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ARTICLE INFO ABSTRACT

The nuclear containment structure is one of the most important infrastructure systems ensuring the safety of a
nuclear power plant. The structural behavior of a cylindrical containment structure made of reinforced concrete
(RC) with large dimensions and numerous rebars is complex and difficult to predict. The complex behavior of the
RC containment structure has been investigated in an international collaboration project between the National
Center for Research on Earthquake Engineering (NCREE) in Taipei, Taiwan and the University of Houston (UH),
Houston, Texas. At NCREE two 1/13 scaled cylindrical RC containment specimens were tested under reversed
cyclic loads [1]. At UH, a finite element simulation of the two tested specimens was developed using a finite
element analysis (FEA) program SCS [2]. In the program, a new shell element, the so-called CSMM-based shell
element, was developed based on the Cyclic Softened Membrane Model [3] and the formulation of an 8-node
Serendipity curved shell element [4] with a multi-layer approach [5]. The UH simulated seismic behavior was
close to the NCREE experimental results. This paper presents the theoretical development of the FEA program
SCS and the comparisons of its predictions with the experimental structural behavior of the two RC containment
specimens. This simulation model and the FEA program are excellent tools to develop effective performance-
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based design provisions.

1. Introduction

The safety of a nuclear power plant depends strongly on its con-
tainment structure. A nuclear containment structure is commonly a
steel or reinforced concrete structure enclosing a nuclear reactor. This
structure serves as a barrier to prevent various types of harmful ra-
diation from contaminating the atmosphere during a rare nuclear
meltdown accident [6]. Because of its critical importance to nuclear
safety, the nuclear containment structure must be able to maintain
structural integrity while undergoing simultaneous stresses caused by
internal pressure, earthquake action and/or high local loads [7]. Con-
sidered to be a competitive material that satisfies safety requirements,
reinforced concrete (RC) has been used for the nuclear containment
structure since the beginning of the nuclear power industry [8]. The
structural behavior of the RC nuclear containment structure with large
cross sections, many layers of rebars, and complex stress conditions, is
difficult to predict, especially when subjected to the earthquake
loading. The seismic response of the RC nuclear containment structures
is highly nonlinear caused by the highly inelastic behavior of materials
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including rebars and concrete under reversed cyclic actions. However,
from the structural point of view, a whole RC nuclear containment
structure can be visualized as assemblies of many RC elements so that
the finite element analysis program combined with proper constitutive
models for concrete and reinforcing bars can be a very powerful tool.
The key to rational analyses of the RC nuclear containment structure is
to completely understand the behavior of one element isolated from the
structure. Once a rational model is developed to predict the behavior of
one element, this model can be incorporated into a finite element
analysis program to predict the behavior of the whole structure under
different kinds of loading.

To predict the response of the RC nuclear containment structure
under severe loading, researchers need to use accurate material models
and efficient numerical tools. In general, lumped-mass stick models and
finite element models are two methods commonly used for the analysis
modeling of the nuclear containment structure [6]. Many researchers
have used finite element method to predict the behavior of RC nuclear
containment structures. The main approach is to consider the RC nu-
clear containment as a shell-type structure and to use an appropriate
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shell element to simulate its behavior. The reinforced concrete shell
element is often developed by combining a constitutive model of re-
inforced concrete material into finite element formulations of a general
shell element with layer approaches (Hand, Pecknold [9]; Cervera,
Hinton [10]; Hu and Schnobrich [11]; Yamamoto and Vecchio [12];
Kim, Lee [13]; Maekawa, Okamura [14]; Zhang, Bradford [15]; and Lee
[16]). The studies of the researchers show that a selection of appro-
priate material models, which provides adequate accuracy with rea-
sonable computational time, plays an important role in the success of
the analysis of the RC shell-type structures using the finite element
method.

The main problems faced by most of the researchers in the analysis
of RC nuclear structures are that the finite element analysis often re-
quires extensive computational time due to the complicated material
models and the difficulties encountered in the stability and accuracy of
the solutions. Some material models for reinforced concrete material,
such as fracture mechanics or detail crack localizations, were success-
fully verified at the element level but faced numerical problems when
applied to the structure level, which requires a large number of ele-
ments. In recent years, the smeared-crack concept has been widely used
in the analysis of RC structures. The concept allows the internally-
cracked reinforced concrete composite to be treated as a simple, con-
tinuous material rather than a complicated, discontinuous composite
[17]. The advantage of this simplification is that mechanics-based
analysis can be applied to predict the behavior of the RC shell structures
regardless of cracking. To implement this simplification, the material
constitutive models must be based on the smeared (averaged) stress and
strain relationship of the internally cracked RC elements. Since the
1980s, many researchers have conducted studies of the constitutive
material of reinforced concrete based on the smeared-crack concept;
however, only a few research groups could conduct an experimental
study of shell elements [18,19]. Using the experimental results of RC
panel tests, many constitutive models for RC have been proposed in-
cluding the Compression-Field Theory and the Modified Compression
Field Theory [20], the Rotating-Angle Softened Truss Model (RA-STM)
[21,22], the Fixed-Angle Softened Truss Model (FA-STM) [23], the
Softened Membrane Model (SMM) [24] and the Cyclic Softened Mem-
brane Model (CSMM) [3]. Among these constitutive models, the CSMM
(Fig. 1) is the most versatile and accurate and is capable of rationally
predicting the cyclic shear behavior of reinforced concrete elements
including the stiffness, ultimate strength, descending branch, ductility
and energy dissipation capacity.

Over the past several decades, researchers at the University of
Houston have made significant contributions on the finite element
analysis of RC elements and members subjected to shear. Zhong [25]
developed a nonlinear finite element computer program, the Simulation
of Concrete Structures (SCS), using the OpenSees framework [26]. In
the program, a two-dimensional reinforced concrete plane stress
membrane element was developed based on the Cyclic Softened
Membrane Model to simulate the behavior of reinforced concrete shear
walls subjected to static, reversed cyclic and dynamic loading. Recently,
Luu, Mo [2] implemented a new shell element, the so-called CSMM-
based shell element, into the SCS program. The element was developed
based on the Cyclic Softened Membrane Model [3] and the formulation
of an 8-node Serendipity curved shell element [4] with a layered ap-
proach [5]. The developed CSMM-based shell element successfully
predicted the structural behavior of several types of three-dimensional
RC structures, such as a RC cylindrical tank, and circular and rectan-
gular RC hollow bridge piers.

The purpose of this paper is to validate the capacity of the devel-
oped CSMM-based shell element to simulate the cyclic response of
nuclear containment structures using the test results of two 1/13-scaled
RC nuclear containment vessel (RCCV) specimens subjected to reversed
cyclic loads [1]. The tests were undertaken as part of an international
collaboration project between the National Center for Research on
Earthquake Engineering (NCREE) in Taipei, Taiwan and the University
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of Houston (UH), Houston, Texas. This paper provides: (1) the devel-
opment and implementation of the CSMM-based shell element and the
theoretical development of the FEA program SCS in OpenSees; (2) brief
descriptions of the test program, test specimens, test setup and loading
method; and (3) the nonlinear analysis of the containment specimens
using the FEA program SCS with the CSMM-based shell element. Results
from the study provided a critical connection between the simulation
models and the actual experimental structural behavior of the RC nu-
clear containment structures. Detailed descriptions of the reversed
cyclic tests are given in a paper authored by the nuclear energy research
team of NCREE [1].

2. Description of CSMM-based shell element

In this section, the description of the CSMM-based shell element
presented in the recent work by the authors is briefly recalled since it
serves as the most important aspect needed to the comprehension of the
subsequent sections. The CSMM-based shell element was developed by
utilizing the formulation of an 8-node Serendipity curved shell element
[4]. The Serendipity shell element has a total of eight nodes with five
degrees of freedom (DOF) at each node, three translational DOFs and
two rotational DOFs (Fig. 2). The Serendipity shape function was ap-
plied to all DOFs. The element showed excellent performance when
applied to the cases of moderate thick shell structures by using the
standard full integration rule [27]. The idea of creating the element
arose from the difficulty of solving the ill-conditioned equations that
occurred in the three-dimensional solid element when the dimension in
the thickness direction was small. Therefore, it is also referred to as a
degenerated curved shell element [4]. The degenerated curved shell
element with the layered approach has been recognized as one of the
most effective and reliable methods for analysis of RC shell-type
structures since the 1970s [27,28].

By using the degenerated curved shell element with the layered
approach, the behavior of RC shell structures can be captured directly
from the cyclic stress-strain relationships of the materials, and no
phenomenological rule is needed [11]. The element was derived from
the equations of three-dimensional continuum mechanics by reducing
their dimensions in the thickness direction and was based on the Re-
issner-Mindlin theory, which only requires CO continuity in the shape
function for assuring complete inter-element deformation compatibility
and can model the behavior of reinforced concrete shells with sig-
nificant transverse shear deformation. The local material stiffness ma-
trix of the shell element was derived based on the layered approach
given by Scordelis and Chan [5], in which the section of the shell ele-
ment can be divided into several layers throughout the thickness
(Fig. 3). The strains at each layer are assumed to be uniform and in-
terpolated by shape functions from the displacements at all nodes of the
element. The detailed presentation of the finite element formulation of
the shell element is available elsewhere [29].

2.1. Constitutive material model

The constitutive model used in the CSMM-based shell element was
based on the Cyclic Softened Membrane Model proposed by Mansour
and Hsu [3], as shown in Fig. 1. The model is capable of accurately
predicting the pinching effect, the shear ductility and the energy dis-
sipation capacities of RC members. CSMM included the cyclic uniaxial
constitutive relationships of concrete and embedded mild steel. The
characteristics of these concrete constitutive laws include (1) the soft-
ening effect on the concrete in compression due to the tensile strain in
the perpendicular direction; (2) the softening effect on the concrete in
compression under reversed cyclic loading and (3) the opening and
closing of cracks, which are taken into account in the unloading and
reloading stages. The characteristics of embedded mild steel bars in-
clude (1) the smeared yield stress is lower than the yield stress of bare
steel bars and the hardening ratio of steel bars after yielding is
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Fig. 2. Eight-node degenerated shell element.

calculated from the steel ratio, steel strength and concrete strength and
(2) the unloading and reloading stress-strain curves of embedded steel
bars take into account the Bauschinger effect.
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Membrane Model for reinforced concrete.

2.2. Analysis procedure

An analysis procedure was developed to perform nonlinear analyses
of RC nuclear containment structures using the developed CSMM-based
shell element. Fig. 4 shows a flow chart for the analysis solutions under
load increment. Throughout the procedure, the tangent material matrix
[D] was determined first, and the element stiffness matrix [k¢] and the
element resisting force increment vector {Af} were calculated. Then the
global stiffness matrix [K] and global resisting force increment vector
{AF} were assembled. In each iteration, the tangent material matrix [D],
the element stiffness matrix [k¢] and the global stiffness matrix [K] were
iteratively refined until a convergence criterion was achieved.

In the analysis, in order to establish the constitutive material matrix
at each layer of the CSMM-based shell element, the principal stress
direction 6; was evaluated at the cracking loading step and was main-
tained during the analysis. Once the principal stress direction 6; was
defined, the local material matrix of each layer [Djg,] could be ob-
tained at each layer of the shell element. The outer white block in Fig. 4
outlines the procedure for the calculation of the element stiffness and
the element resisting force of the shell elements. This algorithm utilized
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Fig. 4. Analysis procedure for the CSMM-based shell element.

the Newton-Raphson method with displacement control originally
proposed by Batoz and Dhat [30]. The tangent material matrix [D], the
element stiffness matrix [k¢] and the global stiffness matrix [K] were
calculated in each iteration.

2.3. Implementation

New modules that represent the proposed element and materials
were implemented into the OpenSees framework to create a finite
element analysis program, Simulation of Concrete Structures (SCS)
[29]. OpenSees stands for Open System for Earthquake Engineering

Simulation. OpenSees was developed in the Pacific Earthquake En-
gineering Center (PEER) and is an object-oriented framework for si-
mulation applications in earthquake engineering using finite element
methods [26]. The implementation of the developed modules into
OpenSees is shown in Fig. 5. Fig. 5 presents only the ModelBuilder,
while the Analysis and Recorder objects are omitted. The element
module CSMMShellS8 represents the CSMM-based shell element. The
nDMaterial module CSMMLayer was created to incorporate the for-
mulation of the tangential material matrix for concrete and steel into
each layer of the developed shell element. The CSMMLayer was con-
nected with the two uniaxialMaterial modules, SteelZ01 and
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ConcreteZ01, to determine the material constitutive matrix and calcu-
late the stress of the elements at each layer. Two uniaxialMaterial
modules for concrete (ConcreteZ01) and steel (SteelZ01) were created
previously based on the uniaxial constitutive relationship of concrete
and steel in CSMM [25].

3. Simulation of RC nuclear containment structures
3.1. Description of test program

The experimental program included the construction and testing of
two 1/13-scaled nuclear containment specimens. These specimens were
designed to investigate the behavior of a RC nuclear containment iso-
lated from a nuclear power plant and subjected to the gravity and
earthquake loads. The specimens were designed based on the prototype
of an Advanced Boiling Water Reactor (ABWR) nuclear containment
structure (Fig. 6a). The real-size containment has a height of 29.5m, a
radius of 15.5m (center-line dimension) and a thick wall of 2.0m
(Fig. 6b). Each specimen included three parts: the main containment,
top block and bottom block. The bottom block simulated the rigid
foundation while the top block simulated the rigid floor system. These
blocks were designed with steel plate boxes filled with concrete and a
large amount of reinforcing steel. These blocks were designed con-
servatively to avoid significant deformation occurring in the blocks so
that the nonlinearity occurred only in the containment walls during the
tests. Rotations of the top and bottom blocks in the vertical plane were
prevented during the test to ensure the containments deforming in a
double-curvature manner during the tests. The dimensions of the test
specimens are shown in Fig. 7. The containments had a height of 2.25m
and a radius of 1.175m (centerline dimension). The outer and inner
diameters of the containments were 2.5m and 2.2m, respectively.
Thickness of the containment was 0.15 m. The top and bottom blocks of
the specimens had a cross section of 3.5m x 3.5m and a depth of
0.73 m.

The reinforcement arrangement in the specimens is illustrated in
Fig. 8. Four layers of vertical and horizontal steel rebars were uniformly
placed along the thickness of the containments. The steel rebars were
uniformly distributed around the perimeter and along the height of the

test containments with the same spacing. The percentage of the re-
inforcement ratio in the containment of Specimen No. 1 was 2% in both
the vertical and horizontal directions (Fig. 8a). The reinforcement ar-
rangement of Specimen No. 2 was almost identical to Specimen No. 1
except that more vertical steel rebars (dowel bars) were added to each
end of the containment to enhance its shear sliding capacity, resulting
in the vertical reinforcement ratio of 4% in each of these two ends
(Fig. 8b). The cut-off points of the additional vertical steel rebars were
arranged in a jagged manner to prevent cracking within the cut-off
regions. The centerline of the zigzag curve was at a quarter of the
containment height. The vertical bars in the containments were con-
tinuous without lap splices. The clear concrete cover over the vertical
bars was 17 mm. The details of dimensions and material properties of
the specimens are summarized in Table 1. The compressive strengths of
concrete of Specimen No. 1 and Specimen No. 2 at the testing date were
37.0 MPa and 43.3 MPa, respectively. Both specimens used the same
steel bars taken from the same batch. The yielding strength of the
vertical and horizontal steel bars was 379 MPa and 376 MPa, respec-
tively.

At the NCREE Laboratory in Taiwan, the test specimens were sub-
jected to horizontal loading up to their maximum capacity with a set of
specially built steel loading frames. The test setup was used to simulate
gravity and the lateral and vertical earthquake loads. Fig. 9 gives an
overview of the test setup with various equipment components, in-
cluding the horizontal actuators, vertical actuators, L-shape steel
loading frame systems and the specimen. The specimens were loaded
axially using four 1000-kN-capacity vertical hydraulic actuators. Pin
connections were used at the end of the vertical actuators. The simu-
lated lateral earthquake load was applied by eight 1000-kN-capacity
horizontal actuators under displacement control. The horizontal ac-
tuators were bolted to a rigid concrete reaction wall and the L-shape
loading frame so that the center of the loading axis passed through the
specimen’s mid-height. The specimens were connected to the strong
concrete floor using high-strength all-thread steel rods that went
through the foundation of the specimens. The loading frame was al-
lowed to move freely in the vertical plane. Additional steel frames
bolted to the solid floor were placed on the north and south sides of the
specimen to prevent the horizontal out-of-plane displacement. During
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Fig. 6. ABWR nuclear power plant.

the tests, the containment specimens were subjected to constant vertical
axial loads and horizontal reversed-cyclic load until failure.

The first step of the loading protocol program was to apply an axial
load that would remain constant during the course of the test. The total
initial vertical load equaled 1.6% of the axial concrete capacity (f¢A,)
of each specimen, where f/. is the compressive strength of concrete and
Ag is the nominal area of the specimen. The axial concrete capacity was
dependent on the compressive strength of the concrete; consequently,
the total initial vertical load varied for each specimen. After the axial
load was applied, a reversed-cyclic load was added by the eight hor-
izontal actuators under drift ratio control. First, the test specimens were
subjected to several cycles of small drift ratios for warming up. Then,
the tests were performed by using the loading history consisting of the
following drift ratio cycles: 0.1%, 0.15%, 0.25%, 0.37%, 0.5%, 0.75%,
1.0%, 1.5%, and 2.0% (Fig. 10).
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(a) Elevation view

3.2. Analytical model

The specimens were modeled using the finite element mesh illu-
strated in Fig. 11. For each specimen, the cylindrical wall of the vessel
was defined by 40 CSMM-based shell elements. Ten layers of concrete
and two layers of reinforcing steel were assigned for each element using
the corresponding constitutive material modules. The steel layers were
defined at the exact locations of the steel in the cross section of the
specimen. In Specimen No. 1, all shell elements were assigned with 2%
of reinforcement in both the vertical and horizontal directions. The
percentage of steel used in shell elements of Specimen No. 2 was almost
identical to Specimen No. 1, except the shell elements located within
the distance of one-fourth of the net height at the top and bottom of the
specimen were assigned with 4% of vertical reinforcement. The top
block of each RCCV specimen was defined as a rigid body by using ten
8-node linear-elastic shell elements with high stiffness. For the
boundary conditions, all nodes at the bottom of the model were con-
strained to prevent any translations or rotations. Equal horizontal and

3500

| 3500

(b) Plan view

Fig. 7. Dimensions of the RCCV specimens.
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vertical loads were applied at all nodes along the perimeter at the
height level of the specimen based on the assumption that the loads
were uniformly distributed. The axial loads acting on the cap were
applied with the direction and magnitude of the loads remaining con-
stant in the analysis. The horizontal loads were changed according to
the displacement control scheme.

3.3. Analytical algorithm

The analysis was performed by a predetermined force control for
vertical actuators and displacement control schemes for horizontal ac-
tuators. The analysis procedure was separated into two steps. In the first
step, axial loads were applied to each specimen using load control by
ten load increments, i.e. 10% of the total load was applied for each
increment. In the second step, axial loads were kept constant and re-
versed cyclic horizontal loads were applied by the predetermined dis-
placement control on the drift of the specimen. The common dis-
placement increment used in the analysis was 0.5 mm. The solution
procedure in the algorithm used the Newton-Raphson method with
Krylov acceleration technology [31]. The nodal displacement and cor-
responding horizontal load were recorded at each converged displace-
ment step, and the stress and strain of the elements were also mon-
itored.

The Cyclic Softening Membrane Model used for the shell element
was developed based on a smear cracking model approach to accurately
predict flexural and shear behavior. The CSMM does not account for a
sliding shear failure that was considered to be a local failure and should
be simulated by a discrete model approach. For the purpose of making
accurate predictions for the analytical simulation in terms of the sliding
shear, an analytical algorithm with an additional sliding shear checking
condition was proposed in this study (Fig. 12). The checking condition
is based on the sliding shear failure mechanism stated by Paulay,
Priestley [32]. Based on this mechanism, when the flexural cracks have
not occurred at the junctions of the vessel and the top block, the shear

Table 1
Dimension and material properties of the RCCV specimens.

force from the top block is transmitted to the vessel through the entire
cross section of the vessel. After several cycles, flexural cracks occur
throughout the entire cross section at the junction of the vessel and the
top block, and the shear force is transferred across the flexural com-
pression zone. Before the cracks close to form the compression zone, the
shear force is carried mainly by the dowel action of the vertical re-
inforcement. When all of the vertical reinforcement within the com-
pression zone of the current cycle has yielded in tension from the
previous cycle, the compression zone cannot be formed before the shear
force reaches the dowel capacity of the vertical reinforcement. As a
result, when the shear force exceeds the dowel capacity, shear sliding
failure will occur. The analytical algorithm requires the program users
to examine the stress and strain diagram of the vertical reinforcement at
the junction of the vessel with the top and bottom block to determine if
all of the vertical reinforcement within the compression zone of the
current cycle has yielded in tension from the previous cycle in order to
specify the step at which the sliding shear failure may happen. If the
checking condition is satisfied, the current shear force will be compared
with the sliding shear limit, which is the dowel capacity of the vertical
reinforcement, taken as 0.4A.f;, where Ay, and f; are the total cross-
sectional area and the yielding strength of the vertical steel bars, re-
spectively. If the shear force exceeds the dowel capacity, shear-sliding
failure will occur.

4. Comparisons of analytical and test results

The experimental and analytical horizontal load versus drift ratio
relationships of the test specimens are shown in Fig. 13 and Fig. 14,
respectively. The analytical results were obtained from blind analyses
conducted before the tests. These curves illustrate the load resisting
mechanism of the nuclear containment vessels. Five critical points were
indicated in the horizontal load versus drift ratio curve representing the
first cracking of concrete (Point 1), the first yielding of vertical and
horizontal steel bars (Point 2 and Point 3) and the peak loads in the

Specimen No. f, (MPa) D (mm) H (mm) t (mm) Vertical Reinforcement Horizontal Reinforcement

fy (MPa) fu (MPa) oy (%) fy (MPa) fu (MPa) on (%)
RCCV #1 37.0 2350 2250 150 572 2.0 376 565 2.0
RCCV #2 43.4 2350 2250 150 572 2.0 (4.0) 376 565 2.0

Note: f; = Compressive strength of concrete; D = Diameter (Center-to-center); t = Thickness; H = Net height; f;, = Yielding strength of steel; f, = Ultimate strength
of steel; p, = Steel ratio in vertical direction; p, = Steel ratio in horizontal direction.
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positive and negative directions (Point 4 and Point 5) in each specimen.
The values of the load and drift ratio at the critical points of the spe-
cimens are summarized in Table 2. Overall, the analytical results had a
good correlation with the experimental data. The analytical model ac-
curately predicted the structural behaviors in both the positive and
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RigidShellS8
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Horizontal actuators

Vertical actuators

- ~
&

Overview of test setup.

negative directions, including the primary backbone curve, the first
cracking, the initial stiffness, the yielding distribution of steel bars, and
the unloading and reloading paths as well as the pinching effect of the
specimens.

4.1. Cracking prediction

The slope of the envelope curve often decreased when the stiffness
of the specimen was reduced significantly after cracking (Fig. 13 and
Fig. 14). The load and drift ratio of the specimens at the first cracking
are shown in Table 2. The experimental cracking loads of Specimen No.
1 and Specimen No. 2 were determined to be 1993 kN and 2095 kN,
respectively. The analytical cracking loads were slightly smaller than
the cracking loads obtained from the tests. The analytical cracking
loads of Specimen No. 1 and Specimen No. 2 were 1445kN and
1458 kN, respectively. The first cracking happened earlier in the ana-
lytical results than in the test outcomes because the first cracking of
material constitutive laws (CSMM) in the analytical models was defined
based on the occurrence of micro cracks rather than physical cracks that
can be observed by eyes. The analytical model can be used for crack
control, which is extremely important to prevent the leaking of harmful

Mesh along the thickness

Fig. 11. Finite element model of RCCV specimens.
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Fig. 12. Analytical algorithm with sliding checking condition.

radiation during a rare nuclear meltdown accident.

4.2. First yielding prediction

When observing the strain data of all the steel bars at each step of
loading, it was shown that both the vertical and horizontal steel bars of
Specimen No. 1 yielded during the tests. The horizontal steel bars
yielded first at the load of 1324 kN and the drift ratio of 0.093% and the
vertical steel bars yielded later at the load of 2144 kN and the drift ratio
of 0.155% (Table 2). Similarly, in Specimen No. 2, both the vertical and
horizontal steel bars also yielded during the test, and the horizontal
steel bars reached yield before the vertical steel bars. The horizontal
steel bars yielded at the load of 3338 kN and the drift ratio of 0.276%
and the vertical steel bars yielded at the load of 4426 kN and the drift
ratio of 0.427%.

In the analytical model, the yielding condition of steel bars can be
predicted by investigating the values of the stresses and strains of
vertical and horizontal steel bars during analysis. Similar to the test
results, the analytical results showed that the vertical and the hor-
izontal steel bars of the specimens yielded under the applied loading
history (Fig. 14). However, the predicted load and drift ratio at the first
yielding are quite different compared to the experimental data. The
analytical model predicted that the first yielding points of the vertical
and horizontal steel bars were close to each other; however, the vertical
steel bars yielded slightly earlier. In Specimen No. 1, the vertical steel
bars yielded at the load of 3827 kN and the drift ratio of 0.347% and the
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horizontal steel bars yielded at the load of 3927 kN and the drift ratio of
0.36%. In Specimen No. 2, the vertical steel bars yielded at the load of
4161 kN and the drift ratio of 0.316% and the horizontal steel bars
yielded at the load of 4327 kN and the drift ratio of 0.333%. It is noted
that the first yielding point predictions are based on smeared strains
while the first yielding points of the experimental data are based on
local strains. It explains the intricacy in the comparison between the
first yielding point predictions and the test data.

4.3. Peak load prediction

The recorded peak loads of Specimen No. 1 were 5580kN and
4951 kN in the positive and negative loading directions, respectively.
The drift ratios corresponding to the peak loads were 0.742% and
0.677% in the positive and negative loading directions, respectively.
The recorded peak loads of Specimen No. 2 were 6113 kN and 5182 kN
in the positive and negative loading directions, respectively (Table 2).
The drift ratios corresponding to the peak loads were 0.899% and
0.731% in the positive and negative loading directions, respectively.
The peak loads of Specimen No. 2 were slightly higher than the peak
loads of Specimen No. 1 in both loading directions because the com-
pressive strength of concrete used in Specimen No. 2 was higher than
that used in Specimen No. 1. In both specimens, the lateral strength
dropped significantly after the peak load.

In the positive loading direction, the predicted loads and drift ratios
at the peak load of the test specimens exhibited have good correlations
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Fig. 13. Experimental horizontal load versus drift ratio relationships.
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Fig. 14. Analytical horizontal load versus drift ratio relationships.

Table 2
Loads and drift ratios at the critical points of the specimens.
Specimen No. Aer (%) Ver (KN) Ay (%) Ay (kN) Ayy (%) Vyn (kN) A (%) VG, (kN) AG) @) VG (kN)
1 0.077 1993 0.155 2144 0.093 1324 0.742 5580 —-0.677 —4951
(Test)
1 0.031 1445 0.347 3827 0.360 3927 0.742 5404 —0.751 —5370
(Analysis)
2 0.073 2095 0.427 4426 0.276 3338 0.899 6113 -0.731 —5182
(Test)
2 0.031 1458 0.316 4161 0.333 4327 0.751 6120 —-0.751 —6042
(Analysis)

Note: V. A = Horiozontal load and drift ratio at first cracking; V. Ay, = Horiozontal load and drift ratio at first yielding of vertical rebar; Vy, Ay, = Horiozontal

load and drift ratio at first yielding of horizontal rebar; V)

max?
load and drift ratio at peak load in the negative direction.

with the experimental data, as illustrated in Fig. 14. In the negative
loading direction, the analytical results were higher than the experi-
mental results. Table 2 summarizes the analytical values of the load and
drift ratio at the peak load of the specimens. For Specimen No. 1, the
predicted peak loads were 5404 kN and 5370kN in the positive and
negative loading directions, respectively. The drift ratios corresponding
to the peak loads were 0.742% and 0.751% in the positive and negative
loading directions, respectively. For Specimen No. 2, the peak loads
predicted were 6120kN and 6042kN in the positive and negative
loading directions, respectively. The drift ratios corresponding to the
peak loads were 0.751% in both positive and negative loading direc-
tions, respectively.

4.4. Yielding distribution

The experimental yielding distributions of the vertical and hor-
izontal steel bars over the surface of the specimens at the positive peak
load are illustrated in Fig. 15. The figure shows that the yielding region
of the vertical and horizontal steel bars was spread over a large area on
the surface of the specimens. The yielding region formed diagonally
from the bottom to the top corners of the specimens (Fig. 15a and
Fig. 15b). The yielding region of the horizontal steel bars, however, was
concentrated in the mid-height region of the specimens (Fig. 15¢c and
Fig. 15d). The analytical strain distributions of the vertical and hor-
izontal steel bars over the surface of the specimens at the positive peak
load are illustrated in Fig. 16. The yielding areas of steel bars obtained
from the analysis matched well with the test results. Furthermore, both
experimental and analytical results reveal that the specimens have a
ductile behavior because the vertical and circumferential steel bars
yield significantly before the load reaches its peak value. However,
there is no clear yielding plateau existing in the envelope of the load vs.
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A" = Horiozontal load and drift ratio at peak load in the positive direction; V§),, A), = Horiozontal

drift ratio curves of the specimens because the stress and strain of steel
bars in many locations still behaved in elastic and the stress values
continued to increase. As a result, the load gradually increased from the
first yielding point to the peak load.

4.5. Failure mechanisms

It can be observed from the test that the failure modes of the two
specimens were very different. Specimen No. 1 failed due to sliding
shear that occurred at the top of the specimen (Fig. 17a). The peak load
of Specimen No. 1 might have been higher if the sliding shear had not
occurred. The sliding shear cracks started to occur on the top of the
specimen at a drift of 0.5% and became larger when the load increased.
Before the sliding shear failure, no critical damage of the concrete and
reinforcement was observed in the specimens. Learning from the failure
of Specimen No. 1, additional vertical steel bars, called dowel bars,
were added on the top and bottom of Specimen No. 2 to prevent the
sliding shear failure. The method was successful because no sliding
shear failure occurred and the sliding shear cracks on the top of the
specimen were eliminated. As a result, Specimen No. 2 failed when the
concrete was crushed in the mid-height region due to web shear failure,
and the specimen reached a higher peak load and deformation
(Fig. 17b).

Following the proposed analytical algorithm, the stresses and strains
of the vertical steel rebars of each specimen were monitored in every
step of the analysis. As observed from the analytical results of Specimen
No. 1, most of the vertical steel rebars at the top-left corner of the
specimen yielded in tension when the specimen reached the peak load
in the negative direction (Fig. 18a). These results satisfied the proposed
sliding shear checking condition; therefore, the sliding shear failure
may occur in the following loading cycle of the specimen. The
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Fig. 15. Contours of experimental strains of steel bars at peak load.
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(b) Specimen No. 2: Web shear

Fig. 17. Failure modes of the RCCV specimens.
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Fig. 18. Stress-strain relationships of materials for explanation of failures.
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Fig. 19. Comparison of analytical and experimental energy dissipation capacity.

calculated sliding shear limit of Specimen No. 1 was approximately
3189kN, which was significantly less than the peak load of the spe-
cimen. This difference explains why the specimen failed due to sliding
shear in the following cycle after the specimen reached the peak load in
the negative direction, which is similar to the test results.

Fig. 18b illustrates a typical stress and strain curve of concrete in the
principal direction in the mid-height region of Specimen No. 2. just
before the load started to drop in the positive direction. The figure
shows that the compressive strength of the concrete in the mid-height
region was approximately 18 MPa, which was significantly smaller than
the compressive strength of concrete, 43.4 MPa. This occurred because
the concrete was softened due to the severe opening of the cracks
within this region. In addition, Fig. 18b shows that both the stresses and
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strains of the concrete in the mid-height region moved further to the
descending branch. The result indicates that the concrete in this region
was already crushed; therefore, the failure mode of the specimen was
web-shear, which is similar to the test results.

4.6. Energy dissipation capacity

Fig. 19 shows the comparisons of the analytical and experimental
energy dissipation capacities with respect to the drift loading cycles of
the specimens. The energy dissipation capacity of each specimen in a
hysteretic loop was calculated by integrating the area surrounded by
the hysteretic loop. The energy dissipations were compared up to the
maximum drift of 0.75%, which corresponds to the cycle before failure.
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As shown in the figure, the energy dissipation capacity of each spe-
cimen surged as the drift increased, and the trends of energy dissipation
of the specimens could be closely predicted by the analysis results.

5. Conclusion

Two 1/13-scaled cylindrical RC containment specimens were tested
at the National Center for Research on Earthquake Engineering
(NCREE) to investigate the structural behavior of RC nuclear contain-
ment structures under reversed cyclic loading. The tests were under-
taken as part of an international collaboration project between the
National Center for Research on Earthquake Engineering (NCREE) in
Taipei, Taiwan and the University of Houston (UH), Houston, Texas.
The nonlinear finite element analysis of the nuclear containment vessel
specimens was conducted through the finite element program SCS using
the developed CSMM-based shell element. The analytically predicted
results compared very well with the experimental data. Overall, the
primary backbone curves, the initial stiffness, the peak strength, the
descending branch, the yielding distributions and the failure char-
acteristics were accurately predicted. The analytical hysteresis loops
also provided accurate measurements of the pinching effect, and the
energy dissipation capacity. Hence, the FEA program (SCS) with the
developed CSMM-based shell element is a very powerful tool to in-
vestigate the seismic behavior of RC containment structures.
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