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a b s t r a c t

For improving the seismic performance of the nuclear power plant (NPP) piping system, attempts have
been made to apply a dynamic absorber (DA). However, the current piping DA design method is limited
because it cannot provide the globally optimum values for the target design seismic loading. Therefore,
this study proposes a seismic time history analysis-based DA optimal design method for piping. To this
end, the Kriging approach is introduced to reduce the numerical cost required for seismic time history
analyses. The appropriate design of the experiment method is used to increase the efficiency in securing
response data. A gradient-based method is used to efficiently deal with the multi-dimensional uncon-
strained optimization problem of the DA optimal design. As a result, the proposed method showed an
excellent response reduction effect in several responses compared to other optimal design methods. The
proposed method showed that the average response reduction rate was about 9% less at the maximum
acceleration, about 5% less at the maximum value of the response spectrum, about 9% less at the
maximum relative displacement, and about 4% less at the maximum combined stress compared to
existing optimal design methods. Therefore, the proposed method enables an effective optimal DA design
method for mitigating seismic response in NPP piping in the future.
© 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

A strong earthquake occurred around a nuclear power plant
(NPP) recently. In 2011, a Great East Japan earthquake occurred at
the Fukushima NPP site, damaging the nuclear reactor and causing
a radiation leak. The 2016 Gyeongju earthquake and the 2017
Pohang earthquake occurred at Wolseong and Gori NPP sites.
During the 2016 Gyeongju earthquake, the earthquake's response
spectrum exceeded some sections of the operating-basis-
earthquake response spectrum, and the Wolseong NPP was
manually stopped [1]. Recently, the Yamagata earthquake in 2019
affected the safety of the Kashiwazaki-Kariwa NPP. Therefore,
research is needed to improve the seismic safety of NPPs.

NPPs are composed of several piping systems. The fission heat
energy is transferred to the steam generator through the primary
cooling system. The gas kinetic energy generated by the steam
by Elsevier Korea LLC. This is an
generator is transferred to the turbine to generate electricity. The
remaining heat is removed through the secondary and tertiary
cooling systems. There are electric conduits, instrumentation
piping, and other cooling piping systems that support NPPs except
for such main cooling piping systems. Accordingly, damage to the
pipe due to an earthquake impairs the NPP safety and may lead to
core damage and radiation leakage accidents. Therefore, it is
necessary to improve the seismic performance of the piping.

Kunieda et al. [2] theoretically and experimentally proved that
damping devices of dampers, dynamic absorbers, and connected
dampers were effective approaches for reducing the earthquake
response in piping. Park et al. [3] revealed that snubber and energy-
absorbing support devices could reduce the earthquake response in
piping through experiments and numerical analysis. Fujita et al. [4]
analyzed nonlinear support devices' effect on the earthquake
response of piping systems. Bakre et al. [5] studied the effect of
reducing the piping system's earthquake response using an x-plate
damper based on shaking table tests and numerical analysis. Jia
et al. [6] developed a new damper applicable to the piping system
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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and tested it experimentally. Kumar et al. [7] analyzed the effect of
semi-active variable stiffness dampers on the earthquake response
of piping systems. Kumar et al. [8] analytically studied the effect of
the several passive-type dampers on the earthquake response in
the piping system and compared such results.

Dynamic Absorber (DA) is mainly used to reduce the piping
vibration on normal operation [9]. Jiang et al. [10], Wang et al. [11],
and Tan et al. [12] experimentally investigated the effect of
reducing the dynamic vibration of piping through the DA. Chang
et al. [13] analyzed the effect of reducing earthquake response
when applying stock bridge damper (SBD), one of the kinds of DAs,
to the NPP piping system. Kwag et al. [14] numerically demon-
strated that DA effectively reduces NPP piping's seismic response.
Kwag et al. [15] also developed a novel DA device shape applicable
to NPP piping and analyzed such a device effect through experi-
ments and numerical analysis. Recently, it has been numerically
demonstrated that DA is also effective in reducing the earthquake
response of NPP cabinets [16,17].

The DA design minimizes the target structure's maximum fre-
quency response to obtain the optimal frequency ratio and damp-
ing ratio, which are design variables. For the DA design for the
piping system, the existing optimal design equation can be used.
The optimal design equations of Den Hartog [18] and Warburton
[19] do not consider the piping system's damping ratio when
calculating DA design variable values. The optimal design equations
of Ioi & Ikeda [20], Tsai & Lin [21], and Sadek et al. [22] can find the
DA design variable values by considering the damping ratio of the
piping system. In addition to this, numerical optimization methods
can be used when designing the DA for the piping. The Rana and
Soong [23] method constructs a simple DA-piping dynamic model
and, based on this, obtains optimal design variables of DA through
numerical optimization. Leung & Zhang [24] proposed an optimal
design equation using particle swarm optimization, which can be
used to obtain DA optimal design variables of piping. Recently,
Kwag et al. [25] proposed determining multiple DA locations and
such DA design variables through numerical optimization for
piping models. However, these DA design methods for the piping
have a limitation in that such optimal solutions cannot be the
globally optimal values because these do not calculate the DA
design variable values for the target design seismic loading.

Given this situation, several optimal design studies have been
conducted to find global DA design variables for target seismic
loadings directly [26e37]. Such a design method repetitively per-
forms seismic response analysis on the integrated DA-structure
model and obtains the DA design variable values that minimize
the seismic response of the target structure based on these results.
However, there is a limitation in that the numerical cost is excessive
because we should iteratively perform seismic response analysis
according to changes in DA design variables. Due to this reason, this
design method has been applied to buildings, towers, bridges, etc.,
with relatively simple dynamic characteristics. However, there
were few cases where this method was applied to the target
structure, such as a piping system having a complex shape.

Accordingly, this study proposes a DA optimal design method
based on seismic response analysis to complement the existing
piping DA design method for seismic loadings. Besides, the Kriging
approach, one of the machine learning methods, is used to mini-
mize the numerical cost due to repetitive seismic response analysis
in the optimal design. Specifically, a DA-piping seismic response
meta-model is created using the Kriging approach within the range
of DA design variable values. Here, the seismic response data is
obtained as follows: DA design variable values are sampled using
the Design of Experiments (DOE) method by Latin Hypercube
Sampling within the defined range. Based on these extracted
samples, seismic response time history analyses are performed for
1713
the integrated DA-piping model. Finally, such analysis results are
databased. This approach can overcome obtaining the local optimal
solution of the DA design method derived from the existing fre-
quency response analysis. The numerical cost of iterative seismic
response analysis can be minimized by utilizing the meta-model
when performing optimization.

To verify the effectiveness of the proposedmethod, the results of
the existing DA design method and the application results of this
proposed method were compared for NPP piping. To ensure the
reliability of the results, the adequacy of the numerical model of the
NPP piping was validated by comparing its results with the shaking
table test data.

2. Methods

2.1. Existing methods

Several researchers have attempted to find the DA optimal
design variable values (i.e., optimal frequency ratio, fopt, and
damping ratio, zopt). Den Hartog [18] proposed an optimal design
equation that minimizes the steady-state response of a structure
subjected to harmonic excitation acting on the mass of an un-
damped structure. Warburton [19] summarized optimal design
equations according to the various dynamic loading conditions and
optimization criteria for the un-damped structure. In general, in a
damped structure, there is no closed-form solution of the optimal
frequency ratio and the optimal damping ratio, and the optimal
values can be obtained only through numerical analysis. Accord-
ingly, Ioi & Ikeda [20] and Tsai & Lin [21] proposed empirical
equations of optimal design variables that reduce the steady-state
response of damped structures through regression analyses.
Sadek et al. [22] proposed an optimal design equation to reduce the
displacement and acceleration response of the damped structure
subjected to seismic loading utilizing the eigenvalue analysis of the
structure with DA installed. Rana and Soong [23] constructed a
simple combined dynamic model of the DA and the damped
structure, and based on this model, proposed a method to derive
the optimal design variable values by minimizing the maximum
frequency response through numerical optimization techniques.
Recently, due to the rapid development of computational technol-
ogy, more efficient and extensive numerical analyses were possible.
Accordingly, the optimal DA design variables' values were deter-
mined directly for the targeted structure and design seismic
loading through various optimization techniques [24e37]. Table 1
summarizes the representative formulas of DA optimal frequency
ratio and optimal damping ratio.

2.2. Proposed method

This subsection introduces a DA optimal design method for
piping subjected to seismic loading proposed in this study. Fig. 1
shows the proposed method in a flowchart format. The proposed
method is composed mainly of four phases. The first phase defines
the design seismic load input and creates a numerical model for the
piping. The DA location in the piping that can reduce the vibration
induced by seismic motions is determined through mode analysis.
Finally, the DA design variables are defined, and the combined DA-
piping numerical model is established.

The second phase is a Design of Experiments (DOE) by LHS
(Latin Hypercube Sampling). The DOE approach was adopted to
collect the piping seismic response data due to DA design variable
value changes. Such collected data became fundamental materials
for constituting the meta-model. This study used the LHS method
to efficiently consider all design variable combinations within the
continuous DA design variable domain among several DOE



Table 1
Representative formulas for DA optimal design variables.

Methods Optimal frequency ratio Optimal damping ratio

Den Hartog [18]
fopt ¼ 1

1þ m zopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3m
8ð1þ mÞ

s
Warburton [19]

fopt ¼
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1� m=2

p
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s
Ioi & Ikeda [20]

fopt ¼ 1
1þ m

� ð0:241þ 1:7m� 2:6m2Þz � ð1:0� 1:9mþ m2Þz2 zopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3m
8ð1þ mÞ

s
þ ð0:13þ 0:12mþ 0:4m2Þz � ð0:01þ 0:9mþ 3m2Þz2

Sadek et al. [22]
fopt ¼ 1

1þ m

�
1 � z

ffiffiffiffiffiffiffiffiffiffiffiffi
m

1þ m

r �
zopt ¼ z

1þ m
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
m

1þ m

r
*m: the mass ratio between DA and structure; z: the damping ratio of structure.

Fig. 1. Flow-chart of the proposed optimal design process of DA for mitigating seismic response of piping.
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approaches. The LHS is a method of extracting random samples by
avoiding clustering in a multi-dimensional design variable domain.
Accordingly, samples are randomly generated in square grids across
the design variable space, but the two samples do not share the
same value inputs [38]. This LHS-based DOE method plays a crucial
role in creating a meta-model that well predicts piping seismic
response data.

The third phase is to build a response meta-model using the
Kriging approach. Repetitive seismic time history analyses are
essential to evaluate accurate piping responses subjected to dy-
namic seismic loading. However, such iterative analysis work
brings about an increase in computational cost. Therefore, in this
study, a meta-model for seismic response data for piping according
to DA design variable changes was established. There are various
response surface methods to establish meta-models, but the Krig-
ing approach that could simulate response data well overall was
1714
applied in this study. In the Kriging theory, the response meta-
model can be expressed as follows [39e41]:

YðxÞ¼ fðxÞTbþ ZðxÞ (1)

where, x is a vector of design variables, and f(x) is a vector of
regression functions. The b is a p x 1 vector of unknown coefficients.
“f(x)Tb” is the term that governs the model's global behavior. This
term is assumed to be constant in the simple and ordinary Kriging
approaches. However, this term is treated as nth polynomial in the
universal Kriging approach. “Z(x)” is a term representing the
model's local behavior. This term is usually assumed to be a
Gaussian Process with mean E[Z(x)] ¼ 0 and variance Cov
[Z(xi),Z(xj)]. Specifically, the variance between the design variable
sampling points (si and sj) can be expressed by the following
equation.
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Cov
�
ZðsiÞ; Z

�
sj
��¼s2R

��
R
�
si; sj

���
(2)

Here, R is the correlationmatrix inwhich the diagonal term has “1".
R(-,-) is the correlation function. The correlation function is user-
specified, and there are several types. Representatively, the
Gaussian function can be expressed as follows:

R
�
si; sj

�¼ exp

"
�
Xn
k¼1

qk

			si;k � sj;k
			2# (3)

where, qk is an unknown correlation parameter. The n is the total
number of the design variables. Si,k, and sj,k are the kth components
of the si and sj sample points, respectively. Finally, the response
prediction model for the design variables can be expressed as the
following equations.

bY ðxÞ¼ fðxÞTbb þ rðxÞTR�1ðY � FbbÞ (4)

bb¼


FR�1F

��1
FTR�1Y (5)

F¼
h
fðs1ÞT ; fðs2ÞT ; :::; fðsnsÞT

iT
(6)

rðxÞ¼ ½Rðx; s1Þ;Rðx; s2Þ; :::;Rðx; snsÞ� (7)

Y¼
h
ys1 ; ys2 ; :::; ysns

iT
(8)

Here, ns is the total number of sampling points. Y is the actual re-
sponses of the sampling points. For correlation parameters that are
not determined, the optimal value can be determined by using the
maximum likelihood estimation as follows:

arg
q

max
�
� ns ln bs2

z þ lnjRj
2


(9)

bs2
z ¼ðY � FbÞTR�1ðY � FbÞ�ns (10)

Here, bs2
z is the estimated variance value of the process. In this study,

these equations described above were basically used. When the
Kriging model did not show sufficient accuracy, data was obtained
by continuously adding new design variable sample points. This
work was iterated until the accuracy of the meta-model was
satisfactory enough.

In the last phase, based on the DA-piping seismic response
prediction meta-model derived above, an optimization algorithm
was introduced to obtain the optimal DA design variable values.
When such an optimization process is formulated, it can be
expressed as follows.

arg
x

min OFðxÞ (11)

Here, x¼ [k, c]T represents the DA design variable vector. The OF (x)
is the objective function, which means the maximum acceleration
response in the piping under the design seismic loading. In this
study, the optimization problem was a multi-dimensional uncon-
strained optimization. A gradient-based single objective optimizer
based on Quasi-Newton methods was used to deal with such a
problem efficiently. As algorithms for the Quasi-Newton methods,
the Davidon-Fletcher-Powell (DFP) approach and the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) approach were used. The DFP
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algorithm is similar to BFGS except for details on dealing with
rounding errors and convergence problems. In some cases, the
gradient-based method is limited because it is difficult to find a
global solution for an objective function problem with strong
nonlinearity. Since such limitations may occur in a problem in
which the number of design variables increases and the nonline-
arity of the objective function is large, additional considerations are
needed concerning such problems. The heuristic method can
overcome these limitations but should be carefully considered
because it has the disadvantage of being computationally time-
consuming.
3. Results and discussions

3.1. Target piping model

The target piping system was installed in the containment
building of Shin-Kori Unit 2 NPP. This is ASME CLASS1 SA312
GRADE TP316 SCH. of a stainless steel pipe and is composed of a
straight pipe part, an elbow pipe part, a supporting part, etc. This is
one of the critical piping systems from the safety perspective
because it plays an important role in extreme loads such as
abnormal vibration and seismic force [42]. For this piping, a shaking
table test was performed at Korea Atomic Energy Research Institute
(KAERI) and Pusan National University [43]. The piping shaking
table test model consists of 50.8 mm (2 in) and 76.2 mm (3 in)
stainless steel pipes. It has a length of 17.8 m in the longitudinal
direction and uses seven elbows and one reducer (see Fig. 2).
Properties of pipe sections and materials are presented in Tables 2
and 3. For the input seismic motion, artificial floor motions envel-
oping the design floor response spectrum (FRS) at the actual piping
installation location were used (see Fig. 3). The shaking table test
was performed by gradually increasing the peak acceleration of the
artificial floor motions. Accelerometers, vision-based displacement
measurement instruments, and strain gauges were used for
response measurements at various piping locations. The detailed
response data related to the shaking table test are described in the
KAERI report [43].

Based on the shaking table test results for piping, this study
created and validated a piping finite element model. The ANSYS
Workbench was used as a numerical analysis program. When
generating the analysis model, the pipe element was applied.
Specifically, PIPE288/289 elements were used, and such elements
can consider not only linear problems but also large deformation or
non-linear problems. The piping layout and specific boundary
conditions are illustrated in Fig. 4. Numerical analyses were per-
formed in two primary types: eigenvalue analysis and seismic time
history analysis. In time history analysis, the damping matrix was
calculated using the Rayleigh approach. When generating the
damping matrix, it was set to have a damping ratio of 0.04 at 1.5 Hz
and 100 Hz. Specifically, the mass proportional coefficient was
calculated as 0.742840, and the stiffness proportional coefficient
was calculated as 0.000125. Table 4 compares the piping numerical
model's eigenvalue analysis results and the natural frequency
measurement results obtained from the shaking table test. Fig. 5
shows the several primary mode shapes and related effective
mass ratios of the target piping system. Fig. 6 compares and shows
the measured responses of the shaking table test and the response
results through time history analysis. The displacement and ac-
celeration responses of the shaking table test in Fig. 6 were
measured respectively through a displacement meter DV-3 (Pana-
sonic P3543 60 frame/sec) and an accelerometer AM-6 (KISTLER
8305B10 ± 10g max 100.0 mV/g) for the 1/2 times artificial floor
motions enveloping the design FRS.



Fig. 2. Configuration of target piping system of shaking table test.

Table 2
Specification for pipe sections.

Pipe Size External diameter
(mm)

Internal diameter
(mm)

Thickness
(mm)

50.8mm (2 in) 60.3 42.8 8.74
76.2mm (3 in) 88.9 66.6 11.13

Fig. 3. Targeted design FRS and calculated FRS (from artificial floor motions).
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3.2. Application of existing DA optimal design methods

The maximum response reduction effect can be achieved by
controlling all major modes through multiple DAs based on the
piping mode shapes. However, this approach is not practically
straightforward for several reasons, such as restrictions on the DAs'
installation locations, changes in the piping's dynamic character-
istics due to the addition of the DA mass, and an increase in cost. A
specific major-mode control may not have a significant response
reduction effect depending on the mode effective mass or the
design FRS shape. Also, since this study aims to find the optimal DA
design variable values effectively, the DA installationwas limited to
a single location. The optimal design variable values related to such
a DA were derived under the horizontal seismic load.

According to the mode analysis results (refer to Fig. 5), since the
first mode contributes the most to the overall response in the hori-
zontal direction, the DA installation position was determined at the
point and direction where the most significant deformation of this
mode occurs. The DA mass was selected as a value of about 3e4% of
the total system mass, considering the range that does not change
the piping dynamic characteristics and the stress state. Under these
conditions, the shape of the piping with a DA is shown in Fig. 7.
Detailed values of the DA design variables, including related stiffness
Table 3
Properties of piping material.

Mass density (kg/m3) Young's modulus (MP

Stainless Steel Water

7954 1000 199,000
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and damping coefficient values based on representative DA optimal
design formulas and methods, are summarized in Table 5. The DA's
stiffness (kopt) and damping coefficient (copt) values can be calculated
through the following equations based on the derived optimal fre-
quency ratio and optimal damping ratio values.

kopt ¼ f 2opt $ ð2p$UÞ2$m (12)

copt ¼ 2 $ zopt $ fopt $ ð2p $UÞ$m (13)

Here, m is the DA mass, and U is the natural frequency (Hz) of the
control mode.
a) Poisson's ratio Material damping (%)

0.3 4.0



Fig. 4. Numerical model of piping system.

Table 4
Comparison of natural frequencies of piping through test and analysis.

Resonant Frequency (Hz)

1st mode 2nd mode 3rd mode 4th mode

Experiment 2.04 2.27 3.87 6.01
Simulation 2.02 2.11 3.52 5.68

Fig. 5. Mode analysis resu
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3.3. Application of proposed DA optimal design method

According to the proposed method in this study, a DA optimal
design was performed for the target piping. The first phase of the
proposedmethod is as follows. The design seismic load was defined
as the artificial floor motions enveloping the design FRS of Fig. 3,
used in the piping shaking table test. This FRS was obtained from
lts of piping model.



Fig. 6. Comparison of test and analysis results.
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Fig. 7. Location of installation of the DA in the target piping.

Fig. 8. Kriging meta-model predicted and actual values for piping seismic maximum
acceleration response at the DA installation location.
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the piping installation location of the containment building based
on the design ground response spectrum (DGRS). In addition, this
FRS was created considering the uncertainty of the piping dynamic
characteristics [44]. Here, the DGRS was created considering the
uncertainty of the earthquake loadings in the ground [45]. As a
result, it can be seen that the use of the single set of seismic time
history loading enveloping the FRS in this study considered both
the uncertainties of the earthquake and the piping from the DA
design point of view. The piping system, related mode analysis
result, DA mass, DA installation location, and DA design variable
setting are the same as the existing DA design process in subsection
3.2.

As a second phase, samples were extracted using the LHS
method as a DOE. The purpose of extracting samples was ultimately
to derive a meta-model that could predict DA-piping integrated
model's seismic responses according to changes in DA design var-
iables. A total of 100 samples were extracted from the specified
range of DA design variables (1200 N/m � kopt � 2800 N/m and 0
N-s/m� copt� 160 N-s/m). Next, DA-piping integratedmodels were
created based on such extracted samples. Finally, based on the
generated model, seismic time history analyses were performed to
construct the piping seismic response data.

As the third phase, a DA-piping seismic response meta-model is
generated using the Kriging method. Here, the piping seismic
responsewas defined as the maximum acceleration response at the
Table 5
DA design variable values and related stiffness and damping coefficient values using exi

Methods Mass (Modal mass ratio) Optimal frequency ratio (fopt)

Den Hartog (1956) 16 kg (0.058) 0.945
Warburton (1982) 0.932
Sadek et al. (1997) 0.937
Rana & Soong (1998) 0.925
Kwag et al. (2019) 0.960
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piping DA installation location. The constructed meta-model was
initially made based on the piping seismic response data related to
sting optimal methods.

Optimal damping ratio (zopt) Stiffness (kopt, N/m) Damping (copt, N∙s/m)

0.143 2304 55
0.118 2237 45
0.271 2261 103
0.152 2206 58
0.148 2375 58



Fig. 9. Response surface of Kriging meta-model about piping seismic maximum acceleration response at the DA installation location.

Table 6
Properties of DA optimal design variables using proposed method.

Method Mass (modal mass ratio) Optimal frequency ratio (fopt) Optimal damping ratio (zopt) Stiffness (N/m) Damping (N∙s/m)

This study 16 kg (0.058) 0.916 0.062 2161 23

Fig. 10. Acceleration time-histories at DA installation location of piping.
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100 extracted samples. However, to improve the model accuracy
during the model construction process, five improvement samples
and related response data were added as piping seismic response
data. The final model was validated with three verification samples
1720
and associated response data. Fig. 8 compares the actual data (x-
axis) and predicted data of the Kriging meta-model (y-axis) con-
cerning all the extracted samples. It is observed that the Kriging
meta-model accurately predicts the piping seismic response. Fig. 9



Fig. 11. Response spectra obtained from Acceleration time-histories at DA installation
location of piping.
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illustrates the finally constructed maximum acceleration response
surface.

As the last phase, non-linear programming by quadratic
Lagrangian (NLPQL) was applied to derive the optimal DA design
variable values. As the objective function, the maximum accelera-
tion response of the piping DA installation location was defined.
The range of the DA design variable values was set equal to the LHS
Table 7
Comparison of piping responses according to DA presence and DA optimal design metho

Responses Unit w/o DA w/DA

Den Hartog [18] Warburton [

Max. Acc. m/s2 9.02 6.66 6.41
Response Ratio e 0.74 0.71

Spectral Acc. m/s2 45.13 24.87 24.55
Response Ratio e 0.55 0.54

Max. Rel. Disp. mm 49.84 35.58 34.59
Response Ratio e 0.71 0.69

Max. Comb. Stress MPa 71.45 45.59 44.79
Response Ratio e 0.64 0.63

Fig. 12. Comparison of response ratio according to

1721
DOE step's specified range.When applying the NLPQL, the objective
function's gradient was calculated using the central difference to
calculate the output derivative. The maximum number of iteration
was set to 20, and allowable convergence was set to 0.0001%. The
finally calculated optimal DA design variable values are shown in
Table 6. The final values converged on the 10th iteration. The piping
seismic response of the Kriging meta-model to which the obtained
optimal DA design variable values were applied showed a differ-
ence of 1.47% from the actual piping seismic response.
3.4. Comparison of response results, and discussions

To verify the effectiveness of the designmethod proposed in this
study, this subsection analyzes the effect of reducing the piping
seismic response according to the DA optimal designmethods. Also,
the response difference between the piping system without DA
installed and the piping system applied with DA is analyzed under
the seismic design FRS compatible motions.

First, time-series acceleration responses are compared in the DA
installed location of the piping. Fig. 10 shows the acceleration re-
sponses at the DA installation location of the piping according to
several DA optimal design methods. Fig. 11 compares response
spectrum results calculated from the acceleration responses of
Fig. 10. The second and third rows of Table 7 summarize the
maximum values of the acceleration responses and the response
spectra, respectively. Here, the response ratio is defined as the value
obtained by dividing the piping response with the DA by the piping
response without the DA. Accordingly, the smaller the response
ds.

19] Sadek et al. [22] Rana & Soong [23] Kwag et al. [25] This Study

7.02 6.57 6.81 5.87
0.78 0.73 0.75 0.65
29.71 25.77 25.04 23.85
0.66 0.57 0.55 0.53
38.46 35.60 36.02 31.72
0.77 0.71 0.72 0.64
47.60 45.52 46.82 43.19
0.67 0.64 0.66 0.60

DA presence and DA optimal design methods.



Fig. 13. Relative displacement time-histories at DA installation location of piping.

Fig. 14. FFT graph of relative displacement time-histories at DA installation location of
piping.

Fig. 15. Maximum normal combined stress ti
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ratio value, the higher the seismic response reduction effect. Fig. 12
illustrates the comparison of response ratios according to DA
presence and DA optimal design methods.

The time-series maximum acceleration response for piping with
the DA has been reduced from 9.02 m/s2 to 5.87e7.02 m/s2, with
response reduction rates of 22e35%. The proposed method in this
study showed the best control performance with a 35% response
reduction rate. On the other hand, the Sadek et al. [22]'s formula
showed the lowest 22% response reduction rate. Different optimal
design formulas and methods showed response reduction rates
ranging from 25% to 29%. Such response reduction effects are also
confirmed by comparing maximum values of the time-series graph
in Fig. 10 and tail shapes (i.e., high-frequency or zero-period
domain) of response spectra in Fig. 11.

It can be seen that the maximum response spectral values of the
DA-applied piping show a significant decrease in response when
compared to the maximum value of the piping without the DA. In
particular, there was a phenomenon of intensive response
me-histories occurring at overall piping.



Fig. 16. Comparison of DA optimal design equations and optimal values according to
mass ratios.
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reduction in the frequency range of the piping's first mode. Such an
intensive reduction indicates that the DAwas effectively controlling
the target piping mode. The maximum response spectral values
were reduced from 45.13 m/s2 to 23.85e29.71 m/s2, and the
response reduction rate was 34e47%. This study's proposed
method showed a 47% response reduction rate, showing the best
control performance. The formula of Sadek et al. [22] showed a
response reduction rate of 34%. Other methods showed a response
reduction rate in the range of 43e46%.

Consequently, it shows that the response control capability is
the most excellent in the first piping mode targeted by the DA.
However, its control capability decreases relatively in the higher-
frequency mode response (10 Hz or more). It can be seen that the
method proposed in this study has superior response reduction
ability in most frequency domains compared to other optimal
design methods (see Fig. 11).

Next, time-series relative displacement responses are compared
at the DA installation piping according to the optimal design
method (see Fig. 13). Fig. 14 shows the FFT (Fast Fourier Trans-
formation) graph calculated from the relative displacement
response of Fig. 13. The maximum relative displacement response
of the DA-applied piping was reduced from 49.84 mm to
31.72e38.46 mm. Thus, the response reduction rate was 23e36%.
1723
The proposed method of this study showed the best control per-
formance with a 36% response reduction rate. The equation of
Sadek et al. [22] showed the lowest response reduction rate of 23%.
Other optimal design methods showed a response reduction rate in
the range of 28e31%. This phenomenon can be analyzed by
comparing the FFT shapes of the relative displacement response of
Fig. 14. In the range around 2 Hz, where the response energy was
concentrated, employing the DA brought in a significant energy
reduction. In particular, it was seen that the method proposed in
this study had the most excellent energy reduction effect. This
means that the proposed method dissipates the energy of the
piping target mode most effectively.

Thirdly, Fig. 15 compares the maximum combined normal
stresses occurring in the entire piping in the time-series domain.
The maximum combined stress of the DA-applied piping was
reduced from 71.45 MPa to 43.19e47.60 MPa, and, hence, the
response reduction rate was 33e40%. The proposed method of this
study showed the best control performance with a 40% response
reduction rate. The formula of Sadek et al. [22] showed the lowest
response reduction rate of 33%. Other optimal design methods
showed a response reduction rate in the range of 34e37%.

Ultimately, it was found that the method proposed in this study
has a superior response reduction effect in several responses
compared to other optimal design methods. Compared to other
methods, the proposed method shows that the average response
reduction rate is about 9% less at the maximum acceleration, about
5% less at the maximum value of the response spectrum, about 9%
less at themaximum relative displacement, and about 4% less at the
maximum combined stress. On the other hand, the Sadek et al. [22]
equation was less capable of reducing the responses than other
methods.

Such results might be because the formula of Sadek et al. [22]
gives a similar optimal frequency ratio compared to other design
methods under the same mass ratio but brings about a large
damping ratio. Fig. 16 shows the DA optimal design equations and
optimal values according to mass ratios in graph form. Here, the
dotted line in the form of a column represents the ratio of the DA
mass and the target piping mode mass. A DA having a large
damping ratio could relatively well dissipate the seismic energy
flowing into the DA device, but this could weaken the DA's mobility.
Accordingly, such the weakened DA mobility might result in
lowering the vibration absorption capacity in the target mode. On
the other hand, since this study's proposed method has a relatively
similar optimal frequency ratio and small damping ratio value, it
maximizes the DA mobility. Thus, it is more actively involved in
piping target mode control. Fig. 17 shows the DA optimal design
values and their response locations on the Kriging meta-model
response surface in Fig. 9. Thus, this graph can evaluate the over-
all response reduction capability of each optimal design method.
Consequently, through the response position of each optimal
design value in the response surface, it can be confirmed that the
proposed method provides a global solution compared to the
existing optimal methods since its response is the lowest.

4. Summaries and conclusions

This study proposed a piping DA optimal design method based
on seismic time history analysis to complement the existing piping
DA design methods for improving seismic performance. The Krig-
ing approach was introduced to reduce the numerical cost
demanded for seismic time history analysis. In order to increase the
efficiency in securing response data, the LHS DOE method was
used. A gradient-based method was used to efficiently deal with
the multi-dimensional unconstrained optimization problem for DA
optimal design. This approach could overcome the problem of



Fig. 17. Locations of the DA optimal design values and corresponding piping seismic responses at the response surface of the Kriging meta-model.
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calculating the local optimal solution of the existing DA design
methods and minimize the cost of repetitive numerical analysis.
The proposed method's effectiveness was verified by comparing
the results of the existing DA design methods for NPP piping.

As a result, the proposed method showed an excellent response
reduction effect in several responses compared to other optimal
designmethods. Specifically, the proposedmethod showed that the
average response reduction rate was about 9% less at the maximum
acceleration, about 5% less at the maximum value of the response
spectrum, about 9% less at the maximum relative displacement,
and about 4% less at the maximum combined stress compared to
other methods. Therefore, the proposed method can be used as an
effective method of optimal DA design for reducing seismic re-
sponses in NPPs. In this study, a DA optimal design method was
proposed assuming that the piping system behaves linearly. How-
ever, when the seismic intensity increases beyond the design basis,
the piping behaves non-linearly. Accordingly, it is necessary to
analyze further the effect of the DA designed by the proposed
method. These issues are out of the main focus of this stduy and are
therefore not discussed in detail. Therefore, further analysis in this
regard is required in the future.
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