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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 de-
mand 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 suf-
fered 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 are energy-dissipating sacrificial members [2]. They are suitable
for reinforced concrete (RC) housing because they minimize the obstacles in architec-
tural 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 inves-
tigated [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 nonlin-
ear 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].

The peak deformation and cumulative hysteresis energy are essential parameters
in assessing the seismic performance of structural members. The cumulative hysteresis
energy is widely used to represent the low-cycle fatigue effect. For RC members, the
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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 of the energy responses 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 [17] proposed
a procedure for evaluating the seismic damage of RC MRFs based on the N2 method [32]:
in their procedure, the Park—-Ang damage index of each member is evaluated in terms of
a dimensionless energy parameter vy proposed by Fajfar [20]. D’Ambrisi and Mezzi [21]
have proposed an energy-based method of nonlinear static analysis for predicting the peak
response of a planar RC MRF; however, the cumulative energy of the structural members
cannot be evaluated using their method. Ucar [22] has derived the theoretical formulation
of the energy input to multi-degree-of-freedom systems based on modal contributions.
Yalcin et al. [23] proposed an energy-based design approach for RC ductile frame structures.
However, there are few studies concerning the procedures for predicting the peak displace-
ment and the cumulative energy dissipation demands of buildings with hysteresis dampers:
although the procedure proposed by Fajfar and Gaspersic [17] is capable of predicting the
peak and cumulative response of a whole building, its applicability is limited to a ductile
RC frame without dampers.

Inoue et al. [25-27] proposed the maximum momentary input energy 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 cumu-
lative 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 the 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?
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e  After evaluating the total input energy to the whole building, how can the cumula-
tive 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 studies [3,4], the proposed approach predicts both the peak and
the 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 of an equivalent single-degree-of-freedom (SDOF) model
representing the first modal response 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 [33—40]. However, the application of multimodal pushover analysis is beyond
the scope of the current study. Ucar [22] has shown that most of the input energy comes
from the fundamental mode and that the contribution of higher modes is generally small.
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 in-
troduces 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 applicabil-
ity 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.
In this procedure, the following assumptions are made.

The building oscillates predominantly in the first mode.

All RC MREFs 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 the RC members is assumed to follow the stiffness-degrading
rule, which is typical in the case of ductile RC members dominated by flexural behav-
ior. The influences of pinching behavior [41] and stiffness degradation after yielding
as a result of cyclic loading are 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.
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Stage 1: Calculation of Equivalent Single-Degree-Of-Freedom (SDOF) Model Properties
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Figure 1. Outline of the proposed procedure.

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
(AE1* max/ M1*) and the cumulative input energy per unit mass (Ej;*/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 response
(D1*max) is evaluated using AE1* max/M;*. In the third stage, the local seismic demand of
the building model is predicted using the peak and cumulative response of the equivalent
SDOF model (e.g., D1*max and Ej1*/M;*) and the results of the pushover analysis.
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2.1. Stage 1: Calculation of the Equivalent SDOF Model Properties
2.1.1. Stage 1-1: Pushover Analysis of the Building Model

A pushover analysis of the N-story frame building model is first carried out. The
equivalent displacement and acceleration at loading step n (,D;* and , A, *, respectively)
are calculated from Equations (1) and (2), assuming that the displacement vector at loading
step 1 (,d) is proportional to the first mode vector at loading step n (,I'; , @;):

«_ nlin®"™Mpd _ d"M,d

Dl * 4 (1)
! nMy ndTMl
A — nrln(plTnfR _ ndTnfR (2)
1 — * - /
" nMy ndTMl
2
. (ad™™1)
My = Tia@ ™1 = A ) 3)
n ntin ndTMnd
T
nd = {nyl to nyN} ’ (4)
T
nfr = {nle nfRN} ’ ©)
mq 0
M = , (6)
0 my
1={1 - 1}". 7)

In Equations (1)~(7), m; is the mass of the jth floor and ,fy is the restoring force vector
at step n. The contributions of the RC MRFs and the steel damper columns to the equivalent
acceleration at step n (,, A f* and ,A,;*, respectively) are calculated from

* _ nrln(plTnfRf _ ndTnfRf

A ” = , (8)
n 1f an ndTMl
Ayt = T1n®1 " nfra — nd nfra ©)
n * 7
nMy ndTMl
T
nfre = {ﬂfRfl nfRfN} / (10)
T
nfrRa = {nfrnn  wfran) - (11)

In Equations (8)—(11), ,fg¢ and ,fr4 denote the restoring forces of the RC MRFs and
steel damper columns, respectively. The restoring force vector ,fg is equal to the sum
of ,frs and ,fr4, which are calculated from the shear forces of the RC columns and steel
damper columns, respectively.

For simplicity, the , A; f*’n D,* and ,A,,;"-,D;" relationships are idealized by bilinear
curves, where the “yield” point of the idealized A;;*-D;* relationship is Yg (D1, %, A1y¢”)
and that of the idealized Aq4"-D1" relationship is Yp (D14, A1ya”)-

2.1.2. Stage 1-2: Calculation of the 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
(VaEp1") 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
(AE1*max/ M7*) is calculated as
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* *
nBE max _ nBEuy N nBDE 14 N JAEp;*

* * * *
an an an an

(12)

In Equation (12), nAEylf* /wM;* and nAEyld*/an* are the contributions from the
hysteretic dissipated energies of the RC MRFs and steel damper columns, respectively,
while ,AEp,*/,M;" is the contribution from viscous damping.

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

AE /"
neEAf o * * 7
W = Ayyf Diys" fr (nﬂf), (13)
1,2
z _ 3nby :OSangl 14
fP(nP‘f) {nyf_g mr :nyle , (14)

In Equations (13)-(15), , 1 ¥ is the global ductility of the RC MRFs. The contribution
from the hysteretic dissipated energy of the steel damper columns is calculated as

AE ;" . e
”7}4* = Alyd Dlyd fD<n‘ud)/ (16)
M,
1 2 .
. Ly 0< g <1
= , (17)
fD(Vl‘ud) {é(gnl’ld_12+ i) :n]’ldzl
nhg = nDl*/Dlyd*' (18)

In Equations (16)—(18), ,, 14, is the global ductility of the steel damper columns. The
contribution from viscous damping is calculated as

nBEp " _ 77thif nif
*
M, 12w,

nWif = \/nA1f*/nD Y (20)

where 711 is the viscous damping ratio of the RC MRFs for the first modal response in the
elastic range. The formulation of Equations (12)—(20) is described in Appendix A.

The equivalent velocity of the maximum momentary input energy corresponding to
nD1™ (,Vap, ") is calculated as

WAy Dy, (19)

wVagr" = /208E; max/uMy (21)

The effective period of the first modal response at step 1 (,, T}, £ f) is calculated as

A5 77B Dy e
nliefp = 270 T (22)

where B is the complex damping ratio of the equivalent linear system considered for
the calculation of the Vor 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 2a: the secant slope of
the capacity curve at point n (,D;*, ,V,r;") corresponds to the effective period of the
equivalent SDOF model (, T, ;). The demand curve (Vg (T)-D(T) relationship) shown in
Figure 2b is calculated in stages 2-1 and 2-2. The peak response point P (D1 *max, Vag1*) is
at the intersection of the capacity and demand curves, as shown in Figure 2c. The velocity
of the cumulative input energy in the equivalent SDOF model (V}1*) is obtained from the V;
spectrum calculated in stage 2-1 and the effective period, corresponding to point P (T1.¢),
as shown in Figure 2d.

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

The Vg 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 [0, t;], can be expressed as

Ng

ag(t) = Y crexp(iwyt), (23)
k:—NG

where ¢ and wy(=27tk/t;) are the complex Fourier coefficients of the ground motion and
the circular frequency of the kth harmonic, and i is the imaginary unit. The coefficient cg
is assumed to be zero. For a given natural period T and complex damping ratio , the
displacement and velocity transfer function of the equivalent linear system is calculated as

. 1 , ) .
Hp (iwy) = o~ +2ﬁwozsgn(wk)i’HV(zwk) = iwiHp (iwy). (24)
1 rwe>0
sgniewn) = { 1) 170 5)
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In Equation (24), wy (= 27t/ T) is the natural circular frequency of the equivalent linear
system. The duration of a half cycle of the response (At) is calculated as

k=1 k=1

At =y | Y Hp(ieo) Plegl/ Y [Hy Gieor) Plegl?. (26)

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

1 AE(t) Nt

— = Z Epj" exp(iwgt), (27)
At m k=—Ng+1
. Ne
At/2 . .

751%‘:&;2/ >zf§+1 {Hy (iw;) + Hy (—iw; i) Yere_g_g) k>0
Eprt =4 Ne . : 28
M7 2. RelHy (w)er k=0 @

EA,fk* 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

FEAL/2
AE(t) _ / 1AE(M) 9)
m At m )

t—At/2

The maximum momentary input energy per unit mass (AEmax/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

ty —
E; 1 AE(t)
— = | ————=dt =t4Epp". 30
- A dEnpo (30)
0
The equivalent velocities of the maximum momentary input energy (Var) and the

total input energy (V7) are calculated as

VAE = V2AEmax/m, Vi = \/m (31)

2.2.2. Stage 2-2: Calculation of Demand Curve

The demand curve (Figure 2b) is calculated from the Vjr spectrum as follows. The
equivalent displacement of the equivalent linear system (natural period T, complex damp-

ing ratio B) is calculated as
6 T
D(T) =,/ m%VAE(T)' (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 2c¢: in this figure, the peak response point
P (D1*max, VaEp1™) 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+ 77 D1*max
Tleff =2r 6 VAEl* . (33)
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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
(V11%) is obtained from the V; spectrum as

Vit =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 (Ej;*/ M;*)

is calculated as o .
I1 M *2
== Vv 35

Mi* 2 (Ml* ) n (35)

where M;* is the effective first modal mass corresponding to the peak response point and
M is the total mass. Note that E;1*/ 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;1*/M;* is factored by the ratio (M/M;*) to
give a conservative prediction of the cumulative dissipated energy.

The cumulative strain energies of the RC MRFs and steel damper columns are calcu-
lated as follows. The ductility factors of the RC MRFs and steel damper columns (3¢ and
U4, respectively) are given by

Hf = Dl*max/Dlyf*/ Ha = Dl*max/D1yd*- (36)

Next, the dissipated strain energy of the RC MRFs per unit mass under monotonic
loading (AEs;f,, "/ M1™) and under cyclic loading (AEg; s, */ M ") are calculated as

AEsifm” e AEsip” e e~
~he = Ay Diyy"gen (1)~ = Ay Dy "8k (pr)- (37)
0 0<pp<1
N 0 0<pp<1
gFC(”f>_{yf—4/\/W+3/yf g >1 (39)

Similarly, the dissipated strain energy of the steel damper columns per unit mass
under monotonic loading (AEgy4,,*/M1*) and under cyclic loading (AEgy4.*/ M;1*) are
calculated as

% = Aryd" D1ya” 8pm (Ha), ]\/Sliic = Arya" D1ya"8pc(pa)- (40)
0 0 < <1
gDm(.ud) = {Vd -1 :;din ’ @)
- B 0 0<uy; <1
8nc(pa) = {Z(Vd —2+1/uy) tug>1 (42)

The dissipated damping energy per unit mass over each cycle of the structural response
(AEp1c*/ Mq*) is calculated as

AEp1* M peak Y1
Nﬁl*c (Dl*max) = znhlfpl(f)lffAlf*maxDl*max- (43)

Mpeak Y1f = \/npeukAlf*/”peak Dl* - \/Alf*max/Dl*maX (44)
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In Equation (43), n1peq is the loading step of the pushover analysis, corresponding to
the peak equivalent displacement D;*max. The formulation of Equations (38)—(44) is given
in Appendix C.

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

(En*™/Myi*) — {(AE51fm*/M1*) + (AEsmm*/Ml*)}
(AEsise"/Mr*) + (AEsiac"/My*) + (BEpic* /My*)

teg = (45)

From 1., the cumulative strain energies of the RC MRFs and steel damper columns
over the whole seismic event (Es;s* and Es14", respectively) are calculated as

Esif* = AEgify” + neg - DEsipc” = Ml*Alyf*Dlyf*{gpm (yf> + NegSTe (yf> } (46)

Es1a™ = AEgigm™ + teq - AEs1ac™ = My* Avyq* Diya™ {&Dm (Ha) + neq8Dc(a) }- - (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 (D1 "max). The peak local seismic demand
(e.g., relative displacement, story drift, plastic rotation of member ends, strain energy of
dampers) is obtained as a quantity corresponding to D1 *max.

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

Esa; = (ESdO,j/ D ESdO,j) Esia™, (48)
j

Esdoj = QyprjYypLild0i8De (de), (49)

Hdj = YDmax,j/ YyDLj- (50)

In Equations (49) and (50), #4j, YDmax,j» YyDLj, and hyg; denote the ductility, peak shear
strain, initial yield shear strain, and height of the jth damper panel, respectively. In this
study, for simplicity, Eg;; is assumed to be proportional to the average dissipated strain
energy under cyclic loading (Esgj)-

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

Esq,

NEgy = — >4
7 QyprivypLiaoj

(51)

In this version of the procedure, the cumulative response demand of each RC member
is not calculated. Elwood et al. [42] have studied the impact of prior shaking on the
earthquake response and repair requirements of ductile RC MRFs. 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” [42]. 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 sixteen-story building
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models are designed using the simplified procedure [5]. In the seismic design of these
two frames, the displacement limit D;*};,;; is assumed to be 1/75 of the equivalent height:
D1%limir 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/m?. 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.
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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.

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
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dimensions for the steel beam embedded in the RC beams and suitable reinforcement are
assumed in the RC beam—damper column joints, to prevent premature failure before the
damper panels reach their ultimate stage.

It should be mentioned that the influence of higher modes on the whole response of a
building would be especially pronounced in case of taller buildings. Therefore, the authors
intentionally chose 8-story and 16-story building models. The contribution of the higher
modes will be smaller in the case of the 8-story building model, while they will be larger
in case of the 16-story building model. The authors think that, by comparing the results
for the 16-story building model and those for the 8-story building model, the influence of
the higher modal response on the accuracy (and inaccuracy) of the current procedure will
be clearer.

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 the 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 the RC
members after yielding under cyclic loading, which was considered in a previous study [7],
is not considered in this paper.

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
Ty, (s) 0.5611 1.1163
Ty (s) 0.1869 0.3693
T3, (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 [43], defined as

48+45Tm/s?2 :T<0.16s
pSa(T) = {120 :0.16s < 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-S-00, the envelope function is set as in Equation (54).
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(t/5)? :0<t<5s
e(t) =<1 :5s<t<35s , (53)
exp{—0.027(t —35)} :35s<t<120s
(t/2.5)* :0<t<25s
e(t) =<1 :25s5<t<175s. (54)
exp{—0.054(t —17.5)} :1755s<t<60s
Figure 4 shows the time-histories of the artificial ground accelerations of Art-L-00 and
Art-5-00, respectively.
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Figure 4. Time-histories of the artificial ground accelerations: (a) Art-L-00; (b) Art-S-00.

Eleven artificial ground motions are generated from Art-L-00 and Art-5-00 by shifting
the phase angle. The generated artificial ground motion ag(t, Ag) is expressed as

Ng

ag(t,Ado) = ) crexpli{wit —sgn(wi)Ado}], (55)
k=—No

where A¢y is the constant used to shift the phase angle of all harmonics. As in previous
studies [28,30,31], A¢y varies from 7r/12 to 1171/12 at intervals of 71/12. 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 difference in ,S , (T) caused by
changes in the phase angle is very limited.
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Figure 5. Pseudo-acceleration spectra of the artificial ground acceleration: (a) Art-L series; (b) Art-S series.
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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 (f): 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  are considered: 0.05, 0.10,
and 0.15.

e  The viscous damping ratio of the first modal response of the RC MRFs in the elastic
range (hys): the accuracy of the cumulative energy depends on the viscous damping
of the RC MRFs. Therefore, three different values of i £ 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 for the 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 6a, whereas those for the
16-story model are shown in Figure 6b. In this study, displacement-based mode-adaptive
pushover analysis [44] is applied to obtain the relationship between the equivalent ac-
celeration (whole building: ,A;*, RC MRF: , A; f*’ and damper column: ,A,,*) and the
equivalent displacement , D, *. The , A, f*'n 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 (,AE "/, M, ")
is calculated using Equations (13)—(15). The contribution from the steel damper columns
(,AE " 4"/ »M; ") is calculated using Equations (16)—(18). The contribution of viscous damp-
ing (,AEp;"/,M;") is calculated from Equations (19) and (20). Note that the calculated
7AEp1 ™/ M;* depends on the viscous damping ratio of the first modal response of the
RC MREFs in the elastic range (h1¢):,AEp,"/,,M;" for hiy = 0.00 is not shown because
2AEp1*/,M;" is zero in this case.

The calculated capacity curves (Vag1*-D1* relationship) are shown at the bottom
of Figure 6. In this figure, the differences between the capacity curves as hy varies is
almost negligible.

Figure 7 shows the calculated Vpr spectrum and demand curve (Vaog(T)-D(T) rela-
tionship). The Vag spectrum calculated using the time-varying function in Equation (27)
is independent of the phase shift A¢y, as described in previous studies [28,30]. Figure 7a
shows the results calculated from the Art-L series, whereas Figure 7b shows the results for
the Art-S series.

On the left of Figure 7a, the calculated Vg spectrum is largest when B = 0.05 and
smallest when 8 = 0.15. The demand curves are compared on the right of Figure 7a.
The three demand curves are almost identical when Vg (T) is less than 0.9 m/s. Similar
observations can be made for the Art-S series in Figure 7b.

Figure 8 shows the predicted peak response points for each model using the three de-
mand 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 8a, the largest equivalent displacement (D;*max) occurs when § = 0.05,
while the smallest D;*max is obtained with § = 0.15. Similar observations can be made in
Figure 8b,d. However, in case of the 8-story model, the smallest D;* max is obtained with
B = 0.10 for the Art-S series, as shown in Figure 8c. Note that the difference in the predicted
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values of Dj*max for the Art-L and Art-S series depends on the model: a comparison of
Figure 8a,c indicates that the predicted D1 *max for the Art-L series is larger 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.

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 /115 = 0.05. The spectra
for both Vg and V} are shown. The vertical lines indicate the effective period (T1.f) at the
predicted peak response point. The predicted equivalent velocity (V) is obtained as the
intersection of the V; spectra and the vertical lines.

A comparison of Figure 9a,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 9b,d.
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Figure 6. Capacity curves of building models: (a) 8-story model; (b) 16-story model.
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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 the RC MRF
and the damper columns, and the cumulative energy of viscous damping.

The following observations can be made based on 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 B: the predicted total input energy with g = 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.

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 ;¢ = 0.00.
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Figure 7. Demand curve of input ground motions: (a) Art-L series; (b) Art-S series.
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Figure 8. Prediction of the peak response point (ki f= 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).

Therefore, we believe that the predicted energy demand of the whole building is
acceptable, although the predicted cumulative energy of viscous damping is small. Consid-
ering 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 the 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,
the smaller predicted values of the viscous damping energy will not be critical.

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 based on Figure 12.
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e  For the 8-story model, the predicted peak drift with 8 = 0.05 is larger than the mean
of the nonlinear time-history analysis results, whereas the predicted peak drift with
B =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  =0.10is 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 that of the
nonlinear time-history analysis results. This tendency is noticeable when h; ¢ = 0.00.

Figure 13 compares the predicted peak plastic hinge rotation at the beam end (6pmax)
with the nonlinear time-history analysis results. This figure shows 8ymax for the beam end
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Figure 9. Prediction of the equivalent velocity of the cumulative input energy for the first modal
response (f F= 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).



Buildings 2023, 13, 401 19 of 41

B Damper Column O  Viscous Damping
h _=0.03 h =0.05
1f 1f
Time-History '
B =0.05
B=0.10
B=0.15
0 4 8 ) 122 0 4 8 12 0 4 8 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 s
B=0.05
p=0.10
B=0.15 .
0 4 8 12 0 4 8 12 0 4 8 12
(Energy) / (Mass) (mzlsz) (Energy) / (Mass) (mzlsz) (Energy) / (Mass) (m?%s?)
(b)
Figure 10. Prediction of the energy demand of the overall building (8-story model): (a) Art-L series;
(b) Art-S series.
B RCMRF B Damper Column O Viscous Damping
h =0.00 h =0.03 h =0.05
1f —_— —— — u
Time-History a i ]
p=0.05 ) i i
B=0.10 i ) i
p=0.15
0 4 8 R 122 0 4 8 12 0 4 8 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 ]
ol @ |l @444 ]
p=0.15 N P AP SR
0 4 8 12 0 4 8 12 0 4 8 12
(Energy) / (Mass) (m*/s®) (Energy)/ (Mass) (m%s®) (Energy)/ (Mass) (m%s?)
(b)

Figure 11. Prediction of the energy demand of the overall building (16-story model): (a) Art-L series;
(b) Art-S series.
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Figure 12. Comparisons of the peak story drift: (a) 8-story model (1 = 0.00); (b) 16-story model
(hy f= 0.00); (c) 8-story model (h; f= 0.03); (d) 16-story model (/4 f= 0.03); (e) 8-story model
(hlf =0.05); (f) 16-story model (hlf =0.05).

The following observations can be made based on Figure 13.

e  For the 8-story model, the predicted 0 ymax with g = 0.05 is slightly larger than the mean
of the nonlinear time-history analysis results. The predicted 8ymax are unconservative
when 8 =0.10 or f=0.15.

e  For the 16-story model, the predicted 0ymax with g = 0.05 is too conservative below the
mid-story level (7th or 8th story). The predicted 0ymax with g = 0.10 agrees well with
the mean of the nonlinear time-history analysis results below the mid-story level. For
B = 0.15, the predicted 0max is unconservative for all floors.

Figure 14 compares the predicted peak shear strain of the damper panels (yYpmax) with
the nonlinear time-history analysis results. The following observations can be made based
on Figure 14.

e  For the 8-story model, the predicted ypmax With B = 0.05 is larger than the mean of
the nonlinear time-history analysis results. The predicted 7ypmax for the cases where
£ =0.10and § =0.15 are closer to the mean of the nonlinear time-history analysis results.

e  For the 16-story model, the predicted ypmax with B = 0.05 is too conservative below
the mid-story level (9th or 10th story). The predicted ypmax when B = 0.10 is also
conservative below the mid-story level, but is closer to the mean of the nonlinear
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time-history analysis results. The predicted ypmax with B = 0.15 is the closest to the
mean of the nonlinear time-history analysis results.
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Figure 13. Comparisons of the peak plastic hinge rotation of the beam: (a) 8-story model (i1 = 0.00);
(b) 16-story model (/1 ¢ =0.00); (c) 8-story model (nq ¢ = 0.03); (d) 16-story model (I r =0.03);
(e) 8-story model (hyy = 0.05); (f) 16-story model (hy¢ = 0.05).

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

e  For the 8-story model, the predicted NEg; is larger than that of the nonlinear time-
history analysis results above the second story. However, the predicted NEg; at the
first story underestimates the nonlinear time-history analysis results.

e  For the 16-story building model, the predicted NEg; is in good agreement with the
nonlinear analysis results below the mid-story level (9th or 10th story). However, the
predicted NEg; above the mid-story level underestimates the nonlinear time-history
analysis results. This is noticeable when k¢ = 0.00.
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Figure 14. Comparisons of the peak shear strain of the damper panels: (a) 8-story model (k5 = 0.00);
(b) 16-story model (k15 = 0.00); (c) 8-story model (i1 = 0.03); (d) 16-story model (h1; = 0.03);
(e) 8-story model (i §=0.05); (f) 16-story model (1, r=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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Figure 15. Comparisons of the normalized cumulative strain energy of the damper panels: (a) 8-story
model (hlf =0.00); (b) 16-story model (hlf =0.00); (c) 8-story model (hlf =0.03); (d) 16-story model
(h1f = 0.03); (e) 8-story model (h15 = 0.05); (f) 16-story model (k1 = 0.05).

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 (Vap1* and Vj1*), and the peak equivalent displacement D;*max, 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 hyf = 0.05 are
shown for the Art-L-06 and Art-L-11 ground accelerations. The dashed lines in Figure 16b
indicate the predicted peak equivalent displacement (D1*max) for three values of 5. In
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Figure 16¢, 1 is the ratio of the local peak equivalent displacement (in the positive and
negative directions), defined as

= |Dl*(tAEmax + AtAEmax)/Dl*(tAEmax) ‘r (56)

where tArmax and tAEmax + AfAEmax are the start and end times, respectively, of the half cycle
in which the maximum momentary input energy of the first modal response (AE;* max)
occurs. The time-history and the hysteresis loop during the half cycle (from fppmax to
tAEmax + AtaEmax) are denoted by the red curves.

The following observations can be made based on Figure 16.

e  Although the time-histories of the ground accelerations are very similar, the time-
histories of the equivalent displacement D;*(t) are different. The equivalent displace-
ment does not exceed the predicted D1*max in the case of Art-L-06, but does exceed
the predicted D1 *max 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¢),
but is notably asymmetric in the case of Art-L-11 (right of Figure 16c). 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 D1 *max is caused by the asymmetry of the hysteresis loop, which is affected
by the phase shift of the ground acceleration.

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 17a, the time-histories of the momentary input energy of the 16-
story model (/1 £ =0.05, Art-L-06 and Art-L-11) calculated from the nonlinear time-history
analysis results are shown. In Figure 17b, 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 point Ty,

The following observations can be made based on Figure 17.

e  The time-histories of the momentary input energy are very similar for Art-L-06 and Art-
L-11, although AE;*max/ M;* is different, being larger for Art-L-11 than for Art-L-06.

e  The time-varying functions calculated assuming j = 0.05 (shown at the top of Figure 17b)
are notably different from the nonlinear time-history analysis results shown in
Figure 17a: the variations in the time-varying functions are too large in compari-
son with the nonlinear time-history analysis results.

e  The time-varying functions calculated assuming B = 0.10 and 0.15 (shown in the
middle and bottom of Figure 17b) are closer to the nonlinear time-history analysis
results than those for g = 0.05. In addition, the value of AE;*max/M;* calculated
from the time-varying function is between the values for Art-L-06 and Art-L-11. The
calculated AE1* max/M;* for = 0.10 is larger 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 f3.

Figure 18 compares the Vg spectrum and the equivalent velocities of the maximum
momentary input energy (Vap1*) obtained from the nonlinear time-history analysis results.
In this figure, the effective period Ti.f is calculated from Equation (33). In addition, the
VAE spectrum is calculated using the time-varying function as described in Section 2.2.1.
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Figure 16. Time-history and hysteresis of the first modal response (16-story model, ;¢ = 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.
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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 based on Figure 18.

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

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

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

The results shown in Figure 18 imply that the most suitable value of § is 0.10 for the
prediction of Var1™ using the Vi spectrum.
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Figure 18. Comparisons of the Vjr spectrum and Vap;* obtained from the time-history analysis:
(a) Art-L series; (b) Art-S series.

The V| spectrum and the equivalent velocities of the cumulative input energy of the
first modal response (V1*) obtained from the nonlinear time-history analysis results are
compared in Figure 19. The Vi 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 f is 0.10.
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Figure 19. Comparisons of the Vj spectrum and Vj;* obtained from the time-history analysis:
(a) Art-L series; (b) Art-S series.

Therefore, the equivalent velocities of the maximum momentary input energy and the
cumulative energy (Vap1* and Vj1*) can be accurately predicted using the time-varying
function, an appropriate effective period Ti.¢f, and f = 0.10. For the calculation of Ty.f,
Equation (33) is suitable.

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 (Vg1 *) and the peak equivalent displacement D1 max
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is now examined in reference to the capacity curve (Va1 *-D;* relationship) described in
Section 2.1. Figures 20 and 21 compare the capacity curve and the nonlinear time-history
analysis results.

--------- Capacity Curve Demand Curve (f8 = 0.10) O Time-History
Demand Curve (5 = 0.05) Demand Curve (p = 0.15)
Lsp H—IhOOOII

_ L =0 : "

N 1 @ 1of |
S [ 1 £ C !
L . 1« C i
g [ o 13 F |
>LH 0.5 ; —4 > 05 :

[ A ] I 0259mii
N o8 m. | 10255m ] [ ‘ 0271 mi=. 10294 m ]
O'OT 1 1 L L I |0|l)|8 Erl‘i 1 L :| 1 1 1 L |_ 00—"‘ 1 1 1 1 I 1 1 1 I().l.-'7|I I:n 1 JI 1 1 1
l's_l 1 T T 1 ! T 1 1 T ' 1 T 1 T I l‘—l—'(l' ].5,_| 1 I

- h _=0.03 il 7 i .

- f :

5 1of 4 @ 1oF
E L 1 E ¢
: . 1 C
>t 0 - N

N ] L) 0255m il -

[ o 0.196m i1 10255m ] [ B 0264 m+  0.304m]
O'O_{ L 1 L 1 I |U{9(l)n:1 ‘I [ | .I L 1 1 L L O-O—r L L 1 1 I 1 1 1 L I)I l_:i L ]' L '} L
1.5_I T T T T I T T T T I T T T T I I‘"l"l’_—' J T I T T

C h,_=0.05 ' - 1 C

@ 1oF =1 @ 1of
E I A ! L 1 £ [
LI 1 i 1 8

[ 023imi— | ] i

- C0.195mi o 10260m ] - . ;

O'OT 111 I lOll |n|1: l:l 1l T R B | O'O—f PR TR TR S N T ST S S M R 11' 1 [ |

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

D* (m) D* (m)

1 max

(@) (b)

Figure 20. Comparisons between the capacity curve and the Varj*-D1* max 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 Vg1 *-D1* max relationship obtained
from the time-history analysis results (16-story model): (a) Art-L series; (b) Art-S series.

The following observations can be made based on 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 p = 0.05 gives the most conser-
vative D1*max. The predicted D1*max with § = 0.10 is slightly unconservative, and the
predicted D1 max with § = 0.15 is unconservative.

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
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structural response is very important, as are 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 cumu-
lative energy (Vap1™ and V1) can be properly predicted using the time-varying
function, an appropriate effective period Ty.fs, and = 0.10. For the calculation of
T1eff, Equation (33) is suitable.

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

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 accu-
rate 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 the cumula-
tive 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 the 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 the ground motion. This means that re-
searchers 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. It should be mentioned that the current version of this procedure should be
applied carefully when considering high-rise buildings. The analysis results for the 16-story
model shown herein indicates that the predicted global response (e.g., the peak equivalent
displacement of the first modal response, the energy demand of the overall building) would
be reliable: however, the predicted local response should be carefully assessed, because
the influence of the higher modal response would be pronounced. Therefore, apart from
further verification using additional building models and ground motions, the following
questions remain.
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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 cyclic loading on the damage to RC members may not be signifi-
cant in the case of ductile RC members within a certain drift limit (e.g., less than
0.02 radians [42]). However, in the case of RC members with larger drift demands, the
cumulative strain energy demand would be needed. How can the cumulative strain
energy of the RC members be evaluated in a simple manner?

e Several studies on the applicability of pushover analysis to planar frames [33—40]
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 [41] 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 the RC beams surrounding
damper columns may reduce the energy absorption of the 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?

e  The response of RC MRFs with damper columns subjected to sequential ground mo-
tions has previously been investigated [7]. It is expected that the proposed procedure
may be applicable to 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 A1l shows simplified models for the calculation of the dissipated energy
during a half cycle of the structural response. Here, AE,s*/M;" and AE; 4"/ M;" are
the contributions of the hysteretic dissipated energies of the RC MRFs and steel damper

columns, respectively, while AEp;*/ 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 response, the maximum momentary input energy per unit mass (AE1* max/M;1")
is calculated as

AE;(lf AEyzld

AEl Eas (D maxﬂ’]) (Dl maxfﬂ) + (Dl max/77) AEDl (Dl maxfﬂ) (Al)
AE 1 ¢*
]’llf * _ * *
Myt (D1 max, 1) = A1y Drys fF(Vfr’?)r (A2)
AE,14 * * *
1\/?1* (D1 max, ) = A1ya” D1ya” fo (Har 1), (A3)
AEp1* N T X %
lei (Dl max/ﬂ) = ZhlfmaxAlf maxD1 max(1+77)2- (Ad)

In Equation (A1),  is the ratio of displacements in the positive and negative directions.

According to a previous study [7], fr (;4 fr 17) and fp(pg, 1) are calculated as
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g (1-17) 0<pp<1

fF(Vfrﬂ): Vf—%{l—i—(wtf)z} tpup>1land 0 <y <1/pg, (A5)
W — \/MTHf tpp>Tland 1/pp <y <1
(1 =17 0<py <1

folpan) = S wa— 3{1+ (ual} 1 >1and 0 <y <1/pg. (A6)
(L+n7)pa—2 cug>Tland1/pg <y <1

In this study, the energy dissipation in a half cycle is simplified by calculating the
average in the range 0 < # < 1. The functions fr (y f) and fB (pq) are defined as

1.

fp(uf) = / fr (foﬂ)dﬂr (A7)
0
1

fopa) = /fD(Vd/’?)dU- (A8)

0

By substituting Equation (A5) into Equation (A7), fr ( U f) is calculated as

1
fe(s) = /fp(yf,q)dq - {W 3y :O;S w1 (A9)

0

Similarly, fp(pg) is calculated as

1]/1,712 0<

fo )—/1 (o, )iy = 3 =1 (A10)
fo(pua) = | fo(ua,n)dn = %(9}4d—12+%) g1
0

In addition, the average of the contribution from viscous damping is calculated as

1
AEp1*, . 7 X *
/ = (D1 max, 17)dn = ﬁhlfmaxAlf maxD1" max- (A11)
0

Therefore, the maximum momentary input energy per unit mass (AE;*max/M1")
corresponding to the peak equivalent displacement (D1 " max) is calculated as

AE1\1/[7*12“)((Dl*max) = Alyf*Dlyf*J}VF (yf> + Alyd*Dlyd*ﬁ;(Vd) + 71*7;hlfmaxAlf*maxDl*max- (A12)

In the proposed procedure, the peak equivalent displacement (D1 *max) and the contri-
bution of the RC MRFs to the equivalent acceleration at the peak equivalent displacement
(A1f"max) are replaced by the values obtained from the pushover analysis at step n (,D;*
and ,A; f*’ respectively). In addition, the damping ratio at the peak equivalent displace-
ment (/11 fmax) 1s approximated as

hyf, (A13)

w1f = \/uAy"/uDy " (A14)
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In Equation (A13), ,w, ¥ is the secant circular frequency of the first modal response at
step n. Therefore, Equation (A12) can be rewritten as

AEl*maX % 7 N o 77'[hlf Vlwlf . i
"nTl* = Awys Diyy fp(nuf) + Ay Diya” foatta) + —5 @,ZAU .Di*. (A15)

Appendix B. Formulation of the Effective Period

The effective period of the equivalent linear SDOF model is formulated as follows.
Figure A2 shows the scheme of the linearization of the equivalent SDOF model. As shown
in Figure A2a, 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 D1*max and the maximum momentary input energy per unit mass is
AE1*max/ Mi*, as shown on the left of Figure A2a. The effective period and damping of
the corresponding linear SDOF model are Ty.ff and B, respectively. The peak equivalent
displacement of the linear SDOF model is D1 * max when the maximum momentary input
energy per unit mass is the same as in the nonlinear SDOF model (AE1*max/M;*), as shown
on the left of Figure A2a.

The ratio of the displacements in the positive and negative directions () is assumed to
be the same in both the nonlinear and equivalent linear SDOF models. From Figure A2b,c,
the energy balance in a half cycle of the structural response can be expressed as

2
AE " max _ 1 27 e 2f(1 2\, T 2
e () pewd{(1-) < Jasais)

As discussed in Appendix A, Equation (A16) can be simplified by calculating the
average in the range 0 < # < 1. On the right-hand side of Equation (A16),

1

/{(1 — 1) + (1 +7)°Bdy = 4 +67”ﬁ. (A17)
0

Using Equation (A17), Equation (A16) can be simplified as

2
AE1* max  14+771B( 27 .
== D . A18
Ml* 2 6 Tleff 1 max ( )

Therefore, the effective period Tj.¢¢ can be calculated from the equivalent velocity of
the maximum momentary input energy of the equivalent SDOF model (Vpr1*) and the
peak equivalent displacement D1 * ax as

[4+77B D1* max
Tleff =2r 6 Vart® . (Al9)
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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, AEgyf,,"/Mi" and AEg " /My are the
hysteretic dissipated energy of the RC MRFs per unit mass under monotonic and cyclic
loading, respectively. AEgyg,,*/M;* and AEgyy.*/M;* are the hysteretic dissipated en-
ergy of the damper columns per unit mass under monotonic and cyclic loading, respec-
tively. AEpi.*/M;* is the damping dissipated energy per unit mass over a cycle of the
structural response.

Given the peak equivalent displacement D1 *may, the dissipated strain energy of RC
MRFs under monotonic loading per unit mass (AEsy s, */ M1 ") can be calculated from the
left of Figure A3a as

AEsifm” iy
Mllam = Aty D1yf 8rm (,”f)/ (A20)
0 :0< He < 1
= . A21
)i gy B e

Next, let us consider one loop of steady vibration (displacement amplitude: yD1* max,
where 0 < 7y < 1is the amplitude ratio), as shown on the right of Figure A3a. The function

8Fc (]/t fr 7) is calculated as

:0<ur<lory<1/us

0
gpc(]if,’)/>={2<,wf_1/m) tpp>Tlandy > 1/pp - (A22)
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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.

In this study, gr. ( 1r 7) is simplified by calculating the average in the range 0 < ¢ < 1.
The function gr (y f> is defined as

1
8Fe <V f) = / 8Fc (V iz v) dy. (A23)
0
Substituting Equation (A22) into Equation (A23), gr, <y f) is written as

_ o 0 :Ogyfgl
ch(Vf) o {yf—4/\/}4_f+3/}lf :yf >1 - (A24)
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Therefore, the dissipated strain energy of RC MRFs under cyclic loading per unit mass
(AEsifc*/ Mp™) can be calculated as

AESlfC* * * * —~—
A e (D" max) = Avyy" Dy re () (A25)

Similar to RC MRFs, the dissipated strain energy of the damper columns under
monotonic and cyclic loading per unit mass (AEgy4,,*/M1* and AEgy;.*/Mp*) can be
calculated from Figure A3b as

AEsigm” * *
Aiild*m = Alyd Dlyd gDm(Vd)r (A26)
1
[0 0<u<1
gDm(‘ud) - {#d -1 g > 1 (A27)
AEg4.* “ « o
%(Dl max) = Alyd Dlyd gDc(Vd)l (A28)
1.
§oc(na) = [ goclpa . (A29)
0
From the right of Figure A3b, gp (14, y) is calculated as
0 0<uy;<lory<1/uy
) = ) A30
&0={jia:7) {4(Wdl) tpa > Tandy > 1/pg (430
By substituting Equation (A30) into Equation (A29), gp.(}4) is written as
— _ 0 0<u; <1
8De(pa) = {Z(Md =2+ 1/pa)  ipa>1 (A31)

Finally, the dissipated damping energy per unit mass over one cycle of the structural
response (AEp1.*/M;*) is calculated from Figure A3c and Equation (A13) as

AEp1.* Mpeak Y1
Dlc (Dl*max) :27Th1f peak f

A1 maxD1 " max, A32
My* lwlf 1f max/1 max ( )

npeakwlf - \/npeakAlf*/”peale* = \/Alf*maX/Dl*maX' (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 the RC
members in the 8-story model. Note that the cross-sections of all of the 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 (Zy) 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 the 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?.
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Table A1l. Sections at potential hinges of RC members for 8-story model.

Member Location Width Depth L(fngltudmal
(mm) (mm) Reinforcement
Zyto Zg 500 900 5-D29 (Top and bottom)
Beam Zs t0 Z3 500 900 5-D32 (Top and bottom)
71 550 900 5-D35 (Top and bottom)
Column 1st Story (Bottom) 800 800 16-D29 (Total)

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

Sy o g Thoms b Sectomi Cotum
QypL Qypu 8 ectiona’ Ar€a  (mm x mm x mm x mm)
(kN) (kN) (mm) (mm) (mm?)
6to8 438 641 6 600 3700 H-600 x 200 x 12 x 25
4to5 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 the RC members in
the 16-story model. Note that the cross-sections of all of the 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 (Zy) 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 6-9, 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.

Table A3. Sections at potential hinges of RC members for 16-story model.

Member Location Width Depth L(?ngltudmal
(mm) (mm) Reinforcement
Z7 to Z14 500 900 5-D29 (Top and bottom)
Beam Z5 to Zyg 500 900 5-D32 (Top and bottom)
Zq 550 900 5-D35 (Top and bottom)
Column 1st Story (Bottom) 900 900 16-D32 (Total)

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

oy g T ety Column
QypL Qyou 8 ectiona’ Area  (mm x mm x mm x mm)
(kN) (kN) (mm) (mm) (mm?)
11to 16 438 641 6 600 3700 H-600 x 200 x 12 x 25
7 to 10 626 916 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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