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Abstract

A new optimal damper design method, called ‘consecutive design generation method
(CDGM)’, is presented for elastic-plastic multi-degree-of-freedom (MDOF) building struc-
tures under multiple-level earthquake ground motions (GMs). The procedure of the proposed
method is as follows: (i) Set a variety of levels of input GMs {IM,,....IM;}
(IM, <...<IM;). (ii) Obtain the optimal design under GM with IM = IM, using an optimi-
zation method. (iii) Obtain the optimal design under GM with IM = IM, by a local search
around the optimal design under GM with IM = IM, as the initial design. (iv) Obtain the op-
timal design under GM with IM = IM~ by a local search around the optimal design under
GM with IM = IM, as the initial design, and the same procedure is repeated under GMs with
other IMs. By using the proposed method, all the optimal designs can be obtained with much
lower computational effort than the method repeating an ordinary optimization procedure
under every-level GM. The proposed method helps to understand how the distribution of add-
ed damper damping coefficients changes as the level of GMs changes. Furthermore, a simple
design guideline for the problem, which design to be chosen from various optimal designs, is
presented based on the “ideal drift response curve’, which is also a new concept. Two repre-
sentative recorded ground motions are employed as a set of GMs and the proposed method is
applied to these GMs. The influence of the number of GMs and the level of GMs on the opti-
mal damper design is clarified.
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1 INTRODUCTION

Problems of optimal design of passive dampers have been tackled by many researchers (for
example see [6, 11]). Zhang and Soong [15] proposed a sequential procedure to obtain the op-
timal placement of viscoelastic dampers. Then this method was extended to a simpler method
by Garcia [5]. Takewaki [10] developed an optimality criteria-based algorithm to minimize
the sum of the amplitudes of the transfer functions at the fundamental natural frequency under
a constraint on the sum of the additional damping coefficients. Silvestri and Trombetti [9]
demonstrated the effectiveness of mass-proportional damping systems. Some researchers
compared several methods for optimal damper placement ([2, 4, 14]).

In most researches on optimal damper placement, elastic frames are treated and a limited
number of researches deal with optimal damper placement problems for inelastic frames (for
example, [1, 7, 12]). In the presence of yielding in a frame, the setting of the level of input
ground motions (GMs) used for the optimization affects the final design. However, even in
these studies, a problem how to determine the level of input GMs has not been examined. An
optimal damper distribution designed under a specified-level GM may not be necessarily ef-
fective for larger-level GMs. Especially, a model optimally designed in the elastic range ex-
hibits a large plastic deformation concentration to specific stories for larger inputs [2, 3].
Therefore, a design effective for various levels of GMs is desirable.

In this paper, a new optimal damper design method, called a ‘consecutive design genera-
tion method (CDGM)’, is presented for elastic-plastic multi-degree-of-freedom (MDOF)
building structures under multiple-level GMs. The procedure of the proposed method is as
follows: (i) Set a variety of levels of input GMs {IM,,....,IM;} (IM,<...<IM;). (i1) Obtain
the optimal design under GM with /M = IM, using an optimization method. (iii) Obtain the
optimal design under GM with /M = IM, by a local search around the optimal design under
GM with IM =IM, as the initial design. (iv) Obtain the optimal design under GM with
IM = IM, by a local search around the optimal design under GM with /M = IM, as the ini-
tial design, and the same procedure is repeated under GMs with other /Ms. By using the pro-
posed method, all the optimal designs can be obtained with much lower computational effort
than the method repeating an ordinary optimization procedure under every-level GM. The
proposed method helps to understand how the distribution of added damper damping coeffi-
cients changes as the level of GMs changes. Furthermore, a simple design guideline for the
problem, which design to be chosen from various optimal designs, is presented based on the
‘ideal drift response curve’, which is also a new concept. Two representative recorded ground
motions are employed as a set of GMs and the proposed method is applied to these GMs. The
influence of the number of GMs and the level of GMs on the optimal damper design is clari-
fied.

2 PROBLEM OF OPTIMAL DAMPER PLACEMENT

In this section, two kinds of problems of optimal damper placement are presented. An or-
dinary problem of optimal damper placement (OPODP) is stated as minimizing the maximum
interstory drift under the condition on the specified total quantity of added viscous damping
coefficients and the specified level of input GMs. Another problem is to find the problem of
optimal damper placements under consecutive-level GMs (PODPCGQG). The problem PODPCG
i1s mainly dealt with in this paper. Since elastic-plastic MDOF structures are dealt with, the
setting of the level of input GMs affects the final design. Therefore, solving the problem
PODPCG helps to understand how the distribution of added damper damping coefficients
changes as the level of GMs increases. The relation of the problems OPODP and PODPCG
will be explained, and a solution algorithm will be proposed for the problem PODPCG.
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2.1 Problem of optimal damper placement for consecutive-level ground motions
Consider first the problem OPODP.
[Ordinary Problem of Optimal Damper Placement (OPODP)]
Find ¢4,

so as to minimize d, =max{d, ;}
¢ ,

subject to ¢, -1=W, (const.)

where €, d,.x ;- W, denote the added damping coefficient vector, the maximum interstory
drift in the i-th story, the sum of the added damping coefficients, respectively.
Consider next the problem PODPCG.

[Problem of Optimal Damper Placements for Consecutive-level GMs (PODPCG)]
Obtain the L sets of damper placements ¢}, (IM,),...,e",(IM ;) (IM,<..<IM,)

where IM ,L,cZZﬂ, (IM ;) denote the level of input GMs, the number of /Ms, the optimal
damper placement under the GMs with /M = IM ;, respectively.

All the optimal designs ¢%,(IM,),...,¢?/,(IM ) are obtained by solving the problem
OPODP L times for each level of the input GMs. However, it is preferable to avoid such itera-
tion for lower computational effort. To overcome this difficulty, a simple and efficient ap-
proach including a local search is proposed.

2.2 Solution algorithm: consecutive design generation method
The solution algorithm for the problem PODPCG may be described as follows.

[Algorithm: Consecutive Design Generation Method (CDGM)]
Step 1 Set a variety of levels of input GMs {IM,,....,IM;} (IM,<..<IM;).

Step 2 Obtain ¢?,(IM,) using an optimization method. Put i —1.

Step 3 Obtain ¢, (IM,,,) by a local search around ¢%,(IM;) as the initial design.

3.1 Find the story j which exhibits the largest value of d,, ;.

3.2 Select the stories in which dampers are installed (exclude the stories without
damper). Then find the story & which exhibits the minimum value of d,,, , from
those stories.

3.3 Update the damping coefficients ¢; —¢; +Ac,¢;, = ¢, —Ac.

3.4 Repeat 3.1-3.3 n;, times.

3.5 Select the design which exhibits the minimum value of d . from #; designs.

Step 4 Put i —>i+1. If i =L is satisfied, then finalize the process. If i < L is satisfied, return

to Step 3.

The overview and the flow of this algorithm are shown in Figure 1. It is noted that the sen-
sitivity-based approach [3, 8] is adopted to obtain ¢%/,(IM,) in this paper. It is also pointed
out that the local search method used in Step 3, 4 is quite simple, but it works well so far as
the value of AIM(=IM,,,—IM;) is small (the effectiveness of the proposed local search
method is demonstrated through the numerical examples in Section 3.1 and 3.2).
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Figure 1: Overview and schematic diagram of proposed solution algorithm.

NUMERICAL EXAMPLE

Consider two shear building models of 12 stories with different story stiffness distributions.
Model 1 has a trapezoidal distribution of story stiffnesses ( (k, / k;,) =4 ). Model 2 has a uni-
form 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
interstory drift is 4/150[m]. The story shear-interstory drift relation obeys the elastic perfectly-
plastic rule.

2.3 Influence of level of input ground motion

In this section, the influence of the level of input GMs on the final design is investigated.
El Centro NS component during the Imperial Valley earthquake in 1940 is employed here.
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 to obtain the
optimal designs. The sensitivity-based approach [3, 8] is adopted to obtain ¢/, (PGV=0.5)
and the required number of time-history response analyses is about 6000 to obtain
¢, (PGV=0.5). The targeted value of the sum of the added damping coefficients is set to
W, = 10x107[Ns/ m]. The value of W. is given so that the final design has the fundamental-
mode damping ratio of about 0.05. n,, =50 and Ac =W, /240 are employed for the local
search. The total number of time-history response analyses is 6000+ 7, x(51—1) =8500.

Figures 2 and 3 show the optimal designs for Model 1 and 2. It can be observed that the
proposed method certainly provides effective designs for various levels of GMs for both
Model 1, 2. This means that the proposed local search method works well even though the
local search method is quite simple. It can also be said that, as PGV used for the design be-
comes larger, the dampers concentrated to the specified stories spread around those stories
and the distributions of added damping coefficients become smoother. This is because those
surrounding stories without dampers tend to exhibit large deformation concentrations for larg-
er levels of GMs. For Model 1, the added dampers are allocated only in the 6-10th stories in
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the case of PGV <0.7[m/s]. As PGV becomes larger, the dampers are allocated to the 4-5th
stories. For Model 2, the dampers allocated only in the 1-3th stories for smaller PGV spread
to the 4-6th stories as PGV becomes larger. Furthermore, the distribution of added damping
coefficients shows a drastic change just after d,, /d, attains 1 as shown in Figures 2¢ and
3c. For larger levels of GMs, the distribution changes gently.
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Figure 2: Optimal designs of added viscous damper for multiple-level GMs (Model 1), (a) distribution of added
damping coefficient, (b) distribution of 4., /d, , (c) change of added damping coefficient of each story.

max,i

4512



H. Akehashi and I. Takewaki

12
" PGV PGV PGV PGV PGV PGV
18 =0.5 [m/s] =0.7 [m/s] =0.9 [m/s] =1.1[m/s] =1.3 [m/s] =1.5[m/s]
. 8
< 7
26
5
4
3
2
1

0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
added damping coeff. [ X 107 m/s]

(a)
12
: é PGV PGV PGV PGV PGV PGV
9 =0.5 [m/s] =0.7 [m/s] =0.9 [m/s] =1.1 [m/s]] =1.3 [m/s] =1.5 [m/s]
. 8
<7
26
5
4
3
2
1
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
drax / dy
(b)

o

o

[=>]

o~

l¢—> elastic design |«—> elastic design

N

15

0 P

o

added damping coeff. [x 107 Ns/m]
added damping coeff. |:><107 Ns/m]
added damping coeff. [><107 Ns/m]

o
3]

1 1
PGV [m/s] PGV [m/s]

(c)
Figure 3: Optimal designs of added viscous damper for multiple-level GMs (Model 2), (a) distribution of added
damping coefficient, (b) distribution of 4., /d,, (c) change of added damping coefficient of each story.
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2.4 Influence of number of input ground motions

In this section, the influence of the number of input GMs on the final design is investigated.
Hachinohe NS component during the Tokachi-oki earthquake in 1968 and El Centro NS com-
ponent are employed. All the other parameters for the optimization are the same as those in
Section 3.1. It should be noted that the predominant period of Hachinohe NS component is
longer than that of EI Centro NS component.

Figures 4 and 5 show the optimal designs for Model 1 and 2. It can be observed that, in the
case of PGV <0.9[nV s], the optimal distributions of added damping coefficients are the same
as those in Section 3.1. This is because El Centro NS component provides the response enve-
lopes. When PGV used for the design becomes larger, Hachinohe NS component is critical in
the lower stories. This means that, as PGV becomes large and the plastic deformation level
increases, the equivalent natural period is lengthened. For Model 1, the distributions of the
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added damping coefficients are smoother than the optimal distributions designed only under
El Centro NS component. For Model 2, similar to the case in Section 3.1, the added dampers
are concentrated to the lower stories. This is because Model 2 has a uniform distribution of
story stiffnesses and tends to exhibits plastic deformation concentration in the lower stories
for large inputs. It can also be said that, while almost all the stories exhibit plastic defor-
mations for large inputs in the case of Model 1, the upper stories remain elastic for large in-
puts in the case of Model 2. Therefore, the value of d,,,, /d, of Model 2 for larger inputs are
larger than that of Model 1.
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2.5 IDA analysis and ideal drift response curve

In this section, IDA analysis [13] is conducted for the models obtained in Section 3.2. El
Centro NS component and Hachinohe NS component are adopted for IDA. PGV is increased
from 0.5 [m/s] to 1.5 [m/s] by 0.02 [m/s].

Figures 6a and 7a show the maximum interstory drift distributions by IDA analysis for the
models designed under these two GMs with PGV=0.5, 1.0, 1.5 [m/s]. The input level
PGV=0.5 corresponds to elastic design. It can be observed that the models designed for
PGV=0.5, 1.0 [m/s] exhibits large deformation concentrations in specific stories for these two
GMs with larger PGV. Figure 6¢ and 7c illustrate the critical earthquakes in the applications
of IDA. El Centro NS component is critical in the lower range of PGV and Hachinohe NS
component is critical in the upper range of PGV for all models since the predominant period
of the latter is longer than that of the former as stated in Section 3.2.

Figures 6b and 7b show the IDA curves and the ideal drift response curves. An ideal drift
response curve is a plot of the optimized maximum deformations versus design /M. The opti-
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mal designs for various levels of GMs are obtained by conducting CDGM, and simultaneous-
ly the ideal drift response curve is provided. The IDA curves for all the optimal designs never
cross the ideal drift response curve, and the IDA curve for each optimal design is tangent to
the ideal drift response curve only at the point where /M corresponds to the design /M. It can
be observed that the IDA curves for the models designed for PGV=1.5 [m/s] run near the ide-
al drift response curves.
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Figure 6: IDA analysis for 3 models designed under GMs with PGV=0.5, 1.0, 1.5 [m/s] (Model 1), (a) distribu-
tion of ., /d, . (b) IDA curves and ideal drift response curve, (c) active EQ.
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As shown in Figures 6 and 7, the model optimally designed for a specified-level GMs is
not necessarily effective for other levels of GMs. Therefore, a design guideline for the prob-
lem, which design to be chosen from the various optimal designs, is needed. In this paper, a
simple index for selection is introduced as follows,

(IM)—IDRC(IM)}

max{d
M max

where IDRC denotes the value of the ideal drift response curve. It can be said that the design,
which minimizes the proposed index, shows high robustness (effective for various levels of
GMs). Figure 8 indicates the procedure for selecting such design.

Figures 9 and 10 show the values of the proposed index for the models obtained in Section
3.2 and the IDA curves for the models which minimize the proposed index. It can be observed
that, as PGV used for the design becomes larger, the value of the proposed index generally
decreases. It can also be said that the elastic designs provide the highest value of the index.
For both Models 1 and 2, the designs, which minimize the index, are effective for various lev-
els of the GMs. Especially for Model 2, the IDA curve for the selected design runs quite near
the ideal drift response curve. This is because Model 2 tends to exhibit plastic deformation
concentration in the lower stories for large inputs as stated in Section 3.2.
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Figure 8: Schematic diagram for choosing robust design for various levels of GMs.
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3 CONCLUSIONS

A new optimal damper design method is presented for elastic-plastic MDOF building
structures under multiple-level earthquake ground motions (GMs). The main conclusions can
be summarized as follows.

A consecutive design generation method (CDGM) was proposed for the above-
mentioned problem. By using CDGM, all the optimal designs can be obtained with much
lower computational effort than the method repeating an ordinary optimization procedure
under every-level GM. CDGM also helps to understand how the distribution of added
damper damping coefficients changes as the level of GMs changes.

As the level of input GMs used for the design becomes larger, dampers concentrated to
the specified stories spread around those stories and the distribution of the added damp-
ing coefficients becomes smoother.

As the number of input GMs used for the design increases, the distribution of the added
damping coefficients becomes smoother.

Models designed for lower-level GMs may exhibit large plastic deformation concentra-
tions in specific stories for larger-level GMs.

A new concept of ‘ideal drift response curve’ was presented for selecting a robust design
for various levels of GMs. This is a plot of the optimized maximum deformation versus
design IM (level of input GMs). The optimal designs for various levels of GMs were ob-
tained by conducting CDGM, and simultaneously the ideal drift response curve was pro-
vided.
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