4% strain point, 6% strain point and critical point. Next, using
the stress-strain relationship from the polygonal line approximation, the stress-strain relationship
of the rebars is determined according to the following:
Determine 3 types of stress-strain relationships by averaging the test results for the 5 points stated
above for each reinforcement material (SD345, SD390 and SD490).
Test results for dumbbell-type specimens are not to be used.

3.2.2 Stress-strain relationship

Figure 3-4 shows the stress-strain relationships approximated as the polygonal lines. The
stress-strain relationship for the SD390 rebar to be used in the analyses is shown in the thick line.
SD390 is the main reinforcement used in the cylindrical portion of the 1/4 PCCV specimen. The
critical strain is 21.3%, and is equal to the mean rupture strain of the SD390 rebars.

700
600
500
5
S 400
% : : : :
& 300 S B —o—:D16(No.1) 1
—=—:D16(No.2) 1
200 e L] ——:D16(No.3) |
: : ~o-=:D19(No.1)
; ; 0 :D19(No.2)
100 [ o e ~o-D19(No.3) s
—o— :Defined relationship]
0 TR \ TR \ T T S T ST S S S ST S
0 5 10 15 20 25

Strain (%)

Figure 3-4 Stress -Strain Relationship for the SD390 Rebar

3.3 Tendon

The stress - strain relationship of the tendons used in the analyses is modeled referring to the results
of the PCCV tendon system tensile test and the PCCV tendon strand static tensile test.
Detailed modeling procedure is as follows;

(1) The stress - strain relationship below the critical strain level in the tendon system tensile test is



NEA/CSNI/R(2005)5

modeled referring to the results of the test.
(2) The relation beyond the critical strain level in the tendon system tensile test is modeled referring
to the results of the tendon strand static tensile test.

The modeled stress -strain relationship for the analyses is shown in Figure 3-5 with the stress -
strain curves by the both tests. The stress - strain relationship is modeled as a tri-linear up to the
critical strain of 3.7% in the system test. The stress increase was hardly observed beyond 3.7% in the
strand static tensile test, therefore the stress is assumed to be constant beyond that strain level.

The critical strain in straight part near the anchorage is assumed to the critical strain of 3.7% in the
system tensile test in which the influence of the wedge anchor was taken into account. The reason is
that the tendons are supposed to be ruptured at a lower strain level by the influence of the wedge
anchor.

The critical strain in curved part in the cylinder wall is assumed to be 8.0% referring to the tendon

strand static tensile test. The critical strain is summarized in Table 3-1

Table 3-1 Critical strain of the tendons

Straight part Curved part
critical strain (%) 3.7 8.0
2000 [ C

1500 A

Stress | Strain 2{[&?&1@ of

e MPa)| (%) (GPa)
% 3 1520 0.775 196
m 1000 f 1746 1.1 69.4
A I 1912 3.7 6.41
L

s Analytical model
Tendon system tensile test

500 t
r — — — — Tendon strand tensile test

Es

3.7%

0 . . . . .
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Strain (%)

Figure 3-5 Stress -Strain Relationship for the Tendons

3.4 Liner

The analysis employs the material properties specified in the PCCV Design Package issued on Nov.

17, 1997. The material tests of the liner material, SGV410, were carried out with several test pieces
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obtained along with the rolling direction of the plates. The test results demonstrate that the liner

materials have 20MPa variations in the yielding points and the variations of other values such as

young’s modulus and Poisson ratio are within the allowable range. Accordingly the material properties

are defined as an average behavior as follows;
The stress-strain relationship was constructed for the analysis as shown in Figure 3-6. From

Figure3-6, the critical strain of liners is obtained as 33%.

However, because the critical strain of liners in the welded joint is about 17% which is half level of

the mother material according to the past studies and it is confirmed that the strain concentration

magnification at the scallop in the E/H neighborhood becomes 2.5 or less, the critical strain of the

liners is assumed to be 6.8 %(=17%/2.5) in this research.

Young’s modulus E  =2.16x10° MPa

Stress O Total strain S/E Plastic strain
[MPa] gl ] £,[%] . .
0 0.000 Material properties
382 0.177 0.177 0.000
382 2.000 0.177 1.823 Poisson’s ratio v =0.3
408 2.440 0.189 2.251 Yield stress oy, =382 MPa
436 3.600 0.202 3.398 Critical strain &, =33%
457 5.000 0.212 4.788
500 33.000 0.232 32.768
500 ;
200 7 //./’—_>
= 1
& 300 |
= |
2 |
£ 200 |
5] |
100 |
0 ‘ | | | | | | | | | | | | | \‘ | | | | | | | | | | | |
0 1 2 3 4 5 6
Strain(%)

Figure 3-6 Analytical material property (liner : SGV410)
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4. Analytical results
4.1 Results at the Standard Output Locations (SOLS)

(1) Casel
Displacement

As shown in Figure 4-1 through Figure 4-3, the analysis results in the case of pressure and
thermal loading (Hereafter it is called C1(P+T)) indicate larger displacements compared with those of
only pressure loading (Hereafter it is called C1(P)) at the same internal pressure. This may be caused
by thermal expansion. Both C1(P+T) and C1(P) show larger displacement on the upper portions of
the openings of A/L and E/H (See Figure 4-10 and Figure 4-13).

Strain of the liner

As shown in Figure 4-5 and Figure 4-6, the tensile strain of the liner for CL(P+T) is less than that
for C1(P) at the same internal pressure. This may be caused by additional compressive stress applied
by the thermal moment. However, over all strain distributions show little difference between
C1(P+T) and C1(P), and generally large strain is observed around the mid height of the cylinder wall
(See Figure 4-14 and Figure 4-15).

Strain of the inner rebar

As shown in Figure 4-3, the tensile strain of the inner rebar for C1(P+T) is less than that for
C1(P) at the same internal pressure. This may be caused by additional compressive stress applied by
a thermal moment (it is a constraint-moment of the deformation induced by thermal gradient in the
member). However, over all strain distributions show little difference between C1(P+T) and C1(P),
and generally large strain is observed around the center of the cylinder portion (not opening areas)
(See Figure 4-16 and Figure 4-17).

Strain of the outer rebar

As shown in Figure 4-4 and Figure 4-5, the tensile strain of the outer rebar for CL(P+T) is more
than that for C1(P) at the same internal pressure. This may be caused by additional tensile stress
applied by the thermal moment. However, over all strain distributions show little difference between
C1(P+T) and C1(P), and generally large strain is observed around the center of the general cylinder
portion (See Figure 4-18 and Figure 4-19).

Strain of the tendon

As shown in Figure 4-7 and Figure 4-8, the strain of the tendons does not show considerable
differences between C1(P+T) and C1(P). This is because of the location of the tendons; as the tendons
are located near the center of the concrete wall depth, the thermal moment does not affect the tendons'
strain. Overall strain distributions show little difference between C1(P+T) and C1(P), and generally
large strain is observed around the center of the general cylinder portion (See Figure 4-20 and Figure
4-21).

H-14
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(2) Case2
Displacement

As shown in Figure 4-22 through Figure 4-24, Figure 4-33, and Figure 4-34, the analysis results
of pressure and thermal loading (Hereafter it is called C2(P+T)) indicate considerably larger
displacements compared with those of only pressure loading (Hereafter it is called C2(P)) when the
hydrogen burn occurred. This may be caused by reduced stiffness of the element due to cracks
caused by the thermal moment. The large difference is maintained until the last stage of loading,
however this may be caused by thermal expansion (See Figure 4-35 and Figure 4-36).

Strain of the liner

As shown in Figure 4-26 and Figure 4-27, the compressive strain of the liner for C2(P+T) is
remarkably larger than that for C2(P) when the hydrogen burn occurred. This may be caused by
constraining a rapid thermal expansion of the liner by concrete. At the last loading stage, however,
C2(P+T) is slightly less than C2(P) because of the thermal moment (See Figure 4-39 and Figure 4-40).

Strain of the inner rebar

As shown in Figure 4-41 and Figure 4-42, the tensile strain of the inner rebar for C2(P+T) is
considerably larger than that for C2(P) when the hydrogen burn occurred. This may be caused by
reduced stiffness of the concrete. At the last loading stage, however, C2(P+T) is less than C2(P)
because of the thermal moment similar to the Case 1 results (See Figure 4-43 and Figure 4-44).

Strain of the outer rebar

As shown in Figure 4-45 and Figure 4-46, the tensile strain of the outer rebar for C2(P+T) is
considerably larger than that for C2(P) when the hydrogen burn occurred. Same as the inner rebar,
this may be caused by reduced stiffness of the concrete. At the last loading stage, C2(P+T) is still
more than C2(P) because of the thermal moment similar to the Case 1 results (See Figure 4-47 and
Figure 4-48).

Strain of the tendon

As shown in Figure 4-28 and Figure 4-29, the strain of the tendons does not show considerable
differences between C2(P+T) and C2(P). Same as the result for Case 1, this is because of the location
of the tendons; as the tendons are near the center of the concrete wall depth, the thermal moment does
not affect to the tendons' strain very much.

4.2 Thermal effects

(1) Casel

Pressure at yielding of steel materials
The pressure at yielding of the liner is 0.96MPa for C1(P) and is 1.04MPa for C1(P+T). The
liner yields at the higher pressure due to the thermal loading.
The pressure at yielding of the rebar is 0.93MPa for C1(P) and is 0.82MPa for C1(P+T). The
liner yields at the lower pressure due to the thermal loading.
The pressure at yielding of hoop tendon is 1.21MPa for C1(P) and is 1.20MPa for C1(P+T). The
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hoop tendon yields almost at the same pressure for C1(P) and C1(P+T).

Maximum strains of steel materials
The maximum strain of the liner is 2.32% for C1(P) and is 2.48% for C1(P+T). Both the
maximum strains don't reach the critical strain of 6.8%.
The maximum strain of the outer rebar is 2.82% for C1(P) and is 3.41% for C1(P+T). Both the
maximum strains don't reach the critical strain of 21.3%.
The maximum strain of the hoop tendon is 2.17% for C1(P) and is 2.24% for C1(P+T). Both
the maximum strains don't reach the critical strain of 8.0%.
The ratio of the maximum strain to the critical strain of the liner is the largest among the liner,
the rebar and the tendon regardless of the thermal loading. The ratio is 0.34 for C1(P) and is
0.36 for CL(P+T).

(2) Case2
Pressure at yielding of steel materials

The pressure at yielding of the liner is 0.94MPa for C2(P) and is 0.23MPa for C2(P+T). The
liner yields at the much lower pressure. This may be caused by additional compressive strain
applied by the rapid thermal expansion of liner when the hydrogen burn occurred, and this time,
compressive strain of liner reaches the yielding point. Then, the liner for C2(P+T) is yielding in
tensile at the end of the hydrogen burn after a lapse of about 260 minutes.
The pressure at yielding of the outer rebar is 0.91MPa for C2(P) and is 0.68MPa for C2(P+T).
The outer rebar yields at the lower pressure. This may be caused by additional tensile strain
applied by the thermal moment when the hydrogen burn occurred, and this time, tensile strain
of rebar reaches the yielding point. On the other hand, the rebar strain of the C2(P) is tensile
and doesn’t reach the yielding point.
The pressure at yielding of the hoop tendon is 1.20MPa for C2(P) and is 1.18MPa for C2(P+T).
The hoop tendon yields almost at the same pressure between the both C2(P) and C2(P+T).

Maximum strains of steel materials
The maximum strain of the liner is 0.97% for C2(P) and is 0.65% for C2(P+T). Both the
maximum strains don't reach the critical strain.
The maximum strain of the rebar is 2.52% for C2(P) and is 4.08% for C2(P+T). Both the
maximum strains don't reach the rupture strain.
The maximum strain of the hoop tendon is 1.07% for C2(P) and is 1.18% for C2(P+T). Both
the maximum strains don't reach the critical strain.
The ratio of the maximum strain to the critical strain of the liner is largest among the liner, the
rebar and the tendon for C2(P). The ratio is 0.14. On the other hand, the ratio of the rebar is
largest for C2(P+T). The ratio is 0.19.
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4.3 Liner tearing pressure and ultimate pressure

(1) Case 1
Liner tearing strain

The maximum strain of the liner for C1(P+T) is almost the same as that for C1(P) as shown Table
4-2. The temperature has little influence on the liner tearing pressure.

Ultimate pressure

Since the strains of the hoop tendon become critical from Table4-2 for both C1(P) and C1(P+T),
it is predicted that the structural failure for both C1(P) and C1(P+T) occurs due to the rupture of the
hoop tendon. Moreover, since the maximum strains of the hoop tendon are almost the same regardless
of the temperature, the temperature has also little influence on the ultimate pressure.

In Case 1, it is found that the linear tearing precedes the occurrence of the structural failure due to
the rupture of the rebar or tendon regardless of the thermal loading.

(2) Case 2
Liner tearing strain

The maximum strain of the liner for C2(P+T) is smaller than that for C2(P), as shown Table 4-2.
From this point, the liner tearing for C2(P+T) occurs at the higher pressure than the liner tearing
pressure for C2(P).

Ultimate pressure

It is predicted that the strains of the hoop tendon and the outer rebar become critical almost at the
same pressure in C2(P) from Table4-2. On the other hand, the strain of the outer rebar becomes critical
for C2(P+T). Therefore it is estimated that the structural failure is determined by the rupture of the
hoop tendon or the outer rebar in C2(P), and is determined by the rupture of outer rebar for C2(P+T).
Since the strains of tendon and outer rebar due to the thermal load are added to the strain due to the
pressure, the structural failure is considered to occur at lower pressure.

It follows from these results that for C2(P) the liner tearing precedes the occurrence of the
structural failure and for C2(P+T) the structural failure occurs initially.

4.4 The scale effect in thermal stress analyses

In this study, the temperature distributions in the section obtained from the heat transfer analyses
by a full-scale model are applied to the 1:4-scale model. Therefore, although the average temperature
and the gradient of the 1:4-scale model are equal to those of the full-scale model, the thermal slope of
the equivalent linear temperature of the 1:4-scale model is four times as that of the full-scale model
because the wall thickness is one fourth.

The thermal effect to the rupture of the PCCV is caused by addition of the thermal strain in case
the change in the critical strain of the steel materials by heat is sufficiently small. The thermal strain in
the 1:4-scale model may be as same as that in the full-scale model if their gradients are the same.
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Consequently the thermal strains to be added in the both models are the same in the balanced
conditions only by the steel materials near the ultimate state. It follows from this, that the scale effect
on the thermal load may be small.

Table 4-1 Pressure at yielding of steel materials

. Outer Rebar
Liner — Tendon(Hoop)
Hoop Meridional
Pressure (P+T) Pressure (P+T) Pressure (P+T) Pressure | (P+T)
(MPa) /P (MPa) /P (MPa) /P (MPa) /P
CL(P+T) 1.04 0.82 0.89 1.20
1.08 0.88 0.91 0.99
C1(P) 0.96 0.93 0.98 1.21
C2(P+T) 0.23 0.68 091 1.18
0.24 0.75 0.94 0.98
C2(P) 0.94 0.91 0.97 1.20

Table 4-2 Maximum strains of steel materials

Liner(Hoop) Outer Rebar Tendon(Hoop)
<Critical-Strain < Critical -Strain:21.3%> < Critical
:6.8%> Hoop Meridional -Strain:8.0%>

Max Max/ Max Max/ Max Max/ Max Max/
Strain Rupture | Strain Rupture | Strain Rupture | Strain Rupture

C1(P+T) 2.48% 0.36 | 3.41% 016 | 1.65% 0.08 | 2.24% 0.28
C1(P) 2.32% 034 | 2.82% 013 | 1.19% 0.06 | 2.17% 0.27
C2(P+T) 0.65% 0.10 | 4.08% 019 | 155% 007 | 1.18% 0.15
C2(P) 097% 014 252%  012| 099%  005| 1.07% 013
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Loc.1-Displacement in Vertical direction
for El 0.0m and Az 135deg
(Outside Cylinder)

—o— Pressure plus Temperature
---A--- Pressure only

Loc.6-Displacement in Radial direction
for El 6.2m and Az 135deg
(Inside Liner Surface)

—o— Pressure plus Temperature
---A--- Pressure only

Loc.7-Displacement in Radial direction
for EI 10.75m and Az 135deg
(Inside Liner Surface)

—o— Pressure plus Temperature
---A--- Pressure only

Figure 4-1 Comparison at standard Output Locations 1, 6 and 7(Casel)
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Loc.11-Displacement in Vertical direction
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(Inside Liner Surface)

—oe— Pressure plus Temperature
---aA--- Pressure only

Loc.12-Displacement in Radial direction
for El 6.2m and Az 90deg
(Inside Liner Surface)

—oe— Pressure plus Temperature
---a--- Pressure only

Figure 4-2 Comparison at standard Output Locations 8, 11 and 12(Casel)
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Loc.13-Displacement in Radial direction
for EI 10.75m and Az 90deg
(Inside Liner Surface)

—oe— Pressure plus Temperature
---aA--- Pressure only

Loc.14-Displacement in Radial direction
for El 4.675m and Az 324deg
(Inside Liner Surface)

——o— Pressure plus Temperature
---a--- Pressure only

Loc.18-Rebar Strain in Meridional dir.
for El 0.25m and Az 135deg
(Inner Rebar Layer)

—oe— Pressure plus Temperature
---aA--- Pressure only

Figure 4-3 Comparison at standard Output Locations 13, 14 and 18(Casel)
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for El 6.2m and Az 135deg
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---aA--- Pressure only

Loc.23-Rebar Strain in Meridional dir.
for El 6.2m and Az 135deg
(Outer Rebar Layer)

—oe— Pressure plus Temperature
---aA--- Pressure only

Figure 4-4 Comparison at standard Output Locations 19, 22 and 23(Casel)
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Loc.32-Rebar Strain in Hoop direction
for El 6.2m and Az 90deg
(Outer Rebar Layer)

—oe— Pressure plus Temperature
---aA--- Pressure only

Loc.33-Rebar Strain in Meridional dir.
for El 6.2m and Az 90deg
(Outer Rebar Layer)

——o— Pressure plus Temperature
---a--- Pressure only

Loc.38a-Liner Strain in Meridional dir.
for El 6.2m and Az 135deg
(Inside Liner Surface)

—oe— Pressure plus Temperature
---aA--- Pressure only

Figure 4-5 Comparison at standard Output Locations 32, 33 and 38(Casel)
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Figure 4-6 Comparison at standard Output Locations 39, 42 and 45 (Casel)

H-24



Strain

Strain

Force(N)

0.0200
0.0180
0.0160
0.0140
0.0120
0.0100
0.0080

0.0060 J

0.0040
0.0020
0.0000

00 0.25 0.50 0.75 1.00 1.25 1

-0.00200

0.0200
0.0180
0.0160
0.0140
0.0120
0.0100
0.0080
0.0060
0.0040
0.0020
0.0000

-0.00200

7.0E+05

6.0E+05

5.0E+05

4.0E+05

3.0E+05

2.0E+05

1.0E+05

0.0E+00
0

Pressure(MPa)

00 0.25 0.50 0.75 1.00 1.25 1

Pressure(MPa)

.00 0.25 0.50 0.75 1.00 1.25 1.50

Pressure(MPa)

NEA/CSNI/R(2005)5

Loc.48-Tendon Strain in Hairpin dir.
for El 15.6m and Az 180deg
(Tendon - V37)

——o— Pressure plus Temperature
---a--- Pressure only

Loc.50-Tendon Strain in Hoop direction
for El 6.58m and Az 90deg
(Tendon - H53)

—oe— Pressure plus Temperature
---a--- Pressure only

Loc.54-Tendon Force in Hairpin dir.
for El -1.16m and Az 241deg
(Tendon - V37)

—oe— Pressure plus Temperature
---a--- Pressure only

Figure 4-7 Comparison at standard Output Locations 48, 50 and 54(Casel)
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7.0E+05 Loc.55-Tendon Force in Hoop direction
for El 6.58m and Az 275deg
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Figure 4-8 Comparison at standard Output Locations 55(Casel)
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Figure 4-9 Showing point of contour (Casel)
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Figure 4-10 Deformation contour - Pressure only(Casel) (Scale factor:50)
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Figure 4-11 Deformation contour - Pressure plus Temperature(Casel) (Scale factor:50)
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Figure 4-12 Deformation contour at 1.46MPa-Pressure only(Casel)
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Figure 4-13 Deformation contour at 1.46MPa, 200°C -Pressure plus Temperature(Casel)
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Figure 4-14 Von Mises strain contour of liner at 1.46MPa

-Pressure plus Temperature(Casel)
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Figure 4-15 Von Mises strain contour of liner at 1.46MPa, 200°C
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Figure 4-16 Strain contour of inner horizontal reinforcement at 1.46MPa
-Pressure only(Casel)
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Figure 4-19 Strain contour of outer horizontal reinforcement at 1.46MPa, 200°C
-Pressure plus Temperature(Casel)
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Figure 4-21 Strain contour of hoop tendon at 1.46MPa, 200°C
-Pressure plus Temperature(Casel)
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Figure 4-22 Comparison at standard Output Locations 1,6 and 7(Case2)
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Figure 4-24 Comparison at standard Output Locations 13,14 and 18(Case2)
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Figure 4-26 Comparison at standard Output Locations 32,33 and 38(Case2)
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Figure 4-27 Comparison at standard Output Locations 39, 42 and 45(Case2)

H-38



Strain

Strain

Force(N)

0.0120

0.0100

0.0080

0.0060

0.0040

0.0020

0.0000

NEA/CSNI/R(2005)5

‘ ‘ Loc.48-Tendon Strain in Hairpin direction
1 1 for El 15.6m and Az 180deg
,,,,,, R T (Tendon - V37)

| |

1 1 —o— Pressure plus Temperature
| |

1 ---A--- Pressure only

0.00 0.25 0.50 0.75 1.00 1.25 1.50

0.0120

0.0100

0.0080

0.0060

0.0040

0.0020

0.0000
0

7.0E+05

6.0E+05

5.0E+05

4.0E+05

3.0E+05

2.0E+05

1.0E+05

0.0E+00

Loc.50-Tendon Strain in Hoop direction
for El 6.58m and Az 90deg
(Tendon - H53)

—o— Pressure plus Temperature
---a-- Pressure only

.00 0.25 0.50 0.75 1.00 1.25 1.50

Pressure(MPa)

‘ w Loc.54-Tendon Force in Hairpin dir.
1 1 for EI -1.16m and Az 241deg
| i (Tendon - V37)

——o— Pressure plus Temperature
---a--- Pressure only

0.00 0.25 0.50 0.75 1.00 1.25 1.50
)

Pressure(MPa

Figure 4-28 Comparison at standard Output Locations 48,50 and 54(Case2)
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-Pressure only(Case?2)

Max = 1.966E-03
Min = -1.721E-05

1.87E-03

147E-03

9.64E-04

[ 4B3E-04

— -3.7BE-0%

Figure 4-42 Strain contour of inner horizontal reinforcement at 0.76MPa, 612°C
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Figure 4-47 Strain contour of outer horizontal reinforcement at 1.33MPa

-Pressure only(Case2)
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Figure 4-48 Strain contour of outer horizontal reinforcement at 1.33MPa, 317°C

-Pressure plus Temperature(Case2)
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MAX=0.568 % A
MIN=0.504 % 56497.
(Micro)

0.55%  0.6% 0.8% 1.0%

Figure 4-49 Strain contour of hoop tendon at 0.76MPa
-Pressure only(Case2)
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Figure 4-50 Strain contour of hoop tendon at 0.76MPa, 612°C
-Pressure plus Temperature(Case?2)
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MAX=1.069 %
MIN=0.550 %

0.55%  0.6%

Figure 4-51 Strain contour of hoop tendon at 1.33MPa
-Pressure only(Case2)
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Figure 4-52 Strain contour of hoop tendon at 1.33MPa, 317°C

-Pressure plus Temperature(Case2)
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5. Conclusions
The conclusions obtained from this analytical study are as follows.

(1) From analysis results of Case 1 in SOLs it was found that the influence of the temperature on the
strains of the steel materials are small on condition that the thermal conditions are steady-state and
the thermal gradient in a section is constant. Within this range of the pressure and thermal
conditions, no steel materials have reached critical strains.

(2) From the analysis results of Case 2 in SOLs it was found that the influence of the temperature on
the strains of the steel materials are large on condition that the thermal and pressure conditions are
unsteady and the thermal gradient in a section changes drastically. Within this range of the pressure
and thermal conditions, no steel materials have reached critical strains.

(3)In case the pressure and thermal loading is applied simultaneously, the strain due to the thermal
moment will be added to the strain by the pressure. Consequently, compressive strain is added in
the liner and the inner rebars, and tensile strain is added in the outer rebars. However, the strain
added the thermal loading in the hoop tendon located near the neutral axis is small.

(4) The ultimate pressure would be estimated based on analysis results. In Casel, the rupture of the
liner precedes. In Case2, the liner, the rebar and the tendon reach the critical strains almost at the
same time. In the case of the thermal loading is added to the pressure loading, the strain of the liner
decelerates and the strain of the outer rebar accelerates as compared with the results under only
pressure loading. As a result, the strain ratio to critical strain of the outer rebar will become largest
and it will reach the critical strain firstly.

(5) The thermal effect to the rupture of the PCCV is caused by addition of the thermal strain in case
the change in the critical strain of the steel materials by heat is sufficiently small. The thermal
strain in the 1:4-scale model may be as same as that in the full-scale model if their gradients are the
same. Consequently the thermal strains to be added in the both models are the same in the balanced
conditions only by the steel materials near the ultimate state. It follows from this, that the scale
effect on the thermal load may be small.
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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 is 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 pressure. The FE analysis
used two concrete failure criteria with the commercial code ABAQUS. One is axi-symmetric 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.

Introduction

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 to 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
Institute (KAERI) 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 trial 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 summarized 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 is used for the
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basemat part; (b) SD390 is used for the cylinder wall and dome parts.

- Elastic modulus
- Yield stress

- Ultimate stress
- Poisson’s ratio

- Elongation(%)

Prestressing Tendon

: 1.86E5 MPa (basemat), 1.848E5 MPa (wall and dome)
: 512.2 MPa (basemat), 479.9 MPa (wall and dome)
: 709.7 MPa (basemat), 628.7 MPa (wall and dome)
:0.3
: 17.8 MPa (basemat), 21.32 MPa (wall and dome)

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

32].

Steel Liner Plate

Two sets of material samples for the steel liner plate, LPY in vertical direction and LPX in
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 f,=29.42 (basemat) f,=44.13 (dome & wall)
ltem Standard curing | Field curing Standard curing | Field curing
Compressive strength 51.39 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 0.20 0.18 0.20 0.18
Density (ton/m’) 2.25 2.21 2.26 2.19
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Figure 1. Stress-strain relationship for steel
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Table 2. rebar material properties (unit:MPa)
Material D10 D13 D16 D19 D22 D19
Item (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 482.0 490.1 476.6 491.9 459.0 512.2
Ultimate stress 613.6 640.4 606.2 630.4 653.2 709.7
Elongation (%) 20.5 24.2 22.1 21.1 18.7 17.8

I-6




NEA/CSNI/R(2005)5

Figure 2. Stress-Strain relationship for tendons
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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 1,932 3.36
Specimen 4 1,921 No strain gages
Specimen 5 1,934 No strain gages
Specimen 6 1,924 3.3
Mean 1,924.5 33

* 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) (%)
SGV410 R.T.(23 °C) LPY-1 381.5 4952 33.8
" " LPY-2 403.1 498.2 33.0
" " LPY-3 385.4 497.2 33.6
" " LPX-1 377.6 499.2 33.0
" " LPX-2 377.6 500.1 33.0
" " LPX-3 370.7 497.2 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.
Concrete model

2-dimensional axi-symmetric 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)

3
where t:lq 1+i— 1—i L
2 K K )\ ¢q

P, q,r arestress invariants defined in stress and strain measurements.
[ is 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 s the ratio of the yield stress in triaxial tension to the yield stress in triaxial compression
and, thus controls the dependency of the yield surface on the value of the intermediate

principal stress.

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

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.

S3

S4 )

3-dimensional model

The damaged plasticity model [3] is used for concrete 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, £” and " which are related to failure mechanisms under
tension and compression loading respectively. We refer to & ' and er ' 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 (o,,). The failure stress
corresponds to the onset of micro-cracking in the concrete material. Beyond the failure 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 (o, ). 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 curves. Thus,

_ =pl =l
at—at(et ,E, ,0,fi)

o =0 (&".E".0.1) 2)

where the subscripts ¢ and ¢ refer to tension and compression respectively. & "and er "are the
equivalent plastic strains and Etp "and 87’ ' are the corresponding plastic strain rates. € is the

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

As shown in Figure 5, when the concrete specimen is unloaded from any point on to the strain
softening branch of the stress-strain curves, the unloading response is weakened and the elastic
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,(z".0.f); 0<d <l

t

3)
— =l .
d =d,(g".0.f); 0<d <1
Figure 5. Response of concrete to uniaxial loading in
tension (left) and compression (right)
O, A o, A
Gta -------- ch 77777777777
Gco ”””
E, |
3 E, 3
i /// (l_dgi)Eo
,’/ (l'dt)Eo 3 L’ 3
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gtpl gte[ g, gcpl 851 o
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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 E| is the initial (undamaged) elastic stiffness of the

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

“4)

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 reinforcing 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
reinforcing bars and the other is to modify the stiffness of the concrete so that the concrete 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 (¢, < &, ):

o,=E. ¢ (5)
Descending branch (&, > ¢, ):
0.2
g T
o =f| ©)
&

t

where ¢, is total strain in concrete, &, is the cracking strain and f, is the stress corresponding to

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

P Cracking

Stress

cr gt

Strain

Steel model

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

with a distinct yield stress of fy 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 fy In the present FE

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

o _ 1—i£&J (7)

where f and fy are the yield stresses of bare bar and embedded bar in concrete respectively. p

y

is the reinforcement ratio and f,, is the cracking stress value.
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Figure 7. Average yield stress-strain curve

Average stress

Average strain

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 fpu from zero point, where fpu 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 5.

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 :0.3

- Yield stress 11,621 MPa

- Ultimate stress : 1,875.8 MPa
- Elongation :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
Average Tensile Force:
Design: | 4441T 97.9 kips 49.57T 109.00 kips
Jack: | 43.53T 95.97 kips 49.02T 108.07 kips
Jack(w/ Load Cells only): | 43.61 T 96.14 kips 49.09T 108.23 kips
Load Cell: | 43.21T 95.27 kips 4820 T 106.27 kips
Average Lift-off Force:
Design: | 34.11T 75.2 kips 4631T 102.10 kips
Jack: | 34.02T 75.01 kips 4422°T 97.49 kips
Average Friction Coefficient: 0.18 0.22
Average Seating [ oss: 3.95mm 0.16 inch 4.95mm 0.19 inch
Jack: 951T 20.96 kips 480T 10.58 kips
Load Cell: 9.86 T 21.75 kips 4.64T 10.23 kips
Average Final Load Cell Force: 33.34T 73.52 kips 4356 T 96.04 kips
Average Elastic Loss: 027T 0.59 kips 0.58 T 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
in ABAQUS. In Figure 9, the stress-strain curve for the FE analysis is compared with experimental

data provided by SNL.

The following material properties of liner plate are used to prepare the input data for the present

FE analysis:
- Elastic moduls : 2.187E5 MPa
- Poission’s ratio :0.3
- Yield stress(MPa) : 382.7 MPa
- Ultimate tensile stress :497.85 MPa
- Elongation(%) :33.2

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 total 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 in 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 in the code ABAQUS. Therefore, they are assumed to be rigidly bonded to the concrete. The
pre-stressing force for tendon is 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 hatch 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 liner 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
is 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 not 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
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Figure 13. Hoop tendon (left) and meridional tendon (right)
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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, #55

from 3-dimensional model.

Axi-symmetric analysis results

The first cracking of concrete in cylinder wall due to 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 at mid-height of the cylinder wall and the
yielding of meridional rebar in wall-basemat juncture begun at 1.29MPa. The maximum strain of the
rebar in the hoop direction is observed as 14.37% in the mid-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
Figure 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 initiated at 0.94MPa at mid-height of the cylinder wall as
shown in Figure 16 and the yielding of meridional rebar in wall-basemat juncture begun at 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 instability 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 verses 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 consistently 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-symmetric 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 meridional 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 cracking of dome concrete above 45° dome angel 0.77 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 1.47 -

Hoop tendons in cylinder reaching 3% strain 1.50 -
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Figure 14. Deformed shape of axi-symmetric model at ultimate pressure (x100)

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 20. Vertical displacement at springline (SOL #8)
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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 to 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
considering 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 failure 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 SFMT 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 National Laboratories used in the construction of the 1:4-scale PCCV [3].
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 surface 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 results, 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 PCCV model.

Table 1 Concrete Material Property

Property Value for Basemat Value for Shell & Dome
Elastic Modulus 27950 Mpa 26970 MPa
Uniaxial Compressive Strength 39.16 Mpa 47.30 MPa
Uniaxial Tensile Strength 3.37Mpa 3.45 MPa
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 this 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 realistic

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 Es before yielding and a slope of E, after yielding as illustrated 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 Es.

f.=E.¢

S sTSs

for f < f' (1

fo=1,+E, "¢, for fo>f,' (2)

where f, is the vertical intercept of the post-yield straight line. The intersection stress level f, and the
plastic modulus E;’ depend mainly on the level of the apparent yield stress f,* 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 fy* and the strain-hardening

modulus of the bare bar E; from the actual material properties.

fy' fy *
—=043+0.5 3)
fy fy
E ' fo*
L =33-25-1 4)
EP fy
fs A
Bare Rebar
f)’
f B /
foy' """""" Concrete
e Stiffened
Yy
E,
Sy* €y €n €0.05 & g

Figure 1 Stress-strain relationship of rebar using bilinear model
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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 Reinforcing Material Properties

D6 D10 D13 D16 D19 D22 D19
(SD345) | (SD390) | (SD390) | (SD390) | (SD390) | (SD390) | (SD490)

FElastic

Modulus(Mpa) | 1-69ES | 1.83ES | 1.83E5 | 1.83E5 | 1.84E5 | 1.91ES | 1.86ES

Poisson’s ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Yield

Stress(Mpa) 369.4 472.9 432.3 4575 473.1 459.0 512.2

Tensile

Stress (Mpa) 489.4 665.9 610.6 616.5 658.3 680.8 709.7

Extension(%) 30.4 20.5 242 22.1 21.1 18.7 17.8

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 0.7y, and the second part is expressed by Ramberg-Osgood equation(5) that meets the first part
at the stress level of 0.7fp,.

E '
f, = = o (5)

4 1/4
o[
fpu

where fy,, fp, By’ and &, is the ultimate strength of the tendon, the strength in the tendon, the tangential

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

The finite 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 concrete. That is, the numerical 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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fp
fou ;
,- E'ps€p
0.7f f fp= |
Tpu[ 7 E'ps€E /
if [1+<&>4] 4
HE fpu
II Elps fp = Epsep where €p =€y + Es
E'ps
H ep
0.7fpy

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 Limit 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 strength during SFMT. Thus, the stress-strain behavior of the liner plate steel is 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 material.

Material Property

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

Table 4 Steel Liner Material Properties

Property Values
Elastic Modulus 218700 MPa
Elatic 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 finite element model includes two buttresses 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 is 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 using 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 thin inner
layer of steel 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 reinforcing bars in the
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dome and cylindrical wall are modeled by using the rebar sub-element provided by ABAQUS

computer program.

Due to limitation of the computer program ABAQUS, the tendons are assumed to remain rigidly
bonded to the concrete and thus modeled by using the rebar sub-element with introducing prestressing
stress provided by ABAQUS. Therefore, the actual condition including the slippage of tendon in the
tendon sheath can not be considered in the analysis model. Prestressing stresses being induced in 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 gallery 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 empirically 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 using the rebar sub-element of ABAQUS similarly 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 tendon 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. Similarly, the hoop tendon forces of 95.27kips before anchoring and 73.52kips after anchoring are

used in the calculation of hoop tendon stress.
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Table 5. Prestressing Losses

Vertical Tendon Loss Hoop Tendon Loss
MPa (ksi) MPa (ksi)
Elastic shortening of concrete 31.855 (4.620) 31.855 (4.620)
Creep of concrete 66.999 (9.717) 83.829 (12.158)
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) 259.473 (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 initially considered prior to internal pressurization. This is accomplished by specifying as mass
proportional load for each material included in the 1:4 scale PCCV model prior to initiating 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 pressurization.
Internal pressure loads are specified to act as a uniformly-distributed force, remaining normal to the

interior element surface of the containment shell, dome and base slab as it 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 showing differences between the 3DFEM and the SFMT (see Figures 7
through 10).

4.1 Displacements

The displacement transducer were ‘zeroed’ prior to the start of the SFMT before filling the vessel
with water and thus the measured displacements reflect only the response to 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 radially 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 soil spring
under basemat to simulate uplift. That is, 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 initial strain at the start of the
SFMT. Thus, both the analysis initial stains prior to pressure and the measured initial residual strains
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 cylinder (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 in
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 strain is very small but changing from compression to
tension (as shown in Figure 9). These reverse trends near wall-mat junction are judged to 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 strains as shown Figures 10(a) through (c). 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 maximum strain corresponding 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,
especially the regions near equipment hatch, is 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 results 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 failure
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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L.

Figure 4 Overall View of Three-dimensional Finite Element Model

(a) Equipment Hatch (b) Personal Airlock

Figure 5 Refined Mesh around Large Penetrations in Model (Inside Surface)
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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Posttest Analysis Report for International Standard Problem 48 - KOPEC
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ANALYSIS OF 1:4 SCALE PRESTRESSED CONCRETE CONTAINMENT VESSEL (PCCV)
MODEL SUBJECT TO PRESSURE AND THERMAL LOADING
PHASE 3

Nam Ho Lee and Il Hwan Moon
Korea Power Engineering Company, Korea

Abstract

This paper describes the nonlinear analyses of a 1:4 scale model of a prestressed concrete containment
vessel (PCCV) which incorporates both pressure and temperature effects. The analyses are performed
using the results of the heat transfer analyses provided as time and/or pressure dependent thermal
gradients at representative cross-sections in the model. This paper is focused on the behavior of the
NUPEC/NRC 1:4-scale prestressed concrete containment vessel under pressure and temperature
loading beyond the design basis

In the nonlinear finite element analyses, the 1/4-scale PCCV including the axi-symmetric cylindrical
vessel, the spherical dome and the concrete base slab are idealized as an axi-symmetric global model
with axi-symmetric solid elements and shell elements.

The temperature-dependent degradation properties of concrete and steel are considered. Both
geometric and material nonlinearities including thermal effects are also addressed in the analyses.
Menetrey-Willam concrete constitutive model with non-associated flow potential is adopted for this
study. This study includes the results of the predicted thermal and mechanical behaviors of the PCCV
subject to high temperature loading and internal pressure simultaneously.

In order to find the effect of accident high temperature on the ultimate capacity of each component,
two kinds of analyses are performed; one for pressure only and the other for pressure with temperature.
The results are compared with each other for the liner plate, reinforcement, prestressing tendon and
concrete. The analysis results show that the temperature directly affects the behavior of the liner plate,
but has a little impact on the ultimate pressure capacity of the PCCV.

Introduction

The purpose of the work contained herein is to describe the nonlinear analyses of a 1:4 scale
model of prestressed concrete containment vessel (PCCV) that incorporates both internal pressure and
thermal effects. The analyses are performed using the results of the heat transfer analyses provided as
time and/or pressure-dependent thermal gradients at representative cross-section in the model.

This paper is focused on the behavior of the NUPEC/NRC 1:4-scale prestressed concrete
containment vessel under pressure and temperature loading beyond design basis. In the nonlinear finite
element analyses, the 1:4-scale PCCV including the axi-symmetric cylindrical vessel, the spherical
dome and the concrete base slab are idealized as an axi-symmetric global model with axi-symmetric
solid elements for concrete structure and shell elements for liner plate.

The temperature-dependent degradation properties of concrete and steel are incorporated in this
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analysis. Both geometric and material nonlinearities including thermal effects are also addressed in
this analysis. Menetrey-Willam concrete constitutive model with non-associated flow potential is
adopted for the analyses. This study includes the results of the thermal and mechanical behavior of the
PCCV under high temperature loading and pressure simultaneously. Concrete material properties are
modified in accordance with Dameron et al. Research [1], and rebar and tendon materials are adjusted
in accordance with the formulas proposed by Dameron et al. [1] and Holmes [2], respectively.
Variation in Liner Plate material property due to temperature was incorporated in accordance with
Dameron et al. Research [1] and the ASME Section III, Division 1 — Appendix I.

In order to find the effect of accident high temperature on the ultimate capacity of each
component, two kinds of analyses were performed; a combined thermal-mechanical analysis of the
1:4-scale PCCV model for saturated steam conditions (Case 1) and for a severe accident scenario
(Case 2). The numerical results for each case were documented for a reduced set of Standard Output
Locations and compared with the numerical results for mechanical (pressure) for liner plate,
reinforcement, prestressing tendon and concrete. The computer program ABAQUS [3] was used to
analyze the axi-symmetric finite element model of PCCV with nonlinear and temperature-dependent
material properties of concrete, liner plate, reinforcing steel, and prestressing tendon.

Material Property and Modeling
General

To simulate the PCCV, the actual (tested) properties of concrete, reinforcing steel, post-tensioning
tendon, liner plate and soil are used in the analysis. The properties for these materials are from test
data provided by Sandia National Laboratories and used in the construction of the 1:4-scale PCCV [4]
at Sandia. The strength reductions from increase of temperature are appropriately introduced to
account for material degradation since high accident temperatures are introduced with accident
pressure to the PCCV model.

Concrete
Constitutive 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 has relatively less influence than
that due to the former on the failure mode of the containment structure under internal pressure.

The Menetrey-Willam’s failure model with a non-associated plastic flow that is known to be
suitable to represent the tensile concrete cracking of the axi-symmitric finite element model is
introduced in the numerical analysis. The yield surface and flow potential parameters for elasto-plastic
material yield surface in the Menetrey-Willam’s failure model with non-associated plastic flow and the
strain hardening are defined by the model parameters r-factor, the friction angle £, and the dilation
angle . The elliptic function r(é,e) controls the shape of the yield surface in the deviatoric plane

and angle S is the angle between the yield surface and the pressure stress axis in the meridian plane

[3].
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Material Properties
The following mechanical concrete properties from the uniaxial strength test data of the trial mix

concrete are used in the analysis of the 1:4 scale PCCV model for mechanical (internal pressure load
only) and thermal-mechanical (pressure + temperature) loading.

Table 1 Concrete Material Property

Property Value for Basemat Value for Shell & Dome
Elastic Modulus 27,950 MPa 26,970 MPa
Uniaxial Compressive 39 16 MPa 47 30 MPa
Strength

Uniaxial Tensile Strength 3.37 MPa 3.45 MPa
Poisson’s Ratio 0.18 0.18

Variation due to Temperature

A smooth curve for strength degradation versus temperature as estimated below (provided as a
reference with temperature variation) is introduced into the finite element analysis model.

See = exp—(T/632)"" , where T is in degree C (1)
Further, based on the literature, elastic modulus reduction is calculated by equation (2).
Mg = (SRC)1/2 @)

The thermal expansion coefficient is assumed to be constant at 1.18E-5 cm/cm/°C upto 260°C of
temperature rise and then gradually increases to 2.18E-5 cm/cm/°C at 430 °C [6].

Reinforcement Steels (Rebars)
Constitutive Model

Rebar materials are generally incompressible when they deform plastically and their yielding is
independent of the pressure stress. The von Mises failure criterion is used for this steel material. Hsu
[5] 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 used in reinforced concrete structure to simulate the realistic behavior of the rebar in concrete.

The stress-strain curve of the rebar for the numerical analysis is idealized by bilinear curve with a
slope of Es before yielding and a slope of E; after yielding as illustrated in Figure 1. The equations of
two lines are expressed at the stress level designated by f,” at which the two straight lines intersect as
shown in equations (3) and (4). The plastic modulus E,”after yielding can be taken as a small fraction
of the elastic modulus E;.
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f.=E.¢

S sTS

for f < f' 3)

f = fo'+Ep'(c;s for f, > fy' 4

where f, is the vertical intercept of the post-yield straight line. The intersection stress level f,” and
the plastic modulus E,” depend mainly on the level of the apparent yield stress f,* illustrated in
Figure 1. The values of f,” and E,” in the stress-strain relatinship used in the numerical analysis are
calculated as equations (5) and (6) using the apparent yield stress f,* and the strain-hardening modulus
of the bare bar E, from the actual material properties.

1 f %k
2 =043+0.5- (5)
fy fy
E ' f *
L =33-25"2 (6)
EP fy
fs A
Bare
fy
f!
fyo, """"""""" / Concrete
. Stiffened
f)’
E
& & €n €0.05 8:

Figure 1 Stress-strain relationship of rebar using bilinear model

Material Property
The test results provided in the Appendix of References [4] are used in the numerical modeling of the

rebar material properties. Table 2 presents the modulus of elasticity for each type and each size of the
reinforcement steel
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D6 D10 D13 D16 D19 D22 D19
(SD345) | (SD390) | (SD390) | (SD390) | (SD390) | (SD390) | (SD490)
Ela“&“ﬁ;’)dulus 1.69E5 | 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 0.3
Yield Stress 369.4 472.9 4323 4575 473.1 459.0 5122
(MPa)
Tensile Stress |09 4 665.9 610.6 616.5 658.3 680.8 709.7
(MPa)
Extension (%) | 30.4 20.5 242 22.1 21.1 18.7 17.8

Variation due to Temperature

Temperature variation of steel is considered in the analysis model as idealized below.

S.. = exp—[(T —340)/300]"’

=1.0 for T <C340°C

® where T is in degree C

(7

Rs

The thermal expansion coefficient of steel is assumed to be constant at 1.18E-5 cm/cm/°C upto
614°C of temperature rise.

Prestressing Tendon
Material Model

The stress-strain curve of a bare prestressing tendon comprised of two straight lines joined by a
knee curve as shown in Figure 2 is used in the numerical analysis. The first part of the curve is a
straight-line up to 0.7fy, and the second part is expressed by Ramberg-Osgood equation(8) that meets
the first part at the stress level of 0.7fy,.

'
EPS gP
p 414

1[5]
f o

where fy, f,, Ep” and & are the ultimate strength of the tendon, the strength in the tendon, the
tangential modulus Ramberg-Osgood curve at zero load and the sum of strain in the tendon,
respectively [5].

®)
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ABAQUS, the finite element program, has no function to incorporate the unbonded tendon. The
prestressing tendons are modeled as rebar subelements in concrete using the embedded approach
available in ABAQUS. The numerical modeling of tendons as rebar sub-elements implies that the
tendons are assumed bonded to the concrete and slippage of the tendon in the tendon sheath is not

considered in the numerical analysis.

f
p‘
fou
i E'ps€p
{ fp=
0.7fpu [+ P : |
pu Iy E'ps€ /
i Elps fo :Epsgp where €5 =€, + Eg
E'ps
1 - EP
0.7fpy
Eps

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
Elastic Limit Stress 1339 MPa
Yield Strength 1691 MPa
Poisson’s Ratio 0.3

Ultimate Strength 1912 MPa
Extension 4.5%
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Variation due to Temperature

Temperature variation of steel is considered in the analysis model as idealized below.

S,. = exp—[(T —340)/300]"

=1.0 for T<340°C

S

where T is in degree C (7)

Rs

The thermal expansion coefficient of steel is assumed constant as 1.18E-5 cm/cm/°C to 614°C of
temperature rise.

Steel Liner Plate
Constitutive Model
The stress-strain behavior of the liner plate steel is modeled by using elasto-plastic model

available in ABAQUS. The von Mises failure surface with kinematic hardening is used to represent
the nonlinear behavior of the material.

Material Property

The material properties of the liner plate used in the numerical analysis are shown in Table 4.

Table 4 Steel Liner Material Properties

Property Values
Elastic Modulus 218,700 MPa
Elastic Limit Stress 1339 MPa
Yield Strength 375.595 MPa
Poisson’s Ratio 0.3
Ultimate Tensile Strength 499.158 MPa

Variation due to Temperature

Temperature variation of steel is considered in the analysis model as idealized below:

S.. = exp—[(T —340)/300]"

where T is in degree C (7)
Sge =1.0 for T <340°C
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The thermal expansion coefficient of steel is assumed constant at 1.18E-5 cm/cm/°C up to 614°C
of temperature rise. The thermal expansion coefficient of liner steel exposed to high temperature is
calculated by ASME Section III, Division 1, Appendix-1 [ASME, 1986].

Finite Element Model
General

The axi-symmetric finite element model which is utilized to predict the overall response of the
1:4 scale PCCV under internal pressurization and/or thermal loading is shown in Figure 3. This model
consists of the axi-symmetric cylindrical vessel, a spherical dome and the concrete base slab. This
model is intended to provide the overall behavior of the PCCV model taking into account of uplift.
This model consists of axi-symmetric solid elements for concrete portions, nonlinear soil spring
elements between basemat and foundation, and three-node shell elements connected to the axi-
symmetric solid elements for concrete portions using rigid link elements as shown in Figure 3.

Model for Shell and Dome

The concrete portions of dome and cylindrical wall are modeled with the eight-node axi-symmtric
solid elements. The liner steel on the inside surface of the PCCV is made up of three-node shell
elements. The liner elements, which are offset from the prestressed concrete elements, are connected
to the concrete solid elements by rigid link elements. All rebars and tendons are assumed to remain
rigidly bonded to the concrete and thus modeled by using the rebar sub-element provided by
ABAQUS computer program. Vertical liner anchors are modeled as a beam of rectangular cross-
section dimension. The cross-sections of liner anchors are computed based on the area and the bending
stiffness of the embedment. Prestressing is induced in the tendons with a function through the
*INITIAL CONDITIONS option in ABAQUS.

Model for Base Slab

The base slab is included in the finite element model to simulate the possible vertical uplift of the
base during internal pressurization and to estimate the effect of the base slab on the failure mode. The
previously described shell and dome model is connected to the base slab model consisting of eight-
node solid elements with considering tendon gallery.

The liner plate simulated by three-node shell elements is assumed rigidly connected to the eight-
node concrete solid elements unlike those for cylindrical shell since the interaction effect of liner steel
and concrete during the flexural deformation of the slab is not significant in the thick base slab of
PCCV. Reinforcements in the base slab are estimated from the provided structural drawings and are
included in the analysis model. All rebars in the base slab are modeled as those of shell portion by
using the rebar subelement of ABAQUS.

The bottom of the slab rests on a soil foundation modeled by nonlinear soil springs with tension

cut-off. Since the soil properties were not provided by Sandia National Laboratories, an appropriate
elastic modulus was used only to simulate the uplift by using the nonlinear spring with tension cut-off.
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Liner Plate Steel —E
{Shell Element)

Concrete
(Solid Element)

Figure 3 Axi-symmetric Finite Element Model of PCCV
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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. The prestressing force was
introduced prior to applying the internal pressure and/or thermal loadings to the numerical model. The
four types of losses given in 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 tendon stress are calculated along the length of the vertical
tendon and considered in the finite element analysis model using the losses shown in Table 5.
Similarly, the hoop tendon forces of 95.27kips before anchoring and 73.52kips after anchoring are
used in the calculation of hoop tendon stress.

Table 5 Prestressing Losses

Vertical Tendon Loss Hoop Tendon Loss
MPa (ksi) MPa (ksi)
Elastic shortening of concrete 31.855 (4.620) 31.855 (4.620)
Creep of concrete 66.999 (9.717) 83.829 (12.158)
_ 129.309
Shrinkage of concrete 129.309 (18.754) (18.754)
Steel relaxation 19.747 (2.864) 14.473 (2.099)
259.473
Total losses 247.910 (35.955) (37.632)

Self-weight, Internal Pressure and Thermal Loading

Because of the elastic support below the bottom slab, the effect of the weight of the structure had
to be initially considered prior to internal pressurization and/or thermal loading. This is accomplished
by specifying a mass proportional load for each material included in the 1:4 scale PCCV model prior
to initiating the internal pressure and/or thermal loading. The weights of each material are considered
in the numerical model by using the GRAVITY parameter of *DEAD LOAD option of ABAQUS.
The loading histories of internal pressure and thermal loading are shown in Figure 4. The heat
distribution result through thickness of wall and base slab provided by the Sandia National
Laboratories are considered for thermal loading analyses.

Thermal gradients at eight sections including dome apex, 45° dome angle, spring line, mid-height,
wall-mat junction, center of base slab, near wall-mat junction of base slab and edge of base slab are
provided by Sandia National Lab. Thermal gradient specified at each thermal gradient section is
identically applied to both halves of each thermal gradient section (mid-points of neighboring sections
centering the section) as the thermal gradients of each neighboring thermal gradient section are not
much different from those for each section. The temperature time history and pressure time history
(shown in Figures 4-1 and 4-2) are applied at nodes of finite element model.

J-34



Temperature (C)

Temperature (C)

NEA/CSNI/R(2005)5

250.00 2.00
1 180
200.00 //6 1.60
/ / 1 140
15000 ,/ / - E
/ g
£
(o]
2
1 100 3
[%}
(o}
S
o
100.00 4 1 080
1 o060
50.00 0.40
/
‘ = Temperature == Pressure 1 020
0.00 T T T T T T T T T T T T ! T T T T ! T T T T 0.00
0.00 10.00 20.00 30.00 40.00 50.00
Time (m)
(a) Temperature and Pressure (Case 1)
250.00
200.00 4

L

// d/T
150.00 0%

/ ——5%
10%
18%
25%
100.00 4 35%
§ 529
‘ 75%
‘ —o—100%
\ | o
50.00 e —
4
0.00
0.00 10.00 20,00 30,00 40.00 50.00

Time (m)
(b) Typical Temperature Distribution at Section 1 (Case 1)

Figure 4-1 Loading History for Steamed Saturated Condition
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Analysis Results and Discussion
Results at Standard Output Locations

The ISP-48 phase 2 analysis results at standard outputs locations (limited to azimuth 135 degrees)
from three-dimensional analysis were officially submitted to the OECD/NEA and compared with the
SFMT (Structural Failure Mechanism Test) results. However, axi-symmetric analysis results were also
performed at the ISP-48 phase 2 and the analysis results from the finite element analysis for
temperature and pressure loading histories provided by Sandia National Laboratories (see Appendix-
A) and are basically submitted for ISP-48 phase 3.

The rebars are assumed yielded when the stresses in the rebars exceed the nominal yield stresses
defined for each rebar type. The computer program ABAQUS tracks the yielding of each rebar
included in the finite element model automatically and allows the corresponding pressure level to be
computed. The behavior of concrete up to the tensile strength is characterized by the theory of linear
elasticity and a crack is initiated at tensile strength. In ABAQUS, cracking is assumed to occur when
stress reaches a failure surface, which is called the “crack detection surface”, and the program
indicates the cracking automatically.

Based on the above, the pressure levels corresponding to the event milestones requested by
Sandia National Laboratories are shown in Table 6. Also, the behavior under high temperature and
pressure loading histories are compared with SFMT test results and the pressure-dependent behavior
as shown in Figures 7 through 40.

The liners are yielded and/or ruptured at higher pressure when both temperature and pressure
were simultaneously applied than when subjected to pressure only.

Displacements

The displacement transducers were ‘zeroed’ prior to the start of the SFMT (Structural Failure
Mechanism Test) before filling the vessel with water and the measured displacements reflect only the
response to pressure (including the hydrostatic pressure). That is, the measured displacements in the
SFMT did not include the effects of prestressing, nor any other previous loading [3]. Therefore, the
displacements due to prestressing and dead load were subtracted from those of numerical analyses for
comparison with the corresponding measured displacements.

Figures 5 through 14 show direct comparisons of analysis results and measured radial
displacements versus pressure at various locations under pressure only and/or with thermal loading. To
confirm whether the numerical model established at Phase 2 is appropriate for Phase 3, the results
under pressure history alone are directly compared with those from SFMT. The additional hydraulic
effects on the radial displacements are negligible relative to those from the ultimate internal pressure
and therefore the hydraulic effects are not considered in the numerical analysis in Phase 3.

As shown in Figures 5 through 14, the radial displacements under pressure only correspond well
with the numerical results and the measured displacements from SFMT, except for the displacement at
Standard Location #7 (Az 135°, El. 10.75m Spring Line). A combined mechanical-thermal analysis
simulating a saturated steam condition (Case 1) shows that the temperature history starting with 100°C
created a sudden increase in displacements at initial stage, but the slopes expressing the pressure-
displacement relationship with increasing temperature and pressure appeared very similar to the trend
for the pressure only case.

J-37



NEA/CSNI/R(2005)5

In Case 2 for a severe accident scenario, the pressures were changed suddenly from 0.2 MPa to
0.78 MPa and back to 0.31 MPa for short periods between 260 through 300 minutes, and then
increased to 1.33Mpa. The temperatures were also changed from 100°C to 615°C and then 165°C at
the same short intervals as those for the pressure history and then increased gradually to 316°C at 3600
minute (see Figure 4).

The analysis results for Case 2 show that the displacements due to the sudden increase in
temperature and pressure for a very short time period did not fully recover when returned to the
starting temperature and pressure. This can be interpreted as a sort of residual deformation from
damage to the liner plate and/or concrete portion due to instantaneous high temperature and pressure
loading. Unfortunately, the analysis for Case 2 was stopped at 1.1974 MPa due to divergence and the
behaviors could not be investigated beyond 1.1974 MPa. The ultimate capacity may drop rapidly with
a sudden increase in deformation which in turn will induce divergence (see Figure 5 through Figure
14).

To evaluate the effects of the liner expansion caused by high temperature during very short
periods on the structural behavior, a case (Case 3) of analysis was additionally performed with high
temperature (Case 2 temperature history) applied only to the liner under pressure loading assuming no
transfer of temperature to the concrete portion. The analysis results show that the displacements due to
liner expansion do not increase significantly in comparison with those due to the pressure loading only,
except for the vertical displacements in the dome portion.
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(a) Pressure Only (at P=1.46 MPa)

(b) Case 1(at P=1.46 MPa) (c) Case 2(at P=1.197 MPa)

Figure 5-1 Deformed Configuration of Axi-symmetric Finite Element Model
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]

0.00098MPa 1.44MPa 1.49 MPa
(a) Pressure Only

0.00098MPa 1.44MPa 1.49 MPa
(b) Case 1

Figure 5-2 Comparison of Deformed Configuration (Pressure only and Case 1)
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Table 6 Comparisons of Pressure Levels (MPa) Corresponding to Events Milestone

Pr(e)ilsll;re Case 1 | Case?2
Cracking of concrete (hoop at mid-height) 0.64 0.64 0.64
Initial cracking of concrete (hoop and merid. at wall-mat junction) 0.49 0.10 0.10
Eé;?ilffs (}zalrcgiansge (lhglcl)g ;; mid-height for pressure only, many 0.57 0.66 0.86
T creing (erdonn g i s o oy | 026 | 0
Cracking of concrete (meridional at mid-height) 0.60 0.60 0.60
First yield of hoop rebar (mid-height) 1.16 0.88 0.78
First yield of meridional rebar (above dome 45°) 1.42 1.03 0.59
Liner yield due to hoop stresses (mid-height) 0.98 0.81 0.49
Liner rupture(1% strain) due to hoop stresses (mid-height) 1.46 1.20 0.19
Liner yield due to meridional stresses (wall base, El. 0.25m) 1.42 1.46 0.49
Liner rupture(1% strain) due to meridional stresses (wall base, El.
0.25m) - - 0.46
Liner yield due to hoop stresses (splingline, El. 10.75m) 1.03 1.20 0.48
Liner plate rupture due to hoop stresses (springline, E1.10.75m) 1.46 1.47 0.46
Liner yield due to meridional stresses (dome, E1.16.13m) 1.10 1.35 0.48
Liner plate rupture due to meridional stresses (dome, E1.16.13m) - 1.47 -
Hoop tendons reaching 1% strain (mid-height) 1.43 1.41 -
Hoop tendons reaching 2% strain (mid-height) 1.48 1.46 -
Hoop tendons reaching 3% strain (mid-height) 1.51 1.47 -

Strains in Reinforcements

The strain gages were not reset after the LST (Limit State Tests). The residual strain was the base
strain for the SFMT. To confirm the numerical model for rebars, the recorded residual strain at the
beginning of SFMT was subtracted from the measured strains and compared with those from
numerical analysis under pressure only (see Figures 17 through 30).

Figures 17 through 30 show that the strains in the reinforcements under pressure only compare
well with the numerical results and the measured displacements from SFMT except for the strain at
Standard Location #24 (Az 135°, El. 10.75m Hoop Outer Rebar Layer at Spring Line).

A combined mechanical-thermal analysis simulating a saturated steam condition (Case 1) shows
that the thermal loading history starting with 100°C created abrupt increase in strains at initial stage
similar to the displacements, but the slopes expressing the pressure-displacement relationships with
increasing temperature and pressure appeared closer to the trend for pressure only.
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The strains in the outer hoop rebar (D18) at mid-height of the cylinder (135°, EL. 6.20m) are
typically 0.5%, 0.45%, 1.5% at 1.4 MPa for Case 1, Case 2 and pressure only respectively.
Considering a yield strain 0.25% calculated from a yield stress 457.5 MPa and elastic modulus
1.83E+05 provided by Sandia Lab in Table 2 [4], the pressures corresponding to 0.25% of yield strain
for bare bar are 0.81MPa, 0.77MPa and 1.42 Mpa, respectively.

The analysis results for Case 2 shows that the rebar strains due to the sudden increase of
temperature and pressure for short durations, do not fully recover back to the strains at initial pressure
and temperature. This can be interpreted as sort of residual deformations from damage to liner plate
and/or concrete portion due to instantaneous high temperature and pressure loading. Unfortunately,
the analysis for Case 2 was stopped at 1.1974Mpa due to divergence and the behaviors could not be
investigated. The ultimate capacity may drop rapidly with a sudden increase in deformation which in
turn will induce divergence (see Figures 7 through 16). Figure 17 and Figure 18 show that the strains
in the merdional outer rebar near wall mat junction were not high and the residual strains are almost
negligible. The residual strains remained in the inner layer of rebar around wall-mat junction during
abrupt change of temperature.

Liner Strains and Stress

The recorded results of the liner from the SFMT were not meaningful to compare with the
analysis results at Phase 2 since the line was already torn partially during LST and the recorded data
for the liner plate including strains could not be compared with those from the numerical analysis
under pressure only. The strains in the liner from the numerical analyses for pressure only, saturated
steam condition (Case 1) and severe accident scenario (Case 2) were compared with each other.

Maximum compressive stresses in the liner versus the corresponding pressure loadings are
illustrated in Table 7 at some typical locations. Case 2 shows that the stresses in liner were under
compressive behavior at pressures between 0.2 MPa and 0.78 MPa and temperature between 100°C
and 615°C) for short periods of around 260 through 300 minutes.

The buckling stress considering the horizontal spacing of liner anchor (150.15mm) is calculated

to 122.2Mpa and thus most of stresses of Case 1 and Case 2 shown in Table 7 are beyond the
calculated buckling stress.

Table 7 Max. Compressive Stress in Liner Surface with Pressure and Temperature

Case 1 Case 2
Location Remark
Pressure | Tempera- Stress Pressure | Tempera- Stress
(MPa) | ture(°C) | (MPa) | (MPa) | ture(°C) | (MPa)
#36 0.138 106.6 86 0.42 353 314 | Merid-ElL
0.25m
#37 0.14 106.6 214 0.42 353 417 Hoop EL
0.25m
#38 0.14 1066 | -181 0.42 353 365 | Merid ElL
6.20m
#39 0.14 106.6 -164 0.42 353 375 Hoop EL
6.20m
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#40 0 100.0 -58 0.42 353 5y | Merid. EL
10.75m

#41 0.14 106.6 -132 0.46 365 424 Hoop EL
10.75m

#42 0.10 1045 | -146 | 046 365 368 | Menid EL
16.13m

Tendon Stress

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
compare with the measured tendon strain.

Tendon strains under both temperature and pressure are increased in comparison with those under
pressure only (see Figure 39 and Figure 40). Temperature has definitely an effect on the ultimate
pressure capacity of PCCV.

Concrete Cracking

The finite element analysis under internal pressure only results show that the initial concrete
cracking in the numerical model occurs at a pressure level of 0.49 MPa and is located at the surface of
cylindrical wall at the wall and basemat junction. The through concrete cracking in hoop direction and
meridional direction occurs at a pressure level of 0.57 MPa and 0.84MPa at midheight, respectively.
Case 1 and Case 2 show that many through wall cracking at hoop direction are appeared at 0.66MPa
(Case 1)and 0.86MPa (Case 2). The through wall cracks at meridional direction are appeared at
0.26MPa and 0.42MPa for Case 1 and Case 2, respectively. At the pressure level of 0.64 MPa, the
elements at mid-height of wall cylinder are cracked in both the hoop and meridional directions.
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(c) Case 2(at P=1.197 MPa, T= 265°C)

Figure 6 Principal Stress (Crack Patterns) around Wall-Mat Junction (cont’d)
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Figure 7 Load-Displacement (# 2, 135°, El. 0.25m, Radial, Inside Liner Surface)
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Figure 8 Load-Displacement (# 3, 135°, El. 1.43m, Radial, Inside Liner Surface)
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Figure 9 Load-Displacement (# 4, 135°, El. 2.63m, Radial, Inside Liner Surface)
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Figure 10 Load-Displacement (# 5, 135°, El. 4.68m, Radial, Inside Liner Surface)
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Figure 11 Load-Displacement (# 6, 135°, El. 6.20m, Radial, Inside Liner Surface)
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Figure 12 Load-Displacement (# 7, 135°, El. 10.75m, Radial, Inside Liner Surface)
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Figure 13 Load-Displacement (# 8, 135°, EI.10.75m, Vertical, Inside Liner Surface)
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Figure 14 Load-Displacement (# 9, 135°, El. 14.55m, Horizontal, Inside Liner Surface)
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Figure 15 Load-Displacement (# 10, 135°, El. 14.55m, vertical, Inside Liner Surface)
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Figure 16 Load-Displacement (# 11, 135°, EI.16.13m, Vertical, Inside Liner Surface)
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