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Abstract: The steel damper column is an energy-dissipating member that is suitable for reinforced
concrete (RC) buildings and those used for multistory housing in particular. However, the effective-
ness of steel damper columns may be affected by the behavior of surrounding members, and this
effect can be severe in the case of seismic sequences. This article investigates the nonlinear response of
building models with an RC moment-resisting frame (MRF) with and without steel damper columns
under seismic sequences. The applicability of the concept of the momentary energy input to the
prediction of the peak response of RC MRFs with damper columns under seismic sequences is also
investigated. The main findings of the study are summarized as follows. (1) The peak response of
RC MRFs with damper columns subjected to sequential accelerations is similar to the peak response
obtained considering only the mainshock, whereas the cumulative strain energy of RC MRFs accumu-
lates more for sequential accelerations. (2) The steel damper column is effective in reducing the peak
and cumulative responses of RC MRFs in the case of sequential seismic input. (3) The relation of the
hysteretic dissipated energy during a half cycle of the structural response and the peak displacement
of the first modal response can be properly evaluated using the simple model proposed in this study.

Keywords: reinforced concrete moment-resisting frame; steel damper column; seismic sequence;
peak response; cumulative response; cyclic degradation; passive control structure; momentary
energy input

1. Introduction
1.1. Background

In an earthquake-prone country such as Japan, controlling seismic damage to a struc-
ture is an important issue in the seismic design of building structures. A popular and
classical strategy for improving the damage control ability of the moment-resisting frame
(MREF) is the so-called weak-beam strong-column concept. This strategy is widely accepted
and is recommended for the seismic design of MRFs. When this strategy is adopted, most
of the seismic energy is absorbed by plastic hinges set at each beam end. However, because
the beams also carry gravitational loads, those MRF buildings may not continue to be
usable after a huge earthquake due to the severe damage to their beams. In addition, as was
the case in the 2016 Kumamoto earthquake, there may be a sequence of large foreshocks
and the mainshock or a sequence of the mainshock and large aftershocks. In such cases,
seismic energy accumulates at the plastic hinges and causes damage. Therefore, an MRF
designed solely according to the weak-beam strong-column concept may be insufficient in
the case of such seismic sequences. A dual system with sacrificial members that absorb the
seismic energy prior to the beams and columns (e.g., in a damage-tolerant structure) [1] is
one solution for creating structures with superior seismic performance.

The steel damper column [2] is an energy-dissipating sacrificial member. Figure 1
compares the design collapse mechanism of the traditional MRF and MRF with steel damper
columns. In the traditional MRE, shown in Figure 1a, most of the seismic energy is absorbed
at the plastic hinges of the beam ends and the bottom end of the first story columns.
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Meanwhile, for the MRF with steel damper columns shown in Figure 1b, the damper panel
within a damper column absorbs seismic energy prior to the plastic hinges in the beams
and columns. The energy absorbed by the plastic hinges can thus be reduced using steel
damper columns.
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Figure 1. Design collapse mechanism of MRFs: (a) traditional MRF designed according to the
strong-column weak-beam concept; (b) MRF with steel damper columns.

Figure 2 shows the design concept of a reinforced concrete (RC) MRF with steel damper
columns. Unlike the use of buckling-restrained braces, the use of steel damper columns
provides usable space for corridors, as shown in Figure 2a. The steel damper column is thus
suitable for high-rise RC housing in that it minimizes obstacles in architectural planning.
Figure 2b presents an example of the RC beam-steel damper column joint. The steel
beam embedded in the RC beam transfers the bending moment from the RC beam to the
damper column.
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Figure 2. Design concept of the RC MRF with steel damper columns: (a) conceptual structural
elevation; (b) details of the RC beam—steel damper column joint.

The author previously investigated the development of the rational seismic design proce-
dure of an RC MRF with steel damper columns [3-5]. Specifically, a displacement-controlled
seismic design method was proposed for an RC MRF with steel damper columns [3,4].
With this method, the strength demand of the whole structure is determined through
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equivalent linearization. Although the method is simple, it does not consider the accumu-
lated strain energy of members (both RC members and steel damper columns) or the effect
of seismic sequences. Another important issue with an RC MRF with steel damper columns
is that the effect of the steel damper columns depends on the behavior of the surrounding
RC beams. The author previously found [5] that a proper strength balance of the steel
damper columns and surrounding beams is important in maximizing the dissipation of en-
ergy into the damper columns; i.e., the beam-end section connected to the damper columns
requires sufficient strength to avoid premature yielding prior to any energy dissipation.

The previous results reveal the importance of studying the nonlinear seismic behav-
ior of an RC MRF with steel damper columns designed using the previously proposed
method [3] under seismic sequences and the effectiveness of steel damper columns for the
reduction of structural damage.

1.2. Brief Review of Related Studies
1.2.1. Studies on the Responses of Structures under Seismic Sequences

Many studies have investigated the response of structures under seismic sequences
(e.g., [6-50]). To the best of the knowledge of the author, the first study on the nonlinear re-
sponse of structures to seismic sequences was conducted by Mahin [6]. Later, Amadio et al.
investigated the nonlinear response of the idealized single-degree-of-freedom (SDOF)
model and two-dimensional frame model under repeated earthquake ground motions [7].
In their study, identical ground motions were applied several times as the seismic sequence.
Hatzigeorgiou studied the nonlinear response of an SDOF model [8-10] and RC frame
models [11-13]. In those studies, the artificial seismic sequences were created by selecting
ground motions at random, neglecting the difference in the frequency characteristics of the
mainshock and aftershocks (or foreshocks). Ruiz-Garcia et al. pointed out the problem with
the assumptions made in creating artificial seismic sequences [14-22]. Specifically, they
showed that the predominant period of aftershocks is shorter than that of the mainshock
because the magnitudes of the aftershocks are smaller than the magnitude of the main-
shock (e.g., [14,15,17]). They thus concluded that using artificial seismic sequences with
repeating identical accelerations may lead to the overestimation of the effects of seismic
sequences [15]. In addition, they pointed out that the ratio of the predominant periods
of aftershocks and the mainshock is an important parameter in discussing the effect of a
seismic sequence [14,16,18,20]. They also conducted three-dimensional frame analyses con-
sidering seismic sequences [19,22]. Similar findings were obtained by Goda et al. [23-26],
who proposed a method of generating artificial ground motion sequences by consider-
ing the difference in magnitude between the mainshock and aftershocks [23]. They also
pointed out the importance of the record selection of aftershocks in incremental dynamic
analysis [25]. Tesfamariam et al. studied the seismic vulnerability of RC frames with
unreinforced masonry infill due to mainshock-aftershock sequences [27]. Tesfamariam and
Goda proposed the seismic performance evaluation framework considering maximum and
residual inter-story drift ratio of on-code conforming RC buildings [28] and also energy-
based seismic evaluation method of tall RC buildings [29]. In [28], the authors concluded
that although the influence of the mainshock-aftershock sequences to the maximum inter-
story drift is limited, the seismic performance of non-code-conforming RC buildings are
influenced by the mainshock-aftershock sequences because the residual inter-story drift of
RC buildings increases due to the seismic sequences. Similarly, they concluded that the
influence of major aftershocks on the damage potential is significant because the energy-
based damage index of tall RC buildings increases due to the seismic sequences. In addition
to these studies, Zhai et al. [30-32], Di Sarno et al. [33-36], Abdelnaby et al. [37-41], Kager-
manov and Gee [42,43], Yang et al. [44,45], Yaghmaei-Sabegh et al. [46], Qiao et al. [47],
Orlacchio et al. [48], Hoveidae and Radpour [49], and Pirooz et al. [50] investigated the
nonlinear response of building structures under seismic sequences. Although most of those
studies were analytical in nature, one experimental study used a shaking table [47].
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From the author’s viewpoint, few studies have investigated the application of the
pushover-based procedure using a nonlinear equivalent SDOF model for the seismic
evaluation of a building considering seismic sequences; the existing studies are those of
Guerrero et al. [21], Kagermanov and Gee [42,43], and Orlacchio et al. [48]. Such studies are
essential in the author’s opinion. One reason is that the analysis of the nonlinear response
of structures using the equivalent SDOF model can lead to a better understanding of the
nonlinear behavior of structures. As an example, relations between the seismic intensity
parameter and response quantities (e.g., the peak response and cumulative energy) can
be clearly discussed using an equivalent SDOF model. In addition, from a practical point
of view, such pushover-based procedures provide structural designers and analysts with
basic information on the nonlinear behavior of the analyzed building.

Another issue to be addressed is that there have been few studies on structures with
dampers, with the existing studies being those of Guerrero et al. [21], Yang et al. [45],
and Hoveidae [49]. As described above, the main motivation for installing such dampers is
the energy absorption of the sacrificial members prior to beams and columns. It is therefore
essential to discuss the effect of dampers in terms of the cumulative strain energy in the
event of seismic sequences. However, few discussions have been presented in the studies
cited above.

1.2.2. Studies on the Seismic Energy Input

The quantification of structural damage to members, such as RC beams, columns,
and dampers, is an important issue in rational seismic design and evaluation. Several
indices of structural damage have been proposed, e.g., the Park—-Ang index, which is
defined as the combination of the peak deformation and cumulative energy [51]. Because
the cumulative energy is directly evaluated from the seismic energy input, it is rational
to consider the seismic intensity according to energy-related parameters. The total input
energy [52,53] is a seismic intensity parameter related to the cumulative strain energy.
Several studies have investigated total input energy spectra (e.g., [54-58]).

Inoue and his team proposed the maximum momentary input energy [59-61] as an
energy-related seismic intensity parameter related to the nonlinear peak displacement.
They predicted the peak displacement by equating the maximum momentary input energy
and hysteretic dissipated energy in a half cycle of the structural response. The definition of
the momentary input energy is described in Appendix A.

Following their work, the present author formulated the time-varying function of
the energy input using a Fourier series [62]. This formulation shows that two seismic
intensity parameters, namely the maximum momentary input energy and total input
energy, can be evaluated based on the properties of the system and the complex Fourier
coefficient of the ground motion. The concept of the maximum momentary input energy
has been extended for bidirectional excitation [63] and implemented in the prediction of the
peak and cumulative responses of a one-mass, two-degree-of-freedom model representing
a ductile RC structure [64] and an irregular base-isolated building subjected to bidirectional
horizontal ground motions [65]. The application of the momentary energy input to the RC
MREF subjected to seismic sequences is thus promising.

1.3. Objectives
Against the above background, the following questions are addressed in this article.

e  What are the differences in the peak and cumulative responses of RC MRFs with and
without steel damper columns between a single acceleration and sequential accelerations?

e s the steel damper column effective in reducing the peak and cumulative responses
of an RC MREF in the event of a seismic sequence?

e In the prediction of the peak response of the RC MRF with steel damper columns
based on the momentary energy input, the relation between the hysteretic dissipated
energy during a half cycle of the structural response and the peak displacement must
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be properly modeled. How can this relationship be modeled from the results of
pushover analysis?

The present article investigates the nonlinear response of 10-story RC MRF build-
ing models with steel damper columns designed according to the previously proposed
method [3] in a case study of such an RC MRF with steel damper columns subjected to
seismic sequences. Ground-motion records obtained from three stations managed by the
National Research Institute for Earth Science and Disaster Resilience (NIED) during the
foreshock and mainshock of the 2016 Kumamoto earthquake [66] are used. The effects of the
seismic sequences on the peak and cumulative responses of the RC MRFs are investigated
using the results of nonlinear time-history analysis. The first modal response of RC MRFs is
then calculated from the results of the nonlinear time-history analysis, and the applicability
of the momentary input energy to the prediction of the peak response under a seismic
sequence is discussed.

The remainder of the article is organized as follows. Section 2 presents four RC MRF
building models with and without damper columns as well as the ground motion data used
in the nonlinear time-history analysis. The results of nonlinear time-history analysis are
presented and discussed in Section 3. This section further analyzes the peak and cumulative
responses of the RC MRF and the effectiveness of the steel damper column. The first modal
response is evaluated using the results of nonlinear time-history analysis and discussed in
Section 4. Conclusions and future directions of study are discussed in Section 5.

2. Building and Ground Motion Data
2.1. Building Data

Figure 3 shows the simplified structural plan and elevation of the MRF building models
with steel damper columns considered in this study. Two 10-story building models, namely
RCDC1 and RCDC2, are designed using the simplified design method [3,4]. Specifically,
RCDC1 is the building model presented in the previous study [3], and RCDC2 is the
building model obtained by shortening the span of the RC beam, while the change in the
total strength of the overall building model (comprising both the RC frame and damper
column) is minimized [4]. The model RCDC1 represents an MRF that has been intentionally
designed to be flexible, whereas the model RCDC2 represents an ordinary MRF. The unit
mass per floor is assumed to be 1.2 t/m?2. The story height is assumed to be 4.5 m for the
first story and 3.2 m for upper stories. Details of the members are given in the Appendix B.

To investigate the effect of the steel damper column in reducing the seismic response,
two other models are considered by removing all steel damper columns from RCDC1
and RCDC2. Here, the models with dampers removed from RCDC1 and RCDC2 are,
respectively, referred to as BareRC1 and BareRC2. Four MRF building models are thus
considered in this study.

Figure 4 shows the modeling of the MRF with steel damper columns. In this study, all
RC MREFs are designed according to the weak-beam, strong-column concept. A potential
hinge is set at all RC beam ends (except the beam end connected to the steel damper
columns) and the bottom end of the first-story columns as shown in Figure 4a.

The building is modeled as having a planar frame, as shown in Figure 4b. All RC
members are modeled as an elastic beam with a nonlinear flexural spring at both ends.
The steel damper columns are modeled as an elastic column with a nonlinear damper panel
at the middle of the steel damper column. The beam-column joints are assumed to have
rigid behavior. For RC beam—-RC column joint, the proper reinforcement is assumed to be
provided to prevent premature failure. In addition, the proper dimensions (section sizes
and lengths) of steel beam embedded in RC beams and proper reinforcement is assumed
to be provided in RC beam—damper column joint, to prevent premature failure until the
damper panels reach their ultimate stage.
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Figure 3. RC MRF building models with damper columns: (al) structural plan of RCDC1; (a2) struc-
tural elevation of RCDC1 (frame Y5); (b1) structural plan of RCDC2; (b2) structural elevation of

RCDC2 (frame Y5).
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Figure 4. Modeling of the MRF with a damper column: (a) potential hinge and non-hinge at the beam
end and (b) structural model.

Figure 5 shows the envelope of the force-deformation relationship of each member.
The modeling of each member is the same as that in the previous study [3] and is summa-
rized as follows. The envelopes are assumed to be symmetric under positive and negative
loading. At the potential hinge of RC members, the crack and yielding of the section are con-
sidered as shown in Figure 5a. The yield moment My (at point Y) is calculated according to
the AIJ standard [67], whereas the crack moment M. (at point C) is assumed to be one-third
of My. The secant stiffness degradation ratio at point Y («) is calculated using the equation
proposed by Sugano and Koreishi [68]. Meanwhile, at the non-hinge ends of RC members,
only the cracking of the section is considered, as shown in Figure 5b, except for the beam at
the foundation level. The cracking moment (M,) of the non-hinge beam end is assumed to
be the same as that at the opposite end, and the tangent stiffness degradation ratio after
cracking (1) is assumed to be the same as the secant stiffness degradation ratio at yielding
(ay) calculated following Sugano and Koreishi [68]. Meanwhile, at the non-hinge column
end, the cracking moment (M,) is calculated considering the axial force attributed to the
vertical load, and the tangent stiffness degradation ratio after cracking (a1) is assumed to be
0.2. The flexural behavior of a beam at the foundation level is assumed to be linearly elastic.
The shear behavior is assumed to be linearly elastic of all RC members. In nonlinear static
analysis, the bilinear envelope shown in Figure 5c is assumed for the damper panel. Here,
Qypr and Q,py respectively denote the initial and upper bound yield strengths of the
damper panel. The axial behavior is assumed to be linearly elastic for all vertical members.

for Pushover Analysis

By
@)

>

7
(b) (©

Figure 5. Envelope of the force-deformation relationship of each member: (a) flexural behavior of

the potential hinge of RC members; (b) flexural behavior of non-hinge ends of RC members; (c) shear
behavior of the damper panel in the steel damper column.

Figure 6 shows the hysteresis rule of the nonlinear spring. In this study, the Muto
model [69] with two modifications is used for the flexural spring in RC members. The first
modification is the unloading of the stiffness after yielding to represent the degradation
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of RC members after yielding, as shown in Figure 6a. The second modification is the
consideration of stiffness degradation after yielding due to cyclic loading. In this study, the
model proposed by Umemura et al. [70] is implemented with the Muto model, as shown
in Figure 6a. A parameter yx is introduced to represent the effect of cyclic degradation.
The value of x can be taken as zero or positive. In the case that x is zero, there is no
cyclic degradation, as shown in Figure 6a, which corresponds to the model used in the
previous study (e.g., [3,5,64]). In the case that ) is positive, there is stiffness degradation
due to the reloading target point shifting from point P}, to Py, as shown in Figure 6a.
Umemura et al. [70] showed that x depends on (i) the compressive strength of the concrete,
(ii) the shear reinforcement ratio, (iii) the compressive stress of the section normalized
by the compressive strength of the concrete, and (iv) the shear-span-to-depth ratio of the
member. In this study, the value of x is set as given in Table 1 following Umemura et al. [70].
Note that a larger value of x is set for the short-span beam; i.e., the stiffness degradation
of the short-span beam is more severe than that of the long-span beam. Additionally, it is
noted that the cyclic stiffness degradation is more severe in RCDC2 than in RCDC1.

- / Pp+» P'nf; ------------ QYDUA QDO.OOOlKEs
2 L PKes er% i M " BKes
$ shit , / e ZaKEs Z
i Kes Kes D>

O O y
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0,=0,+ (0,0, ~0,n)

max

Figure 6. Hysteresis rule of each member: (a) flexural behavior of RC members and (b) shear behavior
of the damper panel in the steel damper column.

Table 1. Values of parameter x representing the cyclic degradation of RC members.

BareRC1, RCDC1 BareRC2, RCDC2
Short-span Beam x =0.074 x = 0.081
(beams connected to damper column) (only RCDC1) (only RCDC2)
Long-span Beam . .
(other beams) x = 0.034 x = 0.049
Column x = 0.060 x = 0.046

(bottom-end of the first story)

It should be mentioned that the pinching behavior observed in RC members is not
considered in this study. There are several hysteresis models that implement the pinching
behavior, e.g., the model proposed by Baker and Noori [71]. Such pinching behavior may
affect the response of damper columns. However, this issue would be the next phase of
this study.

The model proposed by Ono and Kaneko [72] shown in Figure 6b is used to model
the hysteresis behavior of the damper panel. In this model, the strain-hardening effect of
the low-yield-strength steel is controlled by the two parameters « and B. Here, the two
parameters are set as « = 0.022 and 8 = 0.013. Note that the model has been verified
by comparing the test results of shear damper panel and braces using low-yield-strength
steel in the literature [72], and this model is implemented in several commercial computer
programs used for the actual structural design in Japan. It should be mentioned that
Vaiana et al. proposed a more generic hysteretic model for rate-independent mechanical
systems [73]. They have applied their models for the modeling of rate-independent passive
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energy-dissipation devices [74]: the calibration of their model has been made by compar-
isons of the experimental tests of steel shear link tested by Nuzzo et al. [75]. Therefore, such
a model would be more suitable for the hysteresis model of damper panel than the model
applied herein. However, this issue is out of scope of this study.

The damping matrix is assumed to be proportional to the instantaneous stiffness
matrix without a damper column. The damping ratio of the first elastic mode of the model
without a damper column is assumed to be 0.03. Second-order effects, including the P-A
effect, are neglected in this study. The soil-structure interaction (SSI) effect is neglected for
the simplicity of the analysis.

Table 2 gives the natural periods of the first three modes in the initial stage for each
model. As shown here, the natural period of RCDC1 is longer than that of RCDC2.

Table 2. Natural periods of the first three modes in the initial stage.

BareRC1 BareRC2 RCDC1 RCDC2
Ti. (s) 0.8547 0.7106 0.7044 0.6152
Toe () 0.2834 0.2427 0.2344 0.2094
T3, (s) 0.1577 0.1369 0.1330 0.1195

In examining the nonlinear behavior of the four models, pushover analysis (i.e.,
displacement-based mode-adaptive pushover analysis [76]) is carried out to obtain the
relationship between the equivalent acceleration A;* and equivalent displacement D;*. Let
afg and ,d be the restoring force vector and horizontal displacement vector, respectively,
of the building model at each loading step n obtained in the pushover analysis. The
equivalent displacement and acceleration at step # (namely ,D;* and ,,A; ") are determined
from Equations (1) and (2), respectively, assuming that the vector ,d is proportional to the
first mode vector (,I';, ) at each loading step:

* _ nrln(PlTMnd _ ndTNInC1

D , 1
n-1 an* ndTMl ()
T 0T f dT f
Al*:n In l*nR:n nR, (2)
! an ndTMl
. (ndTMl)
n n n ndTMnd
T
nd:{ nY1 0 nYN } ’ 4)
T
wfr=1{ wfr1 ~ wfry } @)
mq 0
0 my
1={1 - 1} @)

In Equations (1)—(6), M is the mass matrix, ,M;" is the effective first modal mass
at loading step 1, and m; is the floor mass of the jth floor. Figure 7 shows the obtained
2 A=, D1 relationship for each model. In the figure, the point labeled “design target”
is the point assumed as the displacement limit D1 *j;,,;; (=0.2833 m), which is assumed
to be 1/82.5 of the assumed equivalent height H;* (=23.37 m). As shown in Figure 7a,b,
the displacement upon the first yielding of the RC member is larger for BareRC1 than for
BareRC2. A similar observation is made in the comparison of Figure 7c,d, whereas the
displacement upon the first yielding of the damper column is smaller for RCDC1 than
for RCDC2.
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Figure 7. Relationship between the equivalent acceleration ,,A;* and equivalent displacement ,D;*
of each model: (a) BareRC1; (b) BareRC2; (c) RCDC1; (d) RCDC2.

2.2. Ground Motion Data

The present study uses records of accelerations of the foreshock (event time: 14 April
2016, 21:26 (JST), JIMA magnitude 6.5) and mainshock (event time: 16 April 2016, 01:25
(JST), JIMA magnitude 7.3) obtained at three stations managed by NIED, namely K-NET
Kumamoto (KMM), K-NET Uto (UTO), and KIK-NET Mashiki (MAS). Table 3 lists the
ground motions, and Figure 8 presents the primary and shear wave profiles for the different
stations. The soil properties for each station are available from the K-NET website [66].

Table 3. Ground motions.

PGA (m/s?)
Station Name Event Date Distance Gr9und
Motion ID EW NS

K-NET Kumamoto 14 April 2016 6 km KMMO0414 3.814 5.744
(KMM) 16 April 2016 5 km KMMO0416 6.162 8.272
K-NET Uto 14 April 2016 15 km UTO0414 3.042 2.635
(UTO) 16 April 2016 12 km UTO0416 7.711 6.515
KIK-NET Mashiki 14 April 2016 6 km MAS0414 9.250 7.598
(MAS) 16 April 2016 7 km MAS0416 11.569 6.530

Figure 9 shows the recorded accelerations observed at the three stations. The present
study uses the first 60 s of the as-recorded acceleration records shown in the figure for
nonlinear time-history analysis.
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Figure 8. Primary and shear wave profiles: (a) KMM; (b) UTO; (c) MAS.
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Figure 9. Ground motion time histories: (a) KMM; (b) UTO; (c) MAS.

Figure 10 shows the elastic pseudo-velocity spectra (,S ) of the accelerations. The vis-
cous damping for the calculation of S is set at 0.05. The “design” earthquake shown in
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this figure is the code-specified spectrum (soil condition: type-2) of the Building Standard
Law of Japan [77] defined as
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Figure 10. Comparisons of the pseudo-velocity spectrum of the observed ground motions (foreshock,
aftershock) and the design earthquake: (a) KMM; (b) UTO; (c) MAS.

Note that the design earthquake spectrum is used for the design of models RCDC1
and RCDC2. The calculated spectra of the mainshock are close to the design earthquake
spectrum at KMM (Figure 10a). In contrast, the calculated spectrum of the mainshock
exceeds the design earthquake spectrum at MAS (Figure 10c). Note that the spectrum of
the east-west (EW) component of the foreshock at MAS also exceeds the design earthquake
spectrum, which implies that the EW components of both the foreshock and mainshock at
MAS are more intense than the design earthquake.

Figure 10 also shows the predominant periods of the foreshock and mainshock, de-
noted Tgr and Ty, respectively. The predominant period is defined as the peak period of
PSV’ following Miranda [78] and Ruiz-Garcia [14,17]. The figure reveals that the relation of
the two predominant periods (Tgr and Tgps) depends on the site and component. In the
cases of the EW-component at KMM and both components at MAS, Ty is longer than
Typ, whereas Ty is shorter than Tgp for the north-south (NS) component at KMM and the
EW-component at UTO.

Table 4 lists the cases of ground motion considered in this study. Here, Cases F and
M are, respectively, the single acceleration of only the foreshock and that of the main-
shock, whereas cases FM and MF are sequential accelerations, with Case FM following the
recorded order of first the foreshock (e.g.,, KMMO0414EW) and second the mainshock (e.g.,
KMMO0416EW) and Case MF following the opposite sequence of first the mainshock and sec-
ond the foreshock. A time interval of 30 s is set between the first and second accelerations.
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Table 4. Cases of ground motion.

Case Acceleration Sequence

Case-F Foreshock (0414) only
Case-FM Foreshock (0414) + Mainshock (0416)

Case-M Mainshock (0416) only
Case-MF Mainshock (0416) + Foreshock (0414)

3. Analysis Results
3.1. Peak Response
3.1.1. Relative Displacement and Story Drift

Figure 11 compares the distribution of the peak relative displacement in the four cases
for each model. The input ground motion set is the EW component at KMM (KMM-EW).
The figure shows that the peak response in Case FM is larger than that in Case F, whereas
the peak response in Case MF is the same as that in Case M for all models. Specifically,
as shown in Figure 11a, the peak response of BareRC1 obtained in Case FM is larger than
that obtained in Cases MF and M. This implies that, in Case FM, the damage to members
due to the foreshock affects the response of BareRC1 during the mainshock (following
the foreshock).

——@—— Single acceleration (Case F/M) ——=@—— Sequential acceleration (Case FM/MF)

30}
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Figure 11. Distribution of the peak relative displacement (EW component of KMM-EW): (a) BareRC1;
(b) BareRC2; (c¢) RCDC1; (d) RCDC2.

For the MRFs with steel damper columns, the peak response of RCDC1 (Figure 11c)
in Case FM is within the design target, whereas it slightly exceeds the design target in
Case MF. Similar results are obtained for RCDC2 as shown in Figure 11d. Figure 10a
shows that the pseudo-velocity spectra of the foreshock and mainshock obtained from the
EW components at KMM are close to those of the design earthquake. Figure 11c,d thus
show that the strength demands of those two models are properly determined using the
simplified design method proposed in the previous study [3].

Figure 12 compares the distribution of the peak relative displacement in the case that
the input ground is set as MAS-EW. The figure shows that the peak displacement is larger
than that in the case of KMM-EW shown in Figure 11. Specifically, the peak response of



Buildings 2022, 12, 275

14 of 40

E

Lv. (

Lv. (m)

20

10

30

20

10

|
30—

BareRC1 in Case FM is the same as that in Case F, whereas the peak responses of the other
models in Case FM are larger than those in Case F. Additionally, the peak responses of
RCDC1 and RCDC2 exceed the design target in all four cases, as shown in Figure 12¢,d.
This result is consistent with the observation from Figure 10c that the pseudo-velocity
spectra obtained from the EW components at MAS are larger than those of the design
earthquake in a wide range of the period.
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Figure 12. Distribution of the peak relative displacement (MAS-EW): (a) BareRC1; (b) BareRC2;
(c¢) RCDC1; (d) RCDC2.

Figures 13 and 14 compare the peak story drift in the four cases for each model.
The input ground motion sets are KMM-EW (Figure 13) and MAS-EW (Figure 14). The
figures confirm the results in Figures 11 and 12. Note that the largest peak story drifts of
RCDC1 and RCDC2 are close to 1/75 in the case of KMM-EW. The value of 1/75 is the
assumed target drift in the design of RCDC1 and RCDC2, and the responses of both models
under the sequential accelerations of KMM-EW (both Cases FM and MF) are close to the
assumed design limit. In contrast, the responses of both RCDC1 and RCDC2 greatly exceed
the assumed design limit in the case of MAS-EW.

Figure 15 compares the peak story drifts in the cases of single and sequential accel-
erations to clarify the effect of sequential accelerations on the peak story drift. It is seen
that there is a notable difference in the peak drift between Cases F and FM. The difference
in the peak drift between Cases F and FM is more pronounced for the MRFs with steel
damper columns (RCDC1 and RCDC2) than for the MRFs without dampers (BareRC1
and BareRC2). In contrast, the difference in the peak drift between Cases M and MF is
negligibly small for all models. These observations imply that the peak responses of all
models under sequential accelerations studied here are governed by the mainshock. This
point is discussed further in Section 4.
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Figure 13. Distribution of the peak story drift (KMM-EW): (a) BareRC1; (b) BareRC2; (c¢) RCDC1;
(d) RCDC2.
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Figure 14. Distribution of the peak story drift (MAS-EW): (a) BareRC1; (b) BareRC2; (c¢) RCDC1;
(d) RCDC2.
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Figure 15. Comparisons of the peak story drift in the case of single and sequential acceleration:
(a) BareRC1; (b) BareRC2; (c) RCDC1; (d) RCDC2.

3.1.2. Member Deformation

Next, the peak responses of the member deformation (plastic rotation of the RC beam
end and shear strain of the damper panel) are investigated. Figure 16 compares the peak
rotation of the plastic hinge at the beam end. MAS-EW is used as the input ground motion
set because it gives the largest response among all input ground motion sets. The figure
shows the plastic hinge rotation at beam ends in the inner frame (i.e., the right-side ends
of beam X,X3 in Frame Y3 for BareRC1 and RCDC1 and the left-side ends of beam X3X4
in Frame Y3 for BareRC2 and RCDC?2). It is seen that the peak plastic rotation in Case FM
is larger than that in Case F except for the model BareRC1, whereas the plastic rotation in
Case MF is the same as that in Case M. This result is consistent with Figure 14. Figure 16
also shows that the plastic rotation of beams at upper floor levels (higher than level Z7) is
zero; there is no yielding of these beams.

Figure 17 compares the peak plastic hinge rotation at the beam end in the cases of
single and sequential acceleration. There is a notable difference in the peak plastic rotation
between Cases F and FM, whereas the difference in the peak drift between Cases M and
MF is negligibly small for all models. This result is consistent with Figure 15.

Figure 18 compares the peak shear strain of the damper panel in RCDC1 and RCDC2,
where the input ground motion set is MAS-EW. It is seen that the peak shear strain of the
damper panel is greater for the lower stories. In addition, the peak shear strain in Case FM
is greater than that in Case F, whereas the peak shear strain in Case MF is similar to that in
Case M.

Figure 19 compares the peak shear strain of the damper panel in cases of single and
sequential acceleration. There is a notable difference in the peak shear strain between Cases
F and FM, whereas the difference in the peak drift between Cases M and MF is negligibly
small for both RCDC1 and RCDC2.
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Figure 16. Distribution of the peak plastic hinge rotation at the beam end (MAS-EW): (a) BareRC1;
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Figure 17. Comparisons of the peak plastic hinge rotation at the beam end in cases of single and
sequential acceleration: (a) BareRC1; (b) BareRC2; (c) RCDC1; (d) RCDC2.
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Figure 18. Distribution of the peak shear strain of the damper panel (MAS-EW): (a) RCDC1;
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Figure 19. Comparisons of the peak shear strain of the damper panel in the cases of single and
sequential acceleration: (a) RCDC1; (b) RCDC2.

3.2. Cumulative Response

This subsection discusses the cumulative responses of the four building models.
First, the cumulative responses of the overall building (i.e., cumulative input energy Ej,
cumulative strain of the RC MRF and steel damper columns, Esy and Egg, respectively,
and cumulative viscous damping energy Ep) are discussed. The cumulative strain energy
of the member (plastic hinge of the RC beam and damper panel) is then discussed.

3.2.1. Cumulative Response of the Overall Building

Figure 20 shows the cumulative strain energy of the RC MRF and steel damper
columns and the cumulative viscous damping energy per unit mass. Note that the total
input energy E| is expressed as the sum of Egy, Esy, and Ep.

The following observations are made for Figure 20.

e  The total input energy E; of the sequential accelerations is greater than that of the
single acceleration: e.g., Ej in Case FM is greater than that in Case E.

e In most cases for BareRC1 and BareRC2, E; is mostly absorbed as cumulative strain
energy of the RC MREF, Eg;.

[ ]

In most cases for RCDC1 and RCDC2, the total input energy Ej is greater than that
of BareRC1 and BareRC2. However, a large proportion of E; is absorbed as the
cumulative strain energy of the steel damper columns, Eg;. The relative amounts of
Esy and Esy depend on the model and analysis case.
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Figure 20. Comparisons of the cumulative energy per unit mass of the overall building in the cases
of single acceleration and sequential acceleration: (al) KMM-EW; (a2) KMM-NS; (b1) UTO-EW; (b2)
UTO-NS; (c1) MAS-EW; (c2) MAS-NS.

3.2.2. Cumulative Strain Energy of a Member

First, the cumulative strain energy of the plastic hinges at the RC beam end is investi-
gated. The normalized strain energy of the kth plastic hinge, NEs, is defined as

Esfk 1 :
NEgs = = M ()0, (t)dt 10
= Fob Vi 4 (D0t (10)

where M (t) and 6x(f) are, respectively, the moment and rotation of the kth plastic hinge at
time t, and ¢, is the time length of the nonlinear time-history analysis.

Figure 21 compares NEgs in the cases of single and sequential accelerations for
BareRC1 and BareRC2. In both models, NEss at beam ends in the inner frame (the same
beam ends considered in Section 3.1.2) is investigated. The figure shows that NEy ¢ is
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notably greater in Case FM than in Case F. In addition, the increase in NEg from Case M
to Case MF is not negligible. This implies that the effect of sequential accelerations on the
cumulative strain energy is more pronounced than that on the peak response. The figure
also shows that, in general, NEg is larger for BareRC2 than for BareRC1. This is because
the yield deformation angle of beams (6,) is smaller for BareRC2 than for BareRC1.
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Figure 21. Comparisons of the cumulative strain energy of the plastic hinges at the beam end in the
cases of single and sequential acceleration: (a) BareRC1; (b) BareRC2.

Figure 22 compares NEgy in the cases of single and sequential accelerations for
RCDCT and RCDC2. For RCDC1 and RCDC2, NEgyy at the long-span beam ends (the same
beam ends considered in Section 3.1.2) and short-span beam ends (the right-side ends of
beam X, X3 in Frame Y, for RCDC1 and the left-side ends of beam X3X4 in Frame Y, for

RCDC2) is investigated.
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Figure 22. Comparisons of the cumulative strain energy of the plastic hinge at the beam end for
single and sequential accelerations: (al) RCDC1 (Frame Y3); (a2) RCDC1 (Frame Y5); (b1) RCDC2
(Frame Y3); (b2) RCDC2 (Frame Y5).
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The figure shows a notable increase in NEgg; due to sequential accelerations for
RCDC1 and RCDC2. Specifically, for RCDC1, the increase in NEg; in Frame Y is larger
than that in Frame Y3. The reason is that (i) the yield deformation angle of beams (6,4) in
Frame Y, is smaller than that in Frame Y3 and (ii) the cyclic stiffness degradation is more
pronounced for the short-span beam (Frame Y5) than for the longer span beam (Frame Y3).

Next, the cumulative strain energy of the damper panel is investigated. The normal-
ized strain energy of the kth damper panel, NEgy, is defined as

Esak _ 1
QyprkYyprkhaok  QypLkYyDLK

tq
NEsg = / Qok(B)ype(t)dt, (11)
0

where Qpy(f) and ypi(t) are, respectively, the shear force and shear deformation angle of
the kth damper panel at time ¢.

Figure 23 compares N Eg; in the cases of single and sequential acceleration. It is seen
that the increase in NEgg; due to the sequential accelerations is pronounced in both models.
In addition, the value of NEgy for RCDC1 is greater than that for RCDC2.
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Figure 23. Comparisons of the cumulative strain energy of the damper panel in the cases of single
and sequential acceleration: (a) RCDC1; (b) RCDC2.

It is concluded from the results presented in this subsection that the effect of the
sequential accelerations on the cumulative strain energy in the member is not negligible.
In contrast with the peak deformation, the cumulative strain energy accumulates in the
event of sequential accelerations.

3.3. Effectiveness of Steel Damper Columns in Reducing the Seismic Response

In this subsection, the effectiveness of the steel damper column in reducing the
peak and cumulative responses of the RC members is discussed by comparing results
for MRFs without dampers (BareRC1, BareRC2) and those with steel damper columns
(RCDC1, RCDC2).

Figure 24 compares the peak story drift for models without and with steel damper
columns. As shown in Figure 24a, in general, the drift for RCDC1 is smaller than that
for BareRC1. The effect of the steel damper columns in the reduction of the peak drift is
obvious in the case of sequential accelerations as well as the case of single acceleration.
A similar observation can be made in comparing RCDC2 and BareRC2.
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Figure 24. Comparisons of the peak story drift for models without and with damper columns:
(a) BareRC1 and RCDC1; (b) BareRC2 and RCDC2.

Figure 25 compares the peak plastic hinge rotation at the beam ends for Frame Y.
It is seen that the peak plastic rotation of the models with steel damper columns (RCDC1,
RCDC2) is smaller than that of the models without dampers (BareRC1, BareRC2). It is
concluded from the comparisons that the steel damper column is effective for the reduction
in the peak response of the RC MRE, as far as the models studied herein are concerned.
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Figure 25. Comparisons of the peak plastic rotation at beam ends in models without and with damper
columns: (a) BareRC1 and RCDC1; (b) BareRC2 and RCDC2.

The cumulative responses are next compared. Figure 26 compares the cumulative
strain energy of the RC MRF per unit mass. As shown in Figure 26a, in most cases, the cu-
mulative strain energy of RCDC1 is less than that of BareRC1 for both single acceleration
and sequential acceleration. Similar observations are made for Figure 26b.

Figure 27 compares the normalized cumulative strain energy at the beam ends (NEs ).
It is seen that NEgs with steel damper columns (RCDC1, RCDC2) is smaller than that
without dampers (BareRC1, BareRC2). It is concluded from the comparisons that the steel
damper column is effective for the reduction of the cumulative response of the RC MRF,
as far as the models studied herein are concerned. Note that the total input energy of MRFs
with steel damper columns is greater than that of MRFs without dampers in some cases,
as shown in Figure 20. Even in such cases, those steel damper columns installed in the RC
MREF play an important role of absorbing the seismic energy, as shown in Figure 27.
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Figure 26. Comparisons of the cumulative strain energy of RC MRF for models without and with
damper columns: (a) BareRC1 and RCDC1; (b) BareRC2 and RCDC2.
S 12_' LI | I LI | I LI | I LI | !; _I LI | I LI | I LI | I LI | !; 3 12_' LI | I LI | I LI | I LI | !; _I LI | I LI | I LI | I LI | !;
‘g L Single 4 | Sequential - ‘g L Single “ 4 | Sequential o
i - acceleration - | acceleration qu ol acceleration - | acceleration 6 .
K] N I — | | — 0 L | i ) = VY —
o L 1L o L e 1L ® o ]
55 [ 1L 158 [ P 1L S seo |
20 6f- 4 - |- 2 420 6 4 I | - 4 -]
£0 T o 1L °-Te 128 T 8 oo 10 o 68 ]
o = i . ] s P ] r°) Q“.
@ 5 e 1r 028 10 5 e.” o 1r o 7
N g% o L e o 0 N 3 ® o 7 dbL e %0. -
[ | 0 5. @ 4k i R . 0ad © 1L %o 4
£ @ e ® :. £ o Y .o ) o
S Q25 1r 15 ¥ 1/R8.°@ 7
=z 0 Ak S W ? T W =z qu W S S S Lm 1 , W T
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 0 3 6 9 12
Normalized Hysteresis Energy Normalized Hysteresis Energy Normalized Hysteresis Energy Normalized Hysteresis Energy
(BareRC1) (BareRC1) (BareRC2) (BareRC2)

(@) (b)

Figure 27. Comparisons of the cumulative strain energy at the plastic hinge at the beam end for
models without and with damper columns: (a) BareRC1 and RCDC1; (b) BareRC2 and RCDC2.

3.4. Summary of Results

The results presented in this section are summarized as follows.

e  The peak responses of all models under sequential accelerations studied here are
governed by the mainshock. The peak responses of all models in Case FM are notably
greater than those in Case F. In contrast, the difference in the peak response between
Case MF and Case M is limited.

e  The effect of the sequential accelerations on the cumulative strain energy is not negligi-
ble. Unlike the peak response, the cumulative strain energy accumulates in the event
of sequential accelerations.

e  The steel damper column is effective in reducing the peak and cumulative responses of
RC members, irrespective of whether a single acceleration or sequential accelerations
is considered as the seismic input.

4. Evaluation of the First Modal Response
4.1. Method of Calculating the First Modal Response from the Results of Time-History Analysis

This section calculates the equivalent displacement D1*(f) and acceleration A;*(t)
from the results of nonlinear time-history analysis. This study assumes that the building
model considered here oscillates predominantly in the first mode, and the first mode vector
at the peak response (e akl"lp eak(pl) is then assumed from the relative horizontal displace-
ment vector (d()). Note that in other studies (e.g., [65]), the first mode vector is assumed
by referring to pushover analysis considering the change in the first mode vector at each
nonlinear stage (displacement-based mode-adaptive pushover analysis [76]). However,
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because the present study considers the cyclic stiffness degradation of RC members and
the strain-hardening effect of damper panels, the assumption of the first mode vector at
the peak response from the pushover analysis results cannot be applied. Therefore, in this
study, the assumption of p eukl"lpeak(pl is based on the results of nonlinear time-history

analysis. The calculation method is described below.

4.1.1. Step 1: Determination of the “Peak Response Point”

The displacement at “the center of the mass” D*(t) is calculated as

~1™Md(¢)

D() = “1apr (12)

The time #,,.5x at which the absolute value of D* (t) is a maximum is then found.

4.1.2. Step 2: Determination of the First Mode Vector at the Peak Response Point

The first mode vector at the peak response point (peukrlpeak(pl) is assumed to be

proportional to the relative horizontal displacement vector at time £ 4 (d (tpmk) ):

dt )TMl
peakrlpeak(pl ~ e d (tpeuk>~ (13)

d(tpmk)TMd(tmk)

The effective first modal mass (p kM 1*) is then calculated as

T
peale* = peukrlpeak(pl M1. (14)

4.1.3. Step 3: Calculation of the Equivalent Displacement and Acceleration of the First
Modal Response

The equivalent displacement D1 *(t) and acceleration A;*(¢) are calculated as

r o T™Md(t)
Dl*(t) — peak 1PeakM1 . , (15)
peak™"" 1
r ® TfR(t)
A (1) = P “’“1;\4 L (16)
peak™" "1

In Equation (16), fr(#) is the restoring force vector at time ¢.

4.1.4. Step 4: Calculation of the Momentary Input Energy and Hysteretic Dissipated
Energy in a Half Cycle of the First Modal Response

The momentary input energy of the first modal response per unit mass (AE{*/Mj*) is

calculated from the time-derivative of the equivalent displacement (Dl *(t)) and the ground

acceleration (ag(t)) as
AL

— / ag (1) Dy* (H)dt. (17)
t

AE;*
M;*

In Equation (17), t and t 4 At are, respectively, the beginning and ending times of a half
cycle, following the definition of Inoue and his group [59-61]. The maximum momentary
input energy of the first modal response per unit mass (AE;*max/M; ") is defined as the
maximum value of AE{*/M;* over the course of the whole seismic input.
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Similarly, the hysteretic dissipated energy in a half cycle per unit mass (AEy*/ M)
is calculated as

AEm” _ / Ay (H)Dy* (B)dt. (18)

The hysteresis dissipated energy per unit mass in a half cycle at the maximum mo-
mentary energy input (AEp1*max/M1*) is defined as AEy*/M;™* in the half cycle that
AE1*max/ M71* occurs.

For the convenience of discussion, the equivalent velocities of AE;*max/M;* and
AEp1*max/ M7 ™ are defined as

Varr* = V2AE1* max/ Mi*, Vapm1™ = /2AEH1 *max/ M1*. (19)

4.2. Calculation Results
Figure 28 shows the time history of the first modal response for RCDC1 subjected to
Uto-NS (Case FM). It is seen that the peak response occurs during UTO0416NS (the second

earthquake). The momentary energy input is a maximum in the half cycle from ¢ = 118.60 s
tot+ At =119.30s.
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Figure 28. Calculated first modal response of RCDC1 subjected to UTO-NS (Case FM): (a) time
history of the ground acceleration; (b) time history of the equivalent displacement; (c) time history
of the momentary energy input per unit mass; (d) hysteresis loop of the A;*~D;* relationship
(0-90 s); (e) hysteresis loop of the A1*~D1* relationship (90-150 s); (f) hysteresis loop of the A;*~D1*
relationship (at the time of the maximum momentary energy input).

Figure 29 shows the time history of the first modal response for RCDC1 subjected to
Uto-NS (Case MF). It is seen that the peak response occurs during UTO0416NS (the first
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earthquake). The momentary energy input is a maximum in the half cycle from t = 28.62 s
tot+ At =29.32s.
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Figure 29. Calculated first modal response of RCDC1 subjected to UTO-NS (Case MF): (a) time
history of the ground acceleration; (b) time history of the equivalent displacement; (c) time history

of the momentary energy input per unit mass; (d) hysteresis loop of the A;*-D;* relationship
(0-90 s); (e) hysteresis loop of the A1*—D;* relationship (90-150 s); (f) hysteresis loop of the A;*~D1*
relationship (at the time of the maximum momentary energy input).

The following observations are made from the comparisons of Case FM and Case MFE.

The values of the maximum momentary input energy per unit mass (AE;*max/M;i*)
are similar in the two cases. AE;*max/M;* = 0.5430 m?/s? in Case FM, whereas
AE1*max/M1* = 0.5283 m?/s? in Case MF.

The values of the peak equivalent displacement (D1 *max) are similar in the two cases.
D1*max = 0.2597 m in Case FM, whereas D1 * max = 0.2431 m in Case MFE.

The residual equivalent displacement after the first earthquake observed during the
interval from 60 to 90 s is small in both cases.

The hysteresis loop during UTO0414NS acceleration is different. In Case FM (where
UTO0414NS acceleration is used for the first earthquake), the hysteresis loop during
UTOO0414NS acceleration is not thick (i.e., there is little hysteretic energy dissipation).
In contrast, the hysteresis loop during UTO0414NNS acceleration is thick (i.e., there is
much hysteretic energy dissipation) in Case MF (where UTO0414NS acceleration is
used for the second earthquake).

Figures 28 and 29 indicate that the order of ground accelerations in sequential acceler-

ations may affect the cumulative response notably, whereas the effect on the peak response
may be limited.



Buildings 2022, 12, 275

27 of 40

Figure 30 compares the peak equivalent displacement (D1 *max) (a) between Cases F
and M, (b) between Cases FM and MF, and (c) between the maximum of Case F, Case M
and the maximum of Case FM, Case MF.
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Figure 30. Comparisons of the peak equivalent displacement: (a) single acceleration; (b) sequential

acceleration; (c¢) maximum of sequential accelerations and maximum of single accelerations.

The following observations are made for Figure 30.

According to the single acceleration shown in Figure 30a, the value of D1 *mnax obtained

in Case M (mainshock) is larger than that obtained in Case F (foreshock).

The effect of the order of ground accelerations in sequential accelerations on D1 " max is

limited, as shown in Figure 30b. The value of D;*max obtained in Case FM is similar

to that obtained in Case MF.

D1* max obtained as the maximum of single accelerations (Case F, Case M) is similar

to that obtained as the maximum of sequential accelerations (Case FM, Case MF),

as shown in Figure 30c.
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To understand the third observation, the residual displacement after the first earth-
quake is investigated. In this study, the residual equivalent displacement after the first
earthquake is defined as the absolute value of the equivalent displacement at ¢ = ¢,,,71. Here,
tonq1 is defined as the end time of the interval (=90 s). The ratio of the residual equivalent
displacement is then defined as

TresD = ‘Dl*(tendl)‘/Dl*maX[or tendl]' (20)

In Equation (20), D1 *max |0, feng1] is defined as the local peak equivalent displacement
within the range [0, t,,,41]. Note that D1 *max[0, t.;41] equals D1* max obtained from the first
earthquake. In Case FM, D1 *max[0, to;41] equals D1*max obtained in Case F.

Figure 31 shows the relation between the ratio 7,,;p and the peak equivalent displace-
ment during the first earthquake (D1 *max [0, feng1])- It is seen that the ratio r,,sp increases
with D1 *max |0, teng1]- However, in Case FM, the ratio r,,sp is less than 0.03, except for MAS-
EW. Therefore, the effect of the residual displacement of the first earthquake on D1 * max is
small in Case FM. In addition, the peak equivalent displacement occurs during the first
earthquake in Case MFE. There is thus no effect of the residual displacement in Case MF,
although the ratio r,.sp is greater than that in Case FM.

5] Case FM e Case MF
025 llll'llll'llll rrryrrry llll!llll!llll TTrryrrntd llll!llll!llll TTrryrrntd llll!llll!llll TTrrryprrrt
 (a) BareRC1 3 E (b) BareRC2 1 E (c) RCDC1 J E (@ Rcbe2 ]
0.20F 1 E  F 1 E =
= MAS-EW] F MASEW HE iF MAS-EW ]
0.15F . § = | 3E MAS-EW. _HF ' o 3
T E @ 3F ® 4 INEL: ® ]
~ - 4 F - - ) 4 F I -
0.10F . o E <5 E o 1 E _
C 1F o © 1F 1F o ]
= 1E 1E 1E ° - ]
005 Je 1E e 1E . 1E § 5
L 4 F E E 4 F ) 4 F -
C 1E o 1F [m3] e 1F o =
000 LIl IIIMIFI.!IIII Li1l IIII.HI Illel Ll L1l IIIIFII.II Litiiiill L1l II!IHIIII LIl i1l L1l
00 01 02 03 04 0500 01 02 03 04 0500 01 02 03 04 0500 01 02 03 04 05
D1*’“3X [0' te"m] (m) D1*max [0’ tend1] (m) D1*max [0’ tend1] (m) D1*max [0’ tend1] (m)

Figure 31. Relations of the ratio 7,,sp and D1 *max[0, tenq1]: (a) BareRC1; (b) BareRC2; (c¢) RCDC1;
(d) RCDC2.

One reason why the ratio ,,sp is small (e.g., mostly less than 0.03 in Case FM) is that
the unloading slope is degrading as shown in Figures 28 and 29 and was pointed out by
Ruiz-Garcia [15].

The discussion moves next to the relation between the maximum momentary energy
input and the peak displacement of the first modal response. Figure 32 shows the relation
of the equivalent velocity of the maximum momentary input energy (Vag1*) and the peak
equivalent displacement (D;*max)- A clear relationship is observed between Var1* and
D1 " max for both sequential accelerations and single accelerations; i.e., the peak displacement
D1 " max increases with Vap1*. In addition, the plots obtained for sequential accelerations
and single accelerations may be expressed by the same curve. Therefore, the concept of
the maximum momentary energy input may be applicable to the prediction of the peak
response under sequential accelerations.
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Figure 32. Relations of VAr1* and D1 *max: (a) BareRC1; (b) BareRC2; (¢) RCDC1; (d) RCDC2.

For the prediction of the peak response of the structure with viscous damping, the ef-
fect of viscous damping on the hysteretic energy in a half cycle must be evaluated. To this
end, Figure 33 shows the relation between the ratio Va1 */Vap1™ and the peak equivalent
displacement D1 *max, where Varp1* is the equivalent velocity of the hysteretic dissipated
energy in a half cycle at the maximum momentary energy input (Equations (18) and (19)).
The figure shows that the range of the ratio Varp1*/Vag1* is between 0.80 and 0.97 for Bar-
eRC1 and BareRC2 and between 0.90 and 0.98 for RCDC1 and RCDC2. Therefore, the effect
of the viscous damping on the ratio Vaggy1*/Varp1™ is small for the building model with
damper columns. This is because the contribution of the stiffness of steel damper columns
is excluded when calculating the damping matrix in the nonlinear time-history analysis.
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Figure 33. Relations of the ratio Vary1*/Varp1* and D1 *max: (a) BareRC1; (b) BareRC2; (c) RCDC1;
(d) RCDC2.

4.3. Modeling of the Hysteretic Energy Dissipation of the First Modal Response in a Half Cycle

This section models the hysteresis energy absorption of the first modal response in
a half cycle using the results of pushover analysis. The relationship between the equivalent
acceleration A;* and the equivalent displacement D1 * obtained from the results of pushover
analysis is first validated by comparing with the first modal responses calculated from the
results of nonlinear time-history analysis.

Figure 34 compares the , A", D" relationship obtained from the results of pushover
analysis (the same as shown in Figure 7) and the plot of the peak response point
(D1*max, A1*max) obtained from the results of time-history analysis. In Figure 34a,b,
the plot peak response points fit well with the results of pushover analysis for BareRC1
and BareRC2. However, there are points plotted below the pushover analysis results,
especially for BareRC2. In addition, Figure 34c,d show that the plot peak response points fit
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well with the pushover analysis results for RCDC1 and RCDC2, although there are points
plotted above the results of pushover analysis. This is because the strain hardening effect
of steel damper columns strengthens the restoring force of the overall building models for
RCDC1 and RCDC2. It is concluded from Figure 34 that the ,A;"~, D" relationship can be
evaluated from the results of pushover analysis.
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Figure 34. Comparisons of the ,A;*~, D * relationship obtained from the results of pushover analysis
and the plot of the peak response point (D1*max, A1*max) obtained from the results of time-history
analysis: (a) BareRC1; (b) BareRC2; (c) RCDC1; (d) RCDC2.

Next, the hysteresis energy absorption of the first modal response in a half cycle
is modeled using the results of pushover analysis as follows. Let  fgs and ,fp4 be the
restoring force vectors of RC frames and steel damper columns at step 7 of the pushover
analysis, respectively. The contributions of RC frames and steel damper columns to the
equivalent acceleration, , A" and , Ay, respectively, are calculated as

[ @7 f dT f
A*:nln 1 nRf _n an’ 21
nt1f an* ndTMl ( )
T 0T f dT f
A*:nln 1 nRd _n an' 22
n‘t1d an* ndTMl ( )

For simplicity, the , A, "=, D" and ,,A;;"~,D;" relationships are idealized as bilinear
curves, where the “yield” point of the idealized A;¢*~D; " relationship is Yg (Dly Ay f*)

and that of the idealized A1;*—D;"* relationship is Yp (Dlyd*/ Alyd*> . Figure 35 shows the
bilinear idealization of the A;¢*~D;" relationship for BareRC1 and BareRC2. In the figure,

the point P; ( n D, p A *) is the point at which the first yielding of the RC member occurs,

whereas the point P, ( pD " p,A 1*) is the point at which the equivalent displacement
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»D1" reaches the assumed displacement limit D1 *j;,;; (=0.2833 m). The equivalent acceler-
ation at point Y (Ay, ") is determined as the equivalent acceleration at point P (p, A1)
The equivalent displacement at point Yg (D1, ") is then determined as

* * * * * * *
D™ = (Alyf /PlAlf )PlDl - (PzAlf /PlAlf )PlDl ) (23)
60 lllllllll,llllllllllllll 60 llllllllllllllllllllllll
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Figure 35. Bilinear idealization of the A;*~D; " relationship from the results of pushover analysis:
(a) BareRC1; (b) BareRC2.

Figure 36 shows the bilinear idealization of the A;¢*~D;* and ,A4;"~,D;" relation-
ships for models RCDC1 and RCDC2. The bilinear idealization is conducted in the same
manner for the two relationships. Specifically, the point P; is taken as the point at which
the first yielding of the steel damper column occurs for the bilinear idealization of the
A1;5"-D1* relationship.
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Figure 36. Bilinear idealization of the A;¢*~D;* and Ay;"-D;" relationships from the results of
pushover analysis: (a) RCDC1; (b) RCDC2.
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The hysteresis energy absorption of the first modal response in a half cycle per unit
mass (AE,1*/M;1”) is then formulated as

Miq*(ll ) = Ay Diyy fF(Vfﬂ?) + A1y Dyya” fo(pa ), (24)

ps = D1"/Diys*, ha = D1*/Dyyy™. (25)

In Equation (24), 7 is the ratio of displacements in the positive and negative directions.
Figure 37 shows simplified models for calculation of the hysteretic dissipated energy during
a half cycle of the structural response. From Figure 37, functions fr(p¢,77) and fp(pa,7)
are, respectively, calculated as

suA(1—1?) tpp <1
. 2

fp(yf,iy> = yf—z{l—i-(iyyf) } :yf21and0§17<1/;4f , (26)
wr— /s ipp>land 1/pp <y <1
sha”(1=17) tpa <1

foluam) = #a=3{1+mal*} pa=1and0 <y <1/py . 27)
(I+mua—2  tpg=land1l/pg<n<1

The equivalent velocity of AE,;*/M;* is defined as

Vagu® = \/28Eun*/ My*. (28)

Figure 38 compares the calculated Vag,1*~D;" relationship obtained from the results
of pushover analysis and the plot of the point (D1*max, Vapm1™) obtained from the results
of time-history analysis. In the figure, the ratio of displacements in the positive and
negative directions is set as # = 0, 0.5, and 1.0. It is seen that most of the plots of the point
(D1*max, VaEm1™) are within the area bounded by the two Vagu1"=D1" curves assuming
7 =0 and 1.0, for all four models. Note that for RCDC1 and RCDC2, there are a few points
plotted above the Vg1 *~D1* curve assuming 7 = 0 (upper bound curve). This is because
the simplified models shown in Figure 37 neglect the strain-hardening effect of the steel
damper columns. The comparisons in Figure 38 confirm that the Vg1 *~D1* relationship
of the RC MRF building models with damper columns can be properly evaluated using the
simplified model presented herein, for the case of sequential accelerations.

4.4. Summary of Discussions

The discussions presented in this section are summarized as follows.

e A method of calculating the first modal response from the results of time-history
analysis is proposed. When this method is adopted, the first mode vector is assumed
from the time history of the relative horizontal displacement vector.

o  The effect of the order of sequential ground accelerations on the peak equivalent
displacement of the first modal response (D1 * max) is limited.

e A clear relationship is observed between the equivalent velocity of the maximum
momentary input energy of the first modal response (Var1*) and D1*max for both
sequential accelerations and single accelerations; i.e., the peak displacement D1 * max
increases with Vap1*. Therefore, the concept of the maximum momentary energy
input may be applicable to the prediction of the peak response under sequential
accelerations.

e A simplified model capable of evaluating the hysteretic dissipated energy of the first
modal response in a half cycle for given equivalent displacement (D;*) is proposed.
The simplified model can be used to evaluate the relationship between the equivalent
velocity of the hysteretic dissipated energy in a half cycle (Vag,1*) and D1 with
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accuracy. The simplified model is applicable to RC MRFs with and without steel
damper columns subjected to sequential accelerations.
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y y
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Figure 37. Simplified models for calculation of the hysteretic dissipated energy during a half cycle of
the structural response: (a) contribution of RC MRFs; (b) contribution of steel damper columns.
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Figure 38. Comparisons of the Vjg,1*~D;1" relationship obtained from the results of pushover
analysis and the plot of the point (D1*max, Vagg1™) obtained from the results of time-history analysis:
(a) BareRC1; (b) BareRC2; (¢) RCDC1; (d) RCDC2.

5. Conclusions

This article investigated the nonlinear response of 10-story RC MRF building models
with steel damper columns designed according to a simplified method [3] as a case study
of RC MRFs with steel damper columns subjected to seismic sequences. The main results
and conclusions of the study as summarized as follows.

e  The peak response of RC MRFs with damper columns subjected to sequential accel-
erations recorded in the 2016 Kumamoto earthquake is similar to the peak response
obtained considering only the mainshock. However, the cumulative strain energy of
RC MRFs accumulates in the event of sequential accelerations.

o  The steel damper column is effective for reducing the peak and cumulative responses
of RC MRFs in the case of sequential seismic input. The results of nonlinear time-
history analysis presented in this study indicate that the installation of steel damper
columns can reduce the story drift of RC MRFs and the peak plastic rotation and
cumulative strain energy of RC beam ends. However, the designer and structural
engineer should pay attention to the behavior of short-span beams in the presence of
steel damper columns; i.e., the use of a short-span beam may result in severe damage
if its energy absorption capacity is insufficient.

o  The relation of the hysteretic dissipated energy during a half cycle of the structural
response and the peak displacement of the first modal response can be properly
evaluated using the simple model proposed in this study. The proposed simple model
can be applied for RC MRFs with and without hysteresis dampers.

It is obvious that the conclusions drawn in this article are valid only for the limited
conditions of four 10-story RC MRFs and six sets of seismic sequences recorded during
the foreshock and mainshock of the 2016 Kumamoto earthquake. Despite such limitations,
three points can be made:
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e  The first point is that the results presented in Section 3 emphasize the importance of the
cumulative response of the structures in the case of seismic sequences. Unlike the peak
deformation of the members, the cumulative strain energy accumulates in the event of
seismic sequences. The evaluation of the cumulative response is important because
the peak deformation and the cumulative strain energy are essential parameters for
evaluating the structural damage to members.

e  The second point is that the method of calculating the first model response presented
here is effective for the post-analysis of nonlinear time-history analysis. This calcula-
tion can help the analyst further understand the nonlinear response; e.g., the calculated
first modal response can be compared directly with the response of the idealized SDOF
model. Note that this calculation is applicable to the post-analysis of the nonlinear
time-history analysis and also experimental results, provided the building considered
oscillates in the first mode.

e  The third point is that the simplified modeling of the hysteretic dissipated energy
during a half cycle of the structural response for a given peak equivalent displacement
discussed in Section 4 is essential to the prediction of the peak response of RC MRFs
with steel damper columns. Using the maximum momentary input energy spectrum
introduced by Inoue and his coauthors [59-61], the peak equivalent displacement of
the first modal response can be predicted.

Note that the cyclic degradation of members in RC MRFs studied herein is relatively
mild. The strength degradation is not considered because there is shear reinforcement
in all RC members sufficient to prevent shear failure. However, if both the stiffness and
strength degradation due to cyclic loading are notable, the simplified model proposed in
Section 4 may need to be revised to include the effect of cyclic degradation. In addition,
the effect of cyclic loading would be more pronounced in the case of seismic sequences
with long durations, e.g., the records of the 2011 Tohoku earthquake in Japan. In the RC
MRF with steel damper columns studied herein, the effectiveness of steel damper columns
may deteriorate if the short-span RC beams connected to damper columns are severely
damaged. Such issues will be investigated in the next phase of this study.
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Appendix A. Definition of the Momentary Input Energy

Here, the definition of the momentary input energy is described. Consider the SDOF
model with mass (m), damping force (fp), and restoring force (fr). The equation of motion
of the SDOF model can be written as

my + fp + fr = —mag. (A1)
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By multiplying both sides of Equation (A1) by ydt and integrating from 0 to t, the equa-
tion of energy balance from time 0 to ¢ is obtained as

Ey(t) + Ep(t) + En(t) = Ef(t), (A2)

/myydt Ep(t /nydt En(t /fRydt Ef(t /magydt (A3)

Here, Ey (t) is the kinetic energy, Ep(t) is the damping dissipated energy, Eg(t) is the
hysteretic dissipated energy, and E;(f) is the (relative) input energy.

Next, the momentary input energy is defined as follows. Following the work of
Inoue and his coauthors [59-61], we consider the energy balance during a half cycle of
structural response (from f to t + At). The beginning and end times of a half cycle, ¢ and
t + At, respectively, are defined as times when the displacement (y(t)) is a local maximum.
The equation of the energy balance during a half cycle of structural response is expressed as

AEy + AEp + AEy = AE, (A4)

AL 1.2 t+AL t+At )
AEy = [ myydt = [me (t)L ,AEp = [ fpydt,
t

t
t+At t+At (AS)

AEH: ffRydt,AE:— f magydt
t t

In Equation (A4), AEy = 0 because the velocities at time t and t + At are zero
(y(t) = y(t + At) = 0). Therefore, Equation (A4) can be rewritten as

AEp + AEy = AE. (A6)

Equation (A6) indicates that the input energy during a half cycle (AE) equals to the
sum of the damping dissipated energy (AEp) and hysteretic dissipated energy (AEp).
Based on discussions above, we denote the input energy during a half cycle (AE) as the
momentary input energy and consider as the seismic intensity parameter related to the
peak response.

Appendix B. Model Properties

Here, the properties of the members of the four models analyzed in this study are
described. Note that the properties of the models RCDC1 and BareRC1 are taken from
previous studies [3,4] with some updates.

Table A1l presents the sections at potential hinges of RC members of RCDC1 and Bar-
eRC1. Note that the cross-sections of all RC columns have dimensions of 900 mm x 900 mm,
which are the same as those of the cross-section at the bottom of the first story. The cross
section of the RC beams at the foundation level (Z() has dimensions of 800 mm x 1900 mm.
The yield strength of the longitudinal reinforcement is assumed to be 1.1 x 390 = 429 N/mm?.
The assumed compressive strength of concrete is 33 N/mm? for the first and second stories,
30 N/mm? for the third to fifth stories, and 27 N/mm? at and above the sixth story.

Table A2 presents the selected damper columns of RCDC1. The initial normal yield
stress of the steel used for the damper panel is assumed to be 205 N/mm?, whereas the
normal yield stress after appreciable cyclic loading is assumed to be 300 N/mm?.

Table A3 presents the sections at potential hinges of RC members for RCDC2 and Bar-
eRC2. Note that the cross-sections of all RC columns have dimensions of 800 mm x 800 mm,
which are the same as those of the cross section at the bottom of the first story. The cross
section of the RC beams at the foundation level (Zj) has dimensions of 800 mm x 1900 mm.
The yield strength of the longitudinal reinforcement and the assumed compressive strength
of concrete are the same as for RCDC1 (BareRC1).
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Table A4 presents the selected damper columns of RCDC2. The properties of the steel
used for the damper panel are the same as those for RCDC1.

Table A1l. Sections at potential hinges of RC members for RCDC1 and BareRC1.

Member Location Width (mm) Depth (mm) L(?ngltudmal
Reinforcement
Zg to Zqp 500 900 10-D29 (Top and bottom)
Zs 550 900 8-D32 (Top and bottom)
Beam Zy 600 900 9-D32 (Top and bottom)
7y to Z3 600 900 8-D35 (Top and bottom)
71 800 900 9-D38 (Top and bottom)
Column  1st Story (Bottom) 900 900 10-D38
Table A2. Steel damper columns for RCDC1.
Yield Strength
o 8 I.’anel .Panel Column
ory QypL Qypu Thickness SectlonalZArea (mm x mm x mm X mm)
(kN) (kN) (mm) (mm?)
10 438 641 6 3700 H-600 x 200 x 12 x 25
9 626 916 9 5290 H-600 x 250 x 16 x 32
8 755 1105 9 6380 H-700 x 300 x 16 x 28
7 968 1417 9 8180 H-900 x 300 x 16 x 28
H-600 x 250 x 16 x 32
5to6 1251 1831 9 10,580 (Doubled)
H-700 x 300 x 16 x 32
1to4 1551 2211 9 12,760 (Doubled)

Table A3. Sections at potential hinges of RC members for RCDC2 and BareRC2.

Member Location Width (mm)  Depth (mm) Longitudinal Reinforcement
Zg to Zqg 500 900 7-D29 (Top and bottom)
Zs 550 900 7-D29 (Top and bottom)
Beam Zy 600 900 6-D32 (Top and bottom)
Zy to Z3 600 900 10-D25 (Top and bottom)
71 800 900 9-D32 (Top and bottom)
1st Story
Column (Bottom) 800 800 8-D35
Table A4. Steel damper columns for RCDC2.
Yield Strength I"anel .Panel Column.
Story QyDL QyDU Thickness Sectlonalerea (mm X mm X mm X mm)
(kN) (kN) (mm) (mm*®)
9to 10 438 641 6 3700 H-600 x 200 x 12 x 25
7t08 626 916 9 5290 H-600 x 250 x 16 x 32
6 755 1105 9 6380 H-700 x 300 x 16 x 28
5 862 1261 9 7280 H-800 x 300 x 16 x 28
2to4 968 1417 9 8180 H-900 x 300 x 16 x 28
1 1251 1841 12 10,630 H-900 x 300 x 19 x 32
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