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ABSTRACT

A new method of robust damper design is presented for elastic-plastic multi-degree-of-freedom (MDOF) building
structures under multi-level ground motions (GMs). This method realizes a design that is effective for various
levels of GMs. The robustness of a design is measured by an incremental dynamic analysis (IDA) curve and an ideal
drift response curve (IDRC). The IDRC is a plot of the optimized maximum deformation under a constraint on the
total damper quantity vs. the design level of the GMs. The total damper quantity corresponds to the total cost of
the added dampers. First, a problem of generation of IDRC:s is stated. Then, its solution algorithm, which consists
of the sensitivity-based algorithm (SBA) and a local search method, is proposed. In the application of the SBA, the
passive added dampers are removed sequentially under the specified-level GMs. On the other hand, the proposed
local search method can search the optimal solutions for a constant total damper quantity under GMs’ increased
levels. In this way, combining these two algorithms enables the comprehensive search of the optimal solutions for
various conditions of the status of the GMs and the total damper quantity. The influence of selecting the type of
added dampers (oil, hysteretic, and so on) and the selection of the input GMs on the IDRCs are investigated. Finally,
a robust optimal design problem is formulated, and a simple local search-based algorithm is proposed. A simple
index using the IDRC and the IDA curve of the model is used as the objective function. It is demonstrated that the
proposed algorithm works well in spite of its simplicity.
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1 Introduction

Building structures are designed under various uncertainties, e.g., modeling errors and incom-
plete reported data on geometrical and mechanical properties of structural elements and ground
supporting the building. Excessive pursuit of the profitability regarding structural design may lead
to a design with a low resistance to natural disasters. Experienced designers can balance the
profitability and the effect of these uncertainties based on their deep understanding of structural
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mechanism. On the other hand, the reliability-based design and the robustness-based design are
mathematical ways to deal with such uncertainties directly. Many researches on these design
methods and the evaluation of robustness of structures have been accumulated so far [1-7]. The
performance-based design is also one of the structural design methods which take account of
uncertainties. Incremental dynamic analysis (IDA) [§] is often used to make fragility curves of
structures for the increasing level of earthquake ground motions.

Many researchers have tackled the problems of optimal passive dampers (for example, see
[9-11]). Zhang et al. [12] and Garcia [13] developed a simple design procedure for viscoelastic
dampers. Takewaki [14] introduced an optimality criteria-based algorithm to minimize the sum
of the inter-story drifts under a harmonic excitation with the fundamental natural frequency of
the structure. This approach was extended to the base shear response for seismic rehabilitation
of planar building structures [15]. Trombetti et al. [16] investigated the effectiveness of mass-
proportional damping systems using a finite element model. Whittle et al. [17] compared several
methods for optimal damper placement in view of reductions in peak responses, the usability of
the methods and the computational effort. Martinez et al. [18] formulated a problem of optimal
hysteretic damper placement in the frequency domain using the stochastic equivalent linearization
technique. Aydin et al. [19] tackled a problem of optimal damper placement considering the
soil-structure interaction. Metaheuristics have been applied widely to the optimal damper place-
ment [20-23]. Some researchers treated simultaneous optimization problems of main structures
and added dampers [24,25].

The awareness of the significance of treating elastic-plastic structures in the optimal damper
placement has been prevailing recently [25-30]. Since the setting of the input ground motions
(GMs) level used for the optimization affects the final design, the level should be determined
carefully. For example, a model optimized under lower-level GMs may exhibit large plastic
deformation concentrations in specific stories for larger-level GMs [25,31]. However, the model
optimized under a quite large level of GMs may not reduce the responses effectively for lower-level
GMs. Moreover, earthquakes which will hit buildings are unpredictable. Therefore, an optimization
method is needed which can properly deal with the uncertainty of the level of GMs.

This paper presents a new method of robust damper design for elastic-plastic multi-degree-of-
freedom (MDOF) building structures under multi-level GMs. This method realizes a design that
is effective for various levels of GMs. The robustness of such design is measured by an IDA
curve [8] and an ideal drift response curve (IDRC) [32]. The IDRC is a plot of the optimized
maximum deformation under a constraint on the total damper quantity versus the design level
of the GMs. The total damper quantity corresponds to the total cost of the added dampers. A
problem of generation of IDRCs is stated and its solution algorithm is proposed. The influence
of selecting the type of added dampers (oil, hysteretic,...) and the selection of the input GMs on
the IDRCs are investigated. Finally, a robust optimal design problem is formulated, and a simple
local search-based algorithm is proposed. A simple index using the IDRC and the IDA curve of
the model is used as the objective function.
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2 Problem of Generation of IDRCs

This section explains the concept of robust damper design based on an ideal drift response
curve (IDRC). Then the generalized problem of optimal damper placement under consecutive-
level GMs (G-PODPCG) is stated as an extended version of the problem presented by Akehashi
et al. [32]. Finally, its solution algorithm, consisting of the sensitivity-based algorithm (SBA) and
a local search method, is proposed.

2.1 IDRC and Concept of Robust Damper Design

Akehashi et al. [32] proposed an IDRC, which is a new concept on the optimal damper
placement for elastic-plastic MDOF structures to visually capture effectiveness of a damper design
for various levels of GMs (Fig. 1a). ¢yp(We,IM;) in the figure represents the optimal distribution
vector of the added dampers which minimizes the maximum inter-story drift under a constant
sum W, of the added damping coefficient and /M denotes the level of input GMs. ¢,/ (W, I M;)
satisfies the following.

dmax (Copt(We, IM}), IM}) < dmax(Caaa(We), I M)

where ¢,q0(We), dmax(€aaa(We), IM;) denote the added damping coefficient vector with W = W,
and the maximum interstory drift of the model with c,4s(W,) under the GMs with IM = IM;.
The red line in the figure represents the IDRC, which is the plot of dmax(€opi(We, IM),IM) versus
the design /M. The IDA curve for the model with ¢,,/(W,,IM;) is tangent to the IDRC only at
the point where IM = IM;. Moreover, the IDA curves for any damper designs with W = W, never
cross the IDRC. When the added dampers are not installed much enough, or the type of the
added dampers (oil, hysteretic,...) is not effective for the input GMs, the IDRC inclines towards
the horizontal direction in the IM-dnax graph.

Fig. 1b shows the difference between the robust damper design based on the IDRC and the
non-robust damper designs. The IDA curves of the non-robust damper designs are plotted locally
away from the IDRC. This results from the correspondence of the equivalent natural periods of
the designs and the predominant periods of the input GMs. On the other hand, the IDA curve of
the robust damper design runs near the IDRC. This means that the design is effective for various
levels of the input GMs.
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Figure 1: Concept of IDRC and robust damper design, (a) IDRC, (b) robust damper design and

non-robust damper design

2.2 Formulation of Problem of Generation of IDRC
The IDRC of the viscous dampers W = W, is obtained by solving the following problem.

[Problem of Optimal Damper Placements for Consecutive-Level GMs (PODPCG)]

Obtain the ny, sets of damper placements €,p;(We,IMy), ..

s Copt(We, IMy,)) UMy < ... <1IMy,)

Akehashi et al. [32] proposed a consecutive design generation method (CDGM) as the solution
algorithm for the problem PODPCG. In this paper, an extended version of the problem PODPCG,
a generalized PODPCG (G-PODPCG) is treated.

|Generalized PODPCG (G-PODPCG)]

Obtain the np sets of IDRCs with W = W,_1,.

s Weny (Wer>.o.> Wepp)

It is noted that the value of /M becomes large when the number of the subscript of IM
becomes large, although the value of W becomes small when the number of the subscript of W

becomes large.
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2.3 Solution Algorithm
The solution algorithm for the problem G-PODPCG may be described as follows:
[Algorithm: Advanced Consecutive Design Generation Method (A-CDGM)]

Step 1 Set an initial design ¢y — (cl,o---cN,o)T and put ip — 0.

Step 2 Obtain ¢,p/(We iy, IM1) using the sensitivity-based algorithm (SBA) [25,33].

Step 3 Put iy — 1.

Step 4 Obtain ¢,p/(We iy, IM;, 1) by a local search around ¢,/ (Wi, IM;;) as the initial
design.

Step 5 Update i; — iy + 1. If if <ny, return to Step 4.

Step 6 Update ip — ip+ 1. If ip =np+ 1, then finalize the process.

Step 7 Update ¢o — €opi(Weip—1,1M7). Return to Step 2.

[Sensitivity-Based Algorithm (SBA)]

Step 1 Put ¢— ¢y and j — 0.
Step 2 Put i —> 1.
Step 3 Update ¢; — ¢; — Acs.

Step 4 Evaluate the sensitivity flj = d{;;l;’i — d)ax. Then update ¢; — ¢;+ Acy and set i — i+ 1.
If i <N, return to Step 3.

Step 5 Find the minimum value of fl’ , and update ¢; — ¢; — Acg, j—>j+ 1.

Step 6 If cOT-l — Acy - j= W,,,, then finalize the process. If cOT-l — Acg-j> W, return to
Step 2.

It is noted that the local search method adopted in this paper can be described as follows:
|Local Search]

Step 1 Set ¢ — ¢opi(Weip, IM;,) as the initial design. Put j — 0.

Step 2 Find the story i which exhibits the largest value of the interstory drift.

Step 3 Find the story {k;c; > 0} which exhibits the minimum value of the interstory drift.
Step 4 Update ¢; — ¢; + Acy, ¢ — ¢ — Ac; (Acy > 0). The value of Ac; is determined by a
uniform random number. If ¢; <0, revise the value of Ac¢; so that the value of ¢; becomes
0. Then update j — j+ 1. If j <npg, return to Step 2. If j=npg, select the design which
exhibits the minimum value of dpnax from the nyg designs, and finalize the process.

Fig. 2 shows the overview and the schematic diagram of the proposed solution algorithm.
The proposed algorithm consists of the SBA and the local search method. In the application
of the SBA, the inactive added dampers are removed sequentially under the specified-level GMs.
On the other hand, the proposed local search method can search the optimal solutions with a
constant sum of added damping coefficients under the increased levels of the GMs. Therefore, the
combination of these two algorithms enables the comprehensive search of the optimal solutions
for various conditions of the level of the GMs and the sum of the added damping coefficients.

It is also noted that the proposed algorithm is applicable to the optimal hysteretic damper
placement. In such case, added damping coefficient of viscous dampers is replaced to added
stiffness of hysteretic dampers.
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Figure 2: Overview and schematic diagram of A-CDGM, (a) overview, (b) schematic diagram
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3 Numerical Examples

This section investigates the influence of the selection of the input GMs and the type of
added dampers on the IDRCs. El Centro NS component during the Imperial Valley earthquake in
1940 and Rinaldi station fault-normal component during the Northridge earthquake in 1994 are
employed here (Fig. 3). The former is a representative GM of random nature, and the latter is a
representative GM of pulse type. The level of the GM is adjusted by the peak ground velocities
(PGV). 51 levels of the GM (from PGV =0.5 [m/s] to PGV =1.5 [m/s] by the increment 0.02
[m/s]) are used. Linear viscous dampers are treated in Sections 3.2 and 3.3, and hysteretic dampers

are treated in Sections 3.4 and 3.5.
5 1 l
-5

b

ground acceleration [m/s?]
o

ground acceleration [m/s?]
o

0 10 20 30 40 0 10 20 30 40
t[s] t[s]
(a) (b)

Figure 3: Earthquake ground motions adopted for numerical examples, (a) El centro NS compo-
nent, (b) Rinaldi sta. FN component

3.1 Model Parameters

Consider two shear building models of 12 stories with different story stiffness distributions.
Model 1 has a trapezoidal distribution of story stiffnesses (ki/ki» =4). Model 2 has a uniform
distribution of story stiffnesses. The undamped fundamental natural period of these two models
is 1.2 [s] and the structural damping ratio is 0.01 (stiffness proportional type). All the floor masses
have the same value. The common story height is 4 [m] and the common yield inter-story drift
d, is 4/150 [m]. The story shear-interstory drift relation obeys the elastic perfectly-plastic rule.

3.2 Optimization of Viscous Damper Placement

The targeted values of the sum of the added damping coefficients are set to W,.; =30 x
107 [Ns/m], W5 = 20 x 107 [Ns/m], W,3 = 10 x 107 [Ns/m]. The values of W.1, W.2, W.3 are
given so that the final designs has the fundamental-mode damping ratio of about 0.15, 0.10, 0.05.
The initial damper design is set to (cl,o---clz,o)T = {(80/12) x 107}1 [Ns/m]. Acs = (50/600) x
107 [Ns/m)] is used for the SBA, and n;g= 50 and Ac¢; = Unif[0 1] x {0.03 W.ip} are employed for
the local search.

Fig. 4 shows the IDRCs. It can be observed that the IDRCs are monotonically increasing with
respect to PGV. In the case of W,.3 =10 x 107 [Ns/m], the PGVs corresponding to dmax/dy =1
(elastic limit) are almost the same both under El Centro NS component and Rinaldi Sta. FN com-
ponent. However in the case of W,; =30 x 107 [Ns/m], the PGVs corresponding to dmax/dy =1
under Rinaldi Sta. FN component is smaller than that under El Centro NS component. Moreover,
the slope of IDRCs under El Centro NS component is almost constant in the full range of PGV,
however the slope of IDRCs under Rinaldi Sta. FN component inclines towards the horizontal
direction in the upper range of PGYV. This is because viscous dampers are not necessarily effective
for pulse type GMs. Figs. 5, 6 show the changes of the added damping coefficient of each story.
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Figs. 7, 8 illustrate the distributions of the interstory drifts and the distributions of the added
damping coefficient of the models designed for PGV = 0.5, 1.0, 1.5 [m/s]. The sum of the
transfer functions of interstory velocity f(c g4, @) is also shown in Figs. 7, 8. It is noted that
those values are normalized for f(cop/(Weip, PGV = 0.5),w1), where wi(= 27/1.2) denotes the
undamped fundamental natural circular frequency. f(c,44, @) helps to understand the response
control performance of viscous damper placements [31]. It can be pointed out that, as PGV
used for the optimization becomes larger, the dampers concentrated to the specified stories spread
around those stories to prevent the plastic deformation concentrations of the surrounding stories
without dampers for larger levels of GMs [32]. Moreover, as PGV used for the optimization
becomes larger, the amplitudes of the transfer functions become small in the higher range of
frequency. These correspond to the result [31] that designs whose transfer function amplitudes are
well controlled on a broader frequency range can effectively reduce plastic deformations because
the higher-mode responses are amplified in the plastic response range. It is also observed that
relatively large added damping coefficients are allocated to the lower stories under Rinaldi Sta.
FN component compared to the models designed under El Centro NS component. This is due to
the difference of the nature of the 2 GMs.

15
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Figure 4: IDRCs of models with viscous dampers, (a) Model 1, (b) Model 2
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Figure 6: Change of added damping coefficient of each story with respect to PGV (Model 2),
(a) El centro NS component, (b) Rinaldi sta. FN component
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Figure 8: Distributions of added damping coefficient, distributions of interstory drifts and sum of
transfer functions of interstory velocity (Model 2), (a) El centro NS component, (b) Rinaldi sta.
FN component

3.3 IDA Analysis of Models with Optimally Designed Viscous Dampers

Fig. 9 shows the maximum interstory drift distributions by the IDA analysis for the models
designed W, =20 x 107 [Ns/m] under each GM with PGV = 0.5, 1.0, 1.5 [m/s]. PGV in the
IDA analysis is increased from 0.5 [m/s] to 1.5 [m/s] by 0.02 [m/s]. The input level PGV = 0.5
corresponds to the elastic design. It can be observed that the models designed for PGV = 0.5, 1.0
[m/s] exhibit large deformation concentrations in specific stories for these two GMs with larger
PGV. The IDA curves are away from the IDRCs in the upper range of PGV. On the other hand,
the models designed for PGV = 1.5 [m/s] are effective for various levels of the GMs and the IDA
curves run near the IDRCs.
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Figure 9: IDA analysis for 3 models designed under GMs with PGV = 0.5, 1.0, 1.5 [m/s] (W, =
20 x 107 [Ns/m]), (a) Model 1, (b) Model 2

3.4 Optimization of Hysteretic Damper Placement

The yield deformations of hysteretic dampers are set to 4/800 [m]. The restoring force-
deformation relation obeys the elastic perfectly-plastic rule. The target values of the sum of the
added stiffnesses are set to Wy =15 x 10° [N/m], Wy, =10 x 10° [N/m], Wy 3 =15 x 10° [N/ml].
These values are given so that the equivalent fundamental damping ratios become 0.15, 0.10, 0.05
when the maximum interstory drifts of the models are four times of the yield deformation of the
dampers under the harmonic wave with the undamped fundamental natural frequency. The initial
damper design is set to (kio---ki20)7 ={(35/12) x 10°} 1[N/m]. Aky = (20/200) x 10° [N/m] is
used for the SBA, and n;g =100 and Ak; = Unif[0 1] x {0.001 W} ;,} are employed for the local
search.
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Fig. 10 shows the IDRCs. It can be observed that the IDRCs exhibit a roughly mono-
tonic increase with respect to PGV. Unlike the cases of viscous dampers, the values of dyax
under Rinaldi Sta. FN components are greatly improved as the sum of the added stiffnesses
increases. This is because hysteretic dampers are more effective for pulse type GMs than viscous
dampers [34]. Figs. 11, 12 show the changes of the added stiffness of each story. Figs. 13, 14
illustrate the distributions of the inter-story drifts and the distributions of the added stiffness
of the models designed for PGV = 0.5, 1.0, 1.5 [m/s]. It can be pointed out that, unlike the
cases of viscous dampers, the added stiffnesses are allocated to the stories which exhibit the large
deformations as PGV used for the optimization becomes larger. For Model 1, the added stiffness
in the middle and upper stories becomes large as PGV increases. For Model 2, the added stiffness
in the lower stories becomes large as PGV increases. The dissipated hysteretic energy of the
dampers is small under the lower levels of the GMs. Therefore, the control of the distribution of
stifftness mainly contributes to the uniformization of the distribution of the maximum inter-story
drifts under the lower levels of GMs. On the other hand, both the hysteretic energy dissipation
of the dampers and the control of the distribution of stiffness play an essential role for the
uniformization under the larger levels of GMs. It is also said that, like the cases of viscous
dampers, relatively large added damping coefficients are allocated to the lower stories under
Rinaldi Sta. FN component compared to the models designed under El Centro NS component.
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Figure 10: IDRCs of models with hysteretic dampers, (a) Model 1, (b) Model 2
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Figure 11: Change of added stiffness of each story with respect to PGV (Model 1), (a) El centro
NS component, (b) Rinaldi sta. FN component
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Figure 13: Distributions of added stiffness and distributions of interstory drifts (Model 1), (a) El
centro NS component, (b) Rinaldi sta. FN component
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Figure 14: Distributions of added stiffness and distributions of interstory drifts (Model 2), (a) El
centro NS component, (b) Rinaldi sta. FN component
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3.5 IDA Analysis of Models with Optimally Designed Hyteretic Dampers

Fig. 15 shows the maximum interstory drift distributions by the IDA analysis for the models
designed for Wy, =10 x 10° [N/m] under each GM with PGV = 0.5, 1.0, 1.5 [m/s]. Almost all
the tendencies are in common with the case of viscous dampers. Models designed for PGV =
0.5, 1.0 [m/s] exhibit large deformation concentrations in specific stories for these two GMs with
larger PGV and the IDA curves are plotted away from the IDRCs in the upper range of PGV.
On the other hand, the models designed for PGV = 1.5 [m/s] are effective for various levels of
the GMs and the IDA curves run near the IDRCs.
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Figure 15: IDA analysis for 3 models designed under GMs with PGV = 0.5, 1.0, 1.5 [m/s] (W) > =
10 x 10° [N/m]), (a) Model 1, (b) Model 2
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4 Problem of Robust Optimal Damper Placement for Multi-Level Ground Motions

This section treats a robust optimal design problem, and a simple local search-based algorithm
is proposed. A simple index using the IDRC and the IDA curve of the model is used as the
objective function.

4.1 Optimization Problem and Its Solution Algorithm

Consider the following problem to mathematically obtain damper designs whose IDA curves
run near the IDRCs.

[Problem of Robust Optimal Damper Placement for Multi-Level GMs (PRODPMG)]
Find ¢,y
50 as to minimize max{dmax(Cadq> I M;) — dmax (Copt(We, IM), IM)} (i=1,...,n1)

l

subject to cgdd -1= W, (const.)

The objective function represents the maximum value of the horizontal distances between the
IDRC with W = W, and the IDA curve of the design with c,4; at every IM in the IM-dpyax
graph. It is noted that the value of {dmax(Cuda, IM;) — dmax(Cops(We, IM;),IM;)} is strictly larger
than O for all i because c,,/(W,,I1M;) is optimally designed to reduce the maximum interstory
drift under the GMs with 7M.

The solution algorithm for the problem PRODPMG may be described as follows:
[Algorithm]

Step 1 Obtain the IDRC by A-CDGM. Set iz g — 0.

Step 2 Set ¢opi(We,IM,,) as the initial design (I M,, =max(IM)).

Step 3 Find the level of the GMs IM; where the value of {dmax(Coqq,IM;)—
Amax(Copt(We, IM;), IM;)} becomes the maximum by conducting the IDA analysis to the
model with ¢, (W, IMy,).

Step 4 Find the story j that exhibits the largest value of the interstory drift under the GMs
IM=1M,;.

Step 5 Find the story {k;c; > 0} which exhibits the minimum value of the interstory drift
under the GMs with IM = IM,.

Step 6 Update ¢; — ¢j+ Acyp,cx — cx — Acip (Acp > 0). The value of Ac;y is determined
by a uniform random number. If ¢, <0, revise the value of Ac;» so that the value of ¢x
becomes 0. Then update irs — irs+ 1. If izg <nps», return to Step 3. If irg=nrs>, select
the design which exhibits the minimum value of dpyax from the nyg, designs, and finalize
the process.

The procedures of Steps 4-6 in the algorithm is common with the proposed local search
method in Section 2.3. ¢yp(We,IMy,) is used as the initial design because the objective function
of models designed under larger levels of GMs tends to exhibit a small value as shown in

Sections 3.3 and 3.5. It is also noted that the proposed algorithm is applicable to the optimal
hysteretic damper placement.

4.2 Numerical Examples

The targeted value of the sum of the added damping coefficients are set to W, = 20 x
107 [Ns/m). El Centro NS component is employed here. The parameters of the A-CDGM are the
same in Section 3.2. npg =200 and Ac; = Unif[0 1] x {0.03W,} are employed.



1204 CMES, 2021, vol.129, no.3

Fig. 16 shows the results of the optimization. The IDA curve of the obtained design runs
quite near the IDRC for various PGVs. Moreover, the distributions of the interstory drifts are
uniformized for various PGVs.

1.5
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Figure 16: Results of optimization (W, =20 x 107 [Ns/m]), (a) IDA curve of optimally designed
model and IDRC, (b) distribution of maximum interstory drifts, (c) distribution of added damping
coefficient

It may be concluded that the proposed algorithm provides robust damper designs for various
levels of GMs. The proposed algorithm works well in spite of simplicity.

5 Conclusions

A new method of robust damper design was presented for elastic-plastic MDOF building
structures under multi-level ground motions (GMs). The main conclusions can be summarized as
follows.

(1) An ideal drift response curve (IDRC) is a plot of the optimized maximum deformation
under a constraint on the total damper quantity versus the design IM (level of input GMs).
An effectiveness of the design for various levels of GMs can be captured visually through
plotting the incremental dynamic analysis (IDA) curve and the corresponding IDRC.

(2) A problem of generation of IDRCs was stated and the solution algorithm ‘advanced
consecutive design generation method (A-CDGM)’ was developed. A-CDGM consists of
the sensitivity-based algorithm and a local search method. The combination of these
two algorithms enables the comprehensive search of the optimal solutions for various
conditions of the level of the GMs and the sum of the added damping coefficient.

(3) The slope of IDRCs of viscous dampers under pulse type GMs inclines towards the
horizontal direction in the upper range of /M. This is because viscous dampers are not
necessarily effective for pulse type GMs. On the other hand, the values of the maximum
interstory drifts under pulse type GMs are greatly improved as the sum of the added
stifftnesses of hysteretic dampers increases. This is because hysteretic dampers are more
effective for pulse type GMs than viscous dampers. In the case of GMs of random nature,
both types of dampers effectively reduce the maximum interstory drifts.

(4) In the case of optimization of viscous dampers, as IM used for the optimization becomes
larger, the dampers concentrated to the specified stories spread around those stories to
prevent the plastic deformation concentrations at the surrounding stories without dampers
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for larger levels of GMs. Moreover, as IM used for the optimization becomes larger, the
amplitudes of the transfer functions become small in the higher range of frequency.

(5) In the case of optimization of hysteretic dampers, the added stiffness is allocated to the
stories which exhibit the large deformations as IM used for the optimization becomes
larger. The dissipated hysteretic energy of dampers is small under the lower levels of
the GMs. Therefore, the control of the distribution of stiffness mainly contributes to the
uniformization of the distribution of the maximum interstory drifts under the lower levels
of GMs. On the other hand, both the hysteretic energy dissipation of the dampers and the
control of the distribution of stiffness play an important role for the uniformization under
the larger levels of GMs.

(6) For both types of dampers, the IDA curves for the models designed under larger levels
of GMs run near the corresponding IDRCs for various /Ms. On the other hand, the IDA
curves for the models designed under lower levels of GMs are away from the IDRCs in
the upper range of /M. In other words, such designs may exhibit large plastic deformation
concentrations in specific stories for larger-level GMs.

(7) A robust optimal design problem was formulated and a simple local search-based algorithm
was proposed. A simple index using an IDRC and an IDA curve was used as the objective
function. This method realizes a design which is effective for various levels of GMs and
this means the robust optimal design. Moreover, the proposed algorithm is easy to use
because of its simplicity.

In this paper, a single type of dampers was applied to the optimization. It is noted that the

proposed method is applicable to the simultaneous optimization of various types of dampers. It
is also noted that the proposed method is suitable for optimization under plural GMs. In such
case, the envelope response under such plural GMs should be treated as the objective function.
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