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ABSTRACT

The purpose of this study is to investigate the efficiency of various structural modeling schemes for
evaluating seismic performances and fragility of the reactor containment building (RCB) structure in the
advanced power reactor 1400 (APR1400) nuclear power plant (NPP). Four structural modeling schemes,
i.e. lumped-mass stick model (LMSM), solid-based finite element model (Solid FEM), multi-layer shell
model (MLSM), and beam-truss model (BTM), are developed to simulate the seismic behaviors of the
containment structure. A full three-dimensional finite element model (full 3D FEM) is additionally
constructed to verify the previous numerical models. A set of input ground motions with response
spectra matching to the US NRC 1.60 design spectrum is generated to perform linear and nonlinear time-
history analyses. Floor response spectra (FRS) and floor displacements are obtained at the different el-
evations of the structure since they are critical outputs for evaluating the seismic vulnerability of RCB and
secondary components. The results show that the difference in seismic responses between linear and
nonlinear analyses gets larger as an earthquake intensity increases. It is observed that the linear analysis
underestimates floor displacements while it overestimates floor accelerations. Moreover, a systematic
assessment of the capability and efficiency of each structural model is presented thoroughly. MLSM can
be an alternative approach to a full 3D FEM, which is complicated in modeling and extremely time-
consuming in dynamic analyses. Specifically, BTM is recommended as the optimal model for evalu-
ating the nonlinear seismic performance of NPP structures. Thereafter, linear and nonlinear BTM are
employed in a series of time-history analyses to develop fragility curves of RCB for different damage
states. It is shown that the linear analysis underestimates the probability of damage of RCB at a given
earthquake intensity when compared to the nonlinear analysis. The nonlinear analysis approach is highly
suggested for assessing the vulnerability of NPP structures.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

seismic behaviors of civil infrastructures and nuclear structures.
In particular, RCB is commonly modeled by the lumped-mass

The reactor containment building (RCB) is one of the most
critical structures in nuclear power plants (NPPs). The recent
earthquakes in South Korea such as Gyeongju (2016) and Pohang
(2017) have occurred nearby NPPs, raising concerns about the
safety of those structures. Therefore, it is necessary to continue
studying seismic performances and fragilities of NPP structures and
components. The finite element analysis method has been
considered as one of the most effective approaches for simulating
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stick model (LMSM) or three-dimensional finite element model
using solid elements (3D FEM). LMSM simplifies the real structures
to linear-elastic beam elements with concentrated masses at nodes.
This modeling approach has been widely applied for seismic
response analyses and vulnerability assessments of NPP structures
[1—7] and equipment [8—10]. Some studies improved the accuracy
of LMSM by using the frequency adaptive technique and modal
characteristics of structures [10,11]. While the simplicity of the
modeling and the calculation are the advantageous features of
LMSM, this model is usually limited to the linear analysis. 3D FEM is
considered as the most accurate and reliable model for simulating
seismic behaviors of structures. Numerous studies conducted
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seismic assessment and performance of NPP structures using 3D
FEM [12—18]. However, 3D FEM requires a significant amount of
CPU time and it is impractical to use this model for nonlinear
analysis [10].

In addition to LMSM and 3D FEM, the shell elements can be used
for modeling and analyzing the seismic response of NPP structures.
Some studies utilized linear shell elements [19—22] to facilitate the
numerical simulations. Besides, a multi-layer shell model (MLSM)
considering the nonlinearity of materials was also applied to
evaluate the behaviors of the NPP structures under internal pres-
sures [23] and earthquakes [24—26]. Nevertheless, quantification of
the difference between linear and nonlinear time-history analyses
was also not investigated systematically.

Beam-truss element model (BTM) has been developed to model
shear walls in conventional building structures [27—30]. So far, this
modeling approach was not used in NPP structures, specifically for
containment buildings. A systematic study on the efficiency of the
aforesaid structural modeling schemes for seismic response eval-
uations of NPP structures has not been conducted yet.

Numerous studies have developed seismic fragility curves of
containment buildings for reactors of early generations (e.g.
CANDU, AP1000, Indian 700 MWe PHWR) using LMSM [2,3,31], 3D
FEM [17,25,32—34]. However, a probabilistic vulnerability assess-
ment of the RCB structure in APR1400 NPPs using nonlinear BTM is
still not performed in the literature.

The aim of this study is to assess the efficiency of different finite
element modeling schemes for seismic performance evaluations
and fragility analyses of the containment building in the APR1400
NPP. Four structural modeling schemes, which are LMSM, solid-
based finite element model (Solid FEM), MLSM, and BTM, are
developed to simulate the seismic behaviors of the containment
structure. Additionally, a full three-dimensional finite element
model (full 3D FEM) is constructed to validate the aforementioned
four modeling schemes. A set of input ground motions compatible
with the US Nuclear Regulatory Commission (NRC) 1.60 design
spectrum is generated to perform linear and nonlinear time-history
analyses. Seismic responses of the RCB are measured in terms of
floor response spectra and maximum floor displacements.
Furthermore, a systematic assessment of the capability and effi-
ciency of computational models is presented. Finally, seismic
fragility curves of RCB are developed using a numerical model that
is considered as an optimal one. The results of linear and nonlinear
analyses are compared in terms of the fragility curves.

2. Numerical modeling
2.1. Description of RCB structure

The reinforced concrete (RC) containment building of the
APR1400 NPP, which was developed by Korea Electric Power Cor-
poration and Korea Hydro & Nuclear Power, was employed for
numerical analyses in this study. The reactor containment cylinder
has a 23.5 m radius, 54 m height, and 1.22 m thickness. The radius
of the dome is 23.2 m, the average thickness is 1.07 m. Fig. 1 shows
the elevation view of APR1400 where RCB is designated by the
dash-lined rectangle and the dimensions of RCB as well as rein-
forcement details.

2.2. Lumped-mass stick model (LMSM)

The containment building is one of the largest structures in
NPPs and finite element analyses with conventional continuum
elements are impractically expensive. Therefore, to reduce the
calculation efforts in simulations, a simplified numerical model,
namely lumped-mass stick model (LMSM), has been commonly
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used in seismic analyses of NPP structures. In this study, LMSM of
the RCB structure was developed using SAP2000 [35], a commercial
structural analysis program. Concentrated masses and equivalent
section properties were calculated based on the designed cross
sections of the structure. RCB was modeled by elastic beam ele-
ments and lumped masses were assigned to associated nodes. The
structure was divided into 14 elements, in which the length of each
element was determined considering the variation of the stiffness
of RCB and the connections to the internal structure and other
equipment. The model is assumed to be fixed at the base. Fig. 2(a)
shows the LMSM of RCB in SAP2000. The nodal masses and struc-
tural properties of RCB in LMSM are shown in Table 1.

2.3. Solid-based finite element model (solid FEM)

The three-dimensional FEM using solid elements is known as
one of the most accurate models, and it is normally used to validate
the simplified approach (i.e. LMSM). In this study, a solid FEM is
constructed by ANSYS [36], a commercial structural analysis pro-
gram and popular in the nuclear engineering community, as shown
in Fig. 2(b). It is assumed that the base of the structure was fixed to
the ground. We use an isotropic elastic material with Young's
modulus of 30,000 MPa, Poisson's ratio of 0.17, and a density of
24.0 kN/m? to assign the structural model. A mesh convergence test
is conducted to finalize the model with 13,571 elements. It should
be noted that with this modeling scheme, the structure's behavior
is completely limited within the linear elastic range. This kind of
modeling has been widely applied in seismic performance analysis
of NPP structures [9,10,13].

2.4. Multi-layer shell element model (MLSM)

A numerical model of RCB is developed using smeared multi-
layer shell elements available in SAP2000 [35], as shown in
Fig. 2(c). A shell element is divided into several layers with different
thicknesses. Each layer represents a specific material, in which
reinforcement and concrete layers are assumed to be perfectly
bonded to each other, as shown in Fig. 3. Material properties
including the nonlinearity of the material are assigned to corre-
sponding layers. The multi-layer shell element was originally
derived based on the principles of composite material mechanics.
This kind of element can simulate the interaction between in-plane
and out-of-plane responses as well as the in-plane flexural-shear
behaviors of RC walls [37,38].

To set up MLSM, design details of reinforcing bars and concrete
need to be pre-defined, as well as material properties. Thanks to the
theoretical background of MLSM, it is expected to simulate
nonlinear behaviors of a wall-type structure accurately. Since this
numerical model significantly reduces the degrees of freedom
compared to that of the Solid FEM approach, the computational
cost is expected to be less high. In other words, MLSM can be a
promising approach for analyzing larger structures like RCB.

2.5. Beam-truss element model (BTM)

In addition to LMSM, Solid FEM, and MLSM, a simplified but
effective model, namely beam-truss element model (BTM), is
developed in this study. This modeling approach discretizes the
continuum RC wall into a combination of conventional beam and
truss elements [27,28]. Since LMSM is the most simplified approach
for modeling the structure, it purely simulates the seismic behavior
in the elasticity. Additionally, full 3D FEM requires a very time-
consuming calculation, specifically in nonlinear dynamic analyses.
Therefore, BTM is developed to overcome aforesaid limitations.
There are two advantages of using BTM. The first one is the
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Fig. 1. APR1400: (a) elevation view and (b) dimensions of the RCB structure.
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Fig. 2. Different numerical models of RCB.
Table 1
Structural properties of the RCB in LMSM.
Node Height from base-mat (m) Nodal mass (ton) Area (m?) Moment of inertia (m?) Shear area (m?) Torsional inertia (m*)
1 16.76 87.07 202.90 56299.85 101.45 112634.22
2 20.27 166.52 202.90 56299.85 101.45 112634.22
3 23.46 185.42 202.90 56299.85 101.45 112634.22
4 27.73 189.29 202.90 56299.85 101.45 112634.22
5 31.09 170.39 202.90 56299.85 101.45 112634.22
6 34.59 234.68 202.90 56299.85 101.45 112634.22
7 40.53 314.15 202.90 56299.85 101.45 112634.22
8 47.24 333.05 202.90 56299.85 101.45 112634.22
9 53.94 318.02 202.90 56299.85 101.45 112634.22
10 60.65 31043 202.90 56299.85 101.45 112634.22
11 66.44 376.80 202.90 56299.85 101.45 112634.22
12 70.56 279.92 179.76 47591.20 89.89 95199.65
13 78.63 355.52 179.76 35861.70 89.89 71732.03
14 86.72 352.09 166.11 12825.63 83.03 25651.25
15 94.64 147.80

simplicity of the model. Beam and truss elements are much easier
to model a structure than conventional continuum elements. The
second advantage is that it is possible to simulate the nonlinear
behavior of a large structure with BTM while it is impractical with
conventional continuum elements.

The dimensions of the beam and truss elements depend on the
size of the panel (i.e. mesh size), which is determined using the
sensitivity analysis. In this study, the length of the horizontal and
vertical elements is set to 1.0 m after performing a mesh conver-
gence test. Meanwhile, the width of those beam elements is equal
to the thickness of the wall, i.e., 1.22 m, and the height of the beams
is set to the size of the panels. Moreover, the width of the diagonal
truss elements (b) is the product of the length of the panel (a) and
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sin(fg), in which 64 is the angle
horizontal elements, expressed as

between the diagonal and the

b = a x sin(fy) (1)

BTM is constructed in OpenSees [39], an open platform for
earthquake engineering simulation, as shown in Fig. 4. The model
comprises of the vertical and horizontal beam and diagonal truss
elements. The vertical and horizontal beam elements consider the
integration of concrete and reinforcements. Meanwhile, the diag-
onal truss elements represent the behavior of pure concrete. This
modeling approach is adopted from the study of Lu and Panagiotou
[27]. Fig. 5 shows the schematic modeling of the RCB wall using
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BTM. Nonlinear material models are adopted, i.e. concrete02 [40]
and steel02 models [41] are applied for concrete and reinforcing
bars, respectively. To accommodate the nonlinear behavior of beam
elements, the forceBeamColumn elements with fiber sections are
employed. The corotTruss element is used to construct the diagonal
truss elements accounting for nonlinear properties of the concrete
section.

2.6. Full three-dimensional finite element model (full 3D FEM)

A full 3D FEM, which comprises of details of reinforcing bars and
concrete, is one of the most accurate approaches in the numerical
modeling of structures. We develop this model in ANSYS [36] for
the sake of verification of the proposed structural models earlier, as
shown in Fig. 2(e). To construct full 3D FEM, the solid187 element is
used for concrete, the beam189 element is applied for reinforcing
bars, and the conta174 is utilized to model the contact element
between the concrete and reinforcing bars. Since a nonlinear time-
history analysis of a full 3D FEM is impractical, we focus on the use
of full 3D FEM with linear materials. We also used an isotropic
elastic material for concrete with Young's modulus of 30,000 MPa,
Poisson’s ratio of 0.17, and a density of 24.0 kN/m>, while Young's
modulus of 2.0E+5 MPa, Poisson's ratio of 0.3, and a density of

Diagonal Truss

4

T

(a) Reinforcing bar details

(b) Defined vertical beams

0 v LR

H I
b Diagonal truss

(d) Defined horizontal trusses

Horizontal beam

(¢) Defined horizontal beams

Fig. 5. Schematic numerical modeling of RCB wall using BTM.
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Fig. 6. Reinforcing bars and concrete part in full 3D FEM.

78.5 kN/m? are assigned to reinforcements. The model was meshed
into 64,299 prism solid elements and 24,647 beam elements after
conducting a mesh-sensitivity analysis. Fig. 6 shows the concrete
part and reinforcing bars in full 3D FEM.

3. Eigenvalue analysis

For a fundamental validation of the proposed models, eigen-
value analyses are conducted, and results are discussed in this
section. Fig. 7 shows the vibrational mode shapes of LMSM, while
Fig. 8 shows those of Solid FEM, MLSM, BTM, and full 3D FEM. It is
observed that for the fundamental modes (i.e. translations), the
results of these models are highly comparable. The torsional vi-
bration of LMSM is in mode 3, whereas it is fallen to mode 9 for
other models. Since LMSM consists of conventional beam elements,
it cannot simulate complex or local deformation modes such as a
distortion of the cylinder, which can be simulated in Solid FEM,
MSLM, BTM, and full 3D FEM. This phenomenon may lead to an
inaccuracy in simulating dynamic responses of a structure for high-
frequency earthquakes if LMSM is used. Table 2 presents the natural
frequencies of the first 10 vibration modes of the four investigated
models where frequencies of the comparable mode shape are in
good agreement.

The results of MLSM and BTM are matched well with those of
Solid FEM and full 3D FEM in all modal shapes and frequencies. It
primarily implies that these models are capable of modeling dy-
namic responses of RCB. Furthermore, MLSM and BTM can be
alternative approaches to solid and full FEMs in design practice or
structural analysis of NPP structures.

4. Input ground motions

The APR1400 NPP structures have been seismically designed
using the US Nuclear Regulatory Commission (NRC) 1.60 spectrum
[42] with a PGA of 0.3 g at the safe shutdown earthquake level. A set
of 11 ground motions are generated using the SeismoSignal pro-
gram [43] to match the NRC 1.60 design spectrum for time history
analyses, as shown in Fig. 9. The seed ground motion records are
randomly selected from worldwide historic earthquakes provided
in the PEER center database [44].

5. Seismic response analysis of RCB
5.1. Rayleigh damping

The Rayleigh damping model is commonly used in dynamic
analyses [45], as expressed in the following form,

[C] = a[M] + b[K] 2)
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Mode 3  Mode 5 Mode 7 Mode 17

Fig. 7. Vibration modes of LMSM.

Mode 1

where [C] is the damping matrix; [M] and [K] are the mass and
stiffness matrices, respectively. a and b are the proportional
damping coefficients, given by

2
- O.),'—l-(x)j

2(1)1'(1)_,' .
w; + (,L)]'l

€ 3)

where w; and w; are the circular frequencies of the predominant
modes, which are the first and the fifth modes for LMSM, while the
first and the seventeenth modes for the other structural models,
respectively; ¢ is the damping ratio, set to 0.05 based on the sug-
gestion of Park and Hofmayer [46].

5.2. Linear time-history analysis

Since the containment building is axisymmetric, dynamic ana-
lyses can be carried out by imposing ground motions in one hori-
zontal direction [2,15,47]. Additionally, the difference of time-
history responses of RCB subjected to the one- and three-
dimensional ground motions is not significant, as pointed out in
the study of Jin and Gong [47]. Therefore, we performed a series of
linear time-history analyses in only the horizontal X-direction to
obtain the seismic responses of RCB. It is noted that we apply the
Newmark method with v = 0.5 and ¢ = 0.25, which yields the
constant average acceleration method (i.e. middle point rule), for
solving the equation of motion in dynamic analyses.

Floor response spectrum (FRS) is one of the most important
outputs to evaluate the seismic performance of NPP structures.
Also, there are numerous electrical, electronic, and mechanical
components that are attached to the primary structures at different
locations. Therefore, the seismic responses of the equipment and
devices are normally evaluated by using FRS at such positions as
input excitations. FRS of Solid FEM, MSLM, and BTM are computed
at the intersection of the XZ plane and the containment model at
the same height as LMSM. We obtained FRS at the top and mid-
height of the structure for all analyses.

Fig. 10 compares the mean FRS’ of different numerical models at
the top and mid-height of RCB. The FRS are mostly amplified at the
fundamental frequency of RCB (i.e. approximately 4.0 Hz) for the
top node. However, at the mid-height (i.e. middle node), FRS’ are
additionally amplified at a higher frequency, i.e. approximately
12.0 Hz. This behavior is attributed to the reason that the middle
elevation of RCB is predominantly affected by higher modes. In this
case, it is the second predominant mode that amplified the mid-
height responses. Moreover, it is observed that the results of
different numerical models are very comparable. This highlights
that LMSM can well estimate linear floor responses of the structure.
In addition to the common models such as LMSM and Solid FEM,
MLSM and BTM can be good options for performing linear time-
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Fig. 8. Vibration modes of Solid FEM, MLSM, BTM, and Full 3D FEM.

Table 2
Natural frequencies (Hz) of the structure considering different numerical models.
Mode LMSM Solid FEM MLSM BTM Full 3D FEM
1 3.85 3.97 4.01 3.99 3.92
2 3.85 3.97 4.01 3.99 3.92
3 8.37* 5.39 5.28 5.90 5.75
4 11.60 5.39 5.28 5.90 5.77
5 11.63** 6.35 6.19 6.16 6.55
6 11.63 6.35 6.19 6.16 6.55
7 21.96 6.82 6.62 7.58 6.93
8 21.96 6.82 6.62 7.58 6.93
9 24.20 8.50% 8.72* 8.81* 8.69*
17 40.31 11.85%* 11.54%** 11.93** 11.71%**

Note: (*) is for the torsional mode; (**) is for the haft-cycle translational mode.
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Fig. 9. Response spectra of input ground motions.

history analyses of NPP structures.
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5.3. Nonlinear time-history analysis

The direct integration method is applied to perform nonlinear
time-history analyses for the NPP structure. Similar to linear ana-
lyses, all the input motions are imposed in the horizontal X-direc-
tion for obtaining the seismic responses of RCB. The nonlinear
analyses are carried out using MLSM and BTM since these models
are less time-consuming than a full 3D FEM. A verification of
nonlinear MLSM and BTM is performed by comparing their FRS
with those of full 3D FEM, as shown in Fig. 11.

Mean nonlinear FRS of RCB using MLSM and BTM are compared
in Fig. 12. It is observed that the spectral accelerations at the top
node are amplified at the fundamental frequency of RCB, i.e.
approximately 4.0 Hz. However, the spectral accelerations are
additionally amplified at a higher frequency approximately
8.0 Hz at the mid-height of RCB (i.e. middle node). The comparison
results demonstrate that a good agreement in FRS is achieved from
MLSM and BTM.

Fig. 13 compares the mean linear and nonlinear FRS’ between
linear and nonlinear analyses. For the top node, spectral accelera-
tions obtained from nonlinear analyses are slightly lower than
those of linear analyses. It is because of the occurrence of concrete
cracking at the bottom of the structure, leading to a reduction of the
structural stiffness. A similar observation of the structural response
can be found in studies elsewhere [15,17,18]. This also causes larger
lateral displacements for nonlinear analyses compared to linear
analyses, as shown in Fig. 14.

In the probabilistic seismic risk assessment, the probability of
failure of NPP structures and components has to be evaluated at a
wide range of seismic intensity measures. For that, we need to
perform nonlinear analyses of RCB with an increment of PGA. Fig. 15
shows FRS with respect to various PGA levels at the top and mid-
height of RCB. At a lower PGA, i.e. 0.3 g, the difference of FRS ob-
tained from linear and nonlinear analyses is not significant. How-
ever, the discrepancy is getting larger as PGA increased to 0.6 g and



D.-D. Nguyen, B. Thusa, H. Park et al.

8

74 Top node
36
g 5] === LMSM
% 4 4 —Solid FEM
L MLSM
2 ===BTM
@ 2 A

] <

0 L

0.1

Frequency (Hz)

Nuclear Engineering and Technology 53 (2021) 2696—2707

Middle node

6 -
5 4

3 4
24
14

Spectral Acc (g)

0.1 1 10
Frequency (Hz)

Fig. 10. Comparison of mean linear FRS of RCB between different models.
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Fig. 11. Comparison of nonlinear FRS between MLSM, BTM, and Full 3D FEM.

1.0 g. Overall, spectral accelerations of linear FRS’ are larger than
those of nonlinear FRS'. The shaking energy of the earthquake is
absorbed as the structure suffers from the cracking of the concrete
and the yielding of the reinforcements, and consequently, the floor
accelerations are reduced. It is again to emphasize that the influ-
ence of the nonlinear analysis on seismic responses of RCB is pro-
nounced since the linear analysis can lead to underestimate the
structural displacements and overestimate the structural
accelerations.

5.4. Efficiency assessment of structural modeling schemes

Quantitative and qualitative comparisons between proposed
numerical models are presented to systematically assess the effi-
ciency of different structural modeling schemes. Table 3 shows the
computational time for linear and nonlinear dynamic analyses
under an arbitrarily selected ground motion time history, i.e. the
one recorded in the 1940 El Centro earthquake. It is seen that LMSM
spends the shortest running time in the linear analysis, followed by
BTM and MLSM. The longest CPU times are required for full 3D FEM
and Solid FEM, which are 8400 and 400 times longer than that of

Top node

——MLSM._Nonlinear

BTM._Nonlinear

Spectral Acc (g)

1 10
Frequency (Hz)

LMSM, and 1260 and 60 times longer than that of BTM, respectively.
These imply that LMSM, BTM, and MLSM can be good options for
performing linear time-history analyses of NPP structures.

Nonlinear analyses are performed only by MLSM and BTM, since
LMSM is a very simple approach, Solid FEM is incapable of simu-
lating nonlinear behavior, and full 3D FEM requires an impractically
long CPU time (approximately 28 days) and large computational
storage. Thus, full 3D FEM is not recommended for nonlinear dy-
namic analyses in practical designs and vulnerability assessments
of RCB structures. From Table 3, it is observed that running time in
BTM is 5 times shorter than that using MLSM. This emphasizes that
BTM can be a good selection for evaluating nonlinear time-history
analyses of RCB structure.

Table 4 presents qualitative capability assessments of proposed
numerical modeling schemes based on various criteria such as
modeling effort, analysis method, computation time, observed
response, storage, and cost. LMSM is a simple, fast running, and
good model for linear analyses but it is incapable of simulating
nonlinear responses. Solid FEM is simple to build a model and good
at simulating global and local responses, but it is computationally
expensive and limited to linear analyses. It should be noted that the
global response term describes the floor responses or internal
forces, while the local response represents the detailed simulation
results such as stresses, strains, or cracking. Full 3D FEM is excellent
in simulating global and local nonlinear behaviors, however, it re-
quires a complicated modeling technique and an extremely long
CPU time. Therefore, the evaluations of the global and local re-
sponses for full 3D FEM are focused only on linear analyses. Based
on the given assessments, BTM is considered as the optimal
structural modeling scheme for mostly satisfying all the mentioned
criteria even if the local response capacity is still limited. MLSM
might be the second best choice for evaluating seismic perfor-
mances of RCB structures.

6. Fragility analysis
The fragility curve is a practical tool to assess the probabilistic

vulnerability of structures subjected to seismic loadings. This study
develops the fragility curves of RCB for different damage states

74 Middle node
6 -
5 4 ——MLSM_Nonlinear
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Fig. 12. Mean nonlinear FRS of RCB by MLSM and BTM.
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using the optimal BTM scheme, time-history analysis, and
maximum likelihood estimation. Both linear and nonlinear incre-
mental dynamic analyses are performed to obtain the seismic be-
haviors of RCB with a variation of earthquake intensities.

6.1. Incremental dynamic analysis

A series of linear and nonlinear incremental dynamic analyses
(IDA) are performed using BTM of RCB with a wide range of PGA up
to 1.5 g. Fig. 16 shows the maximum displacements and accelera-
tions at the top of RCB with respect to PGA in linear and nonlinear
dynamic analyses. It can be found that the displacements in
nonlinear analyses are larger than those in linear analyses and the
gap is getting bigger as PGA increased, as shown in Fig. 16(a). In
contrast, the acceleration responses are smaller for nonlinear an-
alyses than those for linear analyses, as shown in Fig. 16(b). The
reason can be attributed that the structure suffers from material
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Fig. 15. FRS of RCB for various PGA levels.
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Table 3
Computational times for time-history analyses of different numerical models under the 1940 El Centro earthquake (unit: mins).
Computer system Analysis method LMSM Solid FEM MLSM BTM Full 3D FEM
Intel Xeon(R) Platinum 8160 CPU @2.10 GHz, Linear 0.3 120 9.0 2.0 2520
RAM 96 GB Nonlinear N.A. N.A. 7560 1500 39,600
Table 4
Capability and applicable assessment of various models.
Criteria LMSM Solid FEM MLSM BTM Full 3D FEM
Modeling effort Quick Quick Quick Moderate Long
Linear computation time Fast Moderate Fast Fast Moderate
Nonlinear computation time N.A. N.A. Long Moderate Extremely long
Global response Good Good Good Good Good
Local response N.A. Moderate Moderate Limited Very good
Storage size Small Medium Medium Small Very large
Cost Free or Reasonable Expensive Free or Reasonable Free or Reasonable Expensive
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Fig. 16. Increment dynamic responses of RCB.

damage as earthquake intensity increased, which caused a reduc-
tion of the global stiffness, and accordingly, the horizontal
displacement is increased while the acceleration is decreased. We
are showing herein the acceleration response because it is the
critical input to evaluate the seismic behaviors of the secondary
systems such as mechanical equipment, electrical devices, or
pipelines. Fig. 16 delivers an important message that a linear
analysis may underestimate floor displacements while it may
overestimate floor accelerations of RCB.

6.2. Definition of damage states

To develop fragility curves, damage states should be defined.
There are proposed definitions of damage states for shear walls in
buildings [48] and nuclear facilities [49]. However, since RCB is a
special structure with combining a dome and cylinder, it is obvi-
ously different from other conventional RC wall structures. A spe-
cific guideline for defining damage states of curved RC walls is not
proposed yet. Therefore, damage states and corresponding damage
indices should be defined based on the capacity of the structure
itself rather than adopting the existing references, which were
proposed for common flat shear walls. In this study, a pushover
analysis is performed to obtain the capacity curve and identify the
cumulative damages of the structure, as shown in Fig. 17.

The top lateral displacement is a critical response of the
containment building since the fundamental vibrational mode is a
simple cantilever mode [2,17]. A damage index is specified in terms
of the top displacement and the drift ratio which corresponds to
damage levels of RCB. Four damage states, which are minor (i.e.
concrete cracking, referred as DS1), moderate (i.e. rebar yielding,
referred as DS2), extensive (i.e. extensive cracking and yielding at

2704

the bottom, referred as DS3), and collapse (i.e. crushing, referred as
DS4), are defined based on the pushover analysis. In particular, DS3
and DS4 are defined at the states corresponding to the ductility of
4.8 and 7.2, respectively. This approach is also consistent with
studies elsewhere [17]. Table 5 shows the proposed DSs and cor-
responding damage indices.

6.3. Fragility curves

A procedure based on the maximum likelihood estimation
(MLE) proposed by Shinozuka et al. [50] is employed to generate
fragility curves in this study. The fragility function is expressed in
terms of log-normal cumulative distribution function, given by

paw - o0 ()

where IM is the earthquake intensity measure, i.e. PGA in this
study; @[] is the standard normal cumulative distribution func-
tion; u and § are the median and the standard deviation of In(IM),
respectively. The standard deviation () is a combination of two
main uncertainty sources: epistemic uncertainty due to numerical
modeling (By) and randomness in selected ground motions ((g),
defined by Eq. (5).

B =1\/B% + Bz (5)

The g value is estimated by MLE, while (y is set to 0.32 ac-
cording to the suggestion of Ozaki et al. [51] and other applications
[2,47].

Fig. 18(a) shows fragility curves of RCB based on linear and
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Fig. 17. Pushover analysis of RCB.

Table 5
Defined limit states and drift limits based on pushover analysis.

Damage state Displacement (cm) Drift (%) Description

DS1 (Minor) 0.75 0.01 Concrete cracking

DS2 (Moderate) 25 0.03 Rebar yielding

DS3 (Extensive) 12.0 0.15 Extensive cracking & yielding at the bottom
DS4 (Collapse) 18.0 0.23 Concrete crushing

nonlinear analyses for defined damage states. It is obvious that the
probability of failure for nonlinear analyses is larger than that of
linear analyses at a given PGA and the difference is large for DS3
and DS4, in particular. It indicates that a seismic safety evaluation of
the RCB structure based on a linear analysis may underestimate its
actual vulnerability. Therefore, we recommend using the nonlinear
dynamic analysis method in evaluating seismic performances and
assessing the vulnerability of NPP structures. It should be noted
that the developed fragility curves may give a conservative esti-
mation since the influence of prestressing tendons on the behavior
of the structure is not considered in this study. Fig. 18(b) shows a
comparison of fragility curves with and without uncertainties in
numerical modeling (8y). It is observed that the presence of §y has a
moderate influence on the probability of failure of the structure.
Without consideration of this uncertainty source may estimate a
smaller posibility of damage under the median level.

Comparisons of the proposed fragility curves from nonlinear

o ——DS1-linear
%D 0.8 A ===-DS2-linear
_§ DS3-linear
P 064 ¢F 0] e DS4-linear
204 == DS1-nonlinear
= ——DS2-nonlinear
% 0.2 A DS3-nonlinear
& 0 —*—DS4-nonlinear
0

PGA (g)

(a) Comparison of fragility curves between linear and
nonlinear analyses

° oy (AT DS1 - this study
é‘) 08 4 —#—DS?2 - this study
£ DS3 - this study
P 0.6 —=DS4 - this study
204 A ——LS1 - Bao et al. [28]
= -=-=-LS2 - Bao et al. [28]
£02 =+ =LS3-Baoetal. [28]
£ P/ AP R LS4 - Bao et al. [28]
0

(c) Comparison with results of Bao et al. [28] without B

analyses and the results of Bao et al. [17] are shown in Fig. 18(c) and
(d). The fragility curves of Bao et al. [17] were developed for a
similar containment structure using a full 3D FEM in ABAQUS. The
RC containment structure of Bao et al. [17] is in a Chinese NPP with
63.26 m height and 39.93 m diameter, which is smaller than the
RCB in APR1400 NPPs with 77.5 m height and 48 m diameter. Four
limit states (i.e. damage states) were defined as concrete cracking
(LS1), steel yielding (LS2), concrete crushing (LS3), and near ulti-
mate (LS4) [17]. The developed fragility curves without §y in this
study are overall comparable to those of the existing work except
for DS2. However, there is a moderate difference between those
curves as shown in Fig. 18(d) when the uncertainty @y is included.
An uncertainty in the structural modeling was not included in the
fragility curves of the reference work. The comparison implies that
BTM is capable of performing seismic fragility analyses of RCB
structures.

The seismic capacity of NPP structures in the seismic

o “{——DS1 - w/ betaU
cgn 0.8 - ~==-DS2 - w/ betal
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) 061 (/7 S AT e DS4 - w/ betaU
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(b) Comparison of fragility curves from nonlinear
analyses between with and without £
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Fig. 18. Fragility curves of RCB in this study and comparison with the published result.
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probabilistic risk analysis (SPRA) is normally expressed either using
the fragility curves or high confidence of low probability of failure
(HCLPF) capacity. The HCLPF value in the SPRA is normally defined

das

95% confidence of less than 5% probability of failure. In this study,

HCLPF values for four damage states, DS1, DS2, DS3, DS4, are 0.17 g,
0.26 g, 0.6 g, and 0.81 g, respectively.

7.

Conclusions

Seismic performances of the RCB structure in APR1400 NPPs

were evaluated based on a series of time-history analyses consid-
ering the efficiency of various structural modeling schemes. Four
numerical models, which are LMSM, Solid FEM, MLSM, and BTM
were developed for seismic performance evaluations. The influence

of

nonlinear structural modeling on FRS and fragility analyses are

also assessed in this study. The following conclusions are drawn
based on the numerical analysis results.

(1) LMSM is as good as Solid FEM, MLSM, and BTM in evaluating
the linear time-history responses of RCB under the design
earthquake excitations.

(2) FRS based on the linear and nonlinear analyses are different
even under the design earthquake level. The discrepancy
becomes larger as PGA increased. The linear analysis un-
derestimates floor displacements and overestimates floor
accelerations. It highlights the necessity of considering
nonlinear modeling in designs and analyses for NPP
structures.

(3) MLSM and BTM can be practical tools for accurate nonlinear
analyses of RCB considering the CPU time and the modeling
efforts.

(4) In terms of the modeling efforts, CPU time, and accuracy of
simulating responses, BTM is an optimal model for evalu-
ating the nonlinear seismic performance of NPP structures.

(5) The probability of damage is smaller for linear analysis
compared with those for nonlinear analysis at a given in-
tensity measure. Therefore, a nonlinear analysis approach
should be employed for assessing the vulnerability of NPP
structures.
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