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ABSTRACT

Earthquakes are one of the major natural hazards that could directly cause damages
to or collapse of buildings, leading to significant economic losses. In this dissertation
research, analytical tools and simulation-based optimization framework are developed to
improve our understanding of and the ability to design more seismic-resilient structures
with passive energy dissipation systems. The main objectives of this dissertation are to (1)
investigate the seismic performance of structures with energy dissipation systems and
evaluate the effectiveness of damping coefficient dissipation methods using three-
dimensional numerical models; (2) develop a simulation-based multi-objective
optimization framework to evaluate and optimize the seismic performance of buildings
with energy dissipation systems; (3) incorporate and evaluate the influence of soil-structure

interaction in the performance-based seismic design of structures.

Aiming at these objectives, this dissertation consists of three related studies. In the
first study, the seismic performance of structures with energy dissipation systems,
specifically fluid viscous dampers (FVD), was investigated using three-dimensional (3D)
numerical models. Four different damping coefficient distribution methods for FVD were
extended to 3D numerical models. Then, their effectiveness in terms of improving
structural seismic performance was evaluated through a series of nonlinear dynamic
analysis. The seismic performance of the structure has been significantly improved by
applying the FVD, and this significance of the improvement depends on the distribution of
damper's damping coefficient within the 3d numerical model. Among the four different

damping coefficient distribution methods, the story shear strain energy distribution

il



(SSSED) method was found to be an optimal distribution method that can improve the
inter-story drift of the structure while it can also provide the most uniformly distributed

inter-story drift.

In the second study, a performance-based optimization framework for the structural
design was developed that considers multiple conflicting objectives: initial material cost,
structural repair cost, and record-to-record variability of ground motions. The developed
optimization framework was effective in improving the seismic performance of structures.
All obtained optimum designs can dramatically decrease the inter-story drift and peak floor
acceleration of the structure. This study also provided a practical approach to select the
optimal design variables of the energy dissipation systems. The selected design can achieve
the desired performance level of the structure with moderate initial material cost, structural

repair cost, and robustness measure.

In the third study, the effect of soil-structure interaction was incorporated into the
optimization framework developed in the second study. Two scenarios were considered in
the analysis: one with a fixed foundation, and the other one with a flexible foundation. In
this study, the selection of soil properties was based on site class D. The frame with a
flexible foundation was found to have a larger inter-story drift in each floor when compared
to the frame with a fixed foundation. The guideline for selecting the best-performance
design was developed based on the inter-story drift ratio. The improvement of the inter-

story drift (compared to a bare frame without energy dissipation systems) and the

il



uniformity of the inter-story drift, were proposed as two performance indices to evaluate

the effectiveness of the selected designs.

Finally, based on findings of this dissertation work, recommendations for seismic

design of buildings with energy dissipation systems and directions for future research are

given.

v
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CHAPTER I
INTRODUCTION

1.1. Problem Statement

Earthquakes are one of the major natural hazards that could directly damage to or
cause the collapse of a structure ( Otani 1999; Achour et al. 2011; Lu et al. 2013;
Raghunandan and Liel 2013; Tong et al. 2013; Xie et al. 2015). Earthquake could also
induce landslide (Bommer et al. 1999; Gorum et al. 2011; Meunier et al. 2008) and soil
liquefaction (Ishihara 1993; Obermeier 1996), posing threats to buildings and
infrastructures. For instance, in the 1994 Northridge earthquake, thousands of buildings
and 228 bridges were damaged (Basoz et al. 1999). Over 8,000 buildings collapsed in the

2016 Kumamoto earthquake (Liu and Yamazaki 2018).

In conventional seismic designs and the retrofitting of structures, the following
methods have been frequently used to improve the seismic capacity of structures and
mitigate the earthquake-induced structure damages: (1) constructing shear walls (Kaplan
etal. 2011); (2) adding diagonal braces, e.g., buckling-restrained brace (Aristizabal-Ochoa
1986; Giineyisi 2012); (3) installing base isolation, e.g., high-damping rubber bearing
(Matsagar and Jangid 2008). In recent years, the passive energy dissipation system has
been used instead of the conventional brace and been applied to retrofit structures and for
seismic protection of new structures. Fluid viscous damper (FVD) is a passive energy
dissipation system widely implemented in engineering projects (Soong and Spencer 2002).

Pictures of FVD and its major components are shown in Figure 1-1.
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Figure 1-1 Fluid viscous damper (left); major components of a fluid viscous damper (right)

(https://www.techstar-inc.com/products/seismic/viscous-dampers/damper1; http://www.roadjz.com/en/show.asp?id=12)

FVD can affect the seismic responses of structure by improving the damping ratio
of structure. The damping force of the FVD mainly depends on the properties of the viscous
fluid and the piston head orifices, which can be characterized by its damping coefficient.
Previous research on the damping coefficient of FVD can be divided into two categories:
(1) calculating the required damping coefficient of FVD and its distribution in the structure
(FEMA-273 1997; FEMA-356 2000; Hwang et al. 2013); (2) optimizing and selecting the

optimum design parameters of the FVD (Sorace and Terenzi 2008).

Seismic design document (e.g., FEMA 356) has specified the uniform distribution
method to determine the damping coefficient of FVD in each story. Various damping
coefficient distribution methods were proposed based on the seismic capacity of different
stories of the structure, e.g., the inter-story drift proportional distribution method (Landi et
al. 2015), and the story shear strain energy distribution method (Hwang et al. 2013). These
damping coefficient distribution methods have been applied to the numerical models of

structures. The two-dimensional numerical models were used to evaluate the effectiveness


https://www.techstar-inc.com/products/seismic/viscous-dampers/damper1
http://www.roadjz.com/en/show.asp?id=12

of these distribution methods on the seismic performance of the structure. However, there
is a lack of knowledge about assigning damping coefficients in three-dimensional

numerical models in the current seismic standards of the structural design.

For optimizing and selecting the optimum design parameters of the FVD, Lavan et
al. (2008) have conducted a genetic algorithm-based multi-objective optimization study.
The inter-story drift and floor acceleration were treated as the conflicting performance
measures of the structure to formulate the optimization study. These conflicting
performance measures were frequently used to construct single or multi-objective
optimization of the structural design. The design that can simultaneously reduce these two
performance measures is considered as the optimal design. In Lavan’s study, the
distribution of nonlinear FVD was determined by simultaneously minimizing the inter-
story drift and absolute floor acceleration of a five-story shear frame. Moreover, Hejazi et
al. (2013) have defined the damping coefficient of dampers as the design parameters. The
optimum values of the design parameters were selected by reducing the three-directional

displacements of a five-story reinforced concrete building.

In general, reducing the amounts of performance measures usually results in the
increasing costs of dampers. However, most studies have only considered the costs of
dampers as the critical optimization objectives to select the cost-effective design
parameters of the dampers. For instance, most studies only considered the effects of
manufacturing, repair, or even the life-cycle costs of dampers as the optimization

objectives when determining design parameters of the dampers (Gidaris and Taflanidis



2015; Del Gobbo et al. 2018; Lavan and Amir 2014; Pollini et al. 2016). Hence, it has great
significance in developing a performance-based optimization framework for structural

design that considers both performance measures of the structure and the costs of dampers.

The traditional shaking table test can evaluate the seismic responses of the structure
with FVD. Nowadays, the shaking table test has been evolved from testing scaled-down
structural models to full-scale structures (Kasai et al. 2010). However, the shaking table
test has restrictions on the weight of the structure being tested and the site where the tests
being performed. Moreover, the experiment is non-reproducible, especially the collapse
experiment. Numerical modeling-based seismic performance analysis, as an alternative
method, can effectively alleviate those limitations. Numerical methods have relatively low
cost and are applicable to a variety of architecture types. Open System for earthquake
engineering simulation (OpenSees) is one of the finite element-based modeling tools,
which is developed at UC Berkeley and supported by Pacific Earthquake Engineering
Research Center (PEER) and Network for Earthquake Engineering Simulation (NEES)
(Jiang and Usmani 2013). OpenSees can be used to perform nonlinear static and dynamic
seismic analysis of the structures (Ferracuti et al. 2009), and has been applied to simulate
the seismic performance of steel structures, concrete structures, and masonry walls (Bao
and Kunnath 2010; Furtado et al. 2015; Lignos et al. 2011; Tang and Zhang 2011). Most
existing studies using OpenSees have focused on two-dimensional structural models with

FVD (Karavasilis 2016; Seo et al. 2014; Silwal et al. 2015, 2016).



The seismic responses of the structure with FVD can be affected by the properties
of FVD and the rationality of the structural design, e.g., sizes of beams and columns.
Moreover, it has been found that the soil-structure interaction also influences the overall
performance of a structure. Namely, the interaction between the structure, the foundation,
and the soil properties of the underlying and surrounding of the foundation during the
ground shaking (Ghosh and Madabhushi 2004). The soil-structure interaction typically
affects the performance of a structure in three ways: (1) alter the period of the structure by
foundation movement; (2) reduce structural force demand by the nonlinear behavior and
hysteretic energy dissipation; (3) alter the input ground motion by the foundation flexibility
(Raychowdhury 2011). The foundation movements can induce significant flexibility to the
braced system, so that result in an inaccurate estimation of seismic performance of structure

(Stewart et al. 1999). Thus, the flexibility of the foundation is urgently needed to be

incorporated in a conservative performance-based structural design. However, it has not
been specified how to consider the flexibility of foundation in the structural design. In this
research, the impact of soil-structure interaction will be evaluated and incorporated in the

performance-based optimization framework for structural design.

In this dissertation, a comprehensive study is conducted on investigating the
seismic performance of structures with energy dissipation systems using three-dimensional
numerical models. Numerical analysis with the finite element method is applied to simulate
the nonlinear dynamic responses of the structure under different intensities of biaxial
ground motions. The seismic performance of the structure is improved by the application

of the energy dissipation system. The existing damping coefficient distribution methods of



the energy dissipation system are extended and applied to the three-dimensional numerical
models. Their effectiveness is evaluated by the nonlinear dynamic analysis of the three-
dimensional numerical models. The cost-effective optimum design and performance-based
structural design are integrated to develop a performance-based optimization framework
for structural design. Furthermore, the effect of soil-structure interaction is evaluated and
incorporated in the proposed performance-based optimization framework. The selection
guidelines of optimum performance and cost-effective design is proposed based on the

improvement and uniformity of inter-story drift.

1.2. Objectives and Scope

The research efforts of how to improve and simulate the seismic performance of
the structure, and how to choose an optimum-performance and cost-efficient structural

design have always been the critical topics in seismic engineering researches.

By addressing these questions, the main objectives of this research are to (1)
investigate the seismic performance of structures with energy dissipation systems and
evaluate the effectiveness of damping coefficient dissipation methods using three-
dimensional numerical models; (2) develop a simulation-based multi-objective
optimization framework to evaluate and optimize the seismic performance of buildings
with energy dissipation systems; (3) incorporate and evaluate the influence of soil-structure

interaction in performance-based seismic design of structure.



Revolving around these objectives, the scope of this research covers the application
of energy dissipation systems on structural steel frames and the investigation of their
seismic performance using the three-dimensional numerical models. It includes the
evaluation of the effectiveness of different damping coefficient distribution methods of the
energy dissipation system. It also covers the development of the performance-based
optimization framework for structural design and the selection guideline of design
parameters of FVD. It also includes the assessment of soil-structure interaction and its

impact on the performance-based structural design.

1.3. Dissertation Organization

This dissertation is organized into six chapters. Chapter I presents the problem
statement, the objectives and scope, and the organization of this dissertation. Chapter II
introduces the background and methodologies that are required for conducting the

dissertation research. This chapter covers the illustrations of the theoretical knowledge of

the fluid viscous damper and the Non-Dominated Sorting Genetic Algorithm II based

multi-objective optimization method.

In Chapter III, the seismic performance of structures with energy dissipation
systems is investigated by using three-dimensional numerical models. Four damping
coefficient distribution methods are presented and applied to the three-dimensional
numerical models of steel moment-resisting frame. The effectiveness of different damping
coefficient distribution methods is evaluated by considering different intensities of biaxial

ground motions.



Chapter IV presents a performance-based optimization framework for structural
design that considers multiple conflicting objectives. The manufacturing costs of the
energy dissipation system, repair costs of the structure, and the robustness measure of
record-to-record variability of ground motion are minimized simultaneously. The
applicability and capability of the proposed framework are demonstrated by applying it to
the simulation-based seismic design of the steel frame with the energy dissipation system.
The Non-Dominated Sorting Genetic Algorithm II based multi-objective optimization
method is conducted to optimize the conflicting objectives. The optimal design parameters
of the energy dissipation system are selected with moderate initial material cost, structural
repair cost, and robustness measure. The effectiveness of the selected design is evaluated

by the extent of improvement of the seismic performance of structures.

In Chapter V, the effect of soil-structure interaction is incorporated in the evaluation
of the seismic performance of the steel frame with the energy dissipation system. The
seismic responses of the structures are evaluated using three-dimensional numerical
models. The performance-based optimization framework, as introduced in Chapter IV is
applied to the numerical models of the steel frame with fixed and flexible foundations. The
optimum properties of the design parameters of the fluid viscous dampers are selected

based on the comparison of improvement and uniformity of inter-story drift.

In Chapter VI, as a conclusion of this dissertation, the main findings of this

dissertation and the recommendations for future research are presented.



CHAPTER II
BACKGROUND AND METHODOLOGY

2.1. Background and Principle of Fluid Viscous Damper

2.1.1. Background of Fluid Viscous Damper

Over the past two decades, various types of passive energy dissipation systems have
been developed and applied in structural designs. The supplemental damping devices can
absorb a portion of seismic energy to improve structural performance. The following time-
dependent energy conservation equation can clearly illustrate the effect of the supplemental

damping devices to a structure in resisting the seismic force (Uang and Bertero 1990):

EM)=E () +E@)+E,()+E,(1) 2.1

where E. is the absolute earthquake input energy, ¢ is the time, Ej is the absolute kinetic
energy of the masses, Es is the recoverable elastic strain energy, Ej is the irrecoverable
hysteretic energy dissipated by the structure, and Es is the energy dissipated by the
supplemental damping system. The right-hand side of the equation represents the energy
capacity of the structure, and the left-hand side represents the energy demand of the
structure under the ground motion. For a stable structural design, the energy capacity of

the structure should be larger than the energy demand.

In conventional seismic design, the term Ey is equal to zero. The seismic input
energy is mainly dissipated by the irrecoverable hysteretic energy of the structure. The
structural components are inelastically deformed to dissipate the seismic induced energy.

The principle of the damping devices is to dissipate the input energy before the primary



structural components. Thus, the structures with damping devices can effectively dissipate
the seismic induced energy and reduce the inelastically deformation of the structural

components.

In the late 1980s and early 1990s, fluid viscous dampers (FVDs) were used in
structural engineering. FVD typically consists of a stainless-steel piston with an orifice
head. The piston is contained in a cylinder filled with highly viscous fluid, such as silicone
or a similar type of oil, as shown in Figure 2-1. The liquid in the cylinder is in a vacuum
environment. Due to the movement of the piston rod region, the FVD can generate the
resistance force, which always resists the structure motion during a seismic event (Lee and

Taylor 2001; Oesterle 2003; Ras and Boumechra 2016).

. Compressible
Piston rod Cylinder silicone fluid

Accumulator housing

.......................................

.......................................

Seal Retainer

Chamber 2 Rod make-up

Chamber 1

accumulator
Seal

Piston head
with orifices

Control valve
Figure 2-1 Diagrammatic sketch of the viscous damper (Symans and Constantinou 1998)

The resistance force is proportional to the relative velocity between the ends of the

damper, and can be expressed as follows:

F,=C, sgn (V)|v|a (2.2)
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where Cy is the supplemental damping coefficient, sgn is the signum function, v is the
relative velocity between the ends of the damper, a is the velocity exponent of the damper
with a typical range 0.3 to 1.95 (Liu 2010). The damping coefficient and velocity exponent
have primarily controlled by the configuration of the piston head orifices. When a=1, the
FVD is called a linear viscous damper. The FVD behaves as a nonlinear viscous damper
with a smaller than unity. FVD with o larger than unity is rarely used in practical
applications. The force-velocity relationship of FVD with different values of velocity
exponent is given by Figure 2-2. The resistance force generated by the nonlinear viscous
damper increases rapidly and then begin to flatten. The linear viscous damper can provide
a larger damper force than the nonlinear viscous damper when the relative velocity is larger

than unity.

Nonlinear Damper,a=0.3

= = Linear Damper,a=1
Ultra-Nonlinear Damper,a=1.5

Damper Force, F

Velocity, v

Figure 2-2 Force-velocity relationship of the viscous damper

2.1.2. Damping Coefficient of Linear Viscous Damper

For a structure with FVD, the total effective damping ratio & of the structure
consists of the structural inherent damping ratio &; and damper’s damping ratio s, as shown

in equation (2.3). The inherent damping ratio is usually assumed to be 5%. As specified in

11



FEMA 356 and ASCE 41-17 (FEMA-356 2000; ASCE 41-17 2017), in each principal
horizontal direction, the damper’s damping ratio should be less than 30% of critical
damping in the fundamental mode of the rehabilitated building. The damper’s damping
ratio is related to the damping coefficient of the damper and the critical damping coefficient

of the structure, as shown in equation (2.4).

&, =6 +¢, (2.3)
C
&, - C—”’ (2.4)

C,= 2\ Km (2.5)

where K, m, and C., represent the stiffness, mass, and the critical damping coefficient of

the structure, respectively.

The critical damping coefficient of the structure is based on the inherent properties
of the structure, as shown in equation (2.5). Hence, the damping coefficient of the damper
needs to be determined to achieve a certain amount of damper's damping ratio. The

derivation of Cy for the linear viscous damper is presented as follows:

Considering a single degree of freedom (SDOF) system equipped with a linear
viscous damper. The SDOF system is assumed to subject to a sinusoidal displacement time

history:

u(t)=u,sinwt, 0<t< 2z (2.6)
1)
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where u, u, and w represent the displacement of the damper, the amplitude of the
displacement and the loading frequency. Recall equation (2.2), the energy dissipated by a

damper in one cycle of vibration can be calculated as follows:

27l

E,=[|Fd,=[flc,ud, = | " cud, o

=C,u,’ @’ _[02” cos’(wt)d(wt) = 7Cu, @
where w, represents the natural frequency of the system, which essentially equals @ under
the seismic ground motion (Ras and Boumechra 2016). Then, equation (2.7) can be
rewritten based on equations (2.3), (2.4) and (2.5), as:
E,=nCuyw
= ﬁgd Ccru02a)
=27& N Kmu,' o (2.8)

=27&, Ku, o/ o,
=47é,E o/ o,

The elastic strain energy of the system, E; can be calculated as:
E =Ku,’ /2 (2.9)
Hence, the damper’s damping ratio can be calculated as:

E, o E,
= — = 2.10
Z ArE o A4rnE, .10
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The equation of damper’s damping ratio can be extended to a multi-degree of
freedom (MDOF) system. For the MDOF system, assume that the linear viscous dampers

are installed on each floor. The damper’s damping ratio can be calculated as:

Np
ZEd,in
_ _i=l

Cun="m
4”2 E,
i=1

(2.11)

where Eq i represents the dissipated energy by the i-th dampers in one cycle of vibration
within the system, and Nr is the number of stories of the system. This equation was derived
based on the shear building assumption and adopted in FEMA 356 and ASCE 41-17
(ASCE 41-17 2017; FEMA-356 2000). The formula of damper’s damping ratio is derived
based on the assumption of the n-th vibration mode of the system. The damping coefficient
of each damper is identical. The formula of energy dissipation by dampers can be expressed

as follows:

N
_ 2
T ;Cduin (2.12)

217 &
- T z Cd (fi¢d,in )2
i=1

n

where Cy represents the damping coefficient of dampers at the i-th story, ui, and ¢a ;. are
the relative axial displacement and relative horizontal displacement of dampers at the i-th

story, T, is the period of n-th vibration mode, f; is the scale factor that depends on the

14



installation plan of the dampers (Hwang et al. 2008). The formula of elastic strain energy

can be rewritten as:

3 1 1
DY E,=—0'KO=—0"0’md
= 2 2 (2.13)

1 L 2 2 272-2 ali 2
z_za)n mi¢in = 2 Zmi¢in
23 T, 3

n

where m; represents the mass of the i-th floor, @ and ¢, represent the n-th mode shape of
the system and the horizontal displacement of the i-th floor. The linear damper’s damping

ratio &g, 1s given as follows:

217 & 2 < 2
EEDICCT IO NNV
&= S = (2.14)
4r 77 Zlmiﬁnz 4”2’"#51‘"2

n

The damping coefficient Cs of the linear viscous damper at each floor can be

derived from equation (2.14) as:

N
2
47z-§d,n z mi¢in
_ i=l

c, (2.15)

N
LY (fi)
i=1
2.1.3. Damping Coefficient of Non-Linear Viscous Damper

The derivation of Cy for the nonlinear viscous damper is presented in this section.
For a given SDOF system, the system is assumed to subject to a sinusoidal displacement

time history, expressed as:
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. 2r
u(t)=u,sinwt, 0<t<—

) (2.16)
uy - fia

where u, u, and ® represent the displacement of the damper, the amplitude of the
displacement and the loading frequency, f; is the scale factor, ¢4, is the relative horizontal

displacement of dampers at the i-th story.

For a single cycle of harmonic motion, the energy dissipated by the nonlinear

viscous damper can be expressed as:

E, = mFddu = mCd sgn(ui)|ii|“d,
_ IOZ”/”’ C, sgn(i)|i|" ud, 2.17)

4C,(20)" (u,)* ' T>(1+ %)

I'2+a)

All the nonlinear viscous dampers are assumed to have the same value of a to
simplify the derivation. According to equations (2.11) and (2.13) , the formula of &, can be

written as equation (2.18), where Gis the gamma function.

Tz‘“ZF:Cd (i, )" i r2(1+%)
&y = S : (2.18)
(2”)3701 Z mi¢iz o T2+a)

Cq of the nonlinear damper device at each floor can be derived from equation (2.18)

as:
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_@n L m $reva)

c, - —
2-a l+a i=1 1" 1+ _

(2.19)

As known, the seismic capacity of each story of the structure is quite different. It is
not an optimum and cost-effective approach that assumes all dampers have identical design
properties. In order to find the optimal design properties and the placement of dampers,
Constantinou and Tadjbakhsh (1983) claimed to place the dampers in the first story of a
building by the parametric studies. The genetic algorithm has been proposed to find the

optimal properties and location of dampers by Singh and Moreschi (2002).

Moreover, the cost of damper devices is proportional to its peak damper force. It is
critical to find a cost-effective design that also maintains the seismic performance of the
structure. This trade-off problem brings into the optimization problem to find a cost-
effective design. In this dissertation, a performance-based optimization framework of

structural design will be presented to seek the optimal design properties of the dampers.

2.2. Multi-Objective Optimization Method

2.2.1 Multi-Objective Optimization Methodology

In the context of performance-based structural design, multi-objective optimization
problems arise when more than one objective needs to be optimized, each in a conflicting
manner. As described above, the seismic performance of a structure and the cost of the
damper are always acting as the conflicting objectives. In multi-objective optimization

design, the conflicting objectives can be optimized simultaneously under given constraints.
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Generally, the multi-objective optimization problem can be expressed as follows (Kuczera

1997; Madsen 2003; Madsen et al. 2002):

Minimize : Y (x) =[ f,(x), f,(x)... f,(x)], x€ 6

. (2.20)
Subject: A(x) <0

where frepresents an individual objective function, » is the number of objective functions,
x is the set of design variable within a feasible input parameter space 6, and /4 represents

the constraining function.

Multi-objective optimization problem results in a set of compromising solutions,
which represents the trade-off between at least two conflicting objectives (Aittokoski and
Miettinen 2008; Liu and Sun 2010; Veerappa and Letier 2011). The Pareto front is formed
by the optimal solutions for which improving one objective is not possible without
degrading the other(s) (Confesor and Whittaker 2007; Zitzler 1999). Therefore, obtaining
a single optimal solution becomes possible when objectives do not conflict, thus obviating

the need for multi-objective optimization (Deb 2001).

2.2.2  The Non-Dominated Sorting Genetic Algorithm I (NSGA-II)

NSGA-II is one of the evolutionary algorithms to solve the multi-objective
optimization problem. The basic operators of NSGA-II are selection, recombination, and
mutation to populate a new generation until the solution reaches an optimum state or
satisfies the stopping criteria (Deb et al. 2000). Users should predefine the number of

generations, which is used to limit the number of iterations as the stopping criteria.
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Figure 2-3 Main processes of NSGA-II approach

The main procedure of NSGA-II is shown in Figure 2-3. Initially, a parent
population of input design variables, P, is randomly created as the size of N. The
‘population’ represents a group of paired input design variables. Then, a child population,
O, of size N is created from the parent population by using the general genetic operators

such as mutation operators. A combined population R, = P, U Qg is then formed as the

size of 2N. The following steps are repeatedly used in every generation, after creating the
initial combined population. The entire combined population R, needs to be evaluated by
the objective functions. The obtained values of the objective functions are sorted into
different ranks based on the non-dominated sorting procedure in ascending order of

dominance.
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Figure 2-4 Domination relation between Pareto Front and dominated solution

The non-dominated sorting procedure relies on the domination relation. For the two
objectives case, f; versus f> is presented to describe the domination relation, as shown in
Figure 2-4. The solution (A) dominates the solution (B) as long as solution A is better than
solution B in at least one objective (Mishra and Harit 2010). If no solution dominates the

other one, they collectively form the Pareto front and transfer to become the new parent

; Optimum
Solution

Pareto Front
Solution
(A)

Dominated Solution

B
o ®

/5> Optimum

h Utopia Point

- /2

population, Pg+;, so that the elitism is ensured.

J1y

cuboid

Figure 2-5 Illustration of the crowding distance computation

The new parent population, Pg+; is formed by adding the solutions from the first
rank till reaching the size of N. The solution in the last rank will be selected by comparing

the values of crowding distances, as shown in Figure 2-5. For each solution, the crowding
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distance value is calculated by adding the average length of its two neighboring solutions
in each objective function. The solution locates in the less crowded region is selected as
the new parent population. The boundary solutions are assumed to have infinite crowing
distance values so that they are always selected. The population Pg+; will produce a new
child population, Qg+;, through mutation and crossover operators. This iterative procedure

will continue until the predefined stopping criteria are met.

In the context of NSGA-II, the Pareto front consists of a set of optimal non-
dominated solutions. For the Pareto front shown in Figure 2-4, one extreme point represents
the parameter set generating the f; optimal solution while the other extreme point represents
the parameter set producing the /> optimal solution. The shape of the Pareto front visually
displays the level of compromise needed from one objective to improve the other. The
tendency of this compromise decreases as the solutions approach the extreme points of the
Pareto front. In this dissertation, the NSGA-II based multi-objective optimization method
is applied in the proposed performance-based optimization framework for structural

design.
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CHAPTER III
DAMPING COEFFICIENT DISTRIBUTION OF ENERGY DISSIPATION SYSTEM
APPLIED TO THE 3D NUMERICAL MODEL OF BUILDING

3.1. Introduction

Mitigating the impact of seismic loadings on a structure is one of the critical
considerations in structural design. During the past decades, researchers and structural
engineers have been persistently exploring the techniques of improving the performance
of structures against earthquake hazards. One outcome of the previous research is the
incorporation of structural control systems into the modern structural seismic design. The
passive control system is one of the structural control systems that is used to decrease
structural response against dynamic loads, such as earthquakes and intense winds (Ou and
Li2009). It acts passively without requiring any external power supply (Torunbalci 2004).
The passive control systems typically include the tuned mass damping system, the seismic
isolation system, and the energy dissipation system (Buckle 2000). Among them, the
energy dissipation system which is incorporated into structural frames has significantly
reduced wind-induced and seismic-induced structural responses. The energy dissipation
system has been applied to various types of structures such as office, retail, hotel, and
hospital buildings (Gonzalez et al. 2013; Guo et al. 2014; Kumar et al. 2016; Miyamoto et

al. 2007; Sorace and Terenzi 2009).

Fluid viscous damper (FVD) is a kind of velocity-dependent passive energy
dissipation system (Constantinou et al. 1998). The FVD has been incorporated in the

structural design because of its applicability to both new and retrofit constructions (Soong
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and Dargush 1997). Other appealing features of FVD include quick installation, negligible
mass, and easy maintenance over its lifespan. Existing studies of FVD have mainly focused
on the experimental testing and analytical/numerical modeling of its seismic performance.
For example, Kasai et al. (2010) conducted the shaking table experiment to test the seismic
performance of FVD, and Wong (2011) studied the nonlinear time history structural
responses of using the linear FVD. In Kasai et al. (2010), one full-scale 5-story steel
building with dampers was tested using a large-scale shake table, E-Defense. This building
was repeatedly tested with four types of damper, i.e., steel, oil, viscous, and viscoelastic
dampers. The researchers concluded that the building with viscous and viscoelastic

dampers have better seismic performance than the building with other types of dampers.

Experimental testing is typically time-consuming and costly. As a supplement to
experimental studies, a validated numerical model can be used to evaluate the seismic
performance of various types of dampers and to assist the selection of optimal damper
properties and placements (Sirois and Francesco 2015). In this study, the seismic
performance of a three-dimensional (3D) numerical structure model will be simulated by

the Open System for earthquake engineering simulation (OpenSees) software.

The damping force of a FVD is defined as its capability to dissipate seismic energy
and can be characterized by its damping coefficient. The damping force of a FVD depends
on the properties of the viscous fluid and the piston head orifice. Many studies have
concerned about the damper placement and its distribution corresponding to different

building heights. Wu et al. (1997) used the transfer function matrix method and concluded

23



that the optimal location of viscoelastic damper is the place with the maximum relative
displacement in the structure. The same conclusion was drawn by Takewaki (1997) and

Shukla and Datta (1999).

Moreover, the latest damping coefficient distribution methods can be generally
divided into iterative and non-iterative methods. The sequential search algorithm (SSA) is
one of the pioneering damping coefficient distribution methods, first proposed by Zhang
and Soong (1992). It acts as an iterative process by adding the supplemental damper device
to the location with the maximum structural response in sequence. This step is repeated

until reaching the predefined value of the damping coefficient.

Examples of the non-iterative method include the uniform distribution method
(UD), the inter-story drift proportional distribution method (IDPD), the story shear strain
energy distribution method (SSSED), and the effective story shear strain energy
distribution method (ESSSED). The ESSSED only distributes the damping coefficient to
the “efficient stories”, which have the shear strain energy more significant than the average
story shear strain energy (Del Gobbo et al. 2018; Hwang et al. 2013). The formulas of these
non-iteration methods were derived based on the shear building assumption and only
considered the first mode of vibration. The effectiveness of these damping coefficient
distribution methods was estimated by the two-dimensional numerical study (Landi et al.
2015). However, the following problems are not specified when the existing damping
coefficient distribution methods need to be applied to the 3D numerical models: (1) how

to distribute the damping coefficients in two principle horizontal directions of the structure;
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(2) how to consider the impact of different vibration modes; (3) how to select the mode

shapes and periods.

This chapter will extend and apply the conventional non-iterative damping
coefficient distribution methods (UD, IDPD, SSSED, and ESSSED) to the three-
dimensional (3D) numerical models that can solve the problems as mentioned above. A
series of 3D numerical simulations are conducted to evaluate the effectiveness of these
damping coefficient distribution methods. Because the distribution of damping coefficient
is constrained by the achieved damping ratio, two levels of the added damping ratio: 20%
and 30% are selected to compare the effectiveness of those damping coefficient distribution

methods.

This remainder of this chapter is organized as following: Section 3.2 provides the
background of the fluid viscous damper; Section 3.3 describes the application of damping
coefficient distribution methods for 3D models; Section 3.4 describes the prototype
building design and its numerical model; Section 3.5 evaluates the seismic behavior of the
four-story steel frame by applying different damping distribution methods; Section 3.6

provides a summary of this study.

3.2. Model of the Fluid Viscous Damper

In this section, we briefly describe the model of the fluid viscous damper (FVD),
and the design formulations for the supplemental linear viscous damper to the structure.
FVD is a velocity-dependent energy-dissipation device that consists of a cylinder filled

with silicone fluid, a stainless-steel piston, and a seal retainer, as shown in Figure 3-1 (a)
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(Miyamoto et al. 2010). During an earthquake, the movement of the piston head causes the
pressure difference across the piston head to generate the resistive force in the opposite

direction of the input motion (Narkhede and Sinha 2012).

(a) Seal Retainer I‘C/ylinder (b) K, c,
g AN
R {Ho |
Stainless Steel Silicone \
Piston Rod Fluid Piston
Head

Figure 3-1 (a) Schematic drawing and major components of the fluid viscous damper; (b) Maxwell
model.

The mechanical behavior of FVD can be described by the Maxwell model, which
is composed of a linear spring and a nonlinear dashpot connected in series, as shown in
Figure 3-1 (b). The stiffness of the linear spring, K4, expresses the combined effect of
supporting brace and the inner damper portion. The force-velocity relationship of the

nonlinear dashpot can be expressed using a fractional power law as:

F,=C, sgn(v)|v|a (3.1)

where Cy is the supplemental damping coefficient, sgn is the signum function, v is the
relative velocity between the ends of the damper, and « is the velocity exponent of the

damper with a typical range 0.3 to 1.95 (Liu 2010).

The structure with a FVD is considered as a dual system. The total effective

damping ratio, &, of the system can be expressed as:
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fe = ‘fz + ‘fd (3.2)

where ¢ is the inherent damping ratio of the structure, which is usually assumed to be 5%.
a 1s the damper’s damping ratio. Corresponding to the n-th vibration mode, the damper’s
damping ratio, &, is given as equation (3.3). This equation was derived based on the shear

building assumption and has been adopted in FEMA 356 and ASCE 41-17.

Np
7-;"t‘ZC’d,i(fzt¢d,in)2
Son =" (3.3)
47[Z:ml.¢m2
i=1

where Cy; represents the damping coefficient of the damper at the i-th story, Nris the total
number of stories, m; represents the mass of the i-th floor, ¢, and @ » are the n-th mode
horizontal and the relative horizontal displacement of the i-th story, 7, is the n-th mode
period of the structure, f; is the scale factor that depends on the installation plan of the

damper. For a diagonal-brace damper, f; equals cos(0).

As specified in FEMA 356 and ASCE 41-17 (FEMA-356 2000; ASCE 41-17
2017), for each principal horizontal direction, the s should be less than 30% of the critical
damping in the fundamental mode of the rehabilitated building. As described in equation
(3.3) that there exist unlimited combinations of the Cy; to achieve the same amount of &4,

of the structure with known m;, fi, @in, ¢a,in, and T,.

In order to alleviate the problem of the infinite number of selection of Cy; under

the constraint of a prescribed &z, the damping coefficient distribution methods were
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proposed to determine the Cg; for each story. In the conventional structural design, the
simplified UD method intends to distribute the identical damping coefficient to each story
(Hwang et al. 2013). The IDPD method suggests distributing the damping coefficient
proportional to the inter-story drift of the structure (Landi et al. 2015). For a more thorough
consideration, Hwang et al. (Hwang et al. 2013) proposed the SSSED method, which
distributes the damping coefficient proportional to the story shear strain energy along with
the building height. They also proposed the ESSSED method, which more efficiently
distributes the damping coefficient to the stories with higher story shear strain energy than
the average story shear strain energy. All these existing damping coefficient distribution
methods were proposed based on the first vibration mode of the structure and applied to
the two-dimensional numerical model. However, these existing methods have not specified
how to apply their methods to the 3D numerical models and how to select the ¢in, @ain, and
T, for higher vibration modes. In this case, an extension of the existing damping coefficient

distribution methods to the 3D models is presented in the following section.

3.3. Damping Coefficient Distribution Methods

On the basis of the existing methods, this section will discuss in detail how to apply
these methods in the 3D models. The existing damping coefficient distribution methods
will be extended and applied to the two principal horizontal directions of the numerical
model. The modal analysis of the 3D numerical model is executed first. The ¢i» and @a,in
are selected based on the primary mode of each principal horizontal direction. Then, the
corresponding mode periods, 7, are determined to obtain the damping coefficient of each

horizontal direction.
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3.3.1. Uniform Distribution (UD)

The simplified UD method assumes the damping coefficient of each story is
identical. Recalling equation (3.3), the damping coefficient of each story can be calculated

as:

Ny
2
47Z-§d,n Z mi¢in
— i=]

c, (3.4)

1Y (o)

In order to illustrate the distribution of the damping coefficient in a 3D model, the
model is assumed to be composed of two horizontal directions: X and Z, and one vertical
direction: Y. The damping coefficients are assumed to be independently distributed in two

horizontal directions. The equation (3.4) is extended into two directions: X and Z, as:

NF
47, z mi¢i,X2
Cox =—5 3.5)
Te > (fibrin)
i=1
Nr
4ns, > md, )
C,, =——= (3.6)

1,3 ()

where Cyx represents the distributed damping coefficient in the X-direction, ¢; x represents
the horizontal displacement of the i-th floor in the X-direction. The horizontal displacement
is determined by the primary mode shape in the X-direction, ¢4,;x represents the relative

horizontal displacement of the i-th floor in the X-direction, T is the corresponding period

29



of the primary vibration mode in the X-direction. The same symbol rule is applied to the
Z-direction through changing subscript ‘X’ to ‘Z’. It is noted that the primary vibration
mode of each horizontal direction is determined based on the 3D numerical modal analysis.
The fundamental mode will be considered if the model has a coupled effect of both

horizontal directions.

3.3.2. Inter-Story Drift Proportional Distribution (IDPD)

As a more cost-efficient and pertinence method, IDPD is implemented to distribute
the damping coefficient according to the distribution of inter-story drifts within the
structure. The damping coefficient of the /-th story corresponding to the n-th mode can be

expressed as:

C,i = q¢d,ln (3.7)

where ¢ is a proportionality constant; @ 1 1s the inter-story drift of the I-th floor. The total
damping coefficient of the system is equal to the summation of the damping coefficient of

each story:
Np Ny
Z Cd,i = qz ¢d,in (3.8)
i=1 i=1

Substituting equation (3.7) into equation (3.8):

¢d In &
= Z C,, (3.9)

1
Z ¢d,m "
i=1

d,I

Substituting equation (3.9) into equation (3.3).
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The total damping coefficient of the system can be calculated as:

Ny 4775:1,;1 (ZF: ¢d,in )(ZF: mi¢mz)
Z Cd,i — i=1 i=1

T LY ()]

(3.11)

Substituting equation (3.11) into equation (3.9). The damping coefficient of each

story can be expressed as:

Np
47z-§d,n¢d,ln (Z mi¢in2 )
i=1

C,, = (3.12)

T3 [0 (o))

Extending the equation (3.12) to consider the multiple directions in the 3D model:

NF
4rs, ¢d,1,X (z m[¢i,X2 )
Cory =7 =l (3.13)
Ty D [ bsin (fi#h1ix)’]
i=1
NF
4”‘§d¢d,1,z (Z mi¢i,22)
Cirz= = (3.14)

T3 [0
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where Cyxand Cgy-represent the distributed damping coefficient of the /-th floor in the

X-direction and Z-direction, respectively.

3.3.3. Story Shear Strain Energy Distribution (SSSED)

The SSSED (Hwang et al. 2013) distributes the damping coefficient along with the
building height by considering their story shear strain energy. The story shear force is

proportional to the parameter S;, which is defined as follows:

Ni
S, => mg (3.15)
i=1

The story shear strain energy is defined as the product of the shear force and the
inter-story drift, which proportional to the Sipq ;. Following the similar derivation process
from equation (3.7) to equation (3.12), the damping coefficient of the /-th story

corresponding to the n-th vibration mode can be expressed as:

Np
4”§d,n S1n¢d,1n (Z n/li¢in2 )
i=1

C,, = (3.16)

T 180S0V ]

Extending the equation (3.16) to consider the multiple directions in the 3D model:

NF
47, SI,X¢d,I,X (Z mi¢i,X2)
=l (3.17)

Cd,],X =

Ty 18, i)
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Nr
4758, 1811, QM)
i=1

Coiz= (3.18)

T, 208,61, i1, )]

3.3.4. Efficient Story Shear Strain Energy Distribution (ESSSED)

The ESSSED method is a modification of the SSSED method. Two steps are
considered in the application of ESSSED method: (a) determine the ‘efficient stories’

which have larger shear strain energy than the average story shear strain energy:

Nr
ZSin¢d,in
S[n¢d’1n >’:1N— (3.19)

F

(b) distribute the damping coefficients to the ‘efficient stories’:

Np
4ﬂ-§d,nSIn¢d,In (Z mi¢in2)
Cd,] = =

P (3.20)

T, 18,810 (fi#1)"]
i=1

where k represents the number of stories that have larger shear strain energy than the

average.

The application of the ESSSED method to the 3D model also includes two steps:
the determination and distribution steps. These two steps are applied to each horizontal
direction separately. For the X-direction, the distributed damping coefficient is calculated

as the following steps:
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NF
Z Si,X¢d,i,X

S >= 3.21
1,X¢d,1,X NF ( )
Np
47[§dS1,X¢d,I,X (Z mi¢i,X2)
Cd,I,X = x L (3.22)
T D 1S xbiin (fidix)']
i=l
For the Z-direction, the distributed damping coefficient is calculated as:
N
Z Si,Z¢d,i,Z
S > =L 3.23
I,Z¢d,I,Z NF ( )
Np
2
4784S; 19412 (Z md, ;")
Corz= = (3.24)

T, 18,217 (fidii2)’]

3.4. Office Building Design and OpenSees Numerical Model

3.4.1. Office Building- Steel Moment-Resisting Frame Design

The seismic performance of a four-story steel moment-resisting frame is considered
as the comparison metric to evaluate the effectiveness of the four different damping
distribution methods. The design of the four-story steel moment frame is adopted from the
Lignos (2008) study. This steel frame was designed in accordance with IBC-2003, AISC-
2002, and AISC-2005 design codes. The steel frame is assumed to be an office building
with a moveable penthouse. It is assumed to built on type D soil site located in Los Angeles

and is classified as risk category IL
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A detailed plan view of the office building is shown in Figure 3-2. For a typical
floor, all effective seismically dead weights are summarized in Table 3-1. The designed
seismic weights of each story are summarized in Table 3-2. The first three modal periods
are 1.26 sec, 1.04 sec, and 0.65 sec based on modal analysis of the 3D numerical model.
The maximum considered earthquake (MCE) spectral response acceleration at short
periods (Sms) and 1-sec period (Smi1) and design spectral response acceleration at short

periods (Sps) and 1-sec period (Spi) are listed in Table 3-3.
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Figure 3-2 Plan view of the office building
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Table 3-1 Details of seismically effective dead weight for a typical floor

Load Description Weight (kips)
4.25-inch concrete slab 518
18 ga. Steel deck 54
Interior partitions 108
Roofing systems 162
Exterior cladding 101
Floor beams 63
Girders (average) 30
Columns(average) 48
others 130
Table 3-2 Design seismic weight for each floor
Floor Design Seismic Weight (kips)
Second floor 1070
Third floor 1050
Fourth floor 1050
Roof 1200
Table 3-3 Spectral response acceleration values adjusted for site class
Hazard Level Short-Period (0.2sec) Sa 1-Sec Period Sa
10%/50yr (DBE) Sps=1.0 g Spi=0.6 g
2%/50yr (MCE) Sms=1.5g Smi=0.9 g

3.4.2. OpenSees Numerical Model

In this study, the office building is modeled as a 3D numerical model in the
OpenSees software, as shown in Figure 3-3. The 3D numerical model can consider the
influence of seismic waves in multiple directions, which provides a more comprehensive

and accurate seismic analysis result.

The inherent damping ratio of the frame is assumed to be 2%. All structure
components are made of the A992 Grade 50 steel. The “non-linear beam-column” elements
are used to model columns with Gauss-Lobatto integration and five integration points along

with the element. All columns of the numerical model are assumed to be fixed at the bases.
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The beams and girders are modeled using the ‘elastic beam-column’ element with Young’s

Modulus as 200 GPa.
Y/L e e e e
s S I~
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Figure 3-3 Three-dimensional OpenSees model of the steel frame

3.4.3. Validation of OpenSees Model

In order to verify the ability of the 3D numerical model to predict its seismic
performance, the experimental verification is required for the beam and column properties
and the scaled floor weight of the model. Hence, an OpenSees model of the 4-story steel
frame is developed to validate against the experimental results in this section. Herein, only
two-bay of the steel moment-resisting frame in the EW direction is represented. The reason

for representing only the part of the building is the availability of the experimental result.

The experimental test was conducted by the shake table test of one 1:8 scale-down
model. The 1:8 scale model of the 4-story steel frame was designed and tested by Lignos
(2008) at the State University of New York at Buffalo. The shaking table experiments were
conducted to predict the collapse capacity, to quantify the engineering demand parameters

of story drifts, floor accelerations, and story forces and to evaluate the effects of the
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connections of the beam and column on the collapse capacity of the steel frame. Due to the
cost and the weight limitation of the shaking table, only the middle two-spans of the frame
in the EW direction was designed for testing, as shown in Figure 3-4. The actual and target

weights of each floor are listed in Table 3-4.

Bracing Horizontal Mass Simulated
System  Rigid Links Frame

\
Experimental
Tested Frame

Wooden Blocks
(b)

(a)

Figure 3-4 (a) experimentally tested frame; (b) installation of mass plates on the shaking table
(modified from (Lignos 2008))

The test frame consists of elastic beams and columns. Plastic hinge elements
connect all the beams and columns of the test frame. A mass simulator frame is used to
simulate the P-Delta effect. The mass simulator frame is connected to the steel frame with
rigid links at each floor level, as shown in Figure 3-4 (a). Two wooden blocks are placing
on each floor on the plates of the mass simulator to protect the shaking table facility, as
shown in Figure 3-4 (b). These blocks limit the maximum rotation of each floor of the test
frame by 0.25 radians. A separate bracing system serves as the lateral support and safety
mechanism for the shaking table facility. The maximum allowable drift of the roof floor

relative to the ground is 26% as limited by the brace system.
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Table 3-4 Actual and target floor weights of the test frame

Second Third Fourth
Floor

Floor Floor Floor Roof
ActuaI.Welght 86 8.6 8.6 8.8
(kips)
Target'Welght 8.4 ) 82 9.4
(kips)

The seismic performance of the tested frame is evaluated under the Northridge 1994
Canoga Park ground motion. This ground motion is scaled to five different levels of seismic
intensities to test the response of the structure from the elastic range to collapse. The
unscaled time history of the 1994 Northridge record represents the design level earthquake,
as shown in Figure 3-5. The frame is sequentially tested under the service level earthquake
(SLE), design level earthquake (DLE), maximum considered earthquake (MCE), collapse
level earthquake (CLE), and the final collapse level earthquake (CLEF). The scale factors

of each seismic intensity level are listed in Table 3-5.

0.5 Northridge 1994 Canoga Park Unscaled Record

e

:
=
=

Acceleration (g)
=1

0.2
-0.3
0.4+
0.5 s s s s s
5 10 15 20 25 30
Time(sec)

Figure 3-5 Acceleration time history of Northridge 1994 Canoga Park

Table 3-5 Scale factors of each seismic intensity level

. SLE DLE MCE CLE  CLEF
Intensity
Scale Factor 04 1.0 1.5 1.9 2.2
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Figure 3-6 OpenSees model of the tested frame

In order to simulate the experimental frame more accurately, all beams and columns
are modeled as elastic elements in the numerical model. A leaning column with gravity
loads is linked to the frame to simulate the P-Delta effect, as shown in Figure 3-6. The IK
connection model proposed by Lignos and Krawinkler (2010) is used to simulate the
deteriorating strength and stiffness properties of all plastic hinge regions. The moment-
rotation relationship of the IK model is illustrated in Figure 3-7. The effective yielding
moment (M), capping moment (M.), and residual moment (M) are characterized as the
strength parameters. The post-yield strength ratio is defined as M./M,. Moreover, the yield
rotation (6,), pre-capping plastic rotation (6,), post-capping plastic rotation (6,c), and the
ultimate plastic rotation capacity (6,) are characterized as the deformation parameters. The

parameters of the modified IK model of each beam and column sections are listed in Table

3-6.
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Figure 3-7 Modified IK model

Table 3-6 Parameters of IK models of the four-story numerical model

Section M, /M, k 0 6, A=E/M,
W21x93 1.05 0.40 0.025 0.19 1.90
W24x76 1.05 0.40 0.025 0.35 1.50
W27x102 1.05 0.40 0.020 0.16 1.50
W24x131 1.05 0.40 0.025 0.30 1.50

The experimental results are used to validate the numerical model in two steps. In
the first step, the deformation of the model is validated by comparing it with the simplified
experimental incremental dynamic analysis (IDA) curve. The IDA curve is composed of
the peak roof drift versus four levels of seismic intensities: SLE, DLE, MCE, and CLE
levels, as shown in Figure 3-8. The result of the CLEF level does not include in the curve
due to the early collapse of the numerical model. If the drift of the roof floor reaches the

maximum allowable value (26%), the test frame is defined as collapsed.

In experiments, the recorded peak roof drift ratios of the tested frame approximately
equal to 0.42%, 2.26%, 4.37%, and 10.80% for each seismic intensity level. The
corresponding results of the numerical model are 0.46%, 2.35%, 4.98%, and 16.20%. The
differences between the simulation and the experimental arise due to the collapse induced
non-convergence of the model under the CLE level. The differences between the recorded

peak roof drift ratios from numerical simulations and experimental tests are 0.04%, 0.09%,
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and 0.6% under the SLE, DLE, and MCE levels. Generally, the simulation results are in

good agreement with the experimental tests in the first validation step.
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Figure 3-8 Peak roof drift under different ground motion intensities

In the second step, the displacement of each floor obtained from the numerical
model is compared with the experimental results. The displacement of each story is
normalized to the total height of the frame, as shown in Figure 3-9. The non-convergence
of the model causes a relatively large difference under the CLE level. At the DLE level,
the normalized displacement values of each floor from the experimental tests are 0.64%,
1.33%, 1.96%, and 2.35%. The recorded displacement values from the numerical
simulation are 0.75%, 1.38%, 1.99%, and 2.61% which are almost coincided with the
results of the experimental tests. At the SLE and MCE levels, the maximum differences of
normalized story displacements between numerical simulation and experimental tests are
close to 0.41% and 0.26%. Hence, it is concluded that the numerical model is capable of

simulating engineering demand parameters for the experimental test of the structure.
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Figure 3-9 Peak displacement of each floor normalized to the total height of the frame

3.5. Numerical Analysis Results

In this section, the numerical model of the bare frame (steel frame without damping
devices) is presented first as a benchmark model. Then, it shows the results of the numerical
models with supplemental linear viscous dampers designed according to the four damping

coefficient distribution methods: UD, IDPD, SSSED, and ESSSED.

3.5.1. Performance of Steel Frame without Damping Devices

In structural seismic design, the structural response is highly sensitive to the
characteristics of the ground motion. A series of ground motions must be applied to allow
statistical evaluation of record-to-record variability. Thus, the far-field record set of the
FEMA-P695 PEER NGA database is used to account for the record-to-record variability
in this case study. The far-field record set is a set of 22 biaxial ground motions, which
recorded at sites located a distance > 10 km from the fault rupture. The 22 biaxial ground
motions are applied to the steel frame in two orthogonal directions. First, the first

component of far-field ground motions is applied along the EW-direction of the numerical

44



model and the second component is applied along NS-direction. Then, the records are
rotated by 90 degrees and applied to the numerical model again. Hence, a total of 44 biaxial

ground motions is considered in this case study.

According to the requirements of ASCE 7-10, the 22 biaxial ground motions should
be scaled to the MCE level to simulate the seismic performance of the structure under the
collapse prevention level, as shown in Figure 3-10 (ASCE 07-10 2010). In the figure, the
grey lines represent the scaled response spectrum for the MCE level, the blue line
represents the design response spectrum (RS), the dashed red line represents the mean of
the scaled Square-Root-of-Sum-of-Squares (SRSS) RS, and the solid red line represents

scaled maximum SRSS RS.

m Design RS
------ Mean Scaled SRSS RS
=== Scaled SRSS RS >= Design RS |

~
T

(5]
T

Spectral Acceleration, Sa (g)

0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0

Period, Tn (sec)

Figure 3-10 Acceleration response spectra for the far-field ground motions scaled to MCE level

The most accurate nonlinear dynamic analysis, nonlinear time history analysis is
implemented to analyze the numerical model under the earthquake loading (Xiaoyun

2014). The maximum inter-story drift of each floor and the peak floor acceleration are
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selected as the performance measures. The maximum inter-story drifts of each story in both
EW and NS-directions are plotted in Figure 3-11 (a) and Figure 3-11 (b). Meanwhile, the
peak floor accelerations in both EW and NS-directions are plotted in Figure 3-12 (a) and
Figure 3-12 (b). The grey lines represent the maximum inter-story drift of each floor or the
peak floor acceleration under the 44 biaxial ground motions. The blue and red lines
represent the mean and median values of the inter-story drift ratio or the peak floor
acceleration. Those median values will be used to compare the effectiveness of four

damping coefficient distribution methods in the following section.
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Figure 3-11 Maximum inter-story drift ratio of each floor in the (a) EW-direction; (b) NS-direction
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Figure 3-12 Peak floor acceleration of each floor in the (a) EW-direction; (b) NS-direction

As shown can be seen from Figure 3-11, the third floor is the relatively weak story
in the EW direction, which has a maximum inter-story drift of 4.95%. While the 6.07%
maximum inter-story drift occurs on the first floor in the NS direction. As specified in the
FEMA 356 specification, the maximum inter-story drift of steel moment-resisting frame
cannot exceed 5% under the collapse prevention level. Hence, the first floor of the NS

direction needs to be increased its resistance capacity against the ground shaking in the

retrofitted seismic design.

Similarly, the third story of the EW direction requires significant improvement of
its resistance capacity against the ground shaking. Furthermore, as shown in Figure 3-12,
the maximum peak floor acceleration is approximately 1.73g (roof floor) in the EW
direction and 1.69g (second floor) in the NS direction. In order to improve the inter-story

drift and the peak floor acceleration, the fluid viscous damper will be applied to the bare

frame, as presented in the following section.

3.5.2. Comparison of Damping Coefficient Distribution Methods
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In this section, the numerical modal analysis of the bare frame is presented first.
Then, the distributed damping coefficients are calculated based on the obtained mode
shapes and periods. The damping coefficients of each floor are determined by using the
UD, IDPD, SSSED, and ESSSED methods in sequence. According to the obtained
damping coefficients, the fluid viscous dampers are applied to the numerical models of the
steel frame. The effectiveness of different damping coefficient distribution methods is

evaluated by considering 44 biaxial ground motions.

To calculate the damping coefficients more accurately, the values of the mode
shape and period are extracted from the 3D modal analysis in the OpenSees software. The

first and second mode shapes of both EW and NS directions are listed in Table 3-7.

Table 3-7 Recorded mode shapes and modal effective mass based on 3D modal analysis

Floor EW Direction NS Direction
1st Mode 2nd Mode 1st Mode 2nd Mode
1 -3.44E-07 0.11 0.14 2.60E-04
2 3.76E-06 0.20 0.23 -5.93E-05
3 2.92E-06 0.33 0.33 1.73E-04
4 4.31E-06 0.42 0.40 1.68E-04
Moﬁjisfiii:)tlve 0% 8327%  89.04% 0%

The primary mode shape of the EW direction is the translation in the second mode.
The primary mode shape of the NS direction is the translation in the first mode. Hence, the
mode shapes and period of the second vibration mode are used to calculate the damping
coefficient in the EW direction. Similarly, the calculation of damping coefficient in the NS
direction is based on the first vibration mode. In order to compare the effectiveness of the
damping coefficient methods with different achieved damping ratios, 20% and 30% of

damper’s damping ratios are considered in this case study. The 30% damping ratio in the
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viscous dampers is selected as it corresponds to the upper bound specified in FEMA 356
and ASCE 41-17. The 20% damping ratio is frequently used for structures with
supplemental viscous dampers (Banazadeh and Ghanbari 2017; Hwang et al. 2004) and is

selected as a comparison to the 30% case.

Table 3-8 EW direction: damping coefficient of each floor (20% damping ratio)

Floor UD IDPD SSSED ESSSED
(kip-sec/in) (kip-sec/in) (kip-sec/in) (kip-sec/in)
1 62.98 62.50 80.84 88.95
2 62.98 55.02 64.21 70.65
3 62.98 72.92 68.05 74.87
4 62.98 53.55 29.70
Sum 251.91 243.99 242.80 234.47
Table 3-9 NS direction: damping coefficient of each floor (20% damping ratio)
Floor UD IDPD SSSED ESSSED
(kip-sec/in) (kip-sec/in) (kip-sec/in) (kip-sec/in)
1 55.64 69.68 79.76 119.72
2 55.64 41.33 41.34
3 55.64 49.70 38.49
4 55.64 31.79 14.23
Sum 222.56 192.49 173.81 119.72
Table 3-10 EW direction: damping coefficient of each floor (30% damping ratio)
Floor UD IDPD SSSED ESSSED
(kip-sec/in) (kip-sec/in) (kip-sec/in) (kip-sec/in)
1 94.46 93.74 121.27 133.43
2 94.46 82.54 96.32 105.98
3 94.46 109.37 102.07 112.31
4 94.46 80.33 44.55
Sum 377.84 365.98 364.21 351.72
Table 3-11 NS direction: damping coefficient of each floor (30% damping ratio)
Floor UD IDPD SSSED ESSSED
(kip-sec/in) (kip-sec/in) (kip-sec/in) (kip-sec/in)
1 83.46 104.51 119.64 179.58
2 83.46 62.00 62.01
3 83.46 74.55 57.73
4 83.46 47.68 21.34
Sum 333.84 288.74 260.72 179.58
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The obtained damping coefficient of each floor in each direction are listed from
Table 3-8 to Table 3-11. As illustrated in section 3.3.1, the UD assigns the identical
damping coefficient to each floor. The IDPD assigns the damping coefficient proportional
to the inter-story drift (see Section 3.3.2). Hence, IDPD assigns the highest damping
coefficient of 72.92 kip-sec/in to the third floor in the EW direction and 69.68 kip-sec/in
to the first floor in the NS direction for the model with a supplemental 20% damping ratio

(see Table 3-8 and Table 3-9).

Moreover, the SSSED assigns the damping coefficient proportional to the story
shear strain energy (see Section 3.3.3), e.g., the SSSED assigns the highest damping
coefficient 80.84 kip-sec/in to the first floor, followed by the third floor with 68.05 kip-

sec/in (see Table 3-8).

The ESSSED assigns the damping coefficient to the “efficient stories”: the first,
second, and third floor in the EW direction, and the first floor in the NS direction (see
Section 3.3.4). For the NS direction, the first story has the highest damping coefficient,
which compares to the IDPD and SSSED method (see Table 3-9 and Table 3-11). The same
trends are observed for the model with a supplemental 30% damping ratio. For a more
visualized comparison of the obtained damping coefficients, the damping coefficient of

each floor is plotted in the bar charts, as shown in Figure 3-13 and Figure 3-14.
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Figure 3-14 Damping coefficient of each floor with 30% damping ratio: (a) EW-direction; (b) NS-
direction

The linear fluid viscous dampers are assigned in the 3D model corresponding to the
obtained damping coefficients of each floor, as shown in Figure 3-15. The bold black line
indicates the position of the dampers, as shown in Figure 3-15 (a). The same layout applies
to the UD, IDPD, and SSSED methods, as shown in Figure 3-15 (b). The layout applies to
the ESSSED method is shown in Figure 3-15 (c). If more than one damper is installed in

one direction of the structure, the damping coefficient of each installed damper is equal to
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the total assigned damping coefficient of this floor divided by the number of dampers. For
instance, the distributed damping coefficient of the first floor in the EW direction is 94.46
kip-sec/in with a supplemental 30% damping ratio. The damping coefficient of each

damper is 47.23 kip-sec/in if two dampers are installed in the first floor of the EW direction.
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Figure 3-15 Layout of the steel frame with viscous dampers: (a) top view of the 3D model; (b) 3D
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In order to facilitate the comparison of simulation results, this section only presents
the median values of peak inter-story drift and acceleration of each floor under the 44
biaxial ground motions. The simulation results for the model with a supplemental 20%
damping ratio are presented first. The corresponding median values of the maximum inter-
story drift of each floor are listed in Table 3-12 and Table 3-13. The median values of peak
floor acceleration are listed in Table 3-14 and Table 3-15. These results are plotted in
Figure 3-16. The black line represents the median values of the performance measures of

the bare frame.

It is observed that the peak inter-story drift and acceleration of the frame are
significantly reduced by using the UD, IDPD, and SSSED methods. In the EW direction,
the peak median value of the inter-story drift has decreased from 1.60% to 0.76%, 0.75%,
and 0.77%. The peak median value of the floor acceleration has reduced from 0.95g to
0.83g, 0.83g, and 0.85g. In the NS direction, the peak median value of the inter-story drift
has decreased from 2.06% to 0.88%, 0.97%, and 1.08%. The peak median value of the
floor acceleration has reduced from 0.78g to 0.72g, 0.72g, and 0.74g. The obtained results
based on the UD and IDPD methods are very close but generally smaller than the results

of the SSSED method.

The ESSSED method has significantly reduced the peak inter-story drift and
acceleration of all floors in the EW direction. In the NS direction, the values have reduced

on the first floor but slightly increased on other floors. This finding presents that the floor
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installed the damper can enhance its seismic performance but reduce the seismic resistance

of the adjacent floors at the same time.

Table 3-12 EW direction: median value of maximum inter-story drift (20% damping ratio)

Floor Bare Frame UD IDPD SSSED ESSSED

(%) (%) (%) (%) (%)

1 1.10 0.66 0.66 0.63 0.62

2 0.88 0.64 0.65 0.62 0.62

3 1.60 0.76 0.75 0.77 0.80

4 1.10 0.52 0.54 0.64 0.83

Table 3-13 NS direction: median value of maximum inter-story drift (20% damping ratio)

Floor Bare Frame UD IDPD SSSED ESSSED

(%) (%) (%) (%) (%)

1 1.77 1.17 1.06 0.99 0.77

2 0.79 0.75 0.79 0.80 0.87

3 2.06 0.88 0.97 1.08 2.05

4 0.99 0.51 0.61 0.73 1.08

Table 3-14 EW direction: median value of peak floor acceleration (20% damping ratio)
Floor Bare Frame UD IDPD SSSED ESSSED

(8) (g) (g) (g) (8)

1 0.60 0.40 0.40 041 0.42

2 0.72 0.57 0.57 0.59 0.65

3 0.82 0.68 0.68 0.68 0.73

4 0.95 0.83 0.83 0.85 0.90

Table 3-15 NS direction: median value of peak floor acceleration (20% damping ratio)
Floor Bare Frame UD IDPD SSSED ESSSED

(8) (g) (g) (8) (g)

1 0.56 0.45 0.46 043 0.52

2 0.70 0.59 0.59 0.58 0.72

3 0.69 0.67 0.68 0.66 0.74

4 0.78 0.72 0.72 0.74 0.82
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Figure 3-16 Peak inter-story drift ratio and floor acceleration with 20% damping ratio: (a) EW
direction; (b) NS direction; (¢) EW direction; (d) NS direction

For the model with a supplemental 30% damping ratio, the median values of the
maximum inter-story drift of each floor are listed in Table 3-16 and Table 3-17. The median
values of peak floor acceleration are listed in Table 3-18 and Table 3-19. The results are
plotted in Figure 3-17. The median values of inter-story drift are slightly decreased
compared to the model with a supplemental 20% damping ratio. However, the median
values of peak floor acceleration have somewhat increased, i.e., the peak median value of

the floor acceleration has reduced from 0.78g to 0.76g with applying the UD method, in
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the NS direction. However, the value has reduced to 0.72g with a supplemental 20%

damping ratio.

Table 3-16 EW direction: median value of maximum inter-story drift (30% damping ratio)

Floor Bare Frame UD IDPD SSSED ESSSED

(%) (%) (%) (%) (%)

1 1.10 0.61 0.61 0.57 0.56

2 0.88 0.59 0.60 0.58 0.57

3 1.60 0.65 0.63 0.65 0.70

4 1.10 0.46 0.48 0.59 0.89

Table 3-17 NS direction: median value of maximum inter-story drift (30% damping ratio)

Floor Bare Frame UD IDPD SSSED ESSSED

(%) (%) (%) (%) (%)

1 1.77 1.02 0.93 0.85 0.68

2 0.79 0.70 0.74 0.75 0.89

3 2.06 0.77 0.82 0.93 2.14

4 0.99 0.48 0.58 0.73 1.12

Table 3-18 EW direction: median value of peak floor acceleration (30% damping ratio)
Floor Bare Frame UD IDPD SSSED ESSSED

(8) (g) (g) (g) (8)

1 0.60 0.40 0.40 041 0.43

2 0.72 0.58 0.57 0.58 0.67

3 0.82 0.68 0.68 0.67 0.73

4 0.95 0.82 0.82 0.84 0.93

Table 3-19 NS direction: median value of peak floor acceleration (30% damping ratio)
Floor Bare Frame UD IDPD SSSED ESSSED

(8) (g) (g) (8) (g)

1 0.56 0.48 0.47 0.46 0.53

2 0.70 0.62 0.62 0.59 0.75

3 0.69 0.70 0.70 0.70 0.74

4 0.78 0.76 0.77 0.77 0.83
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Figure 3-17 Peak inter-story drift ratio and floor acceleration with 30% damping ratio: (a) EW
direction; (b) NS direction; (c) EW direction; (d) NS direction

The effectiveness of the four damping coefficient distribution methods is evaluated
in two steps: (1) quantifying the uniformity of the inter-story drifts; (2) quantifying the
improvement of structural performance over the bare frame. In the structural seismic
design, an ideal design intends to have a uniformly distributed inter-story drift along with
the building height. For such a design, the seismic capacity, strength, and stiffness of each
story are more appropriately designed (Liu 2013). Herein, the inter-story drift of each floor

is recorded under the 44 biaxial ground motions. The median values of those recorded
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inter-story drifts of each floor are used to quantify the uniformity of the inter-story drifts,

as:

o
cov =— (3.25)
U
where u represents the mean value of the inter-story drifts, ¢ represents the standard

deviation of the inter-story drifts, the coefficient of variance (COV) of the inter-story drift

ratios is served as the index to quantify the uniformity.
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Figure 3-18 Coefficient of variance (COV) of the inter-story drift uniformity: (a) 20% damping ratio;
(b) 30% damping ratio

The smaller the COV represents the more uniformly distributed inter-story drift,
and the more similar seismic capacity of each story. The COV values corresponding to
each damping coefficient distribution method are presented in Figure 3-18. It can be
observed that the SSSED method can provide the most uniformly distributed inter-story
drift of each story, followed by the IDPD, UD, and ESSSED methods. For the ESSSED

method, the COV values of NS direction are dramatically larger than the values of the EW
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direction. Hence, the ESSSED method cannot provide the uniformly distributed inter-story

drift of the entire structure.

For the second step, a mean value of inter-story drifts («pr) is used as the index to
quantify the improvement of structural performance over the bare frame. This mean value

1s calculated as:

Np
> (IDRB, - IDRD,)

S , 1=1,2...N 3.26
Hipr N, F ( )

where the /DRB and IDRD represent the inter-story drift ratio of the bare frame and the
frame with dampers, respectively. If a negative number is obtained, the general seismic
performance of the structural is declined. If a positive number is obtained, the general
seismic performance of the structure is enhanced. The larger the value of uipr, the more
the seismic performance of the structure is improved. The obtained mean values of the
inter-story drift are shown in Figure 3-19. Overall, the damping coefficient distribution
methods can effectively allocate the damping to improve the seismic performance of the
structure. The UD method can significantly improve the seismic performance of the

structure, followed by the IDPD, SSSED, and ESSSED methods.
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Figure 3-19 Mean value of the inter-story drift improvement over the bare frame: (a) 20% damping
ratio; (b) 30% damping ratio

Comparing the improvement of structural performance as well as the uniformity of
the inter-story drift is an efficient method to evaluate the effectiveness of different damping
coefficient distribution methods. The SSSED method is considered as the optimum
damping coefficient distribution method. The SSSED method can improve the seismic
performance of the structure and provide the most uniformly distributed inter-story drift

for the three-dimensional numerical model.

3.6. Summary

The fluid viscous damper has been widely used to improve the seismic performance
of the structure because of its characteristics of reliable performance and easy operation.
In this study, four different damping coefficient distribution methods of the fluid viscous
damper were extended to the 3D numerical models. Then, their effectiveness in terms of
improving structural seismic performance is evaluated through a series of nonlinear

dynamic analysis. Although the formula derivation and application were based on the linear
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viscous damper, the methodology described in this study can be extended to the
implementation of the nonlinear viscous damper by considering the effects of velocity

exponent.

In this study, the 3D numerical model of a four-story steel moment-resisting frame
was developed in OpenSees. A series of 3D numerical simulations were conducted to
evaluate the effectiveness of the four damping coefficient distribution methods. In this
case, both the inter-story drift and acceleration were improved over the bare frame by
applying the UD, IDPD, SSSED, and ESSSED methods. Among the four methods, the
SSSED method was found that can improve and provide the most uniformly distributed
inter-story drift of the structure. The ESSSED method could not provide the stable seismic

performance of the structure when extending the method to 3D numerical models.

Moreover, the inter-story drift and acceleration are the contradictory performance
measures, so that keep increasing the supplemental damping ratio cannot continuously
enhance the seismic capacity of the structure. An optimization method is worth to find the
optimum value of damping ratio that can seek the balance between inter-story drift and

acceleration of the structure in the future research work.
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CHAPTER IV
PERFORMANCE-BASED OPTIMIZATION FOR SEISMIC DESIGN OF STEEL
FRAME WITH ENERGY DISSIPATION SYSTEM

4.1. Introduction

Earthquake is one of the most destructive natural disasters that could cause
significant damages to infrastructure, leading to economic and human life losses. After the
devastating 1994 Northridge Earthquake, the Structural Engineers Association of
California started to develop a new methodology of performance-based structural seismic
design (Zou et al. 2007). The primary objective is to increase the seismic capacity of a
structure so that it satisfies the desired performance levels (Bertero and Bertero 2002;

Ghobarah 2001).

FEMA 273 (1997) and FEMA 356 (2000) specified four performance levels, i.e.,
operational, immediate occupancy, life safety, and collapse prevention, to quantify the very
light, light, moderate, and severe damage states of a structure (FEMA-273 1997; FEMA-
356 2000). In the latest ASCE 41-17 (2017), six performance levels, i.e., immediate
occupancy, damage control, life safety, limited safety, collapse prevention, and not
considered, were proposed to signify the damage states of the structure. The damage states
are usually evaluated by two effective performance measures: inter-story drift ratio (IDR)
and peak floor acceleration (PFA). These two measures can be used to quantify the
performance of the primary structural components and non-structural components under

seismic loading (Lavan and Dargush 2009).
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In the traditional seismic design of structures, the shear walls (Kaplan et al. 2011)
and diagonal braces, e.g., buckling-restrained brace (Aristizabal-Ochoa 1986; Glineyisi
2012) have been frequently used to enhance the seismic performance of the structure. The
traditional methods intend to increase the stiffness of the structure, which can alter the
period of the structure. In the latest structural design, the energy dissipation systems were
incorporated into the structural frames. The energy dissipation systems can significantly
improve the seismic performance of the structure by only increasing the damping ratio of

the structure (Del Gobbo et al. 2018).

Fluid viscous damper (FVD) is a kind of energy dissipation system that can
effectively reduce both IDR and PFA of the structure. FVD dissipates the seismic energy
by producing the velocity-dependent resistance force in the opposite direction of an
earthquake motion (Pollini et al. 2017). The peak resistance force of FVD is typically
proportional to its cost. Hence, a “trade-off” problem arises as to how to achieve the desired

structural performance level while maintaining a relatively low cost of FVD.

The performance-based optimization for the seismic design of structure, which
combined the performance-based structural design with optimization algorithms can solve
the “trade-off” problems. This optimization method can simultaneously optimize single or
multiple objective functions of the structural design. The performance-based structural
optimization design has been applied to optimize the performance measures and/or the
initial construction cost of the structure (Dogruel et al. 2008; Kaveh et al. 2010; Lavan et

al. 2008; Lin and Chopra 2003; Zou and Chan 2004). For example, Askari et al. (2017) set
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up three objective functions to seek minimum values of three performance measures: peak
IDR, PFA, and base shear force of the structure. Gholizadeh and Baghchevan (2017)
defined the steel sections as design variables to seek the minimum values of initial
construction cost and the peak IDR. Charmpis et al. (2012) considered the performance
measures and initial construction cost to minimize the peak IDR, base displacement, and
the cost of the seismic isolation system. From the same line of thinking, the cost of FVD,
the IDR, and PFA of the structure are treated as the optimization objectives to form the

performance-based optimization framework for structural design in this dissertation.

The FEMA P-58 specification can assess the seismic performance of the structure
in terms of repair costs (FEMA P-58-1 2018; FEMA P-58-2 2018). Generally, IDR and
PFA are used to obtain the fragility curves of each structural and non-structural components
and determine the corresponding repair costs of each component (Zeng et al. 2016). The
total repair cost of the structure can be formulated as the sum of the repair costs of
individual components. The FEMA P-58 method has been applied to estimate the repair
costs of different building types, e.g., tall concrete building (Yang et al. 2012), tall steel
building (Wang et al. 2017), and the office building with energy dissipation systems (Terzic
et al. 2014). In this study, the FEMA P58 methodology is incorporated in the optimization
framework to evaluate the repair cost of the structure. Both the IDR and PFA will be used

to determine the repair cost of the structure.

IDR and PFA of the structure are sensitive to the record-to-record variability, also

known as ground motion uncertainty (Deng et al. 2017). Typically, the ground motion
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uncertainty is accounted for in the design process by applying a series of ground motions
to the structure model. In order to consider the influence of the ground motion uncertainty,
the far-field record dataset of FEMA P695 (2009) is applied in the formulated performance-
based optimization framework for structural design. This far-field record dataset contains
22 biaxial ground motions, which applied twice to the structure model by rotating 90
degrees. Hence, a total of 44 ground motions is taken into consideration in the formulated
performance-based optimization framework for structural design. In this case, the IDR of
each floor is recorded under the impact of 44 ground motions. For each floor, the
coefficient of vibration (COV) value of the IDRs is calculated, and the peak COV value is
selected as the robustness measure. A smaller COV indicates the structure is more robust

against ground motion uncertainty.

Hence, in this study, the repair cost of the structure, the cost of FVD, and the
robustness measure form the optimization objective functions. These objective functions
are selected based on the safety, economic, and robustness design perspective. The genetic
algorithm-based multi-objective optimization approach is used to seek the minimum values
of the three conflicting objectives simultaneously. This multi-objective optimization design
can supply a family of compromise solutions between the conflicting objectives. This
family of solutions forms the widely-known Pareto front, which visually displays the trade-
off between the conflicting objectives. The design parameters of FVDs are selected as the
design variables. These design variables determine the peak resistance force of FVD, which
in turn influences the cost of FVD and the seismic performance of the structure. The

optimum design variables of FVDs are selected based on two optimization scenarios:
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maximum considered earthquake and design-based earthquake levels. These two levels can
consider the probability of the occurrence of earthquakes. The maximum considered
earthquake level has a 2% probability of being exceeded in 50 years. The design-based

earthquake level has a 10% probability of being exceeded in 50 years.

4.2. Performance-Based Optimization Framework for Structural Design

4.2.1. Initial Material Cost: Fluid Viscous Damper Cost

The structure with supplemental damper devices is considered as a dual system.
The resistance force of the dual system generates from both the lateral load resisting
components and the damper devices. For a given single degree of freedom (SDOF) system

with FVD, the main governing motion equation of the SDOF system can be expressed as:

m-ii(t)+c-a(z)+k-u(z)+FD(r)=—m-5c'g(t) (4.1)

where m, ¢, and k are the mass, damping coefficient, and stiffness of the structure,
respectively. u(t), u(t) and ii(t) are the displacement, velocity, and acceleration of the

structure. X, (?) is the earthquake ground acceleration, and Fp is the resistance force of FVD.

v —11

Maxwell Model
Figure 4-1 Maxwell Model

Generally, the behavior of FVD is simulated by the Maxwell model, which is
composed of a linear spring, and a nonlinear dashpot in series, as shown in Figure 4-1. The

stiffness of the linear spring, K4 expresses the combined effect of supporting brace and the

67



inner damper portion. The damping coefficient of the nonlinear dashpot is denoted as Ca.
The force-velocity relationship of the nonlinear dashpot can be written as the fractional

power law:

F,=C, sgn(a)|u

|a

(4.2)

where a is the velocity exponent, which typically varies between 0.3 to 1.95 (Liu 2010).

The resistance force of the FVD can be expressed as:

F,=Ku(t)=C,sgn(u)|u

" (4.3)

Herein, a, K4 and Cy are the critical factors to control the resistance force of FVD,
which directly influences the cost of FVD. Some commonly used peak resistance forces of
FVDs and the corresponding unit costs are listed in Table 4-1 (Liu 2010). The interpolation
method is used when the peak resistance damper force is found between the provided

values.

Table 4-1 Unit damper device cost for different peak force (based on data from Liu 2010)

Peak Force Cost
(kips) (Dollars, $)
55 3,200
110 3,600
220 6,400
330 8,700
440 11,000

4.2.2. FEMA P-58 Methodology

Recent researches revealed that FVD not only can effectively improve the seismic

capacity of structural components but also improve the performance of non-structural
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components. The FEMA P-58 method assesses the seismic performance of the structure in
terms of the repair cost, which includes the repair costs related to the structural and non-
structural components (FEMA P-58-1 2018; FEMA P-58-2 2018). Fragility curves and
consequence functions are developed for both structural and non-structural components.
The fragility curve describes the probability that a component will reach or exceed a
specific damage state as a function of the engineer demand parameter (EDP), as shown in
Figure 4-2. The components that are vulnerable to the same EDP can be categorized into
the same performance group (PG). Typical examples of EDPs include the IDR, PFA, peak
floor velocity, and the residual drift. The probability that a component experiences in one

damage state for given a particular EDP value can be expressed as:

P[DS|EDP]=®[ L LDPP ] (4.4)
Bos  EDPps

where the EDP is assumed to follow the lognormal distribution, EDPpg and fps are the

median and standard deviation values of the lognormal distribution.
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Figure 4-2 Example of fragility curves for very light, light, moderate and severe states
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FEMA P-58 method generally consists of four analysis steps to assess the repair
costs: (1) determine the loss prediction method; (2) assemble the structural model; (3)
analyze damages by evaluating the EDPs of structure; (4) estimate the total repair cost of
the structure. The intensity-based nonlinear performance assessment method is one of the
loss prediction methods, which requires the user to specify the earthquake intensity. The
other two methods are scenario-based and time-based methods, which require more details
of building sites or information about seismic hazards. In this study, the intensity-based
nonlinear performance assessment method is adopted to estimate the seismic losses, and
the nonlinear time history dynamic analysis is utilized to simulate the structural behavior
under the effect of ground motion (Wu 2014). The obtained EDPs are used with the fragility
functions to determine the probable damage states of each PG. For example, assume a
component may be experienced in four damage states. The probability of this component

in each damage state can be calculated as:

P[DS,|EDP]~ P[DS,.,|EDP] 1<i<3 @5)

PID = DS,| EDP] =
P[DS,|EDP] i=4

Then, the consequence functions are used to estimate the repair cost of each PG.
The total repair cost of each PG is the summation of the repair cost of this PG in each

damage state, expressed as:

4

] = ZP[D = DS,|EDP] 'RC[Crepair
i=1

RC[C

repair

DS, (4.6)
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where RC[C,,,;»|DS;] represents the repair cost of each PG under each damage state.

RC[C,¢pqir] represents the total repair cost of each PG

The total repair cost of the structure, RC[C,puir sorar] 18 the summation of costs due

to the damages of structural and non-structural components, expressed as:

RC[C

repair _total

1= RC[C

repair _SS

] + RC[Crepair_NS] (47)

where RC[C,pgir ss] and RC[C,epyir ns] represent the repair cost of structural and non-
structural components, respectively. If the total repair cost of the structure exceeds 40% of

replacement costs, the owners often choose to demolish the existing building and replace

it with a new one (FEMA P-58-1 2018).

4.2.3. Record-to-Record Variability of Ground Motion

Regardless of sophistication and extent of detail of the numerical model, to be able
to at best simulate the seismic performance of the structure, the uncertainties in the
structural responses must be considered in the performance-based seismic design of the
structure. These uncertainties may arise from the loads, particularly the seismic loads,
numerical modeling assumptions, simplifications, or the input parameter uncertainties. In
practice, one or more ground motion records can apply to the numerical model, so that

account for the ground motion uncertainty in performance-based structural design.

The required number of ground motion records is explicitly defined in ASCE 7-10,
in which a minimum of three ground motion records should be applied in the structural

design (ASCE 07-10 2010). In such a situation, although different ground motions are
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considered, the sensitivity of the structure to the ground motion uncertainty cannot be
alleviated. In order to alleviate this difficulty, the robust structural design was proposed to
make the responses of a structure insensitive to the sources of uncertainties (called “noise
factors™) (Kang 2005). The robust design method aims to reduce the effect of noise factors

without eliminating them, thereby providing a reliable and efficient structural design.

Recently, the robust optimization design was proposed to combine the optimization
algorithms with robustness measures. Generally, two objective functions formulate the
robust optimization design of the structure, in which the mean and standard deviation
values of the performance measures are minimized simultaneously (Doltsinis and Kang
2004). In this study, the maximum COV value of the IDRs is treated as the robustness
measure and is sought for the minimum value, expressed as:

cov, = max(Z~ (DR))

T \T5 )y i1, 44 48
woe (IDR) " (4.8)

where NF is the number of stories of the structure, xzand orepresent the mean and standard
deviation of IDRs of each story, i represents the number of ground motions, COVp is the
maximum COV value. A smaller COVp means that the structure is more robust against

ground motion uncertainty.

Herein, the performance-based structural optimization design can be formulated as:
find optimal sets of design parameters (i.e., a, K4, and Cq of FVD) such that the initial

construction cost (i.e., the cost of FVD), the repair cost of the structure (RC[C,epgir oratl)s

and the robustness measure (COVp) are minimized.
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4.3, Multi-Objective Optimization Method

In the context of performance-based structural optimization design, multi-objective
optimization problems arise when more than one objectives need to be optimized, each in
a conflicting manner. A generic multi-objective optimization problem can be formulated

as (Kuczera 1997; Madsen 2003; Madsen et al. 2002):

Minimize: Y (x) =[f,(x), f,(x)... f,(x)], x€ 6

) 4.9)
Subject to: 4(x) <0

where frepresents an individual objective function, # is the number of objective functions,
x is the set of design variables within a feasible input parameter space 6, and /4 represents

the constraint function.

In this study, the Non-dominated Sorting Genetic Algorithm II (NSGA-II) is
implemented to solve the multi-objective optimization problem. NSGA-II uses a fast non-
dominated sorting procedure, a parameterless niching operator, and an elitist persevering
approach. The basic principles of NSGA-II are selection, recombination, and mutation to
populate a new generation until the solution reaches an optimum state (Deb et al. 2002).
NSGA-II is used to determine the Pareto front since it maintains a good distribution of
solutions that converge in a non-dominated front and preserve a diversity (a similar

alternative solution to any solution of the Pareto Front) of solutions (Erbas et al. 2006).

In the context of NSGA-II, the Pareto front consists of a set of optimal non-
dominated solutions. A two-objective case is presented to describe the domination relation,

as shown in Figure 4-3. The solution A dominates the other solution B if one of the
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following two conditions are satisfied: (1) solution A is better than other solution B in both
objectives (2) solution A is better than other solution B in at least one objective (Mishra
and Harit 2010). If no solution dominates the other one, they collectively form the Pareto

front.
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Figure 4-3 Domination relation between Pareto Front and dominated solution

The shape of the Pareto front can be concave, convex, mixed (partially convex and
concave), or discontinuous depending on the nature of compromise between objectives
(Parsopoulos and Vrahatis 2002). The shape of the Pareto front visually displays the level
of compromise needed from one objective to improve the other. This kind of compromise
reduces as the solutions approaching the extreme points of the Pareto front. In our
formulation, the desired outcome is the-smaller-the-better for all three objectives, e.g., less
cost of damping devices results in a higher repair cost, which leads to a monotonically

decreasing shape of the Pareto front.

4.4. Case Study: Steel Moment-Resisting Frame with Fluid Viscous Dampers

4.4.1. Numerical Model of the Steel Frame
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The conceptual framework is applied to a four-story office building. The prototype
building is a steel moment-resisting frame and was designed based on seismic provisions
(IBC-2003, AISC-2002, and AISC-2005) and was previously evaluated by Lignos (2008).
The building is assumed to be located in the Los Angeles area with soil type D and risk

category II.

A three-dimensional numerical model of the steel frame was developed using
OpenSees (Open System for earthquake engineering simulation). All beams and girders
are modeled as linear elastic. The nonlinearity of the column is modeled by the ‘non-linear
beam-column’ element. All the components of the steel frame are assumed to be made of

A992 grade 50 steel. A total of 24 FVDs are symmetrically placed on the exterior sides of

the steel frame. The layout of the FVDs considers the seismic capacity of each story as well

as the rationality of the architectural design, as shown in Figure 4-4.
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Figure 4-4 Plan view of the prototype office building

4.4.2. Description of Multi-Objective Optimization Design Procedure

The proposed multi-objective optimization design framework is applied to this
office building. The stiffness of the brace and damper portion, K4, the velocity exponent,
a, and the damping coefficient Cy are selected as the design variables. Constraining K can
ensure the damper systems able to sustain but not the unique source of lateral load stiffness
and strength in the structure. Moreover, FVDs locate on the same floor, and the same

horizontal direction of the structure are assigned the same values of design variables.
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The far-field record set of FEMA-P695 PEER NGA database consists of 22 biaxial
ground motion records. First, the first component of far-field ground motions is applied
along the EW-direction of the numerical model and the second component is applied along
NS-direction. Then, the records are rotated by 90 degrees and applied to the numerical
model again. Hence, a total of 44-biaxial ground motions are considered in this case study.
The optimization objectives serve as the outputs of the optimization loop, which is
configured to minimize the repair cost of the structure, the total cost of all FVDs, and the
COV of IDRs. The Pareto front as the ultimate result provides a series of optimum designs

for decision markers to choose from.

Moreover, the repair cost of this office building is expressed as a percentage of the
total replacement cost. It includes the repair costs of structural components, non-structural
drift, and acceleration sensitive components. The non-structural components include
exterior glass curtain wall, gypsum board partitions with steel studs, suspended ceiling,
wall finishing, roof covering, and fire sprinkler system. The removable equipment and
furnishings are not considered in this estimation. Table 4-2 provides the critical fragility
information on the structural and non-structural components, in which Mgpp and f are the
median and standard deviation of the EDP for the corresponding damage state. This critical
fragility information is referenced from the PACT (Performance Assessment Calculation

Tool) fragility database.
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Table 4-2 Critical fragility information on structural and non-structural components

System EDP Damage State MEepp 1’
Curtain wall IDR Glass cracking 0.0338 0.4
Glass falls from frame 0.0383 0.4
Gypsum board IDR Screw pop-out, slight crushing 0.005 0.4
partitions Moderate cracking or crushing 0.01 0.3
Buckling of studs, significant 0.021 0.2
cracking or crushing
Wall finishing IDR Wall paper warped and torn 0.0021 0.6
Suspended PFA 5 % of ceiling grid, tile damage 1.47 0.3
ceiling 30% of ceiling grid, tile damage. 1.88 0.3
50% of ceiling grid, tile damage. 2.03 0.3
Fire sprinkler PFA Spraying, dripping leakage at 0.95 0.4
drop drop joints

Roof'tile PFA Minor damage, tiles dislodged 1.1 0.4
Major portion of tile dislodged 1.4 0.4

Steel moment IDR Local buckling 0.03 0.3
frame Lateral-torsional distortion 0.04 0.3
Fracture in buckled region 0.05 0.3

The default consequence functions reflect the 2011 repair costs of the structural and
non-structural components for the Northern Californian region (FEMA P-58-2 2018). For
this case study, it deems the cost as similar to the office building at the location of Southern
California. The cost multiplier is set equal to one. The dispersion input is set to zero to
reflect a precise value of unit cost. The total replacement cost of this building is estimated

to be $8,640,000, which is $200 per square feet.

4.5. Optimization Results

4.5.1. Optimization Design Based on MCE Level

First, all ground motion records are scaled to the MCE level for the intensity-based
performance assessment method. The specific variation ranges of each design variables are
predefined as follows: (1) K4 can vary from 0 to 1500 kips/in with increasing interval of

250 kips/in. This limitation of the stiffness can ensure the brace of the supplemental damper
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to be smaller than the size of the column. (2) a can vary from 0.3 to 1.0 with an increasing
interval of 0.1. (3) Cys can vary from 0 to 70 kips-sec/in with an increasing interval of 10
kips-sec/in. The NSGA-II is implemented to solve this multi-objective optimization

problem with 20 generations and 22 individuals in each generation.

The obtained optimum designs form the Pareto front, which provides the trade-off
among the three optimization objectives, is shown in Figure 4-5 (d). The red points
represent the optimum designs of the Pareto front, and the gray points denote all the
dominated designs. The values of the optimum designs along the Pareto front and the
corresponding values of design variables are listed in Table 4-3 and Table 4-4. The
gathered Pareto front generally reveals that the COVp and the RC[C,¢pgir 1o1a1] are inverse
proportional to the total dampers cost, while the COVp is proportional to the

RC[C\epair torat] Of the structure. Herein, the dollar amounts for repair cost and the initial

material cost are considered in today's dollars (not adjusted for inflation).

In general, for the given damper cost, both COVp and RC[C,puir sora1] can be

significantly reduced after optimization. For instance, for a given damper cost of $186,966,
the COVp can be improved from the worst design of 63.81% to the design of 54.99%, and

RC[C\epgir torat] can be improved from the worst design of 8.61% to the design of 3.23%.
For identical COVp or RC[C,epgir 101a1], the damper cost can also significantly reduced after

optimization, i.e., with COVp as 60.43%, the damper cost can be reduced from $186,966

to $27,829; with RC[C,puir 1oa1] @s 5.50%, the damper cost can be reduced from $186,966

to $35,759.
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Choosing a suitable, cost-effective design is critical for structural designers and
construction investors. Three optimum designs are selected based on the damper cost. A

more detailed comparison of the seismic performance of the selected designs will be

presented in the later section.
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Table 4-3 Properties of each FVD along the Pareto Front of MCE level-EW direction

1st floor 2nd floor 3rd floor 4th floor Objectives

Number Cd Kd o Cd Kd o Cd Kd o Cd Kd o (R(VS ]()$C): C;?A)I;D
50 1250 0.3 10 250 0.3 10 250 0.6 30 750 0.5 5.50 35759 63.81
10 250 1 50 1250 1 60 1500 | 0.6 60 1500 1 3.31 164342 52.09
50 1250 0.3 30 750 0.3 30 750 0.3 30 750 0.5 8.61 16503 57.08
10 250 0.3 60 1500 0.3 20 500 0.5 40 1000 0.5 8.00 11450 62.43
60 1500 0.9 30 750 0.9 50 1250 1 60 1500 1 3.23 | 186966 54.99
50 1250 1 50 1250 0.5 60 1500 | 0.7 40 1000 0.5 5.30 86734 56.84
10 250 1 60 1500 1 60 1500 | 0.6 50 1250 1 3.65 | 148781 53.03
50 1250 0.3 50 1250 0.3 60 1500 | 0.6 10 250 0.3 4.03 62578 58.39
50 1250 0.3 50 1250 0.3 60 1500 | 0.6 10 250 0.3 4.33 46956 58.38
10 40 1000 0.3 10 250 0.3 10 250 0.6 40 1000 0.5 7.44 25071 59.22
11 10 250 0.3 50 1250 0.3 20 500 0.5 60 1500 0.5 8.11 11941 62.23
12 50 1250 0.3 10 250 0.3 20 500 0.6 30 750 0.5 6.60 27829 60.43
13 50 1250 0.3 10 250 0.3 20 500 0.6 30 750 0.3 6.71 25518 60.46

O [XR0[Q|N| N[ |W[N|[—

14 10 250 1 60 1500 1 40 1000 | 0.9 | 60 1500 0.3 3.76 | 144129 54.36
15 10 250 1 10 250 1 50 1250 | 0.6 | 30 750 1 3.72 | 113336 56.51
16 10 250 1 60 1500 1 20 500 0.9 | 60 1500 0.3 3.94 | 122196 55.81
17 20 500 0.3 30 750 1 40 1000 | 0.3 30 750 0.5 7.28 | 45956 58.22

18 50 1250 0.4 30 750 0.3 40 1000 | 0.3 | 30 750 0.5 5.83 | 30472 63.24

19 10 250 1 60 1500 0.6 20 500 0.9 | 60 1500 0.3 3.84 | 87829 56.82
20 50 1250 0.3 30 750 0.7 20 500 0.6 | 30 750 0.5 7.26 | 22403 63.60
21 10 250 1 60 1500 1 60 1500 | 0.6 | 60 1500 0.4 3.90 | 133891 56.21

22 50 1250 0.3 30 750 0.3 40 1000 | 0.3 | 30 750 0.5 8.58 16596 57.08

Note: RC represents the normalized repair cost, RC[C,opuir 1orai]- DC represents the total cost of damper devices. The units of Czand K are Kips-
sec/in and Kips/in, respectively
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Table 4-4 Properties of each FVD along the Pareto Front of MCE level-NS direction

1st floor 2nd floor 3rd floor 4th floor Objectives

RC DC COVp
Number | Cy Ki o Cy Ky a Cq Ky a Cq K a (%) ($) (%)

10 | 250 0.9 20 500 | 0.8 | 20 500 1 60 1500 0.3 5.50 | 35759 63.81

40 | 1000 1 60 1500 | 0.7 | 20 500 1 50 1250 1 331 | 164342 52.09

10 | 250 0.9 20 500 | 0.3 | 60 | 1500 0.3 60 1500 04 | 8.6l 16503 57.08

10 | 250 0.3 10 250 | 03 | 60 | 1500 0.3 50 1250 0.4 | 8.00 11450 62.43

40 | 1000 1 10 250 | 0.7 | 20 500 1 60 1500 1 3.23 | 186966 54.99

40 | 1000 | 0.8 20 500 | 0.5 20 500 0.7 20 500 0.3 5.30 | 86734 56.84

40 | 1000 1 30 750 | 0.6 | 20 500 1 40 1000 0.5 3.65 | 148781 53.03

50 | 1250 1 20 500 | 0.5 | 30 750 0.9 20 500 04 | 403 | 62578 58.39

O [XR0[Q|N| N[ |W[N|[—

20 | 500 1 20 500 | 0.5 | 30 750 0.9 20 500 04 | 433 | 46956 58.38

10 10 | 250 0.9 20 500 | 0.8 60 | 1500 0.5 60 1500 0.4 7.44 | 25071 59.22

11 10 | 250 0.3 60 1500 | 0.3 60 | 1500 0.3 10 250 0.4 8.11 11941 62.23

12 10 | 250 0.9 20 500 | 0.8 | 60 | 1500 0.6 60 1500 0.3 6.60 | 27829 60.43

13 10 | 250 0.9 20 500 | 0.8 | 60 | 1500 0.6 60 1500 0.3 6.71 25518 60.46

14 50 | 1250 1 30 750 | 0.6 | 20 500 1 10 250 0.5 3.76 | 144129 54.36

15 50 | 1250 1 30 750 | 0.6 | 20 500 1 40 1000 0.5 3.72 | 113336 56.51

16 50 | 1250 | 09 30 750 | 0.6 | 20 500 1 10 250 0.5 3.94 | 122196 55.81

17 10 | 250 0.9 20 500 | 0.3 | 60 | 1500 0.3 60 1500 0.4 | 7.28 | 45956 58.22

18 10 | 250 0.9 20 500 | 0.3 | 60 | 1500 0.8 60 1500 0.4 | 583 | 30472 63.24

19 60 | 1500 | 0.9 30 750 | 0.6 | 20 500 1 10 250 0.5 3.84 | 87829 56.82

20 10 | 250 0.3 20 500 | 0.3 60 | 1500 0.5 60 1500 0.4 7.26 | 22403 63.60

21 40 | 1000 1 60 1500 | 0.5 | 20 500 1 40 1000 1 3.90 | 133891 56.21

22 10 | 250 0.9 20 500 | 0.3 | 60 | 1500 0.3 60 1500 0.4 | 858 16596 57.08

Note: RC represents the normalized repair cost, RC[C,pair tota]- DC represents the total cost of damper devices. The units of Cd and Kd are
kips-sec/in and Kips/in, respectively.
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4.5.2. Optimization Design Based on DBE Level

For a more cost-efficient consideration of the occurrence of earthquakes in real-

life, the same optimization procedure is applied to the steel frame with all ground motions

scaled to the DBE level. The scale factor of the DBE level is 2/3 of the MCE level. The

variation ranges of K4, Cy4, and a remain the same as defined in section 4.4. NSGA-II is

implemented to solve this multi-objective optimization problem with 20 generations and

22 individuals in each generation.
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All the dominated designs are indicated in gray color and drawn in Figure 4-6 (d).
The optimum designs along the Pareto front are highlighted in red. The values of design
variables and optimum designs in the Pareto front are listed in Table 4-5 and Table 4-6,

respectively.

With the damper cost of $122,299, the COVp can be improved from the worst

design of 55.83% to the design of 49.81%, and RC[C,epgir 1011] €an be improved from the

worst design of 3.37% to the design of 2.20%.

In general, the required damper cost of the DBE level is smaller than the one under
the MCE level. The maximum damper cost is reduced from $186,966 to $122,299,

RC[C,epair torail is Teduced from 3.23% to 2.20%, and COVp is reduced from 54.99% to

49.81%, when comparing the DBE results with those obtained under the MCE level.

In order to select the optimal performance and cost-efficiency design, three designs:
design a, design b, and design c are selected along the Pareto front. In the following section,

the seismic performance of these selected designs will be evaluated.
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Table 4-5 Properties of each FVD along the Pareto Front of DBE level-EW direction

1st floor 2nd floor 3rd floor 4th floor Objectives

RC DC COVp
Number Cd Kd o Cd K a Cd Kd A C Kd a (% ) ($) (% )

20 500 1 50 1250 1 20 500 1 10 250 0.5 | 241 | 120688 49.54

10 250 0.3 30 750 1 10 250 0.5 | 30 750 0.5 337 | 31735 54.79

50 1250 0.9 50 1250 | 0.5 60 1500 | 0.9 | 40 1000 0.5 | 220 | 122299 49.81

30 750 0.8 20 500 0.7 30 750 0.3 10 250 0.7 | 2.72 | 49551 70.01

10 250 0.3 10 250 0.5 10 250 0.5 30 750 0.5 3.35 11962 55.83

40 1000 0.9 50 1250 0.5 60 1500 | 0.9 | 40 1000 0.5 2.17 | 121231 50.53

60 1500 0.4 30 750 0.3 10 250 03 | 30 750 0.5 3.24 15574 59.53

10 250 1 50 1250 | 0.7 50 1250 | 0.7 | 30 750 0.5 3.10 | 39307 55.80

O [XR0[Q|N| N[ |W[N|[—

60 1500 0.4 30 750 0.3 10 250 0.3 | 30 750 0.5 3.03 | 20810 64.83

10 30 750 0.8 20 500 0.3 60 1500 | 0.7 | 30 750 0.7 2.56 | 77145 60.55

11 50 1250 1 50 1250 0.5 20 500 0.9 | 40 1000 0.5 2.25 | 116463 50.00

12 30 750 0.8 30 750 0.7 30 750 0.3 10 250 0.7 | 2.70 | 56652 64.72

13 30 750 0.8 10 250 0.3 60 1500 | 0.6 | 30 750 0.7 | 2.60 | 62462 62.81

14 50 1250 0.3 50 1250 0.3 40 1000 | 0.3 50 1250 1 2.51 70233 66.97

15 50 1250 1 50 1250 0.3 20 500 0.8 | 50 1250 0.5 2.48 | 101537 52.04

16 50 1250 1 50 1250 0.5 30 750 0.7 | 60 1500 0.5 2.58 86276 53.44

17 50 1250 0.3 40 1000 | 0.3 20 500 0.5 | 40 1000 0.5 | 2.85 | 32931 68.42

18 50 1250 0.3 30 750 0.3 20 500 0.5 | 40 1000 0.5 | 291 33778 56.43

19 60 1500 1 50 1250 0.5 30 750 0.7 | 40 1000 0.5 2.58 | 93530 52.97

20 50 1250 1 50 1250 0.8 20 500 1 10 250 0.5 2.37 | 119180 49.69
21 30 750 0.8 40 1000 0.3 60 1500 | 0.6 | 30 750 0.7 | 274 | 51699 63.65
22 60 1500 1 50 1250 0.5 30 750 0.7 | 60 1500 1 244 | 110307 52.45

Note: RC represents the normalized repair cost, RC[C,opuir rorai]- DC represents the total cost of damper devices. The units of Czand K are Kips-
sec/in and Kips/in, respectively.
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Table 4-6 Properties of each FVD along the Pareto Front of DBE level-NS direction

1st floor 2nd floor 3rd floor 4th floor Objectives

RC DC COVp
Number C Kd a Cd Kd a Cd K A Cd Kd a (% ) ($) (% )

60 1500 1 20 500 0.3 60 1500 | 0.9 | 60 1500 1 241 | 120688 49.54

10 250 0.7 10 250 0.3 30 750 03 | 20 500 04 | 337 | 31735 54.79

60 1500 1 20 500 1 50 1250 1 50 1250 1 2.20 | 122299 49.81

60 1500 0.9 30 750 0.8 60 1500 | 0.3 | 20 500 0.8 | 2.72 | 49551 70.01

10 250 0.8 10 250 0.3 30 750 03 | 20 500 0.4 3.35 11962 55.83

60 1500 1 20 500 1 60 1500 1 50 1250 1 2.17 | 121231 50.53

60 1500 0.7 20 500 0.3 10 250 03 | 30 750 04 | 324 15574 59.53

10 250 0.9 60 1500 | 0.3 30 750 03 | 20 500 04 | 3.10 | 39307 55.80

O [XR0[Q|N| N[ |W[N|[—

60 1500 0.8 20 500 0.3 10 250 0.3 | 30 750 04 | 3.03 | 20810 64.83

10 60 1500 0.7 50 1250 1 50 1250 | 0.9 | 60 1500 1 2.56 | 77145 60.55

11 60 1500 1 20 500 1 50 1250 1 50 1250 1 2.25 | 116463 50.00

12 60 1500 0.9 30 750 0.8 60 1500 | 0.6 | 20 500 1 2.70 | 56652 64.72

13 60 1500 0.6 50 1250 1 50 1250 | 0.9 | 20 500 0.8 | 2.60 | 62462 62.81

14 60 1500 10 250 0.7 50 1250 | 0.4 | 60 1500 1 2.51 70233 66.97

15 60 1500 60 1500 0.3 60 1500 | 0.9 | 60 1500 1 2.48 | 101537 52.04

16 60 1500 20 500 0.7 20 500 1 20 500 0.6 | 2.58 86276 53.44

— | | — | —

17 40 1000 50 1250 | 0.3 60 1500 | 0.5 | 60 1500 04 | 2.85 | 32931 68.42

18 40 1000 0.9 50 1250 | 0.3 60 1500 | 0.8 10 250 04 | 291 33778 56.43

19 60 1500 1 20 500 0.3 20 500 1 20 500 1 2.58 | 93530 52.97
20 60 1500 1 20 500 0.3 60 1500 | 0.9 | 60 1500 1 2.37 | 119180 49.69
21 60 1500 0.6 10 250 1 50 1250 | 0.9 | 20 500 0.8 2.74 | 51699 63.65
22 60 1500 1 20 500 0.3 20 500 1 10 250 1 244 | 110307 52.45

Note: RC represents the normalized repair cost, RC[C,opuir rorai]- DC represents the total cost of damper devices. The units of Czand K are Kips-
sec/in and Kips/in, respectively.
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4.5.3. Comparison of MCE and DBE Levels

In order to compare the optimization results of MCE and DBE levels, six designs
along the Pareto front are selected based on the cost of dampers. The properties of the
chosen designs are listed in Table 4-7 and Table 4-8. The cost of the dampers varies
between $11,450 and $186,966. Generally, a damper with a higher cost results in better

seismic performance of the structure.

For the MCE level, design A is the most expensive design with the minimum repair
cost and COVp. Design B is the design closest to the utopia point (the origin point). Design
C is the design with the least damper cost and highest repair cost. The cost of the dampers
increases from $11,450 to $46,956, but the RC[C,p4i 101] and COVp have significantly
reduced from 8.00% to 4.33%, and 62.43% to 58.38%, respectively. The damper cost of
design A is nearly four times than design B, but the RC[C,¢pyir r0ra1] i Only increased by
3.67%. Similarly, three optimized designs of DBE level: design a, design b and design ¢
are also, corresponding to the most expensive design, the design closest to the utopia point,

and the design with the least damper cost, respectively.
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Table 4-7 Properties of FVDs of the selected designs along the EW direction

MCE DBE
Design A Design B Design C Design a Design b Design ¢
Cs | Ku o Cq Ka a | Cu Ky o Cq Ky o Ci | Ku o | Ca| K o
1st Floor 60 | 1500 | 0.9 | 50 | 1250 | 0.3 | 10 | 250 | 0.3 | 50 | 1250 | 0.9 | 30 | 750 | 0.8 | 10 | 250 | 0.3
2nd Floor 30 | 750 | 0.9 | 50 | 1250 | 0.3 | 60 | 1500 | 0.3 | 50 | 1250 | 0.5 | 10 | 250 | 0.3 | 10 | 250 | 0.5
3rd Floor 50 | 1250 | 1.0 | 60 | 1500 | 0.6 [ 20 | 500 | 0.5 | 60 | 1500 | 0.9 | 60 | 1500 | 0.6 | 10 | 250 | 0.5
4th Floor 60 | 1500 | 1.0 | 10 | 250 | 0.3 | 40 | 1000 | 0.5 | 40 | 1000 | 0.5 | 30 | 750 | 0.7 | 30 | 750 | 0.5
RCUCrepair_soai] 3.23 4.33 8.00 2.20 2.60 3.35
(%)
COVp (%) 54.99 58.38 62.43 49.81 62.81 55.83
Damf(’g Cost 186,966 46,956 11,450 122,299 62,462 11,962
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Table 4-8 Properties of FVDs of the selected designs along the NS direction

MCE DBE
Design A Design B Design C Design a Design b Design ¢
Cy Ky a Cy Ky o Cy Ky o Cy Ky o Cy Ky o Cy Ky o
1st Floor 40 | 1000 | 1.0 | 20 500 1.0 | 10 250 0.3 60 | 1500 | 1.0 | 60 | 1500 | 0.6 10 250 0.8
2nd Floor 10 250 0.7 20 500 0.5 10 250 0.3 20 500 1.0 ] 50 | 1250 | 1.0 10 250 0.3
3rd Floor 20 500 1.0 30 750 09| 60 | 1500 | 0.3 50 | 1250 | 1.0 | 50 | 1250 | 0.9 30 750 0.3
4th Floor 60 | 1500 | 1.0 | 20 500 | 0.4 | 50 | 1250 | 04 50 | 1250 | 1.0 | 20 500 | 0.8 | 20 500 04
R Crepair soral 3.23 433 8.00 220 2.60 3.35
(%)
COVp (%) 54.99 58.38 62.43 49 .81 62.81 55.83
Damf(’g Cost 186,966 46,956 11,450 122,299 62,462 11,962
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The seismic performance of the selected designs is evaluated under the effects of

both MCE and DBE levels. The medium values of peak IDR and PFA along EW and NS

directions are recorded and shown in Figure 4-7 and Figure 4-8.
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Figure 4-8 Seismic performance of selected designs under the effect of DBE level: (a) IDR of EW
direction; (b) IDR of NS direction; (c) PFA of EW direction; (d) PFA of NS direction

The solid black lines represent the seismic responses of the bare frame (structure
without installing any damper devices). It can be observed that the first and third stories of
the NS-direction are the relative weaker stories, which have relatively higher IDR values.
The solid and dashed red lines represent the seismic responses of design A and design a.
For both MCE and DBE levels, the peak IDRs have significantly reduced in both EW and
NS directions, as shown in Figure 4-7 (a), (b) and Figure 4-8 (a), (b). For design A, the

medium value of IDR has reduced from 2.06% to 0.99% for the third floor and reduced
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from 1.77% to 0.95% for the first floor under the MCE level. Meanwhile, the IDRs have
decreased from 1.43% to 0.31% for the third floor, and 1.19% to 0.36% for the first floor
under the DBE level. For design a, the IDRs of first and third floor have decreased from
1.77% to 0.79%, and 2.06% to 0.67% under the MCE level; also reduced from 1.19% to

0.52%, and 1.43% to 0.45% under the DBE level.

Furthermore, all the six designs yield reduced PFAs when compared to the bare
frame, as shown in Figure 4-7 (c), (d), and Figure 4-8 (c), (d). It is observed that, even with
a lower damper cost, design a results in a smaller PFA (better seismic performance) than
design A. The PFA values of design a are 0.35g, 0.58¢g, 0.65g, and 0.86g, as shown in
Figure 4-7 (¢); 0.38g, 0.55g, 0.65¢g, and 0.72g, as shown in Figure 4-7 (d); 0.23g, 0.39g,
0.43g, and 0.57g, as shown in Figure 4-8 (¢); and 0.25g, 0.37g, 0.44¢g, and 0.48g, as shown

in Figure 4-8 (d).

The solid and dashed yellow lines represent the seismic responses of design B and
design b. The IDR values reduced from 2.06% (bare frame) to 1.17% and 0.83 % on the
third floor for design B and design b, respectively. However, the IDR values of the first
floor only reduced from 1.77% to 1.76% and 1.59%, respectively, as shown in Figure 4-7
(b). The blue lines represent the seismic responses of design C and design c. The medium

values of IDR have slightly reduced in the cases of design C and design c.

After comparing the median values of IDR and PFA of the selected designs, design
a can be chosen as the optimum design since it has moderate damper costs, less structure

repair cost and robustness measure (see Table 4-7 and Table 4-8). All the recorded values
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of IDR for the design a, and the bare frame are shown in Figure 4-9 and Figure 4-10. It can

be observed that the seismic performance of the steel frame has been dramatically

improved under both the MCE and DBE levels.

(@) 4

Floor

(b) 4

(€) 4

Floor

Interstory Drift(%)

Figure 4-9 IDR of each floor under the effects of MCE level: (a) design a (EW direction); (b) design a
(NS direction); (¢) bare frame (EW direction); (d) bare frame (NS direction)
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Figure 4-10 IDR of each floor under the effects of DBE level: (a) design a (EW direction); (b) design a
(NS direction); (c) bare frame (EW direction); (d) bare frame (NS direction)

4.6. Summary
In this chapter, the performance-based multi-objective optimization structural
design was formulated as an optimization problem of three conflicting objectives: the
repair cost of the structure, the initial material cost (of the damper device), and robustness
measure. Both the linear and nonlinear viscous dampers were considered in the structural

design and the optimum design properties of the dampers were sought. The coefficient of

variation of the IDRs was treated as the robustness measure.
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The proposed optimization framework was applied to a three-dimensional steel
frame modeled using the OpenSees software. The uncertainty of the earthquake loads was
considered by applying a total of 44 biaxial ground motions. The NSGA-II-based multi-
objective optimization approach was implemented in the proposed optimization
framework. All the obtained optimum designs were found to be effective in reducing the

IDR and PFA of the steel frame.

The optimization results revealed that the robustness measure does not have an
utterly linear correlation with damper cost and the repair cost. The damper cost generally
dominates the trade-off between the three objectives: the more cost of dampers could result
in less repair cost and robustness measure. This kind of compromise decreases as the
solutions approaching the extreme points of the Pareto front. Consequently, a continuous
increase of the damper cost cannot infinitely improve the seismic performance of the

structure.

Choosing the optimal design variables of the dampers is critical for decision-
makers. Six optimum designs were selected based on the MCE and DBE levels. Those

selected designs can help determine optimal performance and cost-effective design.
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CHAPTER V
SIMULATION-BASED OPTIMIZATION OF STRUCTURAL PERFORMANCE
INCORPORATING SOIL-STRUCTURE INTERACTION

5.1. Introduction

The overall performance of a structure with energy dissipation system is influenced
by (1) its inherent properties, e.g., the dimensions of structural components, and the
stiffness of connections; (2) the properties of the energy dissipation system, e.g. the load
capacity of the energy dissipation system; (3) the interaction between the structure, the
foundation, and the surrounding soil. The interaction between structure, foundation, and
soil is referred to as soil-structure interaction (SSI) (Ghosh and Madabhushi 2004; Mason
etal. 2013; Oh et al. 2009; Zizmond and Dolsek 2016). In the current seismic design of the
structure with the energy dissipation system, the foundation of the structure is usually
assumed to be rigid, i.e., a fixed base. Ignoring the effects of SSI may result in inaccurate

estimations of the seismic responses of the structure.

Two groups of method can be used to incorporate SSI into the analysis process: (1)
direct approach, which explicitly models soil, foundation, structure, and their interaction
in a fully coupled way. The direct approach has been applied to the steel moment-resisting
frame (Séez et al. 2013). (2) sub-structural approach, which divides the structure into a
superstructure and a substructure, then superimpose their effects. For the sub-structural
approach, a series of springs are used to represent the soil-foundation interface (Li et al.
2014; Mason 2011). The sub-structural approach has been implemented in the bridges

(Jeremi¢ et al. 2004), reinforced concrete shear walls (Tang and Zhang 2011).
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For the sub-structural approach, the ATC-40 (1996) and FEMA 356 (2000)
specifications recommend using the elastic or elastic-plastic backbone Winkler-based
model to simulate the soil-structure interface. Dutta et al. (2004) used linear and elasto-
plastic springs to model the interface of soil-foundation. The authors concluded that the
SSI model would result in an increasing force and ductility demand of the buildings.
Raychowdhury (2008) proposed the beam-on-nonlinear-Winkler-foundation (BNWF)
approach to model the soil-foundation interface and simulate the effect of the nonlinearity
of foundation. The BNWF approach was implemented to the steel moment-resisting frame
and shear wall building to assess the impacts of SSI on the seismic responses of the
structures. The studies also concluded that the SSI would result in a decreasing in force,
ductility, and inter-story drift demand (Raychowdhury 2008, 2011). In this chapter, the

elastic Winkler-based SSI model is used to simulate the flexibility of the foundation.

In the context of performance-based structural design, an optimization framework
is presented to consider multiple conflicting objectives: the seismic-induced losses of
structure, the material cost of the energy dissipation system, and the influence of record-
to-record variability of the ground motions. In this optimization framework, FEMA P58 is
used to quantify the seismic-induced damages of structural and non-structural components
(FEMA P-58-1 2018). As an effective energy dissipation system, the fluid viscous damper
is used to improve the seismic capacity of the structure, so that it can reduce the earthquake-
induced economic losses. The damper cost is served as the optimization objective since the
seismic resistance force provided by the damper is proportional to its unit cost. Moreover,

the influence of record-to-record variability of the ground motions is considered in the
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optimization framework. A robustness measure is proposed to quantify the uncertainty of
ground motions. A smaller robustness measure corresponds to a more robust structural
design. This proposed optimization framework is applied to the simulation-based seismic

design of the structure with flexible and fixed foundations.

This chapter is organized as follows: Section 5.2 illustrates the proposed
optimization framework of the performance-based structural design. Section 5.3
demonstrates the details of a four-story steel moment-resisting frame and its numerical
model. Section 5.4 presents the optimization results of both fixed and flexible foundations.

Section 5.5 provides a summary of the study in this chapter.

5.2. Performance-Based Optimization Framework for Structural Design

In this chapter, an optimization framework of performance-based structural design
is used to evaluate the impact of SSI on initial construction material cost, seismic
performance, and the robustness measure of the structural design. For the initial
construction material cost, only the material cost of the energy dissipation system is

considered.

5.2.1. The Behavior of Fluid Viscous Damper under SSI Effects

The fluid viscous damper (FVD) is considered as an effective energy dissipation
system to enhance the seismic performance of the structure and mitigate the earthquake-
induced structure damage. FVD is a kind of velocity-based damper that dissipates the

seismic energy by increasing the damping ratio of the structure.
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For a structure with FVD, the total effective damping ratio of the structure consists
of both structural inherent damping ratio and damper’s damping ratio. The inherent
damping ratio is usually assumed to be 5%. As specified in FEMA 356 (2000) and ASCE
41-17 (2017), the damper’s damping ratio should be less than 30% of critical damping in
the fundamental mode of the rehabilitated building. The calculation of damper’s damping
ratio is determined by the inherent properties of the structure and the damping coefficient

of FVD.

The derivation of the damping coefficient for the linear FVD is presented as
follows: for a given multi-degree of freedom (MDOF) system, the identical damping
coefficient of linear FVDs are assumed to be distributed along with the building height.
The MDOF system is assumed to be a flexible building and subjected to a sinusoidal

displacement time history in both horizontal and vertical directions, expressed as:

. 2r
u(t)=u,sinaot, 0<t<—
o

5.1

. 2r SR
v(t)=v,sinet, 0<t<—
®

where u(?), u,, and w represent the horizontal displacement of the damper, the amplitude of
the horizontal displacement, and the loading frequency. v(z) and v, represent the vertical

displacement of the damper and its amplitude.

The seismic response of one floor in the MODF system is illustrated in Figure 5-1.

The damper is diagonally placed with an inclination angle of €. The horizontal and vertical
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displacement of the damper at a moment of movement are represented by u and v,

respectively.
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Figure 5-1 Fluid viscous damper behavior: (a) shear building assumption; (b) flexible building
assumption

The axial elongation of the supplemental damper, us can be derived by:
u, =ucos@-vsind (5.2)
The relative axial velocity of the damper can be calculated as:

u, =27ﬁcos%(uo cos@—v,sinfb) (5.3)

where 1, is the relative velocity between two ends of the damper, 7T is the fundamental

period of the structure. The resistance force of the damper can be expressed as:
F, =C,sgn (i, )i,|" = K u() (5.4)

where Ky is the stiffness of brace and damper portion, Cy is the supplemental damping

coefficient, sgn is the signum function, and « is the velocity exponent of the damper.

The energy dissipated by one damper in one cycle of vibration can be derived as:
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E,=[[|Fd, =[f|C id, =] " culd

=7C,(u,cos@—v,sin )’ w

(5.5)

The relationship between the energy dissipated by all dampers in one cycle of
vibration and the elastic strain energy of the MDOF system is given in FEMA 356 (2000),

as:

Np
2. Eu
_ _i=1

ézd - Np
472'2 E,
i=l

(5.6)

where &, is the damper’s damping ratio in the fundamental vibration mode, Eu; represents
the dissipated energy by the i-th damper in one cycle of vibration, Nr is the number of

stories of the system, E; is the elastic strain energy of the system, expressed as:

Ny 272 Nr
> E= T” > mg? 5.7)
i=1

i=1

where m; represents the mass of the i-th floor, and ¢; represents the horizontal displacement

of the i-th floor. The energy dissipated by all dampers can be expressed as:

Ny Ny
Y E, =Y 7C,(u,cos0—v,sin)’w

i=1 i=1

2”2 Np .
== Z:,Cd(”i cos @ —v, sin )’ (5.8)
2 2 NF .
== DG (heosh,~ ¢, sing)’
i=1

where ¢,,; is the relative vertical displacement of the damper at the i-th story.
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The damper’s damping ratio, &; can be calculated by substituting equation (5.7) and

(5.8) into equation (5.6), which yields:

2

2 Ng
T 2.C/(¢c0s0,~ ¢, sin )’
gd = = 2 2 Ng

T 2
47 m.og.
T’ Z i (5.9)
Ny
TY.C,(¢cos0, —g,, sinb,)’
i=1

Nr

2

47[2 m, @,
i=1

Cq of the supplemental linear FVD at each floor can be expressed as:

NF
4rE,D m]
i=1

C,= (5.10)

Nrp
TY (4 cosb,~4,,sin)’
i=l1
Cu 1s one major factor that determines the peak resistance force of the FVD (see Equation
(5.4)). The unit cost of the damper is proportional to its peak resistance force, as listed in
Table 5-1 (Liu 2010). The interpolation method is used when the peak resistance force is
in the range of the provided values. Herein, the cost of FVD is treated as one of the

optimization objectives.

Table 5-1 Unit damper device cost for different peak force (based on data from Liu 2010)

Peak Force Cost
(kips) (Dollars, $)
55 3,200
110 3,600
220 6,400
330 8,700
440 11,000
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5.2.2. Seismic Repair Costs Estimation-FEMA P58

The FEMA P-58 method can be used to evaluate the seismic performance of a
structure in terms of the repair cost (FEMA P-58-2 2018). The repair cost is composed of
the costs of both structural and non-structural components. Each vulnerable structural and
non-structural component has its corresponding fragility curve and the consequence
function to estimate its repair cost. The components that are vulnerable to the same
engineer demand parameter (EDP) can be categorized into the same performance group

(PG). The EDP values are typically assumed to follow the lognormal distribution.

For a component could be experienced in four damage states, the total repair cost

of this component can be calculated as:

DS.] (5.11)

repair

4
RC[C,,. 1= _P[D=DS,|EDP]-RC[C
i=1

where RC[C,,4,|DS;] the repair cost of the component under damage state DS
RC[C,¢pqir] represents the total repair cost of the component. The total repair cost of the

structure 1s calculated by summing the repair costs of both structural and non-structural

components, expressed as:

RC[C

repair _total

1=RC[C

repair _SS

] + RC[Ci'epairiNS] (5 12)

The critical fragility information of the structural components, non-structural drift,
and acceleration sensitive components used in this study are provided in Table 5-2. Mepp

and f represent the median and standard deviation of the EDP values for each damage state.

103



This critical fragility information is referenced from the PACT (Performance Assessment
Calculation Tool) fragility database. The cost multiplier is set to one. The dispersion input
is set to zero, which reflects a precise value of unit cost. If the total repair cost of the
building exceeds 40% of the replacement cost, the building is typically demolished (FEMA

P-58-12018).

Table 5-2 Critical fragility information on structural and non-structural components

System EDP Damage State Mgpp I’
Curtain wall IDR Glass cracking 0.0338 0.4
Glass falls from frame 0.0383 0.4
Gypsum board IDR Screw pop-out, slight crushing 0.005 0.4
partitions Moderate cracking or crushing 0.01 0.3
Buckling of studs, significant 0.021 0.2

cracking or crushing
Wall finishing IDR Wall paper warped and torn 0.0021 0.6
Suspended PFA 5 % of ceiling grid, tile damage 1.47 0.3
ceiling 30% of ceiling grid, tile damage. 1.88 0.3
50% of ceiling grid, tile damage. 2.03 0.3
Fire sprinkler PFA Spraying, dripping leakage at 0.95 0.4
drop drop joints

Roof'tile PFA Minor damage, tiles dislodged 1.1 0.4
Major portion of tile dislodged 1.4 0.4

Steel moment IDR Local buckling 0.03 0.3
frame Lateral-torsional distortion 0.04 0.3
Fracture in buckled region 0.05 0.3

5.2.3. Robustness Measure Regarding Ground Motion Variability

In performance-based structural design, ASCE 7-10 (2010) explicitly defines that
a minimum of three ground motion records should be applied to the structure model.
Herein, the far-field record set of FEMA-P695 PEER NGA database is adopted in this
study to consider the uncertainties of the ground motion records (FEMA P695 2009). This

database consists of 22 pairs of biaxial ground motion records. By rotating each pair of
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record 90 degrees, a total of 44 pairs of ground motions are generated and will be applied

to the structure model in this study.

The concept of robust structural design is involved in this study to make the
responses of the structure insensitive to the uncertainties of the ground motions. Thereby a
reliable and efficient structural design can be provided to the designer. Generally, the mean
and standard deviation values of the EDPs are treated as the robustness measures (Doltsinis
and Kang 2004). In this study, the maximum COV value of IDRs is treated as the
robustness measure and is incorporated in the optimization framework to seek the
minimum value, expressed as:

COV, = max(2~ (DR)

SNy =1,2,...,44 5.13

where NF is the number of stories of the structure, xzand orepresent the mean and standard
deviation of IDRs of each story, i represents the number of ground motions, COVp is the
maximum COV value. A smaller COVp means that the structure is more robust against

ground motion uncertainty.

Herein, the performance-based optimization framework for structural design can
be formulated as: find optimal sets of design parameters (i.e., a, K4, and Cq of FVD) such
that the initial construction cost (i.e., the cost of FVD), the repair cost of the structure
(RC[Cepair toa1l)> and the robustness measure (COVp) are minimized. These conflicting
optimization objectives result in a multi-objective optimization problem. Herein, the Non-

dominated Sorting Genetic Algorithm II (NSGA-II) as a fast-non-dominated sorting
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procedure, a parameterless niching operator, and an elitist persevering approach is
implemented to solve the multi-objective optimization problem. The basic principles of
NSGA-II are selection, recombination, and mutation to populate a new generation until the
solutions reach their optimum state (Deb et al. 2002). NSGA-II is used to determine the
Pareto front since it can maintain a good distribution of the solutions and preserve a
diversity of solutions (Erbas et al. 2006). The Pareto front consists of a set of non-
dominated optimal solutions, which visually displays the level of compromise that needed

from one objective to improve the other.

5.3. Case Study: Steel Moment-Resisting Frame Building with Viscous Dampers

5.3.1. Building Design

In order to evaluate the effects of SSI on the seismic response of the structure, a
four-story steel frame (office building) adopted from Ray Chaudhuri and Villaverde (2008)
is considered in this study. This steel frame is designed according to UBC-1994 (Uniform
Building Code 1994), zone IV response spectra, which is a representative of a large

quantity of existing steel frame buildings sitting on stiff soil in the California area.

The building has three bays in each direction, each bay of 24 ft (see Figure 5-2).
This office building is assumed to be supported by isolated square footings. The soil
beneath the footings is assumed to be dense silty soil and the site classification is D from
NEHRP (2000). The size of the footings are 1.56 mx1.56 mx0.6 m for external footings,

and 2.00 mx2.00 mx0.6 m for internal footings. The design loads are 2.8 MN and 5.6 MN
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for the external and internal footings, respectively, which are based on the calculation

procedures of a typical office building presented in a previous study (Raychowdhury 2011).

Both fixed and flexible foundations are considered in this case study. The
fundamental periods of the frame with fixed and flexible foundations are 1.30 sec and 1.36

sec, respectively.
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Figure 5-2 Plan view of the steel frame of the office building
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5.3.2. Details of the foundation and SSI models

A 3D (three-dimensional) numerical model of the steel frame was developed using
OpenSees (Open System for earthquake engineering simulation). The 3D numerical model
can consider the influence of the soil beneath the foundations in multiple directions. The
interaction between the soil and foundation interface is modeled using the elastic Winkler-
based SSI model. The foundation is assumed to be placed on a series of elastic Winkler

springs, and the lateral movement is represented by an elastic spring, as shown in Figure

5-3.

(a) (b)

EEE1L.

’ i km

Displacement

Force

Figure 5-3: (a) fixed foundation; (b) flexible foundation: elastic Winkler-based SSI model

The stiffnesses of the springs are calculated according to the method from Gazetas

(1991), as shown below:
The stiffness of the vertical spring,

p =Gk

v

- [0.73 +1.54(§)°-75] (5.14)
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The stiffness of the horizontal spring, x:

k = 2GL [2+ 25( )085] (5.15)

X

where G represents the shear modulus of the soil. v is the Poisson’s ratio of soil. L and B

are the length and width of the foundation.

The general bearing capacity of the foundation is calculated based on the equation

from Terzaghi (1943), expressed as:

gy =cN.F.F,F,+yD,NF F F +05/BN F F F, (5.16)

¢ estod q" qs” qd 7o yst yd

where q.; is the ultimate bearing capacity per unit area of the footing. ¢ is the cohesion. y
is the unit weight of soil. Dris the depth of embedment. N, N,, and N, are bearing capacity
factors. Fes, Fys, and Fs are shape factors. Feq, Fya, and Fyq are the depth factors. Fei, Fyi,

and F; are inclination factors.

The primary soil parameters that control the stiffness and strength of the foundation
system are considered as follows: cohesion equal to SkPa, friction angle equal to 38 deg,
unit weight equal to 18 kN/m?, shear modulus equal to 60MPa and the Poisson's ratio equal
to 0.35. The values of those parameters are selected based on the available information of
laboratory and field test data of dense silty sand in the Los Angeles area (Jones et al. 2002;
NEHRP 2000). The stiffness intensity ratio of the spring is considered as 5. The end length
ratio of the spring is assumed as 10%. The ratio of vertical spring spacing to the length of

the foundation is assumed as 2%. The tension capacity is assumed to be 5% of the total
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bearing capacity of the foundation. The nonlinear dynamic time history analysis is

performed to assess the seismic behavior of the three-dimensional numerical model.

5.3.3. Validation of the Numerical Model

In order to verify the prediction ability of the 3D numerical model in terms of its
seismic performance, the numerical model verification is required for the beam and column
properties, the soil and spring parameters of the SSI model, and the properties of the
foundation. Hence, an OpenSees model of the 4-story steel frame is developed to validate
against the simulation results in the literature. According to the literature, the three-bay
frame in the NS direction is considered, as shown in Figure 5-4 (a). Details of the sizes and

dimensions of the selected frame are shown in Figure 5-4.
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Figure 5-4 Section of the frame considered in numerical model validation

The beams of the numerical model are modeled as the nonlinear beams with hinges.
The nonlinearities of columns are modeled using the nonlinear beam-column elements.
The kinematic material hardening factor of 3% is considered for the nonlinear elements.
The sizes of footings remain the same as described in section 5.3.1. The values of primary
soil parameters and the properties of the springs remain the same as defined in section
5.3.2. In this case, the simulation results of the frame with fixed and flexible foundations

are compared with those from Raychowdhury (2011).
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Nonlinear time history analysis is performed to assess the seismic response of the
frame under the scaled 1994 Northridge ground motion of MCE (maximum considered

earthquake) level. The recorded time history of the 1994 Northridge ground motion is

shown in Figure 5-5.

Northridge 1994 Canoga Park Unscaled Record

Acceleration (g)

5 10 15 20 25 30
Time(sec)

Figure 5-5 Time history of the 1994 Northridge ground motion

The story displacements are recorded and compared with the results in the
literature. Figure 5-6 shows the recorded story displacement of the frame with fixed and
flexible foundations. It can be observed that the story displacement dramatically increases
as the foundation changed from fixed to flexible. The maximum difference of the recorded
displacement occurs at the roof floor, which is 0.0128 m. Results using the model

implemented in this study are in good agreement with those reported in the literature.
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Figure 5-6 Peak story displacement of the validation frame

5.4. Optimization Results of Fixed and Flexible Foundation

5.4.1. Optimization Results: Fixed Foundation

As described in section 5.2, the proposed optimization framework is configured by
minimizing the repair cost of the structure, the total cost of FVDs, and the robustness
measure regarding the uncertainty of ground motion. The stiffness of brace and damper
portion Ky, the velocity exponent a, and the damping coefficient Cy are selected as the
design variables. The FVDs located on the same floor and the same direction of the building

are assumed to have the same design parameters.

The variation ranges of each design variable are defined as follows: (1) K4 can vary
from 0 to 1500 kips/in with an increasing interval of 120 kips/in. (2) a can vary from 0.3
to 1.0 with an increasing interval of 0.1. (3) C4 can vary from 0 to 70 kips-sec/in with an
increasing interval of 10 kips-sec/in. All 44 biaxial ground motion records are scaled to the

MCE level. The total replacement cost of the building is estimated to be $4,147,200, based
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on a unit cost of $200 per square feet. The NSGA-II is implemented to solve this multi-

objective optimization problem with 20 generations and 22 individuals in each generation.

In this case study, the performance-based optimization framework for structural
design only considers the SSI of the steel frame on the site class D. Furthermore, the
damages of the foundation and the FVD are not considered in the optimization framework.

The seismic-induced damages only occur in the structural and non-structural components.
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Figure 5-7 Pareto front and dominated designs of the frame with fixed foundation: (a) repair cost
ratio versus damper cost; (b) damper cost versus COVb; (c) repair cost ratio versus COVp; (d) 3D
view
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Dominated designs and the corresponding Pareto front are shown in Figure 5-7.
This Pareto front provides the trade-off among the three optimization objectives. Generally,
a higher damper cost leads to a lower repair cost ratio. A smaller COVp value indicates a
more robust design of the structure. The values of the optimum designs along the Pareto
front and the corresponding design parameters of each FVD are listed in Table 5-3 and
Table 5-4. Herein, the repair cost ratio is normalized by the total replacement cost of the
structure. Herein, the dollar amounts for repair cost and the initial material cost are

considered in today's dollars (not adjusted for inflation).

The optimized damper cost varies from $12,896 to $165,474. In general, for a given
damper cost, both COVp and repair cost ratio can be significantly reduced, i.e., with the
damper cost of $66,893, the COVp can be improved from the worst design of 64.05% to
the design of 52.81%. The repair cost ratio can be improved from the worst design of 5.50%
to the design of 4.21%. For a more robust design with smaller COVp or a design with lower
repair cost ratio, the damper cost can also be significantly changed, i.e., the damper cost
can increase from $66,893 to $73,778 with COVp as 48.75%; and the damper cost can

increase from $66,893 to $93,191 with repair cost ratio as 2.95%.

Hence, choosing a suitable, cost-effective design is critical for structure designers
and construction investors. In this case, three optimum designs: design A, design B, and
design C, corresponding to the most expensive, the medium, and the least expensive
damper design, are selected and their performance will be evaluated in details in a later

section.
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Table 5-3 Properties of each FVD along the Pareto Front of the frame with fixed foundation-EW direction

1st floor 2nd floor 3rd floor 4th floor Objectives

Number Cd Kd o Cd Kd o Cd Kd o Cd Kd o (R(VS ]()$C): C;?A)I;D
1 10 120 0.5 10 120 0.3 60 720 0.5 60 720 0.5 4.79 18250 64.05
2 40 480 0.5 10 120 0.4 20 240 0.5 30 360 0.3 5.43 12896 62.29
3 70 840 1.0 70 840 0.3 10 120 1.0 10 120 0.3 3.55 | 165474 40.39
4 70 840 0.8 70 840 0.9 10 120 1.0 10 120 0.3 2.86 | 144162 44.66
5 10 120 0.7 10 120 0.3 70 840 0.5 60 720 0.5 5.50 29438 59.79
6 10 120 0.3 40 480 0.3 10 120 1.0 10 120 0.3 4.90 55319 52.71
7 70 840 0.5 10 120 04 20 240 0.5 30 360 0.3 5.35 16189 62.20
8 60 720 0.8 10 120 0.9 10 120 1.0 50 600 0.3 3.99 67218 55.09
9 70 840 1.0 70 840 0.3 10 120 1.0 10 120 0.3 3.56 | 161158 40.74
10 70 840 0.8 10 120 0.9 10 120 0.7 60 720 0.4 3.19 86745 50.61
11 70 840 0.9 70 840 0.4 10 120 1.0 30 360 0.3 3.43 | 129382 43.09
12 20 240 0.5 10 120 0.7 20 240 0.6 60 720 0.3 443 38118 53.90
13 70 840 0.8 70 840 0.4 10 120 1.0 30 360 0.3 3.22 | 113707 46.28
14 70 840 0.8 50 600 0.9 10 120 1.0 30 360 0.3 3.37 | 129171 45.14
15 10 120 0.7 30 360 0.3 70 840 0.5 60 720 0.5 421 66893 52.81
16 20 240 0.8 50 600 0.6 50 600 0.5 70 840 0.7 3.66 59305 58.05
17 20 240 0.8 50 600 0.4 50 600 0.6 70 840 0.7 3.80 52452 59.03
18 70 840 0.8 70 840 0.3 50 600 0.7 10 120 0.3 2.95 93191 49.91
19 70 840 0.8 70 840 0.9 10 120 1.0 10 120 0.3 3.00 | 133169 46.21
20 70 840 0.7 70 840 0.3 10 120 1.0 30 360 0.3 3.85 | 102359 49.24
21 10 120 0.5 10 120 1.0 70 840 0.5 60 720 0.5 4.68 27694 63.89
22 10 120 0.3 70 840 0.4 10 120 1.0 10 120 0.3 473 73778 48.75

Note: RC represents the normalized repair cost. DC represents the total cost of damper devices. The units of Csand Ky are kips-sec/in and
kips/in, respectively.
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Table 5-4 Properties of each FVD along the Pareto Front of the frame with fixed foundation-NS direction

1st floor 2nd floor 3rd floor 4th floor Objectives

Number Cd Kd o Cd Kd o Cd Kd o Cd Kd o (R(VS ]()$C): C;?A)I;D
1 70 840 0.5 70 840 0.5 70 840 0.6 40 480 0.4 4.79 18250 64.05
2 40 480 0.5 20 240 0.5 70 840 0.3 30 360 0.4 5.43 12896 62.29
3 70 840 1.0 70 840 1.0 50 600 1.0 70 840 1.0 3.55 | 165474 40.39
4 70 840 1.0 30 360 1.0 70 840 1.0 70 840 1.0 2.86 | 144162 44.66
5 10 120 0.5 70 840 0.5 70 840 1.0 40 480 0.4 5.50 29438 59.79
6 70 840 1.0 30 360 1.0 60 720 0.5 70 840 0.4 4.90 55319 52.71
7 40 480 0.5 20 240 0.5 70 840 0.3 30 360 0.7 5.35 16189 62.20
8 10 120 1.0 40 480 0.6 20 240 0.3 40 480 1.0 3.99 67218 55.09
9 70 840 1.0 70 840 1.0 50 600 0.9 70 840 1.0 3.56 | 161158 40.74
10 50 600 1.0 30 360 0.7 10 120 0.6 70 840 1.0 3.19 86745 50.61
11 70 840 1.0 30 360 1.0 50 600 1.0 10 120 1.0 3.43 | 129382 43.09
12 70 840 0.9 20 240 0.3 70 840 0.5 20 240 0.6 443 38118 53.90
13 70 840 1.0 30 360 1.0 70 840 1.0 20 240 1.0 3.22 | 113707 46.28
14 70 840 1.0 30 360 1.0 70 840 1.0 70 840 0.4 3.37 | 129171 45.14
15 60 720 1.0 70 840 0.5 70 840 1.0 40 480 1.0 421 66893 52.81
16 60 720 0.8 30 360 0.3 10 120 1.0 40 480 1.0 3.66 59305 58.05
17 40 480 0.8 30 360 0.3 10 120 1.0 20 240 1.0 3.80 52452 59.03
18 70 840 0.9 30 360 0.3 60 720 1.0 70 840 1.0 2.95 93191 49.91
19 70 840 1.0 10 120 1.0 50 600 1.0 70 840 1.0 3.00 | 133169 46.21
20 70 840 1.0 70 840 1.0 50 600 1.0 10 120 1.0 3.85 | 102359 49.24
21 70 840 0.5 70 840 0.5 70 840 0.6 40 480 0.4 4.68 27694 63.89
22 70 840 1.0 30 360 1.0 60 720 1.0 20 240 0.4 473 73778 48.75

Note: RC represents the normalized repair cost. DC represents the total cost of damper devices. The units of Csand Ky are kips-sec/in and

kips/in, respectively.
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5.4.2. Optimization Results: Flexible Foundation

In order to incorporate the influence of SSI on the seismic responses of structure,

the same performance-based optimization framework is applied to the steel frame with a

flexible foundation. The ranges of K4, Cy4, and o of FVD remain the same as defined in

section 5.4.1. NSGA-II is implemented to solve this multi-objective optimization problem

with 20 generations and 22 individuals in each generation.

(a) 5 X107
Dominated Design
A Optimum Design
@l.S s
Z A%
Q
SN I
(]
= | 4
Los & N u
N:ApD C\
b
A A A A
0
3 4 5 6 7
Repair Cost Ratio (%)
(©) 45
£ A
60 A AA A
S A
NG
A
8 55 %A
A
AN A
A
50 AA A
3 4 5 6 7

Repair Cost Ratio (%)

(b) 45
AN
- wo|a@
s
A A
% 55 “ A
© NN
VAN
PaN
50 AT A
0 0.5 | 1.5 2
Damper Cost(S) % 10°
%107
(d) 5
G15-
z <2
S B Ea
5 1 b N
A
3 \ A A%y A
Bos| ] ALY EA
AAM&«—C
0 - T ‘l—r’r_f____—]
60 55 so 4 6 8
COVD(%) Repair Cost Ratio (%)

Figure 5-8 Pareto front and dominated designs of the frame with flexible foundation: (a) repair cost
ratio versus damper cost; (b) damper cost versus COVb; (c) repair cost ratio versus COVp; (d) 3D

view

119



Dominated designs and the corresponding Pareto front are shown in Figure 5-8 (d).
The values of the optimum design variables of each FVD and the corresponding values of
objectives are listed in Table 5-5 and Table 5-6. With the highest damper cost of $126,168,
the COVp can be improved from the worst design of 62.32% to the design of 50.21%, and
the repair cost ratio can be improved from the worst design of 7.45% to the design of

3.72%.

It is observed that the repair cost ratio and the COVp of the frame with a fixed
foundation are slightly lower than the one with a flexible foundation when the damper cost
is similar. For example, for the case of the fixed foundation with a damper cost of $59,305,
the repair cost ratio is 3.66%. For the case of the flexible foundation with a damper cost of
$57,938, the repair cost ratio is 4.19%. The value of COV)p is reduced from 58.05% (fixed

foundation) to 55.79% (flexible foundation).

In order to select the best performing model with optimal design variables of FVDs,
three optimum designs: design a, design b, and design c, corresponding to the most
expensive, the medium, and the least expensive damper design, are selected and and their

seismic performance will be evaluated in details in the followed section.
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Table 5-5 Properties of each FVD along the Pareto Front of the frame with flexible foundation-EW direction

1st floor 2nd floor 3rd floor 4th floor Objectives
Number Cd Kd o Cd Kd o Cd Kd o Cd Kd o (R(VS ]()$C): C;?A)I;D
1 10 120 0.4 10 120 0.6 20 240 0.3 60 720 0.3 7.45 10189 60.25
2 50 600 0.6 50 600 0.3 20 240 0.3 70 840 0.6 493 31778 62.32
3 40 480 0.6 60 720 1.0 50 600 0.5 60 720 1.0 4.00 | 115040 49.26
4 60 720 0.6 60 720 1.0 50 600 1.0 60 720 0.8 3.72 | 126168 50.21
5 10 120 0.4 10 120 0.6 20 240 0.3 60 720 0.3 7.07 17714 59.27
6 10 120 0.6 20 240 0.6 20 240 0.6 10 120 0.5 6.45 19731 60.75
7 40 480 0.6 60 720 1.0 50 600 0.5 60 720 1.0 3.75 | 104531 54.68
8 60 720 0.7 10 120 0.3 20 240 1.0 30 360 0.5 4.19 57938 55.79
9 60 720 0.7 10 120 1.0 20 240 0.6 30 360 0.5 3.92 82050 52.86
10 60 720 0.7 30 360 0.3 20 240 0.7 30 360 0.6 4.15 54597 56.95
11 10 120 0.6 20 240 0.6 20 240 0.6 10 120 0.6 5.99 21012 61.29
12 50 600 0.3 10 120 0.6 60 720 0.7 10 120 0.5 5.35 39655 56.64
13 40 480 0.6 60 720 0.8 50 600 0.5 30 360 0.5 4.26 70067 51.81
14 60 720 0.7 10 120 0.6 20 240 1.0 30 360 0.6 4.03 70399 54.04
15 40 480 0.3 60 720 0.7 20 240 1.0 60 720 1.0 3.99 89080 50.70
16 30 360 0.3 30 360 0.4 20 240 0.3 70 840 0.9 493 78632 49.90
17 70 840 04 10 120 0.6 50 600 0.3 60 720 0.4 6.86 13318 60.19
18 40 480 0.6 60 720 1.0 50 600 1.0 30 360 0.5 3.84 | 113351 54.10
19 20 240 0.7 10 120 0.3 30 360 0.6 30 360 0.3 4.64 56193 51.99
20 60 720 0.7 40 480 0.3 20 240 0.3 30 360 0.5 4.67 41831 56.87
21 10 120 0.6 10 120 0.6 70 840 0.3 40 480 0.5 5.13 49688 51.91
22 10 120 0.6 10 120 0.6 20 240 0.3 60 720 0.5 5.91 22097 59.98

Note: RC represents the normalized repair cost. DC represents the total cost of damper devices. The units of Csand Ky are kips-sec/in and
kips/in, respectively.
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Table 5-6 Properties of each FVD along the Pareto Front of the frame with flexible foundation-NS direction

1st floor 2nd floor 3rd floor 4th floor Objectives
Number Cd Kd o Cd Kd o Cd Kd o Cd Kd o (R(VS ]()$C): C;?A)I;D
1 40 480 0.3 10 120 0.6 70 840 0.5 10 120 0.3 7.45 10189 60.25
2 70 840 0.5 20 240 0.9 70 840 0.6 20 240 0.3 493 31778 62.32
3 60 720 0.9 30 360 0.7 70 840 1.0 20 240 0.8 4.00 | 115040 49.26
4 60 720 0.9 30 360 0.7 70 840 0.8 20 240 1.0 3.72 | 126168 50.21
5 40 480 0.3 10 120 0.6 50 600 0.6 70 840 1.0 7.07 17714 59.27
6 50 600 0.3 30 360 0.6 10 120 0.7 40 480 0.6 6.45 19731 60.75
7 60 720 0.8 30 360 0.7 70 840 1.0 20 240 0.8 3.75 | 104531 54.68
8 20 240 0.9 20 240 0.3 70 840 0.6 70 840 0.6 4.19 57938 55.79
9 40 480 1.0 50 600 0.3 70 840 0.8 70 840 1.0 3.92 82050 52.86
10 40 480 0.8 20 240 0.3 70 840 0.3 70 840 1.0 4.15 54597 56.95
11 50 600 0.4 30 360 0.6 10 120 0.7 40 480 0.6 5.99 21012 61.29
12 50 600 0.8 10 120 0.3 70 840 0.5 30 360 0.8 5.35 39655 56.64
13 60 720 0.9 30 360 0.7 70 840 0.3 20 240 1.0 4.26 70067 51.81
14 20 240 0.9 10 120 0.3 60 720 1.0 70 840 0.6 4.03 70399 54.04
15 60 720 0.9 70 840 0.7 70 840 0.7 50 600 0.8 3.99 89080 50.70
16 60 720 0.9 30 360 1.0 70 840 0.9 20 240 0.9 493 78632 49.90
17 40 480 0.3 10 120 0.3 70 840 0.5 70 840 0.5 6.86 13318 60.19
18 70 840 0.8 30 360 0.7 70 840 1.0 20 240 0.8 3.84 | 113351 54.10
19 40 480 1.0 50 600 0.4 70 840 0.8 30 360 0.5 4.64 56193 51.99
20 10 120 0.9 70 840 0.4 10 120 0.3 70 840 0.8 4.67 41831 56.87
21 40 480 1.0 20 240 0.6 50 600 0.6 40 480 1.0 5.13 49688 51.91
22 40 480 0.3 20 240 0.6 50 600 0.6 40 480 1.0 5.91 22097 59.98

Note: RC represents the normalized repair cost. DC represents the total cost of damper devices. The units of Csand Ky are kips-sec/in and

kips/in, respectively.
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5.4.3. Comparison of Fixed and Flexible Foundation

In this section, the optimization results of fixed and flexible foundation cases are
compared. The design variables of each FVD are listed in Table 5-7 and Table 5-8. The
nonlinear time history analysis is used to assess the seismic responses of the steel frame
under the total of 44 biaxial ground motions. The median values of the inter-story drifts are
plotted in Figure 5-9 and Figure 5-10. The solid black line represents the seismic response
of the bare frame. It can be observed that all the selected designs are effectively improved
the seismic performance of the steel frame. The solid and dashed red lines represent the
seismic responses of design A and design a. The solid and dashed yellow lines represent
the seismic responses of design B and design b. The blue lines represent the seismic

responses of design C and design c.
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Figure 5-9 Seismic response of selected designs under the effect of fixed foundation: (a) IDR of EW
direction; (b) IDR of NS direction
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Figure 5-10 Seismic response of selected designs under the effect of flexible foundation: (a) IDR of
EW direction; (b) IDR of NS direction

For the frame of design A, which has the fixed foundation, the medium values of
peak IDR have reduced to 0.58%, 0.64%, 0.58% and 0.37% of each floor in the EW
direction, and 0.52%, 0.47%, 0.45% and 0.21% of each floor in the NS direction. For the
same frame of design A, which has the flexible foundation, the medium values of peak IDR
have reduced to 0.73%, 0.70%, 0.63%, and 0.42% of each floor in the EW direction, and
0.65%, 0.54%, 0.53%, and 0.28% of each floor in the NS direction. It can be concluded

that the steel frame on the site class D has large IDR values by considering the flexibility

of the foundation.

For design a, the IDRs have reduced to 1.07%, 0.49%, 0.38%, and 0.22% of each
floor in EW direction, and 0.71%, 0.84%, 0.56%, and 0.31% in the NS direction of the
frame with the fixed foundation. It can be observed that design A can result in a better
seismic performance of the frame in the NS direction, but relatively weaker performance
in the first floor of the EW direction. The same conclusion can be drawn for the frame with

a flexible foundation.
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Table 5-7 Properties of FVDs of the selected designs along the EW direction

Fixed Foundation

Flexible Foundation

Design A Design B Design C Design a Design b Design ¢
Cy Ky o Cy Ky o Cy Ky o Cy Ky o Cy Ky o Cy Ky o
1st Floor 70 840 1.0 | 60 720 | 0.8 | 40 | 480 05 | 60 720 06 | 60 | 720 | 0.7 | 10 | 120 04
2nd Floor 70 840 0.3 10 120 | 09 | 10 120 04 | 60 720 1.0 | 30 | 360 | 0.3 | 10 | 120 0.6
3rd Floor 10 120 1.0 | 10 120 | 1.0 | 20 | 240 05 | 50 600 1.0 | 20 | 240 | 0.7 | 20 | 240 0.3
4th Floor 10 120 03 | 50 600 | 0.3 | 30 360 03 | 60 720 08 | 30 | 360 | 0.6 | 60 | 720 0.3
RC (%) 3.55 3.99 543 3.72 4.15 7.45
Damper Cost
$) 165,474 67,218 12,896 126,168 54,597 10,189
COVp (%) 40.39 55.09 62.29 50.21 56.95 60.25
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Table 5-8 Properties of FVDs of the selected designs along the NS direction

Fixed Foundation

Flexible Foundation

Design A Design B Design C Design a Design b Design ¢
Ci | Ku o Ci | Ku a | Ca | Ka a Ci| Ku a | Ca| Ka a Ci | Ku a
1st Floor 70 | 840 | 1.0 | 10 | 120 [ 1.0 | 40 | 840 | 0.5 | 60 | 720 | 0.9 | 40 | 480 | 0.8 | 40 | 480 | 0.3
2nd Floor 70 | 840 | 1.0 | 40 | 480 | 0.6 | 20 | 240 | 05 | 30 | 360 | 0.7 | 20 | 240 [ 03 | 10 | 120 | 0.6
3rd Floor 50 | 600 | 1.0 | 20 | 240 |03 | 70 | 840 | 03 | 70 | 840 | 0.8 | 70 | 840 [ 03 | 70 | 840 | 0.5
4th Floor 70 | 840 | 1.0 | 40 | 480 [ 1.0 | 30 | 360 | 0.4 | 20 | 240 | 1.0 | 70 | 840 | 1.0 | 10 | 120 | 0.3
RC (%) 3.55 3.99 543 3.72 4.15 7.45
Damper Cost
$) 165,474 67,218 12,896 126,168 54,597 10,189
COVp (%) 40.39 55.09 62.29 50.21 56.95 60.25
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In order to select the best-performance design, the effectiveness of these selected
designs is evaluated using two measures: (1) the improvement of the structural
performance over the bare frame; (2) the uniformity of the inter-story drift along with the
building height. The improvement of the structural performance is quantified by the index,

WIDR, expressed as:

Np
> (IDRB, - IDRD,)

— =l , i=1,2...N (5.17)
Hipr N, F

where IDRB and IDRD represent the inter-story drift of the bare frame and the frame with
dampers, respectively. The overall seismic capacity of the structure is declined with a
negative number. Furthermore, the seismic capacity of the structure is enhanced with a

positive number.

The values of upr of each selected design are plotted in Figure 5-11. The seismic
performance of all the selected designs is improved by applying the FVDs. It is observed
that design A has significantly improved the seismic performance of the frames with both
fixed and flexible foundations, especially in the NS direction. While design a also
significantly improves the seismic performance of the frames with both fixed and flexible

foundations, especially in the EW direction.

127



(a) F 1xed F oundatlon ® 4 Flexible Foundation

1.0
-EW Dll’CCI.IOIl I =W Direction
NS Direction NS Dircction
] 0.8+ 1
§ 0.6r
o
a
3 04+

I ||

‘Q\
,g\., oeg\‘ﬁ\ 0@\4 oe%\‘o O@j\%

I

Oab\@\ Oeb\g\ 065\%'5\ oF \@“ Oeé\*’;\

o 0

Figure 5-11 Mean value of the inter-story drift improvement over the bare frame: (a) frame with the
fixed foundation; (b) frame with the flexible foundation

For the second measure of effectiveness, the uniformity of the inter-story drift along
the building height is shown in Figure 5-12. The inter-story drift of each floor is recorded
under the 44 biaxial ground motions. The median values of those recorded inter-story drifts
of each floor are used to quantify the uniformity of the inter-story drifts, as:

cov =2 (5.18)
7

where u represents the mean value of the inter-story drifts, o represents the standard
deviation of the inter-story drifts, the coefficient of variance (COV) of the inter-story drift

ratios is served as the index to quantify the uniformity.

A smaller COV means a more uniformly distributed inter-story drift. In this case,
design A (optimized results of the frame with fixed foundation) yields the most uniformly

distributed inter-story drift of the frames with both the fixed and flexible foundations.
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Figure 5-12 Coefficient of variance (COV) of the inter-story drift uniformity: (a) fixed foundation; (b)
flexible foundation

In this case study, design A can provide the best seismic performance of the
structure. It has the smallest repair cost of the structure and produces the most robust
design. That is, the properties of each FVD listed in design A can be chosen as the optimum
design. It can be visually observed that the seismic performance of the steel frame has been

dramatically improved under the MCE level.

5.5. Summary

In this chapter, the effect of soil-structure interaction was incorporated in the
proposed optimization framework of performance-based seismic design of the structure.
The proposed optimization framework was formulated by three conflicting objective
functions: the seismic repair cost of the structure, damper cost, and the robustness measure
of ground motion uncertainty. The properties of the axial stiffness, damping coefficient,

and the velocity exponent of fluid viscous dampers were selected as the design variables.
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The performance-based optimization framework has been applied to a four-story
steel moment-resisting frame building. Two scenarios were considered in the optimization
framework: one with a fixed foundation, and the other one with a flexible foundation. The
flexibility of the foundation was simulated by the elastic Winkler-based SSI model. The
soil beneath the foundation was assumed to be dense silty soil and the site classification is
D. The damages of the foundation and the FVD were not considered in the optimization
framework. The seismic performance of the steel frame was evaluated by considering a

total of 44 biaxial ground motions under the MCE level.

The multi-objective optimization results in a family of non-dominated solutions,
effectively forming a Pareto front. The obtained designs along the Pareto front were found
to improve the seismic performance of the steel frame. Several optimized designs were
selected along the Pareto fronts regarding the two optimization scenarios. For the site class
of D, the frame with a flexible foundation was found to have a larger inter-story drift in
each floor when compared to the frame with a fixed foundation. Moreover, the frame with
a flexible foundation has a higher seismic repair cost and is less sensitive to the uncertainty

of the ground motion.

The guideline for selecting the best-performance design is based on the inter-story
drift ratio, which can be considered as an engineering demand parameter of the structure
design. Two performance indices, i.e., the improvement of the inter-story drift (compared
to a bare frame without energy dissipation systems) and the uniformity of the inter-story

drift, were proposed to evaluate the effectiveness of the selected designs. In this case,
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design A (optimized results of the frame with fixed foundation) has significantly reduced
the inter-story drift and yields the most uniformly distributed inter-story drift of the frames

with both the fixed and flexible foundations.
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CHAPTER VI
CONCLUSION AND RECOMMENDATIONS

6.1. Conclusions

Energy dissipation systems such as fluid viscous dampers can effectively improve
the seismic performance of a structure and are widely implemented in engineering projects.
This dissertation aims to improve and simulate the seismic performance of structures with
energy dissipation systems, consider soil-structure interaction that can affect the seismic
performance of structures, and also provide the guideline for choosing the best performing

and cost-effective structural design.

In this dissertation, the seismic performance of structures with energy dissipation
systems, specifically fluid viscous dampers (FVD), was investigated using three-
dimensional (3D) numerical models. Four different damping coefficient distribution
methods of the FVD have been extended and applied to the 3D numerical model of
structures. Based on that, the seismic performance of all structures has been significantly
improved. Among the four different damping coefficient distribution methods, the story
shear strain energy distribution (SSSED) method was recommended to distribute the
damper’s damping coefficient within the 3D numerical model. Moreover, a performance-
based optimization framework for the structural design was developed that considers
multiple conflicting objectives. Based on this proposed optimization framework, the
optimal design variables of the energy dissipation systems can be selected. Those optimal

design variables can help to achieve the desired performance level of the structure with
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moderate initial material cost, structural repair cost, and robustness measure. Furthermore,
the impact of soil-structure interaction was incorporated into the proposed optimization
framework. Both the fixed foundation and flexible foundation were considered in the
analysis. Two performance indices, that the improvement of the inter-story drift (compared
to a bare frame without energy dissipation systems) and the uniformity of the inter-story

drift, were proposed to select the best-performance design.

Key findings of the three main chapters (chapters III to V) are summarized in the

following:

Chapter III: Damping Coefficient Distribution of Energy Dissipation System

Applied to the 3D Numerical Model of Building

(1) The uniform distribution (UD), inter-story drift proportional distribution
(IDPD), SSSED, and efficient story shear strain energy distribution (ESSSED) methods
were extended to distribute the damper’s damping coefficient within the 3D numerical

model. The seismic performance of all structures has been significantly improved.

(2) The uniformity of distributed inter-story drift and the improvement of inter-
story drift were considered as the performance measures to evaluate the effectiveness of

different damping coefficient distribution methods.

(3) The SSSED method was found to improve the inter-story drift of the structure

while also providing the most uniformly distributed inter-story drift.
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(4) The ESSSED method could not provide the stable seismic performance of the

structure when extending it to the 3D numerical models.

Chapter VI: Performance-Based Optimization for Seismic Design of Steel Frame

with Energy Dissipation System

(1) The developed performance-based optimization framework for the structural
design was effective in improving the seismic performance of structures. The applicability
and capability of the proposed framework were demonstrated by applying it to the 3D

numerical model of the steel frame with the energy dissipation system.

(2) All obtained optimum designs were found to dramatically decrease the inter-

story drift and peak floor acceleration of the steel frame.

(3) The Pareto fronts of both the MCE and DBE levels revealed that the damper
cost generally dominates the trade-off between the three distinct objectives: the more cost
of dampers could result in less repair cost and robustness measure. Moreover, the Pareto
fronts revealed that the robustness measure does not have an utterly linear correlation with

damper cost and the repair cost.

(4) The optimal design variables of the dampers were selected by comparing the
seismic performance of the optimized designs at the MCE and DBE levels. The selected
design can achieve the desired performance levels of the structure with moderate initial

material cost, structural repair cost, and robustness measure.
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Chapter V: Simulation-Based Optimization of Structural Performance

Incorporating Soil-Structure Interaction

(1) The effect of soil-structure interaction was incorporated into the proposed
optimization framework of performance-based seismic design of the structure (presented
in Chapter IV). Two scenarios have been applied to the proposed optimization framework:

one with a fixed foundation, and the other one with a flexible foundation.

(2) All the obtained optimal designs were found to be improved the seismic
performance of the structure, which sits on the site class of D. The frame with a flexible
foundation was found to have a larger inter-story drift in each floor when compared to the
frame with a fixed foundation. Moreover, the frame with a flexible foundation has a higher

seismic repair cost and is less sensitive to the uncertainty of the ground motion.

(3) The guideline for selecting the best-performance design was based on the inter-
story drift ratio. The improvement and the uniformity of the inter-story drift were proposed
as the performance indexes to evaluate the effectiveness of the selected designs. The
optimized result of the frame with a fixed foundation was selected as the best-performance
design. Because the selected design can significantly reduce the inter-story drift and yields
the most uniformly distributed inter-story drift of the frames with both the fixed and

flexible foundations.
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6.2. Recommendations

To further expand the work presented in this dissertation, some research topics may

be undertaken, which include the following:

(1) It is recommended to consider the higher modes and their coupled effects of the
3D model while applying the damping coefficient distribution methods described in

Chapter I1I.

(2) The performance-based optimization framework for structural design only
considers the SSI of the structures on the site class D. It is recommended to investigate the
influence of different site classes on the proposed optimization framework. Moreover, the

damages of the foundation and the FVD can be considered in the optimization framework.

(3) The proposed performance-based optimization framework for structural design
can be implemented using many other building types. Thus, future study is recommended
to further develop this approach by using design variables of structural components other

than those considered in chapter IV and chapter V.
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