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A new method for simultaneous optimal design of main building structures and

viscous dampers is proposed for elastic-plasticmulti-degree-of-freedom (MDOF) building

structures subjected to the critical double impulse which is regarded as a representative

of the main part of near-fault ground motions. The critical double impulse is characterized

by the maximum energy input to the total system by the second impulse and the sum

of the restoring force and the damping force in the first story attains zero by this critical

input. The objective function is the maximum interstory drift along the building height.

The original optimization problem is transformed into a problem of removing the most

inactive story stiffness and damper damping coefficient. An efficient sensitivity-based

design algorithm is developed for this simultaneous optimal design problem of main

building structures and viscous dampers. It is pointed out that the order of changes

of structural stiffness and damper damping magnitude is critical to the achievement of

reasonable designs and cycle-by-cycle alternating redesign of story stiffness and damper

damping coefficient is effective for its achievement. The double impulse pushover (DIP)

analysis proposed in the previous paper (Akehashi and Takewaki, 2019) for determining

the input velocity level of the critical double impulse is also conducted to disclose the

response characteristics of the designed building structures and dampers. It is shown

that the proposed design method enables the high yield-strength design with effective

seismic energy absorption and the high limit-strength design effective for extremely

large disturbances. The distributions of the maximum acceleration responses in an initial

design and the final design are also presented for the one-cycle sine wave corresponding

to the critical double impulse.

Keywords: simultaneous optimization of structure and damper, double impulse, earthquake response, critical

excitation, elastic-plastic response, viscous damping

INTRODUCTION

In the ordinary building structural design using passive dampers, the main frames are designed
based on usual structural design requirements and the passive dampers are installed to upgrade the
structural performance against severe natural disturbances, e.g., severe earthquake ground shaking,
severe strong wind. For this reason, the simultaneous optimization of the main frames and the
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passive dampers has never been tackled except some theoretical
interests (Khansefid et al., 2019) and a general design guideline
(ASCE, 2017). However, both interdependent characteristics
are getting much interest recently. Actually, it is expected
that the simultaneous optimization enables the design with
higher structural performances and broader structural design
perspectives. The high yield-strength design with effective
seismic energy absorption and the high limit-strength design
effective for extremely large disturbances are examples taking full
advantage of such both interdependent characteristics.

As for simultaneous optimization, Austin and Pister (1985)
introduced a mathematical programming approach in the
optimal design of elastic-plastic moment-resisting frames
including friction dampers. Takewaki (1999) proposed an
approach to the simultaneous optimization of main frames and
passive dampers using optimality criteria conditions. Cimellaro
(2007) extended the approach due to Takewaki (1999). However,
these papers are treating only elastic structures. Cimellaro and
Retamales (2007) investigated a problem of damper installation
and retrofitting of building structures with the concept of
softening. As a technique of softening, the weakening of beam-
column joints is considered. Cimellaro et al. (2009) developed
an integrated design approach of inelastic controlled structural
systems by using the active control strategy. Lavan and Dargush
(2009) investigated the multi-objective evolutionary seismic
design with passive energy dissipation systems by using the
genetic algorithm. Castaldo and De Iuliis (2014) presented an
integrated method of the optimal seismic design of structural
and viscoelastic bracing-damper systems for an equivalent
single-degree-of-freedom system and a proportionally dampers
multi-degree-of-freedom system. Khansefid and Bakhshi (2019)
developed an advanced algorithm for two-step integrated
optimization of actively controlled non-linear structure under
mainshock–aftershock sequences. Idels and Lavan (2020) tackled
a problem of simultaneous optimal design of non-linear building
frames and non-linear viscous dampers.

After 1990’s, many researches on the optimal design of
passive dampers have been conducted. These researches are
summarized in the review papers and monographs (e.g.,
Takewaki, 2009; Domenico et al., 2019). Zhang and Soong
(1992) proposed a sequential search algorithm (SSA) to find
the best position of dampers sequentially. Takewaki (1997)
introduced a concept of optimality criteria-based damper
placement. Garcia (2001) andGarcia and Soong (2002) developed
a simplified sequential search algorithm (SSSA). Singh and
Moreschi (2001, 2002) investigated optimal design problems
by introducing the optimality conditions and the non-linear
programming technique. Uetani et al. (2003) presented a
practical damper optimization method for building frames
based on the mathematical programing which can be applied
to general building structures with plastic responses. Lavan
and Levy (2006) proposed a methodology for the optimal
viscous damper design for realistic ground motion records
under the maximum drift constraints. Silvestri and Trombetti
(2007) investigated novel approaches for the optimal insertion of
seismic viscous dampers in shear-type structures and compared
the optimization performances of several previously proposed

algorithms. Aydin et al. (2007) tackled the optimal damper
distribution problem for seismic rehabilitation of planar building
structures. Whittle et al. (2012) compared some methods for the
optimal viscous damper placement. Lavan and Avishur (2013)
proposed a design method of dampers for elastic-plastic frames.
Adachi et al. (2013) proposed a practical theory of optimal
relief-force distribution for oil dampers by setting the maximum
interstory drift and the maximum building-top acceleration as
the objective performances. Murakami et al. (2013) treated a
problem of simultaneous optimal damper placement using oil,
hysteretic and inertial mass dampers and proposed a sensitivity-
based algorithm. Shiomi et al. (2018) investigated a problem of
optimal hysteretic damper placement for elastic-plastic multi-
degree-of-freedom (MDOF) shear building models under the
double impulse as a representative of near-fault ground motions
and proposed a sensitivity-based method. Palermo et al. (2018)
investigated a practical and simple design procedure of passive
dampers for the preliminary seismic design which is followed
by a non-linear time history analysis. Akehashi and Takewaki
(2019) tackled a problem of optimal design of passive dampers
for a designed elastic-plastic shear building model under a
pulse-type ground motion modeled by a critical double impulse
introduced by Kojima and Takewaki (2015). They introduced
the concept of “Double Impulse Pushover (DIP)” analysis to
clarify the limit-state responses of elastic-plastic shear building
models with optimally-placed dampers. Akehashi and Takewaki
(2020) extended the concept of Takewaki (1997) into higher-
order modes and investigated the effect of higher modes on
the elastic-plastic responses and the damper placement. Cetin
et al. (2019) showed a method using the critical excitation
proposed by Takewaki (2013). Singh and Moreschi (2002)
and Dargush and Sant (2005) introduced a design method
using GA.

In this paper, a new method for simultaneous optimal design
of main structures and viscous dampers is proposed for elastic-
plastic MDOF structures subjected to the critical double impulse
which is regarded as a representative of the main part of
near-fault ground motions. An efficient sensitivity-based design
algorithm is developed for the above-mentioned simultaneous
optimal design problem of main structures and viscous dampers.
It is pointed out that the order of changes of structural stiffness
and damper damping magnitude is critical to the achievement of
reasonable designs. The DIP analysis proposed in the previous
paper (Akehashi and Takewaki, 2019) for determining the input
velocity level of the critical double impulse is also conducted
to disclose the response characteristics of the designed building
structures and dampers. It is shown that, while the model
designed for a small input velocity level can reduce the maximum
interstory drifts in the elastic response range, it exhibits a large
deformation concentration in the middle and lower stories for
the critical double impulse with larger input velocity level. On
the other hand, while the model designed for a large input
velocity level exhibits larger elastic interstory drifts in the upper
stories for the critical double impulse with smaller input velocity
level, it shows a favorable interstory drift distribution for the
critical double impulse with larger input velocity level. The
proposed design method enables the high yield-strength design
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with effective seismic energy absorption and the high limit-
strength design effective for extremely large disturbances.

SIMULTANEOUS OPTIMIZATION OF
ELASTIC-PLASTIC BUILDING
STRUCTURES AND VISCOUS DAMPERS

Critical Double Impulse
Near-fault ground motions are getting much interest recently
because it was made clear that these ground motions possess
peculiar pulse-type characteristics and are influential for various
types of building structures (Bertero et al., 1978). It is known that
this pulse-type waves affect high-rise buildings and base-isolated
buildings with long natural periods. To simulate such peculiar
pulse-type characteristics, Kojima and Takewaki (2015) proposed
the double impulse with reverse directions. The acceleration üg(t)
of the double impulse can be expressed by

üg(t) = Vδ(t)− Vδ(t − t0), (1)

where V is the velocity amplitude, δ(t) is the Dirac delta function
and t0 is the time interval of two impulses. Some investigations
using the double impulse have been made for single-degree-of-
freedom (SDOF) models (Kojima and Takewaki, 2015; Akehashi
et al., 2018a,b), investigations on MDOF models are extremely
limited (Saotome et al., 2018; Shiomi et al., 2018; Akehashi
and Takewaki, 2019, 2020). This may result from the fact that
the simple energy balance law for the simple evaluation of
the maximum response cannot be expected in MDOF models
because of the phase lag.

The most important subject on the double impulse is the
determination of the critical timing of two impulses. This issue
was solved by Akehashi and Takewaki (2019). The essence is
shown here briefly. Consider an N-story MDOF shear building
model of mass mi and story stiffness ki in the i-th story. Let
ui denote the horizontal displacement of mass in the i-th story
and let ci, fi denote the damping coefficient of the damper in
the i-th story and the restoring force in the i-th story. Since the

displacements do not change instantaneously at the action of the
second impulse, the strain energy does not change at the timing
of action of the second impulse. In this case, the input energy by
the second impulse can be expressed by

E =
∑N

i=1

1

2
mi(u̇i + V)2 −

∑N

i=1

1

2
miu̇

2
i = V

∑N

i=1
miu̇i

+
∑N

i=1

1

2
miV

2 (2)

Equation (2) clearly indicates that, when
∑N

i=1 (miu̇i) reaches
the maximum, the input energy by the second impulse becomes
the maximum. The necessary condition of the maximization of∑N

i=1 (miu̇i) is
∑N

i=1 (miüi) = 0. The dynamic equilibrium of

the whole building leads to the fact that the sum
∑N

i=1 (miüi) of
the inertial forces is equal to the story shear force in the first story
F1 = c1u̇1+f1. This means that the extremum condition becomes
F1 = c1u̇1 + f1 = 0. This simple critical condition can be used in
the time-history response analysis.

Importance of Simultaneous Design of
Building Structures and Dampers
In this paper, a problem of simultaneous optimization of main
structures and added viscous dampers is dealt with. Figure 1
shows the concept of simultaneous design of main structures and
dampers. The structural designer can conduct a structural design
with higher structural performance by designing supplemental
dampers for a predetermined main structure without design
option. The structural performance indicates the damage or the
limit state of a frame. Therefore, the displacement or ductility
factor is assumed here as is often used in the displacement-
based design. Furthermore, the simultaneous design of main
structures and dampers can provide a high yield-strength design
by using small earthquake ground motions as the design
earthquake ground motions or a high limit-strength design
by using severe earthquake ground motions as the design
earthquake ground motions. This concept will be explained
in numerical examples. Takewaki (1999) and Cimellaro (2007)

FIGURE 1 | Concept of simultaneous design of main structures and dampers.
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FIGURE 2 | Schematic diagram of proposed solution algorithm.
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proposed another methods of simultaneous optimization of main
structures and added viscous dampers. Since their methods are
aimed for elastic design, they correspond to the high yield-
strength design. On the other hand, the present method enables
not only the high yield-strength design but also the high
limit-strength design. The possibility of such designs will be
discussed in numerical examples using the DIP analysis. Recently
recorded near-fault pulse-type earthquake ground motions of
large amplitude require the development of such high limit-
strength design.

Problem of Simultaneous Optimization and
Solution Algorithm
The problem of simultaneous optimization of main structures
and added viscous dampers may be stated as follows: To
minimize the maximum interstory drift under the condition on
the specified total quantity of story stiffnesses of main structures
and the specified total quantity of damping coefficients of viscous
dampers. It seems reasonable to deal with this problem by
using the sensitivity-based approach that includes the time-
history response analysis for the critical double impulse and

the finite difference method. The problems treated here will be
explained next.

Consider the following problem.
[Problem]

Find {ki} and {ci}

so as to minimize dmax = max
i

{dmax,i}

subject to
∑N

i=1
ki = WkF ,

∑N

i=1
ci = WcF

ki ≥ 0, ci ≥ 0 for all i = 1, . . . ,N

In this problem, dmax,i, ki, ci,WkF ,WcF are the maximum
interstory drift in the i-th story, the story stiffness of the i-th story,
the damping coefficient of the viscous damper in the i-th story,
the final value of the sum of story stiffnesses, the final value of the
sum of the damping coefficients of dampers, respectively.

The direct procedure to solve the abovementioned-problem is
not simple because a mathematical programming approach may
be necessary. To overcome this difficulty, a practical and simple
procedure without time-consuming mathematical programming
techniques is proposed based on the method due to Adachi et al.

FIGURE 3 | Change of sum of story stiffnesses and sum of added damping coefficients throughout process of proposed solution algorithm.
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FIGURE 4 | Change of distribution of story stiffness, distribution of added damping coefficient and distribution of dmax,i/dy throughout process of optimization

(nk = nc = 1, nkc = 600). (A) Distribution of story stiffness. (B) Distribution of damper damping coefficient. (C) Distribution of dmax,i/dy .
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FIGURE 5 | Change of distribution of story stiffness, distribution of added damping coefficient and distribution of dmax,i/dy throughout process of optimization

(nk = nc = 60, nkc = 10). (A) Distribution of story stiffness. (B) Distribution of damper damping coefficient. (C) Distribution of dmax,i/dy .
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(2013). The aim of this procedure is to find the most inactive
stiffness of the frame and the most inactive damper damping
coefficient and to reduce the quantity of such frame stiffness and
damper damping coefficient sequentially.

The solution algorithm for this transformed problem may be
described as follows.

[Algorithm]

Step 1 Assume an initial design which satisfies
∑N

i=1 ki = Wk0

and
∑N

i=1 ci = Wc0.

Step 2 Decrease the story stiffness by a small stiffness 1k only

in the i-th story. Repeat this procedure N times for

FIGURE 6 | Change of maximum deformation, distribution of dmax,i/dy , distribution of story stiffness and distribution of damper damping coefficient of 3 cases with

WcF = 20× 107 [Ns/m]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with V = 1.0 [m/s].

(C) Model designed under critical double impulse with V = 1.5 [m/s].
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all the stories and make N models. Input the critical
double impulse to the modified N MDOF models and
compute the maximum interstory drifts by the non-linear
time-history response analysis. Find the model which
has the smallest increment of the maximum interstory
drift (finding of the smallest response sensitivity design).

Regard this model as a new design. Repeat this procedure
nk times. The number nk indicates the number of
repetition cycles in Step 2.

Step 3 Decrease the damper damping coefficient by a small
damping coefficient 1c only in the i-th story. Repeat
this procedure N times for all the stories and make N

FIGURE 7 | Change of maximum deformation, distribution of dmax,i/dy , distribution of story stiffness and distribution of damper damping coefficient of 3 cases with

WcF = 10× 107 [Ns/m]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with V = 1.0 [m/s].

(C) Model designed under critical double impulse with V = 1.5 [m/s].
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models. Input the critical double impulse to the modified
N MDOF models and compute the maximum interstory
drifts by the non-linear time-history response analysis.
Find the model which has the smallest increment of
the maximum interstory drift (finding of the smallest
response sensitivity design). Regard this model as a

new design. Repeat this procedure nc times. The
number nc indicates the number of repetition cycles
in Step 3.

Step 4 Repeat Step 2 and Step 3 nkc times. The number nkc
indicates the number of global repetition cycles including
Step 2 and Step 3.

FIGURE 8 | Change of maximum deformation, distribution of dmax,i/dy , distribution of story stiffness and distribution of damper damping coefficient of 3 cases with

WcF = 5× 107 [Ns/m]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with V = 1.0 [m/s].

(C) Model designed under critical double impulse with V = 1.5 [m/s].
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The flow of this algorithm is shown in Figure 2 and the schematic
diagrams of the variations of the sum of the story stiffnesses and
the sum of the damping coefficients of dampers are presented
in Figure 3. Wk0 = WkF + nkcnk1k,Wc0 = WcF + nkcnc1c
in Figure 3 indicate the initial values of the sum of the story
stiffnesses and the sum of the damping coefficients of dampers.
In this paper, the story stiffness distribution and the damping
coefficient distribution of dampers of the initial design are
assumed to be uniform along height. It is important to remark
that, because the proposed algorithm seeks for a design of story
stiffnesses and damper damping coefficients with the smallest
value of the maximum interstory drift at each level of the sum
of story stiffnesses and the sum of damper damping coefficients,
the final design satisfying the constraints is certainly the optimal
design of the above-mentioned optimal design problem. Since the
algorithm is simple, it is possible to add some constraints, i.e.,
the setting of the minimum story stiffness, the constraint that the
lower story stiffness is larger than the upper story stiffness (the
story stiffnesses are monotonically decreasing toward the top).

Wk0 and Wc0 were introduced to specify an initial design of
the frame and dampers. Designers can set these values based
on their experiences. On the other hand, WkF and WcF were
introduced to obtain a desirable design of the frame and dampers
exhibiting acceptable inelastic responses of the frame. Especially,
the valueWkF is given in view of the fundamental natural period
of the final design and the value WcF is given in view of the
damping ratio of the final design or the cost for dampers. The
frame and dampers with WkF and WcF are not necessarily the
unique or target design. If the designers prefer the design even
in the intermediate process to WkF andWcF , they can adopt
such design.

NUMERICAL EXAMPLE

Consider a 12-story shear building model of bilinear hysteresis
(kinematic hardening) in the story shear-story drift relation with
viscous dampers. It is assumed that the structural damping does

FIGURE 9 | DIP analysis for 3 models withWcF = 20× 107 [Ns/m]. (A) Response of model designed under critical double impulse with V = 0.25 [m/s]. (B) Response

of model designed under critical double impulse with V = 1.0 [m/s]. (C) Response of model designed under critical double impulse with V = 1.5 [m/s]. (D)

Comparison of maximum deformations for 3 models.
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not exist. All the floor masses have the same value mi = 400 ×

103[kg]. The common story height is 4[m]. The common yield
interstory drift is dy =4/150[m] and the post-yield stiffness ratio
is α = 0.2. The target value of the sum of story stiffnesses is
set to WkF = 7 × 109 [N/m]. This value was given so that
the final design has the fundamental natural period of about
1.2[s]. Since the structural model is a shear building model, the
reduction in one story stiffness does not affect the story stiffness
in other stories.

The double impulse as a representative of near-fault pulse-
type ground motions is treated as the input ground motion
(Kojima and Takewaki, 2015). The critical timing of the second
impulse can be determined depending on the input velocity
level V and the structural model so as to attain the maximum
energy input by the second impulse to the structure. Akehashi
and Takewaki (2019) showed that this critical timing can be
obtained without repetition of time-history response analysis.
They clarified that this critical timing corresponds to the time of
zero value of the story shear force in the first story. This double
impulse is called the critical double impulse and only this critical

double impulse is treated in this paper. The employment of the
critical double impulse enables the smart pursuit of non-linear
resonant responses.

Non-linear time-history response analysis has been conducted
for the critical double impulse. The software used for the
non-linear time-history response analysis is the original one
whose accuracy was checked by the comparison with other
usual software.

Influence of Algorithm Parameters
In this section, the influence of setting of the parameters
nk, nc, nkc on the final design is investigated. Figures 4, 5 show the
design process corresponding to the parameters Wk0 = 17.5 ×

109 [N/m], Wc0 = 110 × 107 [Ns/m], WcF = 20 × 107 [Ns/m].
As stated above, WkF = 7 × 109 [N/m]. The value of the WcF is
given so that the final design has the fundamental-mode damping
ratio of about 0.1. The input level of the critical double impulse is
V = 0.25 [m/s] and the elastic design is achieved.

In Figure 4, nk = nc = 1, nkc = 600 are used. On the other
hand, in Figure 5, nk = nc = 60, nkc = 10 are employed. In both

FIGURE 10 | DIP analysis for 3 models with WcF = 10× 107 [Ns/m]. (A) Response of model designed under critical double impulse with V = 0.25 [m/s]. (B)

Response of model designed under critical double impulse with V = 1.0 [m/s]. (C) Response of model designed under critical double impulse with V = 1.5 [m/s]. (D)

Comparison of maximum deformations for 3 models.
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cases, the total steps are the same nkc(nk + nc) = 1,200. In the
initial design, uniform distributions of story stiffness and damper
damping coefficient are used. The fundamental natural period of
the initial design is 0.828 s and the damping ratio of the dampers
is 0.238.

In the case of nk = nc = 1, nkc = 600 (Figure 4), the
maximum interstory drifts of the initial model are small in the
middle and upper stories. Until about 400 steps, the maximum
interstory drift is decreased. In this process, the story stiffnesses
in the middle stories and the damping coefficients in the upper
stories are reduced. In other words, the interstory drifts in the
upper stories are increased and those in the lower stories are
improved. After 400 steps, the story stiffnesses and the damping
coefficients in the upper stories are reduced and the uniform
maximum interstory drifts are attained at about 800 steps. After
about 800 steps, the story stiffnesses and the damping coefficients
are reduced so as to keep the uniformity of the maximum
interstory drifts. It seems that the quick reflection of the optimal
change (redesign) of the story stiffness of a frame or the damping

coefficient of dampers on the next optimal redesign of the
damping coefficient of dampers or the story stiffness of the frame
is absolutely necessary for a desirable distribution (monotonically
increasing toward the bottom) of story stiffnesses of the frame.
This procedure strongly supports the concept of simultaneous
optimal design.

On the other hand, in the case of nk = nc = 60, nkc = 10
(Figure 5), the story stiffnesses in the middle stories and the
damping coefficients in the upper stories are reduced in the
beginning process as in the previous case (Figure 4). After about
400 steps, due to the small number of nkc and the large amount
of dampers, the reduction of story stiffness in the upper stories
and the reduction of dampers in the middle stories are delayed
(to make the dampers in the middle stories effective by making
the story stiffnesses in the upper stories larger). As a result, an
unrealistic design with small story stiffnesses in the 8 and 9-th
stories is obtained.

Further investigations lead to the conclusion that, in the case
of a relatively small number of nkc (relatively large number of

FIGURE 11 | DIP analysis for 3 models with W = 5× 107 [Ns/m]. (A) Response of model designed under critical double impulse with V = 0.25 [m/s]. (B) Response

of model designed under critical double impulse with V = 1.0 [m/s]. (C) Response of model designed under critical double impulse with V = 1.5 [m/s]. (D)

Comparison of maximum deformations for 3 models.
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nk, nc), the setting of the initial assignment ofWk0 andWc0 yields
an unfavorable result of the distribution of story stiffness and
damping coefficient in the final design as shown in Figure 5.
This phenomenon is remarkable in the case of a large value of
Wc0. It is also noted that unrealistic designs are obtained in
other cases of a relatively small number of nkc (for example, a
design without damping only in the middle stories, a design with
a drastic change of the story stiffness in a specific story, and
so on). Finally, it can be concluded that the setting of a larger
number of nkc causes a small effect of Wk0,Wc0 on the final
design and leads to a favorable design. It is desirable to set the
number of nkc as large as possible after determining the number
of the total steps of the algorithm. Then, the numbers of nk, nc are
automatically determined.

Influence of Input Level
In this section, the influence of the input velocity level of the
double impulse on the final design is investigated. Three input
velocity levels V = 0.25, 1.0, 1.5 [m/s] are selected. The velocity
level V = 0.25 [m/s] corresponds to the elastic design.

Figures 6–8 show the design for Wc0 = 65 × 107 [Ns/m],
WcF = 20 × 107 [Ns/m], that for Wc0 = 55 × 107 [Ns/m],
WcF= 10×107 [Ns/m] and that forWc0 = 50×107 [Ns/m],WcF

= 5 ×107 [Ns/m]. The other parameters are common, Wk0 =

17.5 ×109 [N/m],WkF = 7.0 × 109 [N/m], nk = nc = 1, nkc
= 600. In all cases, the value Wc0 − WcF is chosen as the same
value, i.e., the reduction value 1c of the damping coefficient is
the same.

It can be observed from Figures 6–8 that, as the velocity
level V used for the design becomes larger, the story stiffnesses
in the lower stories become relatively large and those in
the upper stories become relatively small. This indicates that
the distribution of story stiffness exhibits remarkable non-
uniformity. In this case, the interstory drifts in the upper stories
increase much compared to the initial design and the those in
the lower stories increase a little bit. As a result, the interstory
drifts of all the stories are close to a uniform distribution against
the large input. Furthermore, as the input velocity level used for
the design becomes larger, the dampers concentrated to the lower
stories spread into the middle and lower stories.

FIGURE 12 | Maximum floor acceleration of 3 models with WcF = 20× 107 [Ns/m] and these initial design model under one-cycle sine wave corresponding to critical

double impulse with V = 0.5, 1.0 [m/s]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with

V = 1.0 [m/s]. (C) Model designed under critical double impulse with V = 1.5 [m/s]. (D) Initial design.
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The minimum deformation design in Figures 6–8 indicates
the design in which max

i
{dmax,i} is minimized. In the design

before attaining this minimum deformation design, max
i

{dmax,i}

is decreased. On the other hand, in the design after attaining
this minimum deformation design, max

i
{dmax,i} is increased.

In the minimum deformation design for all cases, the uniform
distribution of the maximum interstory drifts is attained in the
middle and lower stories. In this case, although the reduction
of damping coefficients is developed in the upper stories, the
maximum interstory drifts in the upper stories are smaller than
those in the middle and lower stories. This is because the
reduction of story stiffnesses is not developed sufficiently. In
addition, before and after attaining the minimum deformation
design, the maximum interstory drifts exhibit an almost uniform
distribution. This indicates that, even if the maximum interstory
drifts in the upper stories are made larger, the maximum
interstory drifts in the lower stories are not improved.

In the elastic design, the interstory drift and the story shear
(especially base shear) are important design indices. However,
since the restoring-force characteristic is specified in the inelastic

design, constraining story ductility factors seems to be sufficient
for the drift and strength checks.

DIP ANALYSIS

In this section, the DIP analysis is conducted. The DIP analysis
was proposed by Akehashi and Takewaki (2019) by extending
the procedure of the incremental dynamic analysis (IDA)
(Vamvatsikos and Cornell, 2001) to the non-linear resonant case.
The DIP analysis provides the relation between the maximum
interstory drift and the input velocity level of the critical
double impulse.

It should be reminded that only the critical double impulse
is treated here, i.e., the interval of two impulses of the double
impulse changes depending on the input velocity level (also
depending on the maximum interstory drift).

Figures 9–11 show the maximum interstory drift
distributions by the DIP analysis for 9 models obtained in
Figures 6–8. The velocity level is increased from V = 0.5 [m/s]
to = 2.0 [m/s] by 0.25 [m/s]. In other words, the frame and

FIGURE 13 | Maximum floor acceleration of 3 models with WcF = 10× 107 [Ns/m] and these initial design model under one-cycle sine wave corresponding to critical

double impulse with V = 0.5, 1.0 [m/s]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with

V = 1.0 [m/s]. (C) Model designed under critical double impulse with V = 1.5 [m/s]. (D) Initial design.
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dampers are designed for the velocity V = 0.25, 1.0, 1.5 [m/s]
by using the proposed design procedure (Figures 6–8). Then,
each designed frame with designed dampers is subjected to
several critical double impulses (from V = 0.5 [m/s] to V = 2.0
[m/s] by 0.25 [m/s]) with seven velocity levels by using the DIP
analysis concept.

It can be observed that, while the model designed for V =

0.25[m/s] can reduce the maximum interstory drifts in the elastic
response range, it exhibits a large deformation concentration
in the middle and lower stories for the critical double impulse
with larger input velocity level. This indicates the characteristic
of the high yield-strength design. On the other hand, while
the model designed for V = 1.5[m/s] exhibits larger elastic
interstory drifts in the upper stories for the critical double
impulse with smaller input velocity level, it shows a favorable
interstory drift distribution for the critical double impulse with
larger input velocity level by distributing the interstory drifts
into the upper stories. This phenomenon does not depend on

the value of WcF . This indicates the characteristic of the high
limit-strength design.

ACCELERATION RESPONSE UNDER
ONE-CYCLE SINE WAVE

In this section, the maximum acceleration response of the model
designed by using the critical double impulse is investigated
by employing the corresponding one-cycle sine wave. This use
of the corresponding one-cycle sine wave results from the fact
that, while the double impulse is useful for evaluating the
deformation, it is not appropriate for evaluating the acceleration
response. This characteristic may result from the property that
the double impulse induces high-frequency responses which
are not amplified in the response to the one-cycle sine wave
resonant to the fundamental frequency of the model. In the

FIGURE 14 | Maximum floor acceleration of 3 models with WcF = 5× 107 [Ns/m] and these initial design model under one-cycle sine wave corresponding to critical

double impulse with V = 0.5, 1.0 [m/s]. (A) Model designed under critical double impulse with V = 0.25 [m/s]. (B) Model designed under critical double impulse with

V = 1.0 [m/s]. (C) Model designed under critical double impulse with V = 1.5 [m/s]. (D) Initial design.
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FIGURE 15 | Maximum interstory drifts for amplified recorded ground motions, (A) Rinaldi Station FN (Northridge 1994), (B) Kobe Univ NS (Hyogoken-Nanbu 1995).

transformation from the critical double impulse into the one-
cycle sine wave, the acceleration amplitude Ap of the one-cycle

sine wave can be expressed byAp = (1.222/2)ωpV in terms of the

resonant circular frequency ωp(= π/t0) (Akehashi et al., 2018a;

Hashizume and Takewaki, 2020).

Figures 12–14 show the maximum acceleration responses

of 9 models, obtained in Figures 6–8, for the one-cycle sine

waves equivalent to the critical double impulses with V =

0.5, 1.0 [m/s]. The responses of all models for the one-cycle sine

wave equivalent to V = 0.5 [m/s] are almost elastic. In these

figures, the acceleration responses of the initial design models
for the one-cycle sine waves equivalent to the critical double

impulses withV = 0.5, 1.0 [m/s] are also included. In all models,
the maximum accelerations of the final designs are reduced

compared to the initial design. This is because the story stiffnesses

are decreased and the fundamental natural period is prolonged.

When WcF is the same, the maximum accelerations do not

change so much irrespective of the design value of V . The
shape of acceleration responses in the elastic range differ a

little bit depending on the design value of V and this results

from the difference in the distribution of story stiffnesses. In
addition, the irregular distribution of acceleration responses

for the one-cycle sine wave equivalent to V = 1.0 [m/s] is

due to the plastic deformation which induces the higher-mode
response components.

INVESTIGATION OF DRIFT RESPONSE
FOR AMPLIFIED RECORDED
NEAR-FAULTS GROUND MOTIONS

In this section, the maximum interstory drifts of the model
optimally designed by using the critical double impulse are
investigated for amplified recorded near-fault ground motions.
The DIP analysis was conducted in section DIP ANALYSIS.
However, the responses to recorded near-fault ground motions
were not investigated. Rinaldi station fault-normal component
during the Northridge earthquake in 1994 and Kobe University
NS component during the Hyogoken-Nanbu (Kobe) earthquake
in 1995 are employed here (Akehashi et al., 2018a). The level of
these ground motions was adjusted by the peak ground velocities
(PGV) and the maximum interstory drifts were calculated for
each input with several levels (from PGV = 0.5 [m/s] to PGV =

2.0 [m/s] by the increment 0.25 [m/s]). In other words, the IDA
(Vamvatsikos and Cornell, 2001) for a single ground motion was
conducted here.

Figure 15 shows the maximum interstory drifts of the three
models, obtained in Figure 6 (WcF = 20 × 107 [Ns/m]), for
the above-mentioned two amplified recorded ground motions. It
can be observed that the deformations in the middle and lower
stories are large for the model designed for V = 0.25[m/s] and
the deformations in the upper stories are large for the model
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designed for V = 1.5 [m/s]. This tendency is in common with
the results for the DIP analysis in section DIP ANALYSIS, which
guarantees the validity of using the critical double impulse for the
simultaneous optimal design.

CONCLUSIONS

A new method for simultaneous optimal design of main building
structures and viscous dampers is proposed for elastic-plastic
MDOF building structures subjected to the critical double
impulse which is regarded as a representative of the main part
of near-fault ground motions. The main conclusions can be
summarized as follows.

(1) An efficient sensitivity-based design algorithm was
developed for the above-mentioned simultaneous optimal
design problem of main structures and viscous dampers.

(2) The proposed optimal design algorithm works well-
irrespective of the target value of the sum of damper damping
coefficients and the input level of the critical double impulse.
The setting of a larger number of nkc (nk = nc = 1 is
preferable) causes a small effect of Wk0,Wc0 on the final
design and leads to a favorable design.

(3) As the velocity levelV used for the design becomes larger, the
story stiffnesses in the lower stories become relatively large
and those in the upper stories become relatively small. In
this case, the interstory drifts in the upper stories increase
much compared to the initial design and the those in the
lower stories increase a little bit. As a result, the interstory
drifts of all the stories are close to a uniform distribution for
a large input. Furthermore, as the input velocity level used
for the design becomes larger, the dampers concentrated to
the lower stories spread into the middle and lower stories.

(4) While the model designed for V = 0.25[m/s] can reduce the
maximum interstory drifts in the elastic response range, it
exhibits a large deformation concentration in the middle and

lower stories for the critical double impulse with larger input

velocity level. This corresponds to the high yield-strength
design. On the other hand, while the model designed forV =

1.5[m/s] exhibits larger elastic interstory drifts in the upper
stories for the critical double impulse with smaller input
velocity level, it shows a favorable interstory drift distribution
for the critical double impulse with larger input velocity level
by distributing the interstory drifts into the upper stories.
This corresponds to the high limit-strength design.

(5) The maximum acceleration responses of the optimal elastic-
plastic MDOF models with viscous dampers under the one-
cycle sine waves corresponding to the critical double impulse
do not depend on the input velocity levels of the critical
double impulse used for design.

(6) The deformation characteristics for amplified recorded near-
fault motions are similar to those for the critical double
impulse. This guarantees the validity of using the critical
double impulse for the simultaneous optimal design of main
frames and passive dampers.
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