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Recently, the interest in research for optimization of viscous dampers in design of buildings has been increasing.
In this study, the effect of soil-structure interaction has been taken into account for the purpose of optimal design
of viscous dampers. A damper optimization method based on a target damping ratio and interstorey drift ratio
found in literature has been adapted for a building structure model considering different types of sandy soils.
While passive constraints have been taken as upper and lower limits of each damper, active constraints have
been considered as a target damping ratio in terms of damping coefficients. The proposed algorithm includes

time history analyses that test the designer’s optimal design. Interstorey drift ratios under design earthquakes
have been checked at each design step. The first and second mode responses have been considered separately.
According to the results obtained from this study, the negative impact of sandy soils on the dynamic behavior of
superstructures can be overcome by optimal placement of dampers in buildings. The results of the analyses have
shown that soil effects should be taken into account in solving damper optimization problems.

1. Introduction

In classical structural design, it is frequently accepted that a foun-
dation is simply related to a rigid rock exposed to lateral unidirectional
acceleration, while soil-structure interaction (SSI) is generally ignored
in design of earthquake-resistant structures. In recent years, many de-
sign codes such as Eurocode8 [20] and ASCE/SEI 7 [2] have begun to
consider design guidelines that include the SSI effects. Presently, pas-
sive dampers are widely used for vibration control of earthquake-re-
sistant buildings. However, studies aimed at structural passive vibration
control including SSI effects are quite limited. In this study, the influ-
ence of SSI on optimal design of viscous dampers has been examined.
The corresponding results of the analyses are discussed in this paper.

It is well known that soil-structure interaction starts as early as in
the construction phase. The stresses and deformations that occur in a
newly built building affect the ground on which the building lies, while
on the other hand, ground movements affect the building. After a cer-
tain period of time, these movements become balanced. It is obvious
that the extent of interaction is very important, especially for highly
compressible soil structures. The flexibility of soil causes the founda-
tions to settle and rotate under loads. The relative stiffness of a
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structure, foundation, and ground determines the behavior of the SSI
system.

Early researches related to SSI are the works of Chameski [17],
Morris [38], Lee and Harrison [34], Lee and Brown [33]. They cover
analytical models of interaction problems in the case of frames with
isolated footings. Moreover, they provide an overview of raft founda-
tions as well as problems of interaction with combined footings. Ex-
perimental results are tried to be verified numerically by analyses
performed in both the time and frequency domain. Stewart et al.
[46,47] observed a high correlation between the soil stiffness ratio and
the lengthening ratio of the structure’s period resulting from the flex-
ibility of the foundation and the structure. Kitada et al. [32], Yano et al.
[59,60], and Kitada and Iguchi [31] examined the SSI problem related
to nuclear power plants in situ and in laboratory. Muria-Vila et al. [39]
showed that SSI has an influence on the stiffness and the frequencies of
a structure. Ingle and Chore [26] noted that SSI must be considered in
the case of a frame structure system founded on a pile structure and
pointed out the necessity of interaction analysis including coupled and
uncoupled approaches to 3D frame structures with pile foundations. To
evaluate and explain the effect of SSI on structures, experimental and in
situ tests were also conducted. Pitilakis et al. [42] studied SSI by
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performing a shake table test designed to prove the ability of simulation
of these effects. El Ganainy and El Naggar [19] showed that, under
cyclic loading, a shear hinge connected to an elastic frame element in
series, can simulate rocking and lateral behavior of shallow foundations
well. The positive effects of SSI were considered by Guzman [23], who
studied the problem of the contact between a strap beam and a bearing
stratum. These positive effects led to relieving the pressure of the soil
and preventing the failure of the strap beam. The FEMA-440 re-
commendations for the SSI effects were studied by Khoshnoudian and
Behmanesh [29].

Li et al. [35] conducted shake table tests including SSI on two ad-
jacent 12-storey reinforced concrete frame models lying on 3x3 group
piles. Trombetta et al. [51,52] and Mason et al. [37] investigated the
effects of SSI by using physical models in centrifuge tests. Xiong et al.
[56] showed that the fundamental period of a structure can be esti-
mated perfectly by using the Dunkerley’s equation for SSI. This formula
can be a useful reference for future seismic codes considering the fun-
damental period of a structure in the evaluation of SSI. Lu et al. [36]
proposed a new design factor RF to capture the strength reduction in
single-degree-of-freedom structures due to combination of SSI and
structural yielding. Also, the new site and interaction-dependent mod-
ification factor RM was presented in order to take into account multi-
degree-of-freedom systems. The RF and RM factors were integrated into
a novel performance-based design method for site and interaction-de-
pendent seismic design of flexibility-based structures. Arboleda et al.
[4] recommended consideration of the SSI effects in tall building
models to avoid underestimation of earthquake-induced direct losses. In
general, the addition of SSI effects to the response of tall buildings
triggered larger losses compared to other fixed-base structures.

In recent years, seismic control of structures has emerged as a very
popular area of research, especially in the domain of dynamic effects
such as earthquakes and winds. Structural systems with viscous dam-
pers, as elements of passive control, have also been widely used.
Constantinou and Tadjbakhsh [18] conducted a study that used first
storey damping for decreasing the seismic behaviour of multi-storey
shear frames. Ashour and Hanson [5] proposed a method for optimal
placement of visco-elastic dampers regarding seismic excitation. Zhang
et al. [62] performed an assessment of the impact of additional visco-
elastic dampers on lowering the earthquake response of multi-storey
steel frame structures. To find the optimal placement of a viscous
damper, an optimization method for a linear conservative mechanical
system based on the energy criterion [22] is presented. It is shown that
adding visco-elastic dampers from the bottom to half of the total floors
of a building is sufficient for the seismic response of shear-buildings
with uniform storey stiffness [24]. A design method was developed to
find the optimal configuration of viscous dampers in a structure by
Zhang and Soong [61]. Cao and Mlejnek [13] introduced a perturbation
method based on the finite element approach. Tsuji and Nakamura [53]
developed a procedure to find the optimal design in terms of storey
stiffness and damping coefficients of dampers for an elastic 2D shear
building. A controllability index was minimized for optimal damper
problems by Zhang and Soong [61] and Shukla and Datta [45].

Regarding the development of an optimal damper concept, several
studies have been performed and presented. The optimum placement of
these technological devices in buildings has been the focus of research
in the earthquake engineering community [1,7,9,12,15,16,21,25,28].
In literature, almost all studies related to damper problems do not
consider the soil effect. Even though it is well known that the soil effect
is an important issue regarding earthquake behavior of structures, there
is a limited number of studies on optimal passive structural control
considering SSI. However, there is a pioneer study [49]on an SSI model
in which both viscous damper and tuned mass damper have been used.
Furthermore, the soil effect has been considered in modeling the
structural response by using the formulations given by Takewaki [50].
There have been studies that have generally been focused on optimal
control by use of a tuned mass damper [10,27,30,40,41]. In addition,
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few studies (i.e. Xuefei et al. [57,58]) considering the SSI in buildings
with viscoelastic dampers. Sarcheshmehpour et al. [43] studied the
optimum placement of supplemental viscous dampers for seismic re-
habilitation of steel frames considering SSI.

In general, it has been proven that the interaction between the
buildings and the ground has serious effects on structural behavior in
the design of earthquake-resistant buildings. Furthermore, it is not
possible to consider a building acting independently of the ground or an
infrastructure acting independently of a superstructure, therefore the
SSI effects should be included in solving this design problem and de-
termining more accurately the design principles for viscous dampers.
Accordingly, the objective of this study has been to investigate the ef-
fect of sandy soils on the optimal design of viscous dampers in building
structures. The optimal design of viscous dampers for loose, moderately
dense, dense sandy soil conditions and rigid conditions has been studied
and the results have been compared. In many previous studies on
damper optimization, the ground effect has been neglected and the
design principles have been established by assuming a rigid ground. To
overcome this shortcoming, in this study, the structure and the sandy
soil have been modeled together, while the optimum damper design has
been investigated on a more realistic model exposed to earthquake ef-
fects. Moreover, this study has shown that structural behavior in poor
soil conditions can be improved by adding dampers only, without any
soil improvement.

2. Formulation of soil-structure interaction problem

An n-storey shear building with SSI is modelled as shown in Fig. 1.
The model building is exposed to the lateral earthquake loads. Assume
that u, M, K, C and r denote the generalized displacement vector, mass
matrix, stiffness matrix, damping matrix of structure and the influence
vector, respectively. The influence vector 1is defined as
r = {0,---,0, 1, 0JT. The elements of M and K matrices are known. The
structural damping matrix is chosen as proportional to mass. The dif-
ferential equation of motion in terms of time is given as follows:

Mii + Cu + Ku = —Mrii, o)

The set u = {uy, ..... u, ug Og}" is treated here as the generalized
displacements vector. While kg and kg represent the stiffness of swaying
and rocking springs, cs and cg denote the damping coefficients of the
swaying and rocking dashpots. The total mass matrix of the SSI system
may be expressed as

Mg Mjps Mgr
M = E; E,
Sym. E; )

where M is the mass matrix of SSI, My is the mass matrix of upper
structure, Mgg and Mgy are mass matrices including the linear swaying
and rocking spring. E;, E; and Ej given in Eq. (2) can be calculated as
follows

Ei=mo+my + ---4+m, 3)
E; = mH, + myH, + ---+myH, 4)
E; = mle + mzH% + ---+mnHﬁ + Igo + Ix1 + Igo + -+ +1gn 5)

H;, m; and Iy; (i = 1,...,n) denote the height of the ith floor from the
ground surface, ith storey mass and mass moment of inertia of ith
storey, respectively. If Equations (3), (4) and (5) are put into Eq. (2), the
system mass matrix is obtained as in Equation (6).
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Fig. 1. Shear-building soil-structure model and its deformation.
[ m,; 0O 00 O m; m H; | where C is the total system damping matrix, Cp is the structural
0 m, 00 0 m, m,H, damping matrix of superstructure which includes storey damping
0 o .0 O coefficients cg, Cs and Cg are the ground linear damping matrices in-
M=| © o 0. 0 - cluding only swaying (c,) and rocking (cg) damping coefficients. p and
0 0 00 m :n" in"H" vs are the mass density and the shear wave velocity of soil, respectively.
my m; my Ei=0 m; Ei=1 m;H; This matrix C includes the damping coefficients of additional dampers
mH, mH, m,H, E;‘:l m;H; E:‘:l mH? + Zi“:o Lii design variables. The added damping matrix Cypwhich is optimally
- . © obtained, can also be given as
The stiffness matrix of the SSI system is given as follow Gt —Co 0 0 0 00
— Cy2 Cy2 + Cy3 0 0 00
K =K + K5 + Kg ) 0 . 0O 00
. . . . CVD = 0 0 . — Cvn 00
where K is the total system stiffness matrix, Kp is the superstructure 0 0 0 00
stiffness matrix; Ks and Kg are the ground linear stiffness matrices in- Cm  Cn
. . . . . 0 0 0 0 0O 00
cluding only swaying (k) and rocking (kg) springs, respectively. The 0 0 0 0 0 00 13)

ground stiffness parameters and system stiffness matrix are known as
follows

ka+ko —-ko 0 0 0 0 0

- ksZ ksZ + ks3 0 0 0 0

0 ) 0 0 0

K= 0 0 . —ku 0 O

0 0 0 —kg kg 0 O

0 0 0 0 0 ks O
| o 0 0 0 0 0 kg (8)

. 677 o = 252 5

.79 — W) Q-w 9

where G, |t and r are the soil shear modulus, Poisson’s ratio and radius
for the equivalent circular footing plate, respectively. The damping
matrix C of the total system may then be described depending on
damped frame and ground damping parameters in the same form as
follows

C=CB+Cs+CR+CVD (10)
Cs1+ Cs2 + Cv1 + Cv2 —Cs2 —Cv2 0 0 0 00
— Cs2 —Cv2 Cs2+Cs3+ Cv2 +Cy3 . 0 0 0 0
0 . 0 0 0
C= 0 0 —Csn—Cyn 0 O
0 0 0 —cn—Cwn Csn+cwm O O
0 0 0 0 0 [
0 0 0 0 0 0 cr
(1)
6.21 5 0.136 .
Cs = PVsI“CRr = PVsT
(2.54 — p) (113 — p) 12)
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Egs. (1)-(13) for the SSI model were given by Takewaki [50]. It can
be decomposed into corresponding damping coefficients of added
dampers and is written as

6CVD
aCVZ

el Cvp

vn
0Cyn

ac
Cyvp = Cu—2 +
aCvl

+ ke

c

v2 (1 4)
where c;(j = 1, 2,---,n) is the damping coefficient of the jth viscous
damper and the partial derivative of Cyp denotes the location matrix of
the jth added damper. Considering ith mode, the following equation
can be written as

_#7Cy #T(Ca+ Cs+ CR)F; | #"Cundy
M #' Mg, # M,

Considering the damped structure, the total damping ratio of the
system is defined as ¢;. The ith mode vector normalized is represented as
¢;, and wjindicates the natural circular frequency of ith mode of the
structural system. There exists no coupling between any other modes
and ith mode. The structural damping ratio and added damping ratio of
ith mode are symbolized ¢; and ¢ ;. It can be conveniently presumed to
simplify the formulation of the problem as follows

Zgiwi
(15)

¢ (Cp + Cs + CR)gy {ngicuii =j# Cvd; {Zg”adicuii =j
¢ Mg, 0i#j ¢ M 0i #j (16)
Equation (15) is rewritten using Eq. (16) as follows:
$i= "t Suai 17)

¢, is generally given according to the types of structures. ¢; is the total
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damping ratio and ¢, is called as the added damping ratio for ith mode.
It can be calculated as

T 6Cvp T 6CvD T 9CvD
_ ¢iTCVD¢i _ é; E é: ) E é: ) o ¢
28, qi@i = T =Cun—/7 Cva—F e
éi M¢; é Mg, é M4, é M4,
(18)
where a new parameter 4; can be defined as
T 8C
g,
AJ = Ti(] = 1, 2, ..,n)
¢ Mg, (19)

To derive the added damping ratio, Eq. (18) can be given by ar-
ranging as follows

gadi

1
—(hCu + ACypt -+ AaCn) =

—
Il
-

Equations (14)-(20) were derived by Aydin [8] to find optimal
damper distribution. Aydin [8] did not consider SSI when modelling the
building system while in the present study the effect of ground effect on
damping design is investigated by applying the method given by Aydin
[8] on the SSI model.

At strong earthquake levels, structural behavior can move to a
nonlinear region, which is very important due to its impact on behavior
of dampers, and there is still a gap in this regard. This study is based on
the assumption of linear behavior for both the structural model and
damping behavior. The derived equations, which contain modal beha-
viors and time history analyses, include a linear response.

3. Damper optimization problem

In the case of structural optimization problems, cost is an important
phenomenon. These technological elements, which have been used for
the control of the structures in recent years, increase the cost of the
building significantly. Since the increase in the capacity of the dampers
will lead to an increase in the damping coefficients, the need to mini-
mize the sum of the damping coefficients comes from an economic
perspective. The sum of the damping coefficients of dampers is chosen
as the proposed objective function to be minimized; it can be given as

n
Min. f= ) ¢y

=1 @1n

An equality constraint can be considered in terms of added damping
ratio as below

1
gadi = z_a)i(/llcvl + AZCv2+“‘+lncvn) (22)
wiand 4; (j = 1,...n) can be calculated using Eigen analysis. All
optimization functions linearly depend on the design parameters. The
upper and lower bounds of the design variables, the inequality con-
straints are given as

0<c;<c(G=12-+n) (23)

The parameter ¢ is defined as the upper limit of each design vari-
able.

In this study, the optimum design of linear viscous dampers is in-
vestigated. If there is an exponent of velocity or the damping coeffi-
cient, which varies with the damping force, it means that the damper is
not linear, and of course, has an impact on the design to be considered
for cost minimization. Developing a method on nonlinear dampers will
produce much more realistic results for damped structures under strong
earthquake effects. In this study, the analyses include linear structures
and linear viscous dampers. The equations derived for the damping
ratio use modal parameters, therefore the model structure is considered
to be linear in the analysis.

Structures 28 (2020) 847-862

There is a changeability in the solution methods of the damper
design problem. In the literature, different structural behaviors were
chosen either as an objective function or a constraint to find the optimal
damper allocation. Some of them were based on active control theory.
While the governing equations of some studies were derived in the
frequency domain, the others were based on the time domain. While
some of the damper design methods use indirect optimization methods,
some of them are based on direct optimization methods. Methods that
minimize structural behaviors such as displacement, interstorey drifts,
acceleration, and forces have been extensively studied in the literature.
Although there are highly complicated and advanced methods for
damper design, there is a need for easier methods in practical appli-
cations. The problem of minimizing costs in building design is con-
sidered to be especially important for these devices. The dampers are
technological elements and minimizing the amount of damper is cost-
effective. The derived equations are simple and straightforward. The
total amount of dampers is fixed in many studies and this total amount
is distributed according to the structural response. In this study, al-
though there is no limit to the sum of the dampers, an upper bound is
taken as a passive constraint for each damper taking into account the
production standards of the dampers. The formulations and their so-
lutions on damper optimization must be simple and easy to use as well
as the methods covering the structural response. It is thought that the
practicality of the proposed method can be associated with the sim-
plicity of the proposed formulation and usability of basic numerical
optimization methods. The upper bound on each damping coefficient
plays an important role in the proposed optimal damper design.
However, in practical applications, a damper capacity and size, which
correspond to the upper bound of the added damper, should be re-
stricted because of commercial, manufacturing, and constructional
limitations. The damper capacity and location in a storey are generally
chosen among available dampers and their locations in practical ap-
plications. Therefore, the implication of the upper limit of each
damping coefficient can be a useful way of an optimal damper problem.

3.1. Solution algorithm

Some optimization methods have been developed such as gradient-
based algorithms [6,48,49], swarm algorithms such as artificial bee and
ant colony algorithms [3,44], genetic algorithms and fuzzy logic algo-
rithms [54] in damper optimization. Since the aim and the constraints
functions are linear functions of design variables, the problem is easy to
solve. To find the optimal values of damping coefficients under con-
straints by minimizing the objective function, some of the optimization
algorithms such as Differential Evolution, Nelder Mead, and Simulated
Annealing are used [55]. These three numerical minimization methods
have been applied to create an algorithm of optimal damper design [8].
The process steps of the algorithm given in Fig. 2 can be summarized as
follows:

Select a design earthquake record.

Read the structural mass (M) and stiffness matrices (K). Select the
upper limit of the design variable cand the allowable level of in-
terstorey drift ratio IDR.

Calculate w;, ¢, structural damping matrix for ith mode.

Take iteration number = 1 at the beginning of the algorithm.

Calculate ¢ 7" = ;’c’fi’ + 0.01 while assume ;éf = 0 in the first itera-
tion. {7 is raised by 1% at each iteration.

Minimize the objective function given in Eq. (21) according to
constraints of Egs. (22)-(23). Use Differential Evolution, Nelder
Mead, and Simulated Annealing [55].

Find a candidate optimum design.

Test the candidate optimum design found in Step 7 doing time
6Pk (1) — 5P (1))
— for
i = 1,...,n. If all IDR computed are under the allowable level, the

history analysis. In this test, compute IDR; =
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Fig. 2. Flowchart of damper optimization algorithm.

algorithm is finished. Otherwise, return to test 2 as shown in a
flowchart.

Control the added damping ratio as ¢7" < 0.40. The maximum
damping ratio which can be reached by adding dampers in building
type structures is chosen as 0.40. If this step is satisfied, go to step 5
and repeat the iteration by increasing the target damping ratio. If
this condition is not satisfied, go to step 2 and reselect ¢; and/or IDR
again.

To solve optimization problems, Differential Evolution, Nelder
Mead, and Simulated Annealing are commonly used. Differential
Evolution is a direct optimization method that is a fast and quite robust
stochastic parallel search evolution strategy. Differential Evolution
method is a preferred method of solving non-differentiable, non-linear,
and multimodal objective functions. One of the popular direct search
procedure is Nelder Mead and the algorithm provides a set of points for
design variables that form the corners of a polytope n-dimensional
space. Simulated Annealing is also a simple stochastic function

minimization that results from the physical annealing process. The
procedure inspired from a metal object heating to a high temperature
and to cool. The process permits the atomic structure of the metal to
settle in a lower energy situation and thus becomes a harder metal [55].
These methods display good consistency between them.

4. Numerical example

The n-storey model seen in Fig. 1 is considered as 5-storey and the
proposed method is tested on this model. The masses (m) and mass
moment of inertia (Iz) of m; = 30 x 10° kg, Iy; = 1.6 x 10° kg m?
i = 1,..,5) for each floor, my = 90 x 10° kg and
Iro = 4.8 x 10° kg m? for ground floor are taken respectively [50]. The
stiffness coefficient of each floor is taken as 4 x 10° N/m and the
damping matrix is calculated in proportion to the mass matrix. The
structural damping ratio is selected as 0.02. Every storey height is
3.0 m. The swaying and rocking stiffness coefficients (ks, kg) and
damping coefficients (cs, cg) related to the horizontal motion and
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angular motion of the structure-ground interaction are found with the
help of Egs. (9) and (12). The radius of the equivalent circular footing
plate is selected as 4 m. Three different soil conditions are considered
and the soil properties used in analyses are given in Table 1. The upper
limits of the damping coefficient on each floor are selected as
1 X 10° N s/m for first mode control and 0.5 X 10° N s/m for second
mode control. It is known that, in practical applications, dampers in-
crease the damping ratio added in building structures up to approxi-
mately 40% and the maximum value of added damping ratio is selected
in this limit. The allowable level of the IDR used in step 8 of the al-
gorithm is taken as 1%, which is an acceptable value for reducing the
risk of damage. El Centro (NS) earthquake acceleration record is used as
the design earthquake in the time history analyses.

Using the aforementioned solution algorithm, the optimum damper
distribution on the 5-storey construction model is found for four dif-
ferent ground conditions which are rigid, dense sand, medium dense
sand, and loose sand. The implementation of this algorithm, developed
by Aydin [8], to a 5-storey building model with soil-structure interac-
tion is carried out here. During the numerical analyses described in
steps 6 and 7 of the algorithm and minimizing the cost, the variation of
the cost function with respect to the design step numbers is shown in
Fig. 3 for four soil conditions. In the numerical optimization phase,
three different numerical optimizers are used: Nelder Mead, Differential
Evolution, and Simulated Annealing. The reason for using three dif-
ferent numerical optimization methods is to verify the results obtained
from anyone. The graphs in Fig. 3 refer to the changes during the so-
lutions in the last cycle of the algorithm. For all sandy soil supports and
rigid support defined here, it is clear that the cost function converges to
a minimum value. The value of the minimum cost function increases as
the condition of the structure changes from the rigid to the loose sandy
state. The deterioration of the ground condition means an increase in
the amount of damper to be used to control that structure. Another
result that can be understood from Fig. 3 is that the results obtained for
the rigid case, dense sandy, and medium dense sandy soils are close to
each other, and otherwise the loose sandy soil condition is different
from the others and cost more. In these three cases which give close
results, an additional damping ratio of 0.18 is required for the control of
the first mode, whereas in the case of loose sand, the additional
damping ratio is 0.34.

Similar graphs of numerical optimization histories can be drawn for
the control of the second mode as shown in Fig. 4. Furthermore, besides
controlling the first mode, control of the second mode is also performed
separately. Descriptions similar to the first mode may be made within
the control of the second mode in terms of the value of the objective
(cost) function. In the second mode, the looseness in the sandy soil
increases the amount of damper added.

Fig. 5 shows how the damper coefficients are distributed to the
floors of the building in first and second mode control. While the rigid
support, dense sandy soil and medium dense sandy soil cases also give
the damper distributions close to each other, the optimum damper
distribution in the loose sandy soil condition is different from the other.
Total damper coefficients are found as 1,272,094 Ns/m (rigid),
1,275,869 Ns/m (dense sand), 1,287,405 Ns/m (medium dense sand)
and 3,047,626 Ns/m (loose sand). In the case of loose sand, the dam-
pers are distributed to the first four floors while in other cases they are
distributed in the first two floors for first mode control. In Fig. 3, it can

Table 1
Soil properties used in analyses [11,14].
Soil type v, (m/s) v G (MPa) p (kg/m?)
Static Dynamic
Loose sand 150 0.25 8 33 1450
Medium dense sand 300 0.30 15 151 1650
Dense sand 550 0.35 24 570 1850
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be said that the less amount of damper is needed in case of control of
the second mode. The upper limit of the damping coefficient is reduced
by half in order to see the damper distribution for different soil con-
ditions more clearly in second mode control. In terms of the total
damper cost, it is seen that the loosely sanded condition is slightly
different from the others. In the first mode, the dampers follow a trend
in decreasing amounts to upper floors from the lower floors, while the
dampers are distributed to the 1st, 4th’ and very few 5th floors in the
second mode control. Damper locations vary depending on the mode
behaviour controlled. It is observed that rigid, dense, and medium
dense sandy soil conditions have similar results, while loose sandy soil
condition produces different distributions than the others. The loos-
eness of the sandy soil means more damping coefficient and damper to
be placed on more floors. The stiffness and damping parameters of the
soil in Egs. (9) and (12) change with the variation in the denseness of
sandy soil given in Table 1. The stiffness and damping coefficients de-
crease from the dense sandy soil to the loose sandy soil. With the de-
crease of these values, displacements increase in the building model.
Moreover, there are changes in the modal behavior of the SSI model.
These changes, which occur with the difference in sandy ground, also
affect the optimal damper distribution.

The aforementioned algorithm includes time history analyses under
a design earthquake in each cycle. In each cycle, the optimal damped
structural model with earthquake loads is checked whether all IDRs fall
below the allowable level. The IDR specified here is the peak IDR values
obtained from time history analyses. If all IDRs do not fall below the
desired level, the operation of the algorithm is continued by increasing
the added target damping ratio. If all IDRs fall below the allowable
level, the algorithm is stopped and the target damping ratio is reached
in that step. Fig. 6 shows the variation of the IDRs in each cycle with the
added damping ratio for different soil conditions. As can be seen from
this figure, for the case of rigid supports and three different soil con-
ditions, all of the IDRs at the end of the algorithm are reduced below the
allowable level (1%). While the IDR-{,;, change is very close to each
other in the rigid support, dense and medium dense sand soil condi-
tions, the change of loose sandy soil is different from the others. In the
case of rigid, dense sand and medium dense sand, the algorithm is going
up to step 18, whereas in the loosely sandy soil state the loop ended in
step 34 for the first mode control. In the second mode, Fig. 7 shows that
all IDRs are reduced below the allowable level. Only in the case of the
loose sandy soil, the added damping ratio of the second mode reaches
40%, while it reaches 38% in the other cases.

The profiles of the IDRs of the structures with and without optimal
dampers are plotted in Fig. 8 in the case of first and second mode
control. When the first mode control is examined, the IDR is lowered
below the allowable level in all cases with dampers. Furthermore, when
the IDRs on the floors are examined, it can be stated that the best
performance of the damper designs is generally provided by the loose
sandy soil condition except for the 4th floor. In the case of the control of
the second mode, when the second graphic of Fig. 8 is examined, the
performance of all soil states is seen to be very close to each other
except for IDR of the 4th floor in the loose sandy soil. Analyses have
shown that the weakness in structural behaviour resulting from sandy
soil can be eliminated by the optimal use of dampers, closer to the
behaviour of the rigid condition, and even better.

A comparison is needed to verify the method and the model shown.
Although it is difficult to find a similar approach in the literature, there
are some methods of optimal damper design. One of the most well-
known among these is the method developed by Takewaki [48] where
the optimal damper distribution is calculated using the transfer func-
tions, and the “Steepest Direction Search Algorithm” (SDSA) is shown.
In that study, the optimum damper distribution on a planar frame is
realized by considering the first mode effect. The effects of soil-struc-
ture interaction are not taken into consideration and the supports are
defined rigidly. By applying this method to the SSI model in this study,
the optimum damping distribution with the transfer functions is used to
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Fig. 4. Variation of cost function according to design history step in case of different soil conditions for first mode control.

make a comparison with the proposed method here. Takewaki's method
is based on the principle of minimizing the sum of the interstorey drifts
expressed in connection with the transfer functions taking into account
the fundamental mode response of the structure. The nonlinear equa-
tions that occur by minimizing the function defined using the Lagrange
multipliers method are solved with the “Steepest Direction Search Al-
gorithm” (SDSA) and optimum damping coefficients are found. As a
constraint of optimization, the total damper coefficient and the upper/
lower limits are included in the problem as an equality constraint and
inequality constraints. There is not any constraint for the total damper

coefficient in the proposed method in this study. In order to compare
the proposed method with Takewaki's method, the sum of the damping
coefficients of dampers found by the method shown here is used in
Takewaki's method as an active constraint, optimum values are calcu-
lated and a comparison is made. The fundamental frequency of the
building model has been used in solutions with transfer functions, and
the second mode behavior has not been studied. In order to compare the
designs found according to the second mode in this study, Takewaki's
[48] method is also adapted to find optimal damper design according to
the second mode behaviour on the SSI model.
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Table 2

Comparison of optimal damper designs.

Structures 28 (2020) 847-862

The above-mentioned sample problem is solved with transfer
functions and optimum designs are obtained. The optimum damping

coefficients based on the transfer function method and the results of the

Soil Type Modal Optimal Design for the Optimal Design for >
Response  Proposed Method Transfer Functions [48] proposed method are shown in Table 2 as a percentage. When the re-
sults of the four different soil conditions are examined for the first two
IstMode  2nd Mode  1stMode  2nd Mode modes of the building model, the optimal parameters of the two dif-
Rigid o %) 78.61 47.98 56.33 0.33 fer.ent meth0<.is, espec1al%y calculated acco.rdlng tq the first mode, are
s (%) 21.39 _ 43.67 _ quite compatible. The differences are noticeable in the results found
c3 (%) - - - 26.00 according to the second mode. These two different methods have dif-
Ca E%; - 52.02 - 30.33 ferent purposes. While Takewaki's method minimizes the amplitude of
cs (% - - - 34.34 . . . . . .
WNs/m) 1,272,094 961,116 1272094 961116 the sum of the 1nte1jstore}.7 drifts, the aim of tl.ns stufiy is to achieve a
u 0.18 0.38 0173552  0.270963 target interstorey drift ratio and a modal damping ratio under the effect
Dense Sand  ¢; (%) 78.38 48.00 56.33 9.67 of an earthquake. Especially considering the effectiveness of the first
¢, (%) 21.62 - 43.67 - mode in the structures, it is seen that the results of the two methods are
¢s (%) - - - 26.00 compatible. The results in Table 2 indicate that changing the sandy soil
) - - P . .
z" E O/A’; 52.00 gg'gg from rigid to loose causes dampers to be placed on more floors. While it
6 _ - - . . . :
V\SI(NS Jm) 1275869 961,397 1275869 961,397 can be seen that rigid, dense and medium-dense sandy soils produce
o 0.18 0.38 0.173617  0.272001 similar optimal designs, the results of the loose sandy soil are quite
Medium c1 (%) 77.68 48.04 56.33 9.67 different from the others, and the results of both methods support this
Dense ¢z (%) 22.32 - 43.67 - for designs according to the first mode. While the dampers are generally
Sand Cs Ez’g - ;1 o - iig; placed on the first and fourth floors in the proposed method in case of
C. - . - . . .
C: ([,/Z) B B B 34.33 the second mode, they are distributed to other floors except the second
W (Ns/m) 1,287,405 962,224 1,287,405 962,224 floor in the other method. When the damping ratios according to the
- 0.18 0.38 0173815  0.271227 second mode are examined, it can be seen that the proposed method
Loose Sand ¢ (%) 32.81 48.47 32.81 10.00 produces higher damping ratios, which also satisfies the interstorey
C2 EZD; gzﬁ - ii:i 2533 drift ratios below a target value under the design earthquake.
c3 (% . - X . . . . .
o (%) La7 48.47 157 30.00 ‘ When Table 2 is exa'mmed, the' optimum designs f0}1nd b}f two
cs (%) _ 3.06 _ 34.67 different methods according to the first mode are compatible with all
W (Ns/m) 3,047,626 1,031,507 3,047,626 1,031,507 different ground conditions in terms of damper locations. There are
Sad 0.34 0.40 0.340007  0.287722 small differences in damping coefficients between the two methods.
This compatibility can also be seen, when the damping ratios after the
optimum dampers are added to the structure in the first mode. Both
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Fig. 11. Variation of the total damping coefficient for both different design
earthquake and four ground conditions in case of the first mode.

methods can be used in the solution of the optimum damper problem
according to the first mode for different ground conditions. However, it
is seen that the large discrepancies occur in the designs according to the
second mode. The related work of Takewaki [48] focused on the first
mode, while the second or other modes are not considered. The ob-
jective function and the other governing equations are defined de-
pending on the absolute values of the transfer functions. In order to
make a comparison in the second mode, his method is modified ac-
cording to the second natural frequency of the structure here. More
detailed studies are required on damper designs according to the second
mode based on the transfer function. Takewaki's method, which is
based on the transfer functions, deals with the optimum distribution of
an available total damper coefficient when using the response function
calculated according to the first mode. The optimal design based on

18t mode

target damping ratio and IDR under a design earthquake are taken into
account. Therefore, its behavior under earthquake effect is included in
the problem during optimum damper design.

In order to understand the effect of different earthquakes on the
optimum damper distribution, only the storey stiffness of the building
model given above is changed to 2.2 107 N/m, and the optimum
dampers are investigated for three different earthquakes given as El
Centro, Tokachi-Oki and Chile as shown in Fig. 9. The proposed method
uses the linear time history analyses to test whether a target response is
reached. For the damping ratio added to the structure, 40% is an ac-
ceptable ratio that can be approximately achieved with dampers. This
upper limit value is used for the damping ratio added in this study.
When using ground motions with high earthquake accelerations, the
IDR behavior of the structure cannot be reduced to the desired levels
with the addition of only viscous dampers. After the damping ratio
reaches 40%, viscous dampers cannot be added further. Therefore, in
these cases, IDR values should be decreased by increasing the stiffness
of the structure.

While the optimum damper distributions on the new building model
under these three different earthquakes are found for both the first
mode and second mode behaviors, the ground is modeled as rigid,
dense sandy, medium dense sandy, and loose sandy. While the upper
limit of each damper in the optimization stage is selected as
1 x 10° Ns/m in the case of El Centro and Tokachi-Oki earthquakes for
the first mode control, it is selected as 1.4 x 10° Ns/m in case of Chile
earthquake. In cases where the upper limit is insufficient, the designer
can consider changing this value, which is a setting parameter, con-
sidering the production standards. If the optimum design cannot be
achieved, optimization can be achieved by changing the upper limit

Damping Ratio
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Fig. 12. Added damping ratio for three design earthquake records in case of the first mode control.
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Fig. 13. Peak IDR profiles with and without damper for both different soil conditions and different design earthquakes in first mode.

parameter of the damper accordingly. In this example, since the upper
limit value of 1 x 10° Ns/m selected in the first two earthquakes is not
sufficient under the Chile earthquake, it is increased to 1.4 x 10° Ns/m
and the optimum design is achieved.

Optimal damper distributions according to the first mode can be
seen in Fig. 10. While the optimal distributions of rigid, dense sand and
medium sand ground conditions are close to each other, the designs
that correspond to the loose ground condition are different under all
three earthquake records. When analyzed in terms of dampers placed
on the floors, dampers are placed on fewer floors under the El Centro
earthquake record, while they are distributed to more floors under the
Chile earthquake record. This situation becomes more evident espe-
cially in the case of loose sandy soil. Among the designs according to
these three earthquakes, the design under the Tokachi-Oki earthquake

record can be considered as the second in terms of the distribution of
dampers to the floors. When three different designs are examined in
terms of the total damper coefficient considering cost, as can be seen in
Fig. 11, while the lowest cost is seen in the design for the El Centro, the
biggest cost is for the Chile earthquake. Changing the ground from rigid
to loose is another important situation that significantly increases the
cost. Moreover, the deterioration of the ground reveals that there is a
need for a more damping ratio as shown in Fig. 12. This situation is
valid for all three earthquakes. In particular, the peak accelerations of
Chile and El Centro earthquake records are closer to each other, while
that of the Tokachi-Oki earthquake is lower. The differences in the
frequency content of these earthquake records can cause different ef-
fects on the modal behavior of the building model. As a result, different
damper designs may emerge for different earthquakes.
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2" mode can be observed from Fig. 14, dampers generally focus on the 1st and
4th floors in case of the second mode control. This is because the pla-
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Fig. 15. Variation of the total damping coefficient for both different design
earthquake and four ground conditions in case of the second mode.

For all design earthquakes, it is clearly seen that some IDRs exceed
the allowable limit as shown in Fig. 13, and these values are reduced
below the allowable limit after the optimum damper is placed. Optimal
designs found considering the first mode behavior perform quite well in
terms of lowering the IDRs below the allowable level. The proposed
method controls the values on all floors taking into account the IDRs in
terms of structural behavior and investigates new optimum designs
until they reach the desired performance. The designer can use other
structural performance parameters in this testing phase of the algo-
rithm. The method is also available to adapt to new behavior para-
meters.

While the upper limit of each damper is selected as 1 X 10° Ns/m in
the case of El Centro and Tokachi-Oki earthquakes for the 2nd mode
control, it is selected as 0.82 10° Ns/m in case of Chile earthquake. As

cement of the optimum designs are related to the second mode behavior
of the structure. When the optimum designs for the El Centro earth-
quake are examined, it is observed that it is not necessary to add any
damper in the case of rigid, dense sand and medium dense sand. Since
the calculated IDR values are below the allowable level, the algorithm
reaches the target at the initial stage. Optimum designs are found in the
case of loose sand and the damper placement on the 1st and 4th floors
emerges for the El Centro earthquake. In Tokachi-Oki earthquake, a
small number of dampers are placed on the 4th floor in the case of rigid,
dense sand and medium dense sand, while in the case of loose sandy
ground, dampers are distributed to the 1st, 4th and 5th floors. Com-
pared to the El Centro earthquake, the damper is placed on more floors
and costs more in Tokachi-Oki earthquake. When the three design
earthquakes are compared, it can be seen that the maximum amount of
damper and the highest distribution to different storeys occur in op-
timum damper design according to the Chile earthquake.

In the case of controlling the second mode, the total damping
coefficient amounts are calculated both for different earthquakes and
for different ground conditions which are shown in Fig. 15. In Fig. 16,
the changes of the damping ratio calculated after the addition of op-
timal dampers to the structure are plotted both for different design
earthquakes and different ground conditions. As can be understood
from the analyses, different design earthquakes reveal different damper
designs. Moreover, the deterioration of the ground brings the need for
extra damping and a higher damping ratio.

The positive effect of optimum designs found on the IDRs of the
building model considering the second mode behavior can be seen in
Fig. 17. In these graphs, where damper and without damper conditions
are compared, it is observed that optimum designs reduce all IDRs

22 mode
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Fig. 16. Added damping ratio for three design earthquake records in case of the second mode control.
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below the allowable levels in all different earthquakes and different
ground conditions. In the case of El Centro with damper, only the graph
in the form of a loose sandy ground is drawn, since no damper is re-
quired to be added when the IDRs are initially below the permissible
level in the case of rigid, dense sand and medium dense sand.

5. Conclusions

The optimization of dampers has been a focus of earthquake en-
gineering and structural dynamics communities in recent years. In
many studies, the ground is taken as rigid. The modelling of soil and
structure together in this problem can lead us to more realistic solu-
tions. Moreover, the disadvantages due to ground and structural be-
haviour can be eliminated by dampers. For this purpose, in this study,
damper optimization is investigated in different sandy soil conditions
and in rigid support conditions. The damping optimization method
developed by Aydin [8] is a method based on a target damping ratio
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and a target IDR. Within the scope of this study, the method is applied
to a model that takes into account the SSI. The damper distribution
which controls the second mode of the structure has also been in-
vestigated for different sandy ground and rigid conditions.

The results can be summarized as follows:

o This study has proven that the soil condition plays an important role
in the optimal damper problem based on the added damping ratio
and target interstorey drift ratio (IDR).

The relative density of sandy soil has an effect on the optimal
damper distributions found by minimizing the cost function.
Especially, in the case of loose sandy soil, different results for the
first mode control are obtained depending on the conditions of
dense sandy, medium dense sandy, and rigid support. All designs
with the result of control of the second mode are closer to each other
according to the first mode.

o As the looseness of the sandy soil increases, the cost function and the
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number of the damper locations increase especially in the control of
the first mode. This increase is less in control of the second mode.

e The amount of damper (cost) required to control the first mode with
damper optimization is greater than that required for control of the
second mode for all sandy soil conditions mentioned in this paper.

o Different design earthquakes can reveal different damper designs.
Moreover, the deterioration of the ground brings the need for extra
damping and higher damping ratios.

e By applying a method adapted for sandy soils, the disadvantages of
the sandy soil can only be resolved by using optimum dampers
without any improvement in the ground.
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Contribution to the field statement

The optimization of viscous dampers has been remarkable in the
field of structural engineering and earthquake engineering in recent
years. Many methods in the literature have been developed to find the
optimum damper distribution. In this study, the optimum design of
viscous dampers was found based on the target damping ratio and re-
lative displacement ratio, which is one of the methods in the literature.
The soil-structure interaction model was established and the optimum
design of the dampers for different sandy soils was investigated. The
results of the study show that the optimum damper distribution and the
behaviour of the structure change as the stiffness of the sandy ground
decreases. Furthermore, the negative structural behaviours caused by
sandy soil can be improved by optimal dampers.
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