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Abstract: A steel damper column is an energy-dissipating member that is suitable for reinforced
concrete (RC) buildings and multistory housing. To assess the seismic performance of buildings
with steel damper columns, the peak displacement of the whole building and the energy dissipation
demand of the dampers must be evaluated. This article proposes an energy-based prediction
procedure for the peak and cumulative response of an RC frame building with steel damper
columns. The proposed procedure considers two energy-related seismic intensity parameters,
namely the maximum momentary input energy and the total input energy. The peak displacement
is predicted considering the energy balance during a half cycle of the structural response, using the
maximum momentary input energy. The energy dissipation demand of the dampers is then
predicted considering the energy balance during a whole response cycle using the total input
energy. The local responses (e.g., peak drift, maximum plastic rotation of beams, maximum shear
strain, and energy dissipation demand of dampers) are predicted using pushover analysis.
Numerical analysis results for 8- and 16-story RC buildings show that the proposed prediction
method achieves satisfactory accuracy.

Keywords: reinforced concrete moment-resisting frame; steel damper column; peak response;
cumulative response; passive control structure; momentary energy input; pushover analysis

1. Introduction

1.1. Background

In earthquake-prone countries such as Japan, controlling the seismic damage suffered by a
structure is an important issue in building design. Since the beginning of the 21st century, a dual
system in which sacrificial members absorb the seismic energy prior to the beams and columns (e.g.,
the damage-tolerant structure proposed by Wada et al. [1]) has become a popular solution for creating
structures with superior seismic performance.

Steel damper columns [2] are energy-dissipating sacrificial members. They are suitable for
reinforced concrete (RC) housing because they minimize the obstacles in architectural planning. The
authors have previously investigated the application of steel damper columns to RC building
structures [3-7]. The nonlinear seismic response of existing moment-resisting frames (MRFs)
retrofitted with steel damper columns was first investigated [3,4], and then a simplified
displacement-based seismic design procedure for RC MRFs with steel damper columns was
presented [5]. The influence of the strength balance between the steel damper columns and the
surrounding beams in RC MRFs on the nonlinear response has also been investigated [6]. The
nonlinear response of RC MRFs with steel damper columns designed according to the simplified
design procedure described in [5] subject to seismic sequences was recently examined [7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The peak deformation and cumulative hysteresis energy are essential parameters in assessing
the seismic performance of members. The cumulative hysteresis energy is widely used to represent
the low-cycle fatigue effect. For RC members, the Park—-Ang damage model [8] defines the structural
damage index as a linear combination of the damage caused by the peak displacement and
cumulative hysteresis energy. In addition, the effect of low-cycle fatigue is essential in evaluating the
damage suffered by steel dampers [9]. Therefore, to assess the seismic performance of RC buildings
with steel damper columns, the peak displacement of the whole building and the cumulative energy
dissipation demand must be evaluated.

There have been many studies on the energy response of structures [10-31]. Energy-based
seismic engineering was recently investigated by Benavent-Climent and Mollaioli [24]. The total
input energy [10,11] is a seismic intensity parameter related to the cumulative energy. Several studies
have investigated the total input energy spectra [12-16], whereas other studies have focused on
predicting the structural damage to frame buildings via nonlinear static (pushover) analysis [17-19].
Specifically, Fajfar and Gaspersic proposed a procedure for evaluating the seismic damage of RC
MRFs based on the N2 method [17]: in their procedure, the Park-Ang damage index of each member
is evaluated in terms of a dimensionless energy parameter ) proposed by Fajfar [20]. D’ Ambrisi

and Mezzi have proposed an energy-based method of nonlinear static analysis for predicting the
peak response of a planar RC MRF [21]; however, the cumulative energy of members cannot be
evaluated using their method. Ucar has derived the theoretical formulation of energy input to multi-
degree-of-freedom systems based on modal contributions [22]. Yal¢in et al. proposed an energy-
based design approach for RC ductile frame structures [23].

Inoue et al. proposed the maximum momentary input energy [25-27] as an intensity parameter
related to the peak displacement. The prediction procedure for the nonlinear peak displacement of
RC structures subjected to strong unidirectional ground motion has been verified by analytical [25]
and experimental research [26,27]. In these studies, the peak displacement is predicted by equating
the maximum momentary input energy and cumulative hysteresis energy during a half cycle of the
structural response. The present authors investigated the relationship between the maximum
momentary input energy and the total input energy of an elastic single degree-of-freedom (SDOF)
model [28], and extended the concept of the momentary input energy to bidirectional horizontal
excitation [29,30]. The bidirectional momentary input energy was then used to predict the peak
response of an irregular base-isolated building subjected to bidirectional excitation [31].

The authors believe that the use of two energy-related seismic intensity parameters, namely the
maximum momentary input energy and the total input energy, is optimal for evaluating the seismic
performance of RC MRFs with steel damper columns. This is because the peak displacement can be
predicted using the maximum momentary input energy, while the cumulative energy dissipation
demand can be predicted using the total input energy. As shown in previous studies [28,30], both
energy-related seismic intensity parameters can be accurately evaluated using a time-varying
function of the momentary energy input. Therefore, the application of this function of momentary
input energy to the seismic response evaluation of RC MRFs with steel damper columns represents
a promising solution.

1.2. Objectives

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

e  Is the time-varying function formulated in our previous study [28] applicable for predicting the
seismic energy input to RC MRFs with steel damper columns?

e  Can the peak response of RC MRFs with steel damper columns be accurately estimated from the
predicted maximum momentary input energy?

e  After evaluating the total input energy to the whole building, how can the cumulative strain
energy of each member be evaluated? Is pushover analysis applicable in determining the
distribution of the cumulative strain energy?

The present article proposes a nonlinear static procedure for predicting the seismic demand of
regular RC ductile MRFs with steel damper columns. Unlike the procedure investigated in previous
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studies [3,4], the proposed approach predicts both the peak and cumulative responses. The updated
procedure enables the implementation of a time-varying function of the momentary energy input
[28]. The maximum momentary input energy and the total input energy are predicted from this time-
varying function. The peak response of the building is then predicted from the maximum momentary
input energy considering the energy balance during a half cycle of the structural response, while the
cumulative response is predicted from the total input energy considering the energy balance during
a whole seismic event.

In this study, it is assumed that the building oscillates predominantly in the first mode; the
influence of higher modal responses is not considered for the simplicity of discussion. Several studies
have applied pushover analysis to planar frames considering higher-mode responses [32-39].
However, the application of multimodal pushover analysis is beyond the scope of the current study.
Ucar has shown that most of the input energy comes from the fundamental mode and the
contribution of higher modes is generally small [22]. Therefore, in this study, the cumulative energy
dissipation demand of RC MRFs with steel damper columns is predicted based only on the
fundamental modal response. Because this study is focused on the seismic response of RC MRFs with
steel damper columns, we do not consider the capability of the presented procedure for a bare RC
MRF or an RC MRF with buckling-restrained braces.

The remainder of this article is organized as follows. Section 2 outlines the proposed procedure,
before Section 3 presents two RC MRFs with steel damper columns and introduces the ground
acceleration data used in the nonlinear time-history analysis. The predictions of seismic demand are
validated in Section 4. Section 5 discusses the applicability of the time-varying function of the
momentary energy input for predicting the energy response and analyzes the relationship between
the peak equivalent displacement and the maximum momentary input energy of the first modal
response. The conclusions to this study and future directions for research are discussed in Section 6.

2. Description of the Proposed Procedure

Figure 1 shows the outline of the proposed procedure.
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Figure 1. Outline of the proposed procedure.

In this procedure, the following assumptions are made.

e  The building oscillates predominantly in the first mode.

e All RC MRFs are designed according to the strong-column/weak-beam concept, except at the
foundation level beam and in the case of the steel damper columns installed in an RC frame. In
the latter case, at the joints between an RC beam and a steel damper column, the RC beam is
designed to be sufficiently stronger than the yield strength of the steel damper column
considering strain hardening. Sufficient shear reinforcement of all RC members is provided to
prevent premature shear failure. The failure of beam—column joints is not considered, as it is
assumed that sufficient reinforcement is provided.

e  The hysteresis behavior of RC members is assumed to follow the stiffness-degrading rule, which
is typical in the case of ductile RC members dominated by flexural behavior. The influences of
pinching behavior [40] and stiffness degradation after yielding as a result of cyclic loading are
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neglected. In addition, the hysteresis behavior of the damper panel is assumed to be elastic—
perfectly-plastic. The influence of the strain-hardening effect observed in low-yield-strength
steel is not considered.

The proposed procedure consists of three stages. In the first stage, the properties of the
equivalent SDOF model are calculated using the pushover analysis results of the building model. The
peak and cumulative responses of the equivalent SDOF model are then evaluated. In this stage, the

%

maximum momentary input energy per unit mass (AE / M, ) and the cumulative input energy

1 max
per unit mass (E,;’ / M," ) are calculated based on the time-varying function of the momentary energy
input, as formulated in our previous study [28]. The peak equivalent displacement of the first modal
/ M, . In the third stage, the local seismic demand of

* *

response (D ) is evaluated using AE

1 max 1 max

the building model is predicted using the peak and cumulative response of the equivalent SDOF

model (e.g, D,’ . and E, / M, ) and the results of pushover analysis.

1 max

2.1. Stage 1: Calculation of the Equivalent SDOF Model Properties

2.1.1. Stage 1-1: Pushover Analysis of the Building Model

Pushover analysis of the N -story frame building model is first carried out. The equivalent
displacement and acceleration at loading step 7 (,D, and ,A,’, respectively) are calculated from
Equations (1) and (2), assuming that the displacement vector at loading step n ( ,d ) is

proportional to the first mode vector at loading step n (,T", @, ):

*_ nrl n(PlTMnd _ ndTMnd

D - , 1
n—1 an ndTMl ( )
A* — nrl n(PlTnfR — ndT nfR (2)
o M/ a1’
) . (,awma)
an :nrl n(Pl Ml: dTM d 4 (3)
T
nd={ny1 nyN} 4 (4)
T
ofr z{nle nfRN} ’ @)
m, 0
M=l (6)
0 my,
T
1={1 - 1} . @)

In Equations (1)-(7), m;, is the mass of the jth floor and _f; is the restoring force vector at

step 7. The contribution of the RC MRFs and steel damper columns to the equivalent acceleration at
step n (,4,, and A

*

1 » Yespectively) are calculated from

i nrl n(PlTnfRf — ndTnfRf
Y M, a1’

n 1

8)

do0i:10.20944/preprints202301.0064.v1
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14‘1 - nrl n(PlTnfRd — ndTnfRd (9)
o M, Ld™1’

T
o z{nfRfl nijN} ’ (10)

T
afra :{nfRdl nfRdN} : (11)
In Equations (8)—(11), _f,, and _f;, denote the restoring forces of the RC MRFs and steel

damper columns, respectively. The restoring force vector _f,

. isequal to thesumof f .  and _f,

, which are calculated from the shear forces of the RC columns and steel damper columns,

respectively.
For simplicity, the relationships between A ", D, and between A, , D, are idealized
by bilinear curves, where the “yield” point of the idealized A, -D, relationshipis Y¥(D, ", A,

) and that of the idealized A, -D, relationshipis Yo(D, ", A,,").

2.1.2. Stage 1-2: Calculation of Capacity Curve of the Equivalent SDOF Model

Next, the capacity curve of the equivalent SDOF model is calculated. In this procedure, the

relation between the equivalent velocity of the maximum momentary input energy (V,,, ) and the
equivalent displacement D, is referred to as the capacity curve.

The energy dissipated in half a cycle per unit mass of the equivalent SDOF model (AE," / M)

is calculated as

A _ Bty A S OEy (12)
M M M M

In Equation (12), ,AE, f* / M and V,AE/A,; / M," are the contributions from the hysteretic

dissipated energies of the RC MRFs and steel damper columns, respectively, while W AE, "/ M, is

the contribution from viscous damping.
The contribution from the hysteretic dissipated energy of the RC MRFs is calculated as

*

AE | —~

n f o * *

#_Alyf D,y fF(n'uf)’ (13)

n 1

N En’ufz :OSn,ufsl

fela)=1 7, : (14)
nlu/‘_g n/uf :nll'le]'
WMy = nDl* Dlyf* : (15)

In Equations (13)-(15), 4, is the global ductility of the RC MRFs. The contribution from the
hysteretic dissipated energy of the steel damper columns is calculated as
nAE 1; * v
i = A Do oot (16)

n 1

do0i:10.20944/preprints202301.0064.v1
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1 2 .
N gn/‘d 0< o, <1
fobte) = 5 : (17)
=9 u, —-124+— : >1
6 nll'ld n,ud nlud
n/ud = nDI*/Dlyd* * (18)

In Equations (16)—(18),  u, is the global ductility of the steel damper columns. The

contribution from viscous damping is calculated as

nAED; — 7ﬂ-hlf Py

6

ntVh 1%y

na)lf:\/nAlf*/nDl* ’ (20)

where h, . is the viscous damping ratio of the RC MRFs of the first modal response in the elastic

nAlf*nDl*/ (19)

range. The formulation of Equations (12)—(20) is described in Appendix A.

The equivalent velocity of the maximum momentary input energy corresponding to , D, (

Vi ) is calculated as

nVAEl* = \lznAEl*max/nI\4l)P ° (21)

The effective period of the first modal response at step 7 ( ) is calculated as

nTl eff

.
Ty =om (B et @)
6 nVAEl

where B isthe complex damping ratio of the equivalent linear system considered for the calculation

ofthe V,, and V, spectra. The formulation of Equation (22) is described in Appendix B.

2.2. Stage 2: Prediction of the Seismic Demand of the Overall Building

The schemes for predicting the peak and cumulative responses of the equivalent SDOF model
are shown in Figure 2.
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Figure 2. Schemes for the prediction of the peak and cumulative responses of the equivalent SDOF
model: (a) capacity curve; (b) demand curve; (c) prediction of the peak equivalent displacement; (d)
prediction of the cumulative input energy.

The capacity curve obtained in stage 1 is shown in Figure 2(a): the secant slope of the capacity

%

V.., ) corresponds to the effective period of the equivalent SDOF model (

curve at point n (,D,", V,.,

L )- The demand curve (V,, (T)-D(T) relationship) shown in Figure 2(b) is calculated in stages

*

2-1 and 2-2. The peak response point P (D V. ) is at the intersection of the capacity and

1 max /
demand curves, as shown in Figure 2(c). The velocity of the cumulative input energy in the equivalent
SDOF model (V,," ) is obtained from the V, spectrum calculated in stage 2-1 and the effective

period, corresponding to point P (T, ; ), as shown in Figure 2(d).

2.2.1. Stage 2-1: Calculation of V,, and V, Spectra

The V,, and V, spectra are calculated from the time-varying function proposed in our
previous study [28]. A discrete time history of the ground motion (a, (t) ), defined within the range

[O,t d] , can be expressed as

k=N,

a(t)= Y cexpliot), (23)

k=—Ng

where ¢, and @, (= 2rk/t,) are the complex Fourier coefficients of the ground motion and the
circular frequency of the k th harmonic, and i is the imaginary unit. The coefficient ¢, is assumed
to be zero. For a given natural period T and complex damping ratio /3, the displacement and

velocity transfer function of the equivalent linear system is calculated as
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) 1 . . )
H = H = H .
D(lwk) woz—wk2+2,5a)ozsgn(a)k)i' V(lwk) 1 D(zwk) (24)
sga(a)=1 70 5)
At <0

In Equation (24), o, (= 271'/ T ) is the natural circular frequency of the equivalent linear system.

The duration of a half cycle of the response (At ) is calculated as

Ne 2 p [ 2 2
At:n\/;\HD(iwk)\ le.| /;‘Hv(ia)k)‘ e - (26)

The time-varying function of the momentary energy input can then be calculated as

1 K\E(t)_ N, -1

At m k:-;cﬂ Evi exp(iat), (27)
sin a)At/z N, ' |
%IEI{HV (la)l ) +HV (—la)l_k )}Cch(z,k) . k > 0
NG
E, = ZgRe{HV (ioy )}|C1|2 k=0 o
EA’_I: k<0

In Equation (28), the overbar indicates the complex conjugate. Note that the time-varying
function in Equation (27) is shown in the middle of Figure 1. The momentary input energy per unit
mass at time ¢ is calculated as

AE(t) a2 K\E(t)

= [ ———=at. (29)

m /2 At m

The maximum momentary input energy per unit mass (AE_ /m ) can be evaluated as the

maximum value calculated by Equation (29) over the course of the seismic event. The total input
energy per unit mass ( E, /m ) can be calculated as

L
m

™
—
—_
>
!
=

(30)

The equivalent velocities of the maximum momentary input energy (V,, ) and the total input

energy (V, ) are calculated as
V. =\2AE__ /m,V, =\[2E, [m. (31)

2.2.2. Stage 2-2: Calculation of Demand Curve

The demand curve (Figure 2(b)) is calculated from the V,, spectrum as follows. The equivalent
displacement of the equivalent linear system (natural period T , complex damping ratio f) is

calculated as

do0i:10.20944/preprints202301.0064.v1
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_[e T
D(T) =\ 57725 27 Ve () (32)

2.2.3. Stage 2-3: Determination of the Peak and Cumulative Response of the Equivalent SDOF
Model

The peak response point P is shown in Figure 2(c): in this figure, the peak response point P (
D*

1 max /

V.. ) is obtained as the intersection of the capacity curve and the demand curve. The

effective period corresponding to point P is then calculated as
[4+7m D/
’Th,ff :2” ﬂ 1 max_ . (33)
6 VAE]

2.2.4. Stage 2-4: Calculation of the Cumulative Energies of the Overall Building

The equivalent velocity of the cumulative input energy of the first modal response (V") is

obtained from the V, spectrum as
Vll* =V, (Tleff) : (34)

The cumulative dissipated energy of the equivalent SDOF model is calculated as follows. The
cumulative input energy of the first modal response per unit mass (E,,;" /M, ) is calculated as

E, 1({ M|, «
= =V, 35
£ 1)y, ®

where M, is the effective first modal mass corresponding to the peak response point and M is

the total mass. Note that E,, /M, is factored by (M / M, ) . This is because the total input energy

of the whole building is greater than the cumulative input energy of the first modal response.
Therefore, in this study, E,"/M, is factored by the ratio (M/ Ml*) to give a conservative

prediction of the cumulative dissipated energy.
The cumulative strain energies of RC MRFs and steel damper columns are calculated as follows.
The ductility factors of RC MRFs and steel damper columns (4, and g, respectively) are given by

'uf:Dl*max/Dlyf*' My = 1max/ 1yd . (36)

Next, the dissipated strain energy of RC MRFs per unit mass under monotonic loading

(AE, ,, / M, ) and under cyclic loading (AE,, fc* / M, ) are calculated as
AESljm AESlfc*
M’ = Ay Dy 80 (1), M =4,'D, g (1;). (37)
0 O<u, <1

(4)=11 (39)

gFm f]— . .

E(ny—\/z—l) 4, > 1
:0< JIPRS 1

. 39
8 ﬂf M~ 4/\/7+3/,uf e >1 )

do0i:10.20944/preprints202301.0064.v1
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Similarly, the dissipated strain energy of the steel damper columns per unit mass under

monotonic loading (AE,,,," /M," ) and under cyclic loading (AE,,, " /M," ) are calculated as

Sldm Sldc

* *

AE PO AE, . I
MS—?:AWd Dlyd 8pm (qu)’ ]VSI? :A1yd Dlyd 8be (/ud)‘ (40)
0 0=, <1
$on (1) = Y1) s (41)
0 0<u, <1

8o (4,)= {2( “2)

m=2+1 ) o >1

The dissipated damping energy per unit mass over each cycle of the structural response

(AE,," /M, )is calculated as

Dlc

* Mpeake wlf * *
1 max ) = 2ﬂ-h1f W Alf max Dl max * (43)

1 1771f

Teak a)lf - \/”mk 14‘11(>$ / eak Dl* = \/Alf*max/Dl*max (44)

In Equation (43), n , is the loading step of pushover analysis, corresponding to the peak

peal
equivalent displacement D, __ . The formulation of Equations (38)—(44) is given in Appendix C.

From the energy balance of the cumulative energy in the whole seismic event, the equivalent
number of cycles 7, is calculated as

(Ell*/Ml* ) _{(AESlfm* /Ml*)+(AE51dm* /Ml* )}
My = - ; Py PRyBPRNE (45)
(AESlfC /Ml )+(AE51dc /Ml )+(AED1C /M1 )

From n_, the cumulative strain energies of RC MRFs and steel damper columns over the whole

seismic event (E,,, and E,,, , respectively) are calculated as

Sif
ESlf* = AEslfm* +n, 'AESUC* = Ml*A‘lyf* Dlyf* {gFm (:uf ) + ”qu; (/uf )} . (46)
ESld* = AESldm>€ + neq ’ AESldc>€ = ]\/‘[1>€ Alyd* ljlyal>€ {gDm (Iud ) + neqé\D: (:ud )} . (47)

2.3. Stage 3: Prediction of the Local Seismic Demand of the Building Model

2.3.1. Stage 3-1: Determination of Peak Local Seismic Demand

Pushover analysis is applied until the equivalent displacement D,

. reaches the peak

equivalent displacement obtained in stage 2-3 (D, ). The peak local seismic demand (e.g., relative

max

displacement, story drift, plastic rotation of member ends, strain energy of dampers) is obtained as a

quantity corresponding to D, __ .

2.3.2. Stage 3-2: Calculation of Cumulative Response Demand of each Damper Column

The cumulative strain energy of a damper panel ( Eg, ;) is calculated as

do0i:10.20944/preprints202301.0064.v1
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ESd,j = (ESdO,j/Z ESdO,j J Esm* ’ (48)
j

ESdO,j = QyDLj 7yDLjhdo i8pe (Iudj ) ’ (49)

My = 7Dmax,j/ Yoo - (50)

In Equations (49) and (50), 4, Vi js ,and h, denote the ductility, peak shear strain,

yDLj
initial yield shear strain, and height of the j th damper panel, respectively. In this study, for
simplicity, E

loading ( E

sa; 1s assumed to be proportional to the average dissipated strain energy under cyclic

Sd0,j )-

The cumulative strain energy of a damper panel ( Eg, ;) is normalized as follows for simplicity:

NE, =—S (51)
= QyDLjnyL/th/

In this version of the procedure, the cumulative response demand of each RC member is not
calculated. Elwood et al. have studied the impact of prior shaking on the earthquake response and
repair requirements of ductile RC MRFs [41]. They concluded that simple (or no) repairs are sufficient
provided that the story drift did not exceed 2.0% because “cyclic loading up to 2% drift had a limited
impact on the deformation capacity of column specimens with up to 0.1 axial load ratio” [41].
Therefore, for ductile RC members, the prediction of the peak response demand is sufficient unless
the story drift exceeds 2.0%.

3. Model Structures and Ground Motions

3.1. Model Structures

Figure 3 shows a simplified structural plan and elevation of the MRF building models with steel
damper columns considered in this study. Eight- and 16-story building models are designed using

the simplified procedure [5]. In the seismic design of these two frames, the displacement limit D,’

limit
is 0.252 m for the 8-story model and 0.479 m
for the 16-story model. Both models have the same structural plan. The unit mass per floor is assumed
to be 1.2 t/m2 The story height is assumed to be 4.2 m for the first story and 3.2 m for upper stories.
Details of the members are given in Appendix D.

All MRFs are modeled as planar frames: the MRF with steel damper columns is modeled as in
previous studies [5,7]. In this study, only half of the frame is modeled considering the symmetry of
the structure. All RC members are modeled as elastic beams with nonlinear flexural springs at both
ends. The steel damper columns are modeled as elastic columns with nonlinear damper panels in the
middle. The beam-column joints are assumed to exhibit rigid behavior. For RC beam-RC column
joints, it is assumed that proper reinforcement is provided to prevent premature failure. In addition,
appropriate dimensions of the steel beam embedded in the RC beams and suitable reinforcement are
assumed in the RC beam-damper column joints, to prevent premature failure until the damper
panels reach their ultimate stage.

is assumed to be 1/75 of the equivalent height: D,’

limit
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Figure 3. RC MRF building models with damper columns: (a) structural plan; (b) structural elevation
of 8-story model; (c) structural elevation of 16-story model.

The nonlinear behavior of the RC members and steel damper columns is modeled as in previous
studies [5,7]. The envelope of the force-deformation relationship at the potential hinge of the RC
members is modeled as a trilinear curve, considering the cracking and yielding of the section. The
non-hinges of RC members are modeled as bilinear curves, considering only the cracking of the
section. The behavior of the beam at the foundation level is assumed to be linearly elastic. The same
hysteresis model (stiffness degradation model) is used for the flexural springs in the RC members.
Pinching behavior is not considered in this study. The shear behavior of RC members is assumed to
be linearly elastic. The axial force-moment interaction of the columns is not considered for simplicity.
Similarly, the same hysteresis model (normal bilinear model neglecting the strain-hardening effect
for pushover analysis, trilinear model with strain-hardening effect for nonlinear time-history
analysis) is used for the damper panels. Details of the modeling can be found in previous studies
[5,7]. For simplicity, the stiffness degradation of RC members after yielding under cyclic loading,
which was considered in a previous study [7], is not considered in this paper.
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Table 1 presents the natural periods of the first three modes in the initial stage for each model.
The natural period of the 16-story model is longer than that of the 8-story model.

Table 1. Natural period of the models at the initial stage.

8-story model 16-story model
T, (s) 0.5611 1.1163
T,, (s) 0.1869 0.3693
T,, (s) 0.1053 0.2062

In this study, the damping matrix is assumed to be proportional to the tangential stiffness of the
RC MRFs.

3.2. Ground Motions

Two groups of artificial ground motions are generated. The target spectrum is the code-specific
spectrum (soil condition: type-2 (normal)) of the Building Standard Law of Japan [42], defined as

48+45T m/s* :T<0.16s
,S4(T)=412.0 :0.16 s<T<0.864s. (52)
12.0(0.864/T) :T>0.864s

The phase angle is given by a uniform random value. To consider the time-dependent amplitude
of the ground motions, a Jenning-type envelope function (e(t)) is assumed. In this study, two

envelope functions are considered. In Art-L-00, the envelope function is set as in Equation (53),
whereas in Art-5-00, the envelope function is set as in Equation (54).

(t/5) :0<t<5s

e(t)=41 :5s<t<35s , (53)
exp{-0.027(t-35)} :355<t<120s

(t/2.5) :0<t<25s
e(t)=41 :255<t<1755. (54)
exp{-0.054(t-17.5)} :17.5s5<t<60s

Figure 4 shows the time histories of the artificial ground accelerations of Art-L-00 and Art-5-00,

respectively.
6 T T T T T T l T T T T T T T T T T
<« i (@]
w
£ B AL \ Ml Lt . i
é 0 AL I | AT ! “; i IV L) A MMM A Ao bt
> | ]
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Figure 4. Time histories of the artificial ground acceleration: (a) Art-L-00; (b) Art-S-00.

Eleven artificial ground motions are generated from Art-L-00 and Art-S-00 by shifting the phase

angle. The generated artificial ground motion a, (t,Ad,) is expressed as

k=N,

a,(t80,)= 3 cexp|i{mt-sgn(@)Ag,}], (55)

k=—Ng

where Ag, is the constant used to shift the phase angle of all harmonics. As in previous studies
[28,30,31], Ag, varies from 7/12 to 117/12 at intervals of 7/12. The generated artificial ground

motions are numbered from 01 to 11 accordingly. A total of 2 x 12 = 24 artificial ground motions are

used in this study.
Figure 5 shows the elastic pseudo-acceleration spectra (damping ratio: 0.05) of the generated

ground motions. As shown in this figure, the differencein S, (T) caused by changes in the phase

angle is very limited.

15 LI LILLIL LI LILILIL LILBLIL 15 LILILIL LI LILLILI LILLILI LI

" (a) ] X (b) 3

@ 10 Target Spectrum - c\g 10 Target §pectrum;
E ] = ' ]
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05 = A 3 05 3 3
T(s) T(s)

Figure 5. Pseudo-acceleration spectra of the artificial ground acceleration: (a) Art-L series; (b) Art-S

series.

3.3. Analysis Cases

The following parameters are considered for the validation of the proposed procedure.
e The complex damping ratio of the equivalent linear system ( £ ): the complex damping ratio of

the equivalent linear system is the key parameter in obtaining better predictions of the energy
response. Therefore, three different values of S are considered: 0.05, 0.10, and 0.15.

*  The viscous damping ratio of the first modal response of RC MRFs in the elastic range (%, ,): the

accuracy of the cumulative energy depends on the viscous damping of the RC MRFs. Therefore,
three different values of h, ; are considered: 0.00, 0.03, and 0.05.

4. Analysis Results

In Section 4.1, the process of predicting the seismic demand of the overall building using the
equivalent SDOF model is presented. The predicted results are then compared with the nonlinear
time-history analysis results of frame models in Section 4.2.

4.1. Prediction of the Seismic Demand of the Equivalent SDOF Model

Figure 6 shows the capacity curve of the building models (stage 1 in Figure 1). The calculation
results for the 8-story model are shown in Figure 6(a), whereas those for the 16-story model are shown
in Figure 6(b). In this study, displacement-based mode-adaptive pushover analysis [43] is applied to
obtain the relationship between the equivalent acceleration (whole building: A A~, RCMRF: A, f* ,
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*

and damper column: ,A,,") and equivalent displacement ,D," . The A, . -.D and (A, - D,

relationships are idealized as bilinear curves following a previous study [7].
The dissipated energy in a half cycle per unit mass of the equivalent SDOF model is calculated
according to the procedure described in Section 2.1.2. The calculated results are shown in the middle

part of Figure 6. The contribution of the RC MRFs ( nAE,n f* / nIVI; ) is calculated using Equations (13)
—(15). The contribution from the steel damper columns ( HAE#M* / n]\/[; ) is calculated using Equations
(16)~(18). The contribution of viscous damping ( , AE,," / .M, )is calculated from Equations (19) and
(20). Note that the calculated  AE, / _M," depends on the viscous damping ratio of the first modal
response of RC MREFs in the elastic range (h,,): AE / M, for h s =0.00 is not shown because

HAEDI*/HMI* is zero in this case.
The calculated capacity curves (V,., =D,  relationship) are shown at the bottom of Figure 6. In

this figure, the difference in the capacity curves as ,; varies is almost negligible.
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Figure 6. Capacity curves of building models: (a) 8-story model; (b) 16-story model.
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Figure 7 shows the calculated V,, spectrum and demand curve (V,, (T)-D(T) relationship).
The V,, spectrum calculated using the time-varying function in Equation (27) is independent of
the phase shift Ag,, as described in previous studies [28,30]. Figure 7(a) shows the results calculated

from the Art-L series, whereas Figure 7(b) shows the results for the Art-S series.
On the left of Figure 7(a), the calculated V,, spectrum is largest when A =0.05 and smallest

when B =0.15. The demand curves are compared on the right of Figure 7(a). The three demand

curves are almost identical when V,, (T) is less than 0.9 m/s. Similar observations can be made for

the Art-S series in Figure 7(b).
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Figure 7. Demand curve of input ground motions: (a) Art-L series; (b) Art-S series.

Figure 8 shows the predicted peak response points for each model using the three demand
curves. In this figure, the predicted results are presented for 1, =0.05. As described in Section 2.2.3,

the intersection of the capacity and demand curves is the predicted peak response point.

In Figure 8(a), the largest equivalent displacement (D, ) occurs when A = 0.05, while the

1 max

smallest D,’  is obtained with B = 0.15. Similar observations can be made in Figures 8(b)-8(d).

Note that the difference in the predicted D, for the Art-L and Art-S series depends on the model:

max

a comparison of Figure 8(a) and 8(c) indicates that the predicted Dl* for the Art-L series is larger

max

than that for the Art-S series in the case of the 8-story model, while the opposite conclusion can be
reached for the 16-story model.
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Figure 8. Prediction of the peak response point (i, s =0.05): (a) 8-story model (Art-L series); (b) 16-

story model (Art-L series); (c) 8-story model (Art-S series); (d) 16-story model (Art-S series).

Figure 9 shows the predicted equivalent velocity of the cumulative input energy for the first
modal response. The predictions shown in this figure are for 7, = 0.05. The spectra for both V,,

and V, are shown. The vertical lines indicate the effective period (T, ) at the predicted peak

eff
response point. The predicted equivalent velocity (V,,") is obtained as the intersection of the V,
spectra and the vertical lines.

A comparison of Figure 9(a) and 9(c) indicates that the predicted V, for the Art-L series is

larger than that for the Art-S series in the case of the 8-story model. The same conclusion can be
obtained for the 16-story model by comparing Figure 9(b) and 9(d).
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Figure 9. Prediction of the equivalent velocity of the cumulative input energy for the first modal
response (h, ;= 0.05): (a) 8-story model (Art-L series); (b) 16-story model (Art-L series); (c) 8-story

model (Art-S series); (d) 16-story model (Art-S series).

4.2. Comparisons with the Time-History Analysis Results

In this section, the predicted seismic demands are compared with the nonlinear time-history
analysis results.

4.2.1. Energy Demand of the Overall Building

Figures 10 and 11 compare the predicted energy demand of the overall building with the
nonlinear time-history analysis results. These figures show the mean nonlinear time-history analysis
results. All quantities have been normalized by the total mass M . In addition, the total input energy
is the sum of the cumulative strain energies of RC MRF and damper columns, and the cumulative
energy of viscous damping.

The following observations can be made for these figures.

e  For the 8-story model shown in Figure 10, the relationships between the predicted total input
energies and the nonlinear time-history analysis results depend on the ground motion series and
the value of f: the predicted total input energy with £ =0.15 is unconservative for all cases.
For the 16-story building model shown in Figure 11, the predicted total input energy agrees well
with that obtained from the nonlinear time-history analysis results for all cases.

e  The predicted cumulative strain energy of the RC MRFs is larger than that obtained from the
nonlinear time-history analysis results for both models.
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e  The predicted cumulative strain energy of the steel damper columns is close to that of the
nonlinear time-history analysis results for both models.

e  The predicted cumulative energy of viscous damping is smaller than that of the nonlinear time-
history analysis results, except when f,, =0.00.

Therefore, we believe that the predicted energy demand of the whole building is acceptable,
although the predicted cumulative energy of viscous damping is small. Considering the energy
balance of the whole seismic event, smaller predicted values of the energy of viscous damping lead
to larger (more conservative) predictions of the strain energy demands of RC MRFs and damper
columns. In addition, the contribution of viscous damping to the whole energy response is small, as
shown in Figures 10 and 11. Therefore, smaller predicted values of the viscous damping energy will
not be critical.

B RCMRF B Damper Column @ Viscous Damping
h,,=0.00 h, =003 _ h,=005

Time-History
B=0.05
F=0.10 EEEEEE ’ 7 h
B=0.15
0 4 g 120 4 g8 120 4 g 12
(Energy) / (Mass) (m?/s”) (Energy) / (Mass) (m%s?) (Energy)/ (Mass) (m%/s?)
(a)
h1f=0.00 _ h1f=0.03 h1f:0.05
Time-History
B =0.05
B=0.10
B=0.15
0 4 8 120 4 8 120 s 8 12
(Energy) / (Mass) (mzlsz) (Energy) / (Mass) (mzlsz) (Energy) / (Mass) (mz/sz)
(b)

Figure 10. Prediction of the energy demand of the overall building (8-story model): (a) Art-L series;
(b) Art-S series.
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Figure 11. Prediction of the energy demand of the overall building (16-story model): (a) Art-L series;
(b) Art-S series.

4.2.2. Local Seismic Demand

In this section, the following local response quantities are compared: (i) peak story drift, (ii) peak
plastic rotation at the beam end, (iii) peak shear strain of the damper panels, and (iv) normalized
cumulative strain energy of the damper panels. The mean, maximum, and minimum values of the
nonlinear time-history analysis results for the 12 ground motions are compared with the predicted
results.

Figure 12 compares the predicted peak story drift with the nonlinear time-history analysis
results for the Art-L and Art-S ground motion series.

The following observations can be made for Figure 12.

e  For the 8-story model, the predicted peak drift with B = 0.05 is larger than the mean of the
nonlinear time-history analysis results, whereas the predicted peak drift with A = 0.10 is
slightly smaller than the mean of the nonlinear time-history analysis results. When # =0.15,
the predicted peak drift is smaller than the mean of the nonlinear time-history analysis results.

e  For the 16-story model, the predicted peak story drift with £ =0.10 is in good agreement with
the nonlinear time-history analysis results below the mid-story level (7th or 8th story). However,
the predicted peak story drift above this level is lower than the nonlinear time-history analysis
results. This tendency is noticeable when h,, =0.00.
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Figure 12. Comparisons of the peak story drift: (a) 8-story model (h,, =0.00); (b) 16-story model (h,
=0.00); (c) 8-story model (h,, =0.03); (d) 16-story model (h,, =0.03); (e) 8-story model (h,, = 0.05);
(f) 16-story model (h,, =0.05).

) with the

p max

Figure 13 compares the predicted peak plastic hinge rotation at the beam end (¥,
nonlinear time-history analysis results. This figure shows 6, for the beam end at the right of
column X2.

The following observations can be made for Figure 13.

e  For the 8-story model, the predicted & with B =0.05 is slightly larger than the mean of

the nonlinear time-history analysis resufts. The predicted 6, areunconservative when [ =
0.10or B =0.15.

*  For the 16-story model, the predicted 6, =~ with S =0.051is too conservative below the mid-
story level (7th or 8th story). The predicted 6, with S =0.10 agrees well with the mean of
the nonlinear time-history analysis results below the mid-story level. For S = 0.15, the

predicted 6, isunconservative at all floors.


https://doi.org/10.20944/preprints202301.0064.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2023 do0i:10.20944/preprints202301.0064.v1

23
Time-History (Mean) ~ --------- Time-History (Max) Time-History (Min)
= Predicted (f = 0.05) ©  Predicted (§ =0.10) A Predicted (§ =0.15)
8 IIII|I IIII|!_ 8 TTTT IIII|I IIIIIIII|!_ 8 IIII]I TTrTT IIII|L
7hd Art-L | _Art-S | {7 —— Art-L L _Art-S | i Art-L Lk _Art-S |
) > 6 > 6
= S5k oD SRy R il =N
B g : \“ 8 ‘3'. S nd < g :4§.—~ - “l \ }‘\
{ \ & PAYSAN a A\E - —
- 2 “‘ R * 2 A, -}‘ " 2 a y ) 5\-7‘, —
1 A ||l|| 1111 : 1 ||‘|=l}||‘|| 11 1 ||/ 1 |'I“l|7|||| ‘l
000 001 002000 0.01 002 000 0.01 002000 001 0.02 000 0.01 002000 001 002
(rad) 4 (rad) (rad) (rad) (rad) (rad)
pmax pmax pmax pmax pmax pmax
(a) (c)
16 LU LOLELIELE L LELLELE LI L LILBLIL LELELILE L) 16
15k Art-L_] i Art-S_| Art-L_| At-S] 5
145 14
13 A\ 134
12 8 : 124
11 RN A \ 11
210 a0 > o > 10
~ 9 s - e 9
8 3 S 8 S 8
w7 o T e 7
6 6 6
5 5 5
4 4 4
3 3 3
2 . B/ 2 2
1 ‘I‘I’lq 1111 1 [ 1 i
0.00 001 002000 0.01 002 000 0.01 002000 0.01 002 000 0.01 002000 0.01 0.02
6 (rad) (rad) (rad) (rad) (rad) (rad)
pmax pmax pmax pmax pmax pmax
(b) (d) ()

Figure 13. Comparisons of the peak plastic hinge rotation of the beam: (a) 8-story model (h,, =0.00);
(b) 16-story model (h,, =0.00); (c) 8-story model (h,, =0.03); (d) 16-story model (h,, =0.03); (e) 8-
story model (h,, =0.05); () 16-story model (h,, =0.05).

Figure 14 compares the predicted peak shear strain of the damper panels ( 7, . ) with the

nonlinear time-history analysis results. The following observations can be made for Figure 14.

e  For the 8-story model, the predicted y, _ with S = 0.05 is larger than the mean of the
nonlinear time-history analysis results. The predicted y, _  for the cases where £ =0.10 and
B =0.15 are closer to the mean of the nonlinear time-history analysis results.

e For the 16-story model, the predicted y, _ with B =0.05 is too conservative below the mid-
story level (9th or 10th story). The predicted y, . when B =0.10is also conservative below

the mid-story level, but is closer to the mean of the nonlinear time-history analysis results. The
predicted y, _ with S =0.15is the closest to the mean of the nonlinear time-history analysis

results.
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Figure 14. Comparisons of the peak shear strain of the damper panels: (a) 8-story model (h,, =0.00);
(b) 16-story model (h,, =0.00); (c) 8-story model (h,, =0.03); (d) 16-story model (h,, =0.03); (e) 8-
story model (h,, =0.05); () 16-story model (h,, =0.05).

Figure 15 compares the predicted normalized cumulative strain energy of the damper panels (
NE,, ) with the nonlinear time-history analysis results. The following observations can be made for
Figure 15.

e  For the 8-story model, the predicted NE, is larger than that of the nonlinear time-history
analysis results above the 2nd story. However, the predicted NE,, at the 1st story

underestimates the nonlinear time-history analysis results.
e  For the 16-story building model, the predicted NE, isin good agreement with the nonlinear

analysis results below the mid-story level (9th or 10th story). However, the predicted NE,

above the mid-story level underestimates the nonlinear time-history analysis results. This is
noticeable when f, - =0.00.
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Figure 15. Comparisons of the normalized cumulative strain energy of the damper panels: (a) 8-story
model (h,, =0.00); (b) 16-story model (4, = 0.00); (c) 8-story model (4, =0.03); (d) 16-story model

(hlf =0.03); (e) 8-story model ( h,, =0.05); (f) 16-story model (hlf =(0.05).

4.3. Summary of the Analysis Results

This section has demonstrated the procedure for predicting the seismic demand of the
equivalent SDOF model. The predicted seismic demands were then compared with the nonlinear
time-history analysis results. The analysis results can be summarized as follows.

e  The accuracy of the predicted energy demand of the whole building is acceptable, although the
predicted cumulative energy of viscous damping is small.

e  The accuracy of the predicted local peak seismic demands (story drift, plastic rotation of the
beam end, and shear strain of the damper panels) is acceptable, although some quantities are
unconservative.

e  The accuracy of the predicted cumulative energy strain energy demand of the damper panels is
acceptable, although some values are unconservative.

It is important to mention that the underestimations of the local seismic demand observed at
some points occur because of higher modal responses: in this procedure, only the contribution of the
first modal response is considered.
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5. Discussion

The accuracy of the proposed procedure strongly relies on the prediction of the seismic demand
of the equivalent SDOF model in stage 2 (Figure 1). In this section, the discussion focuses on (i) the
applicability of the time-varying function of the momentary energy input for predicting the energy
response and (ii) the relationship between the peak equivalent displacement and the maximum
momentary input energy of the first modal response. The equivalent velocities of the maximum
momentary input energy and the cumulative energy (V,,, and V), and the peak equivalent
displacement D, are calculated from the nonlinear time-history analysis results according to the

procedure presented in a previous study [7].

5.1. Applicability of the Time-Varying Function of the Momentary Energy Input for Predicting the Energy
Response

Figure 16 shows the time-history and hysteresis of the first modal response of the 16-story model
as an example. In this figure, the results obtained with h, =0.05 are shown for the Art-L-06 and Art-
L-11 ground accelerations. The dashed lines in Figure 16(b) indicate the predicted peak equivalent
displacement ( D, ) for three values of A . In Figure 16(c), 7 is the ratio of the local peak

equivalent displacement (in the positive and negative directions), defined as

77 = ‘Dl;f (tAEmax +AtAEmax )/Dl,6 (tAEmax)

, (56)

where ¢t and ¢ + At are the start and end times, respectively, of the half cycle when the

AEmax AEmax AE max

maximum momentary input energy of the first modal response (AE, ) occurs. The time-history

and the hysteresis loop during the half cycle (from ¢ to t + At ) are denoted by the red

AE max AEmax AE max

curves.
The following observations can be made for Figure 16.

e  Although the time-histories of ground accelerations are very similar, the time-histories of the

equivalent displacement D; (t ) are different. The equivalent displacement does not exceed the

predicted D, in the case of Art-L-06, but does exceed the predicted D, in the case of
Art-L-11.

e The hysteresis loop is almost symmetric in the case of Art-L-06 (left of Figure 16(c)), but is
notably asymmetric in the case of Art-L-11 (right of Figure 16(c)). The ratio 7 is 1.086 for Art-

L-06 and 0.209 for Art-L-11.
The results shown in Figure 16 imply that the difference in the peak equivalent displacement
D

1 max

is caused by the asymmetry of the hysteresis loop, which is affected by the phase shift of the

ground acceleration.

do0i:10.20944/preprints202301.0064.v1
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Figure 16. Time-history and hysteresis of the first modal response (16-story model, h, ;= 0.05, Art-

L): (a) time-history of ground acceleration; (b) time-history of equivalent displacement of the first

modal response; (c) hysteresis of the first modal response.

The time-history of the momentary input energy of the first modal response per unit mass (
AE/; / M,") is compared with that calculated from the time-varying function in Figure 17. In Figure
17(a), the time-histories of the momentary input energy of the 16-story model (%,, = 0.05, Art-L-06
and Art-L-11) calculated from the nonlinear time-history analysis results are shown. In Figure 17(b),

the time-histories calculated from the time-varying function in Equation (27) are shown for each
assumed complex damping ratio f: in the calculation of Equation (27), the natural period T is

taken as the effective period of the first modal response corresponding to the predicted peak response

pont T, .
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Figure 17. Comparisons of the time-history of the momentary energy input of the first modal response
(16-story model, Art-L): (a) momentary energy input obtained from the time-history analysis; (b)
momentary energy input calculated using time-varying function.

The following observations can be made for Figure 17.
e  The time-histories of the momentary input energy are very similar for Art-L-06 and Art-L-11,
although AE ’ / Ml* is different, being larger for Art-L-11 than for Art-L-06.

¢ The time-varying functions calculated assuming = 0.05 (shown at the top of Figure 17(b)) are

1 max

notably different from the nonlinear time-history analysis results shown in Figure 17(a): the
variations in the time-varying functions are too large in comparison with the nonlinear time-
history analysis results.

e  The time-varying functions calculated assuming A= 0.10 and 0.15 (shown in the middle and

bottom of Figure 17(b)) are closer to the nonlinear time-history analysis results than for £=0.05.
In addition, the value of AE

*

/ M, calculated from the time-varying function is between the

1 max

values of Art-L-06 and Art-L-11. The calculated AE, / M, for B=0.10islarger than that for

£=0.15.

This result implies that the accuracy of the maximum momentary input energy from the time-
varying function strongly depends on the assumed complex damping ratio /.

Figure 18 compares the V, spectrum and the equivalent velocities of the maximum

momentary input energy (V,,,") obtained from the nonlinear time-history analysis results. In this

E1
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figure, the effective period T, is calculated from Equation (33). In addition, the V,, spectrum is

calculated using the time-varying function as described in Section 2.2.1.
The following observations can be made for Figure 18.

e Inthecaseof B=0.05(shown at the top of Figure 18), the nonlinear time-history analysis results
are below the V. spectrum.

e Inthe case of B=0.10 (shown in the middle of Figure 18), the nonlinear time-history analysis
results are in good agreement with the V,, spectrum.

e In the case of f=0.15 (shown at the bottom of Figure 18), some of the nonlinear time-history
analysis results are above the V. spectrum.

The results shown in Figure 18 imply that the most suitable value of f# is0.10 for the prediction
of V

1 using the V. spectrum.

The V, spectrum and the equivalent velocities of the cumulative input energy of the first modal
response (V,," ) obtained from the nonlinear time-history analysis results are compared in Figure 19.
The V, spectrum shown in this figure is calculated using the time-varying function as described in
Section 2.2.1. This figure confirms that the most suitable value for A is 0.10.

Therefore, the equivalent velocities of the maximum momentary input energy and the
cumulative energy (V,,,” and V,,’) can be accurately predicted using the time-varying function, an

appropriate effective period T, ., and B = 0.10. For the calculation of T,

Leff L 7 Equation (33) is

suitable.
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Figure 18. Comparisons of the V,, spectrum and V,,," obtained from the time-history analysis: (a)

Art-L series; (b) Art-S series.
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Figure 19. Comparisons of the V, spectrum and V,, obtained from the time-history analysis: (a)

Art-L series; (b) Art-S series.

5.2. Relationship between Maximum Momentary Input Energy of the First Modal Response and the Peak

Equivalent Displacement

The relationship between the equivalent velocity of the maximum momentary input energy of

the first modal response (V,,,

") and the peak equivalent displacement D, is now examined by

comparing the capacity curve (V,,, —D, relationship) described in Section 2.1. Figures 20 and 21

compare the capacity curve and the nonlinear time-history analysis results.
The following observations can be made for these figures.

e Most of the nonlinear history analysis results are slightly below the capacity curve. The scatter
of the nonlinear time-history analysis results is noticeable in the case of the Art-S series for the
8-story model and the Art-L series for the 16-story model.

e In most cases, the predicted peak response point with S = 0.05 gives the most conservative

*

D

1 max

. The predicted D,

with f=0.15 is unconservativ

ax

e.

with /3=0.101s slightly unconservative, and the predicted D,
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relationship obtained

from the time-history analysis results (8-story model): (a) Art-L series; (b) Art-S series.
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Figure 21. Comparisons between the capacity curve and the V,,,” — D,
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relationship obtained

from the time-history analysis results (16-story model): (a) Art-L series; (b) Art-S series.

Therefore, for better predictions of the peak response, it is essential to calculate the capacity
curve properly. Evaluating the dissipated energy during a half cycle of the structural response is very
important, in addition to better predictions of the maximum momentary input energy.

5.3. Summary of Discussions

The above discussions can be summarized as follows.

e  The equivalent velocities of the maximum momentary input energy and the cumulative energy
(V,,, and V) can be properly predicted using the time-varying function, an appropriate

5 and B =0.10. For the calculation of T, ,

e  For better predictions of the peak response, the capacity curve should be properly calculated. It
is also very important to evaluate the dissipated energy during a half cycle of the structural
response, in addition to better predictions of the maximum momentary input energy.

effective period T, Equation (33) is suitable.
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6. Conclusions

This article has proposed a nonlinear static procedure for predicting the seismic demand of
regular RC ductile MRFs with steel damper columns. The main results and conclusions can be
summarized as follows.

e The time-varying function of the momentary energy input provides sufficiently accurate
predictions of the maximum momentary input energy and the cumulative input energy of RC
MRFs with steel damper columns. The time-history of the momentary input energy calculated
using the time-varying function is close to the nonlinear time-history analysis results. An
equation for calculating the effective period of the first modal response from the peak equivalent
displacement and the equivalent velocity of the maximum momentary input energy has been
developed. Based on the cases considered in this study, the recommended value of the complex
damping ratio is 0.10.

e The accuracy of the predicted local peak seismic demand (e.g., story drift, plastic rotation of the
beam end, and shear strain of the damper panel) is acceptable, although some values are
unconservative.

e  The accuracy of the predicted cumulative energy strain energy demand of the damper panel is
acceptable, although some values are unconservative.

e  For better predictions of the peak response, the capacity curve must be properly calculated. It is
also very important to evaluate the energy dissipated during a half cycle of the structural
response, and to obtain better predictions of the maximum momentary input energy.

The main advantage of the proposed procedure is that both the peak and cumulative seismic
demands of RC MRFs with steel damper columns can be predicted. In addition, as shown in previous
studies [28,30], the time-varying function can be directly calculated from the Fourier amplitude and
Fourier phase difference of ground motion. Therefore, the peak and cumulative seismic demands of
RC MRFs with steel damper columns can be evaluated without knowing the time-history of ground
motion. This means that researchers and analysts can eliminate otherwise unavoidable fluctuations
from the nonlinear time-history analysis results. Note that the results and conclusions presented in
this study are only valid for two RC MRFs with steel damper columns subjected to artificial ground
motions. Therefore, apart from further verification using additional building models and ground
motions, the following questions remain.

e  The ground motions used in this study are non-pulsive artificial ground accelerations. In the
case of RC MRFs with damper columns subjected to near-fault pulsive ground motions, how
accurate is the proposed procedure? Does it offer the same performance as in this study?

e In this study, the cumulative strain energy was only evaluated for the damper columns. The
influence of the cyclic loading on the damage to RC members may not be significant in the case
of ductile RC members within a certain drift limit (e.g., less than 0.02 radians [41]). However, in
the case of larger drift demands of RC members, the cumulative strain energy demand would
be needed. How can the cumulative strain energy of RC members be evaluated in a simple
manner?

e  Several studies on the capabilities of pushover analysis for planar frames [32-39] have shown
that the contribution of higher modes is notable in the case of mid- to high-rise buildings. We
believe that, according to the peak response, the proposed procedure can be applied in such
cases without difficultly. However, there is room for discussion in terms of predicting the
cumulative response of each member. How can the contribution of higher modal responses be
considered for the prediction of the local cumulative response?

e  In the hysteresis of RC members, pinching behavior [40] is observed in cyclic loading tests. This
behavior may affect the hysteretic energy dissipation of RC MRFs with damper columns.
Specifically, the pinching behavior of RC beams surrounding damper columns may reduce the
energy absorption of damper panel. Is this a negligible effect in predicting the seismic demand
of ductile RC MRFs with damper columns? If not, how can the influence of pinching behavior
be considered in modeling the hysteretic energy dissipation in a half cycle of the structural
response?
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e  The response of RC MRFs with damper columns subjected to sequential ground motions has
previously been investigated [7]. It is expected that the proposed procedure may be applicable
for such sequential ground motions if the influence of prior damage to each member can be
included when calculating the dissipated hysteretic energy during a half cycle of the structural
response. How can models for the calculation of dissipated energies be extended to the case of
sequential ground motions?

The above questions will be investigated in subsequent studies. However, they do not constitute
a comprehensive list of all the issues requiring further research.
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Appendix A. Formulation of the Dissipated Energy in a Half Cycle

The dissipated energy in a half cycle of the equivalent SDOF model is formulated as follows.
Figure Al shows simplified models for the calculation of the dissipated energy during a half cycle of
the structural response. Here, AE,, / M, and AE, S / M, are the contributions of the hysteretic
dissipated energies of RC MRFs and steel damper columns, respectively, while AE, / M, is the

contribution of viscous damping.
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Figure Al. Simplified models for calculation of the dissipated energy during a half cycle of the
structural response: (a) contribution of RC MRFs; (b) contribution of steel damper columns; (c)

contribution of viscous damping.

Considering the energy balance of the first modal response in a half cycle of the structural
/ M, ) is calculated as

*

response, the maximum momentary input energy per unit mass (AE

1 max

* * %

%(Dl m’n):%(Dl max’n)+ ]\4‘111*11 (Dl max’n)+A]aD’} (Dl max’n)/ (A]')
1 1 1 1

]V/-[ll*f (Dl max’n):A‘lyf Dlyf fF (,Uf,ﬂ), (A2)

1

AE,; . N

]V/Ill*d (Dl max’n):Ah/d D, fD('ud’n) , (A3)

1
AED} (Dl*max’n) = %hlfmaxAlf*maxDl*max (1+77)2 . (A4)

1
In Equation (Al), n is the ratio of displacements in the positive and negative directions.

According to a previous study [7], f; ( u f,n) and f, (u,,n) are calculated as
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L (- 0<u, <1
My (1-7) US My s
1 2
fF(,uf,n)= K, —§{1+(77/1f)} :,uleandOSnsl/,uf, (A5)
N :;21and 1/uf$77£1
1 2 2
SHa (1-7°) 0<u, <1
1
fD(ﬂd’n): ,ud—z{1+(77,ud)2} i, 2land 0<n<1/p, (A6)
(1+7)u, -2 :p,21and 1/, <n<1

In this study, the energy dissipation in a half cycle is simplified by calculating the average in the
range 0<7<1. The functions j?; ( y2i f) and f, ( ,ud) are defined as

1

folu )= £ (upm)dn, (A7)

Fotay) = fo (24,,m)dn. (A8)

0

By substituting Equation (A5) into Equation (A7), E ( y2i f) is calculated as

1 1 u’ :0<u, <1
~ 377 f
fe )= ] felugm)dn =4 2 (A9)
’ Hy _5\/2 21
Similarly, ;’; ( ﬂd) is calculated as
1 2 . <
B ) 3 M, 0<u, <1
fo ()= fo () =1 | 5 . (A10)
0 =9, -12+—| 1,21
My
In addition, the average of the contribution from viscous damping is calculated as
FAE, 7 . e
_(‘)‘ Z\4D"1 (Dl max’n)dn :?hlfmaxAlf maxDl max * (A]']')
1

Therefore, the maximum momentary input energy per unit mass (AE,’ / M, ) corresponding

max

to the peak equivalent displacement (D, __ ) is calculated as

AE" 7

%( Dl*max ) = Alyf*Dlyf* fNF (/’lf ) + A]yd* l)lyd=e .}El; (Il'ld ) +?h1fmaxA1j*maxDl*max . (A12)
1

In the proposed procedure, the peak equivalent displacement (D,

) and the contribution of

*

RC MREFs to the equivalent acceleration at the peak equivalent displacement ( A ) are replaced

1f max
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1f 7
) is approximated as

by the values obtained from pushover analysisatstep 7 (,D, and A, ', respectively). In addition,

the damping ratio at the peak equivalent displacement (1

1f max

My =1, (A13)
1f Py 1f
@, =,A, /D (A14)

In Equation (A13), @, is the secant circular frequency of the first modal response at step 7.

Therefore, Equation (A12) can be rewritten as

*

AE R e e 7mhy, @ N
%zAlyf Dlyf fp(nﬂf)+A1yd Dlyd fD(nﬂd)"'Tlf_anU Dy (A15)

n-'1 1771f

Appendix B. Formulation of the Effective Period

The effective period of the equivalent linear SDOF model is formulated as follows. Figure A2

shows a scheme of the linearization of the equivalent SDOF model. As shown in Figure A2(a), the
nonlinear SDOF model is converted to the equivalent linear SDOF model.

Let us consider the case in which the peak equivalent displacement of the nonlinear SDOF model
is D

1 max

and the maximum momentary input energy per unit mass is AE, / M,", as shown on
the left of Figure A2(a). The effective period and damping of the corresponding linear SDOF model
and [, respectively. The peak equivalent displacement of the linear SDOF modelis D,

1 max

are Tleﬂ

when the maximum momentary input energy per unit mass is the same as in the nonlinear SDOF
model (AE,_ / M, ), as shown on the left of Figure A2(a).
The ratio of the displacements in the positive and negative directions (7 ) is assumed to be the

same in both the nonlinear and equivalent linear SDOF models. From Figure A2(b) and A2(c), the
energy balance in a half cycle of the structural response can be expressed as

2
AE/ 1| 27 P 4 2
—2>=——| D 1-n77)+—(1+ . Al6
2\41 2(7—;#} 1 max {( 77 ) 2( 77) 'B} ( )
As discussed in Appendix A, Equation (A16) can be simplified by calculating the average in the

range 0<7<1.On the right-hand side of Equation (A16),

0 4+7
J {(1—n2)+£(1+n)2 /f}dn= utliy (A17)
! 2 6
Using Equation (A17), Equation (A16) can be simplified as
2
AE; .
e T4Y7HD) 28\ 2 (A18)
Ml 2 6 ’Tleff

Therefore, the effective period T, can be calculated from the equivalent velocity of the

maximum momentary input energy of the equivalent SDOF model (V,;, ) and the peak equivalent

D
Tieﬁ‘ZZﬂ' ﬂl_mix (A19)
6 VAEl

displacement D, as

max
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Figure A2. Scheme of the linearization of the equivalent SDOF model: (a) concept of the equivalent
linearization; (b) contribution of the elastic strain energy; (c) contribution of the damping energy.

Appendix C. Formulation of the Cumulative Dissipated Energy

The cumulative dissipated energy of the equivalent SDOF model is formulated as follows.
Figure A3 shows simplified models for calculating the cumulative dissipated energy during a whole
seismic event. Here, AE, fm* / M, and AE f: / M, are the hysteretic dissipated energy of RC MRFs
per unit mass under monotonic and cyclic loading, respectively. AE,, " / M, and AE,’ / M, are
the hysteretic dissipated energy of damper columns per unit mass under monotonic and cyclic
loading, respectively. AE,, " / M, is the damping dissipated energy per unit mass over a cycle of

the structural response.
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Figure A3. Simplified models for calculation of the cumulative dissipated energy during a whole
seismic event: (a) contribution of RC MRFs; (b) contribution of steel damper columns; (c) contribution
of viscous damping,.

Given the peak equivalent displacement D, __, the dissipated strain energy of RC MRFs under

monotonic loading per unit mass (AE,, ,° / M, ) can be calculated from the left of Figure A3(a) as

*

AE,,,

i = D 8 (1), (A20)

SIS TR R
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Next, let us consider one loop of steady vibration (displacement amplitude: yD,’ , where
0<y<1 is the amplitude ratio), as shown on the right of Figure A3(a). The function g, ( My ;/) is

calculated as
:0<u, <lor 7<1/yf
e T o

In this study, g ( U f,j/) is simplified by calculating the average in the range 0<y<1. The

function é;(ﬂf) is defined as

é;z(ﬂf):jglfc (ﬂf,7)d7- (A23)

Substituting Equation (A22) into Equation (A23), g, (u f) is written as

0=y, <1

. A24
8& ﬂf {uf 4/\/7+3/,uf up>1 (A24)

Therefore, the dissipated strain energy of RC MRFs under cyclic loading per unit mass (
AEg / M, ) can be calculated as

AE_ .~ . L~
]\/Sll*fC (D1 max ) = Alyf Dlyf &re ('uf) : (A25)
1

Similar to RC MRFs, the dissipated strain energy of the damper columns under monotonic and
) / M, and AE,’ / M, ) can be calculated from Figure A3(b) as

cyclic loading per unit mass ( AE 1

S1dm

AE, " R
—= Alyd Dlyﬂl 8pm (lud) ’ (A26)
1
0 0<u, <1
8o () = % (-1) o1 (A27)
AE_ "
M;li’c(Dl max) Alyd Dlyd gDc (lud) (A28)
1
gDr 'ud ngc :ud/}/)d7 (A29)

From the right of Figure A3(b), &, (,Ud, 7’) is calculated as

0 0y, <lory<l/u
8. (Hyr )={ ( ! /b (A30)

4(yp,-1) :p,>land y21/p,

By substituting Equation (A30) into Equation (A29), é; (ﬂd) is written as
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0 0<u, <1

mo=2+1 ) >1 (A31)

é;f(ﬂd)={2(

Finally, the dissipated damping energy per unit mass over one cycle of the structural response
(AEm; / M, ) is calculated from Figure A3(c) and Equation (A13) as

(s a)l f * *
=27h,, A D (A32)

1max) 1f max 1 max”/
Ml 10

o A = \/ s / D = \/ Aty o/ Dt - (A33)

Appendix D. Model Properties

The properties of the members of the two models analyzed in this study are now described.
Table Al presents the properties of sections at potential hinges of RC members in the 8-story model.
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-sections of the RC beams
at the foundation level (Zo) have dimensions of 800 mm x 2900 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 45 N/mm? for the stories 1-4, and 36 N/mm? at and above the 5th story.

Table A2 presents the properties of selected damper columns in the 8-story model. The initial
normal yield stress of the steel used for the damper panels is assumed to be 205 N/mm?, whereas the
normal yield stress after appreciable cyclic loading is assumed to be 300 N/mm?2.

Table A1. Sections at potential hinges of RC members for 8-story model.

Width Depth

Member Location Longitudinal Reinforcement
(mm) (mm)
Zsto Zs 500 900 5-D29 (Top and bottom)
Beam Z2to Zs 500 900 5-D32 (Top and bottom)
Za 550 900 5-D35 (Top and bottom)
Column 1¢t Story (Bottom) 800 800 16-D29

Table A2. Steel damper columns for 8-story model.

Yol Snenst, Panel Panel Siiir:)ial Column
Story Qur  Quou Thickness Height Area  (mm x mm x mm x mm)
&N)  (kN) (mm) (mm)
(mm?)
6to8 438 641 6 600 3700 H-600 x 200 x 12 x 25
4tob 626 916 9 600 5290 H-600 x 250 x 16 x 32
1to3 755 1105 9 700 6380 H-700 x 300 x 16 x 28

Table A3 presents the properties of sections at potential hinges of RC members in the 16-story
model. 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-sections of the RC
beams at the foundation level (Zo) have dimensions of 800 mm x 2900 mm. The yield strength of the
longitudinal reinforcement is assumed to be 429 N/mm?. The assumed compressive strength of
concrete is 60 N/mm? for stories 1-5, 54 N/mm? for stories 69, 45 N/mm? for stories 10-12, and 36
N/mm? at and above the 13th story.

Table A4 presents the properties of selected damper columns in the 16-story model. The
properties of the steel used for the damper panel are the same as those for the 8-story model.
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Table A3. Sections at potential hinges of RC members for 16-story model.

Width Depth

Member Location Longitudinal Reinforcement
(mm) (mm)
Z7 to Zis 500 900 5-D29 (Top and bottom)
Beam Z2to Zs 500 900 5-D32 (Top and bottom)
Za 550 900 5-D35 (Top and bottom)
Column 1st Story (Bottom) 900 900 16-D35

Table A4. Steel damper columns for 16-story model.

Yl Snenst, Panel Panel S:::ir:)ial Column
Story Qur  Qyou Thickness Height Area  (mm x mm x mm x mm)
(kN)  (kN) (mm) (mm)
(mm?)
11tol6 438 641 6 600 3700 H-600 x 200 x 12 x 25
7to10 626 916 9 600 5290 H-600 x 250 x 16 x 32
1to6 755 1105 9 700 6380 H-700 x 300 x 16 x 28
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