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Abstract The assessment of the effectiveness of mass dampers for the Chilean region
within a multi-objective decision framework utilizing life-cycle performance criteria is
considered in this paper. The implementation of this framework focuses here on the
evaluation of the potential as a cost-effective protection device of a recently proposed
liquid damper, called tuned liquid damper with floating roof (TLD-FR). The TLD-FR
maintains the advantages of traditional tuned liquid dampers (TLDs), i.e. low cost, easy
tuning, alternative use of water, while establishing a linear and generally more robust/
predictable damper behavior (than TLDs) through the introduction of a floating roof. At the
same time it suffers (like all other liquid dampers) from the fact that only a portion of the
total mass contributes directly to the vibration suppression, reducing its potential effec-
tiveness when compared to traditional tuned mass dampers. A life-cycle design approach is
investigated here for assessing the compromise between these two features, i.e. reduced
initial cost but also reduced effectiveness (and therefore higher cost from seismic losses),
when evaluating the potential for TLD-FRs for the Chilean region. Leveraging the linear
behavior of the TLD-FR a simple parameterization of the equations of motion is estab-
lished, enabling the formulation of a design framework that beyond TLDs-FR is common
for other type of linear mass dampers, something that supports a seamless comparison to
them. This framework relies on a probabilistic characterization of the uncertainties
impacting the seismic performance. Quantification of this performance through time-his-
tory analysis is considered and the seismic hazard is described by a stochastic ground
motion model that is calibrated to offer hazard-compatibility with ground motion
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prediction equations available for Chile. Two different criteria related to life-cycle per-
formance are utilized in the design optimization, in an effort to support a comprehensive
comparison between the examined devices. The first one, representing overall direct
benefits, is the total life-cycle cost of the system, composed of the upfront device cost and
the anticipated seismic losses over the lifetime of the structure. The second criterion,
incorporating risk-averse concepts into the decision making, is related to consequences
(repair cost) with a specific probability of exceedance over the lifetime of the structure. A
multi-objective optimization is established and stochastic simulation is used to estimate all
required risk measures. As an illustrative example, the performance of different mass
dampers placed on a 21-story building in the Santiago area is examined.

Keywords Mass dampers - Tuned liquid damper with floating roof - Life-cycle
performance - Multi-objective design - Chilean seismic risk

1 Introduction

In the last couple of decades the use of supplemental seismic protection devices in Chilean
buildings (Zemp et al. 2011; Moroni et al. 2011; De la Llera et al. 2004) has been gaining
increased popularity, either as a retrofitting strategy or even for establishing higher per-
formance standards for new structures. One of the devices that have been considered for
this purpose (Zemp et al. 2011) is mass dampers (also frequently referenced as inertia
dampers). Mass dampers, with most popular representative corresponding to the Tuned
Mass Damper (TMD) (Chang 1999; Soto and Adeli 2013), consist of an inertial element
(secondary mass) attached to a higher floor of the structure to be controlled (primary mass).
Through appropriate tuning of the vibratory characteristics of the intertial element, cor-
responding to selection of optimal values for its frequency and damping, this secondary
mass counteracts the motion of the structure, facilitating the desired energy dissipation for
the latter (Den Hartog 1947). Many variations of mass dampers have been proposed in the
literature (Chang 1999; Hitchcock et al. 1997; Kareem 1990; Fujino et al. 1992; Balendra
et al. 1999; Matta et al. 2009) for improving the dynamic performance of structures under a
variety of dynamic excitations. For seismic excitations, though, a reduced effectiveness is
generally acknowledged for mass dampers (Soto and Adeli 2013; Lin et al. 2010). This
should be attributed to the fact that earthquakes are short-duration, non-stationary exci-
tations, frequently (in near-fault regions) with impulsive characteristics (Mavroeidis et al.
2004; Bray and Rodriguez-Marek 2004). On the other hand, mass dampers, being inertia
devices, require typically some rise-time so that their own vibration becomes large enough
to facilitate the desired energy dissipation (Lin et al. 2010). This can contribute to potential
inefficiency (depending on the characteristics of the excitation) in reducing peak structural
responses, which is the main engineering demand parameter of importance when con-
sidering seismic performance (Bozorgnia and Bertero 2004; Porter et al. 2007; Vamvat-
sikos and Cornell 2005). Though mass dampers have been demonstrated very efficient in
reducing seismic responses when earthquakes are approximated as stationary excitation
(Marano et al. 2007; Taflanidis et al. 2007; Hoang et al. 2008; Daniel and Lavan 2014;
Debbarma et al. 2010) or in enhancing the average response even under non-stationary
excitations (Wong 2008; Salvi et al. 2014), this efficiency can decrease when performance
is evaluated in terms of instantaneous peak quantities (Tributsch and Adam 2012; Lin et al.
2010; Salvi et al. 2014).
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A special case of mass dampers are liquid dampers, for which the secondary mass
corresponds to a liquid (typically water) inside either a (a) tank (Fujino et al. 1992; Kareem
1990; Tait et al. 2007) or a (b) U-shaped tube (Sakai et al. 1989; Hitchcock et al. 1997;
Balendra et al. 1999). Implementation (a) is known as tuned liquid damper or tuned
sloshing damper (TLD/TSD) and implementation (b) as liquid column damper, with
variants the tuned liquid column damper (TLCD) (Sakai et al. 1989) and the liquid column
vibration absorber (LCVA) (Hitchcock et al. 1997). Liquid dampers enjoy some significant
advantages such as lower installation costs, easy tuning process for their frequency and
potential alternative use of the secondary mass. At the same time they have some potential
disadvantages. For liquid column dampers this pertains to their nonlinear internal damping
characteristics or the fact that facilitating large masses might impose some architectural
challenges for accommodating large tubular sections. For TLDs it pertains to the fact that
their dynamic behavior involves nonlinear wave breaking phenomena and that establishing
the required optimal level of internal damping requires addition of submerged obstacles
(Love and Tait 2010; Kaneko and Mizota 2000) whose behavior is in general difficult to
predict. In response to these shortcomings, a new type of TLD was introduced recently
(Ruiz et al. 2015b). The new device, also shown in part (a) of Fig. 1, is called tuned liquid
damper with floating roof (TLD-FR) and consists of a traditional TLD with the addition of
a floating roof. Since the roof is much stiffer than water, it prevents wave breaking, hence
making the response linear even at large amplitude of motion. The roof also makes pos-
sible the addition of supplemental devices with which the level of damping for the liquid
motion can be substantially augmented to match desired optimal values.

Independent of the type of liquid damper, a common characteristic shared by all of them
(Chang 1999; Ruiz 2015), and another potential disadvantage, is that only a portion of the
total liquid mass contributes in directly controlling the dynamic response of the building.
For example for liquid column dampers this is related to the portion of liquid within the
horizontal part of the tube whereas for TLDs-FR to the mass participating in the funda-
mental mode of liquid-vibration, which is related to the tank geometry. This means that for
the same total mass, a TMD will offer always greater vibration suppression (Chang 1999;
Ruiz 2015). At the same time, though, liquid dampers have smaller installation and
maintenance cost (Chang 1999; Love and Tait 2010; Wang et al. 2015; Soto and Adeli
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2013). Therefore proper comparison of these devices needs to consider the performance
over their entire lifetime, incorporating the different level of vibration suppression offered
by each but also the different upfront cost characteristics. Though researchers have
examined the life-cycle benefits of adding mass dampers (Lee et al. 2012; Tse et al. 2012),
no studies exist that have explicitly considered the design based on life-cycle performance
criteria, especially examining seismic applications or the comparison of dampers with
different upfront cost characteristics. Life-cycle cost based seismic design has been
becoming, though, increasingly popular (Ang and Lee 2001; Fragiadakis et al. 2006),
especially in the context of evaluation of the effectiveness of supplemental seismic pro-
tective devices (Shin and Singh 2014; Gidaris and Taflanidis 2015). This approach con-
siders in the decision making the contributions from the initial (upfront) cost as well as the
expected direct and indirect losses due to future seismic events, and therefore has the
potential to support a comprehensive assessment of the benefits for different mass damper
implementations, providing a socio-economic justification for their adoption.

This paper seeks to address the gaps identified in the previous paragraphs, and sets two
goals for a detailed evaluation of the performance of linear mass dampers for the Chilean
region: (a) validate the seismic potential considering the characteristics of regional ground
motions, and (b) offer a comprehensive life-cycle design/assessment adopting a multi-
criteria approach. Goal (b) is the main emphasis on the study, establishing a consistent
comparison between TLDs-FR and TMDs considering, as discussed in the previous
paragraph, the differences in upfront cost and vibration suppression capabilities. Lever-
aging the linear behavior of the TLD-FR a simple parameterization of the equations of
motion is established enabling the formulation of a common design framework for all types
of linear mass dampers. Life-cycle performance is quantified through the probabilistic
framework developed by Taflanidis and Beck (2009) with the seismic hazard represented
through a stochastic ground motion model that is calibrated here to offer hazard-com-
patibility to ground motion prediction equations (attenuation relationships) available for
Chile (Boroschek and Contreras 2012). Two different criteria related to life-cycle per-
formance are utilized in an effort to support a comprehensive comparison between the
examined devices. The first one, representing overall direct benefits, is the total life-cycle
cost of the system, composed of the upfront device cost and the anticipated seismic losses
over the lifetime of the structure. The second criterion, incorporating risk-averse concepts
into the decision making (Cha and Ellingwood 2012; Gidaris et al. 2014), is related to
consequences (repair cost) with a specific probability of exceedance over the lifetime of the
structure. A multi-objective optimization is therefore established, facilitating a detailed
evaluation of the upfront damper cost on the established performance, and therefore the
intended comparison between different mass dampers.

In the next section, the potential efficiency of mass dampers for the Chilean region is
examined and the appropriateness of the stochastic ground motion model that will be used
for the life-cycle assessment is evaluated. Then Sect. 3 briefly reviews the numerical
modelling for the TLD-FR. In Sect. 4 the multi-objective design theoretical framework and
its computational implementation are discussed and in Sect. 5 the hazard-compatible
ground motion model for Chile is developed. Finally, Sect. 6 presents the case study,
considering an existing building in the Santiago area, and provides answers for the seismic
potential of TLDs-FR as a protection device for Chilean buildings. Within this case study,
the impact of structural uncertainties on the design and associated performance is also
examined, an issue of acknowledged importance for mass dampers (Chakraborty and Roy
2011; Debbarma et al. 2010).
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2 Effectiveness of mass dampers for suppressing vibrations
for earthquakes in the Chilean region

As it was mentioned in the introduction, the effectiveness of mass dampers in controlling
transient seismic vibrations depends upon the characteristics of the excitation; the correct
tuning of the mass damper properties is mandatory but not sufficient to guarantee a good
performance. Considering this challenge the potential of mass dampers for seismic
applications for Chilean buildings is verified in this section. A particular assumption here is
that the mass of the mass damper is only a small percentage of the mass of the primary
structure. Though high efficiency in consistently suppressing seismic vibrations (i.e.,
independently of the characteristics of the excitation) has been reported when large masses
are adopted (Matta 2011; De Angelis et al. 2012) and innovative approaches have been
developed to accommodate the addition of such large masses (Matta and De Stefano 2009)
or create an equivalent effect though incorporation of a passive inerter (Marian and
Giaralis 2014), for the applications examined here (emphasis on TLD-FR) such an
adoption should be considered as impractical.

The effectiveness of mass dampers for Chilean buildings is directly related to the
seismicity of the region and the characteristics of typical earthquake ground motions. This
seismicity is associated with the subduction zones at the Chilean coast which result in
strong and long-duration excitations (Leyton et al. 2009), with far-field characteristics:
(a) rupture distances for major events greater than 30 km for most important cities (Bor-
oschek and Contreras 2012), (b) ground motion records that lack pulse-like waveforms in
the velocity time histories and (c) large durations. These characteristics indicate that the
implementation of mass dampers to control the seismic response of Chilean buildings has
the potential to provide substantial benefits. This is further validated by examining the
performance of the structure that will be considered in the case study later (Sect. 6)
equipped with a TMD with mass equal to 1 % of the total mass of the building and
optimally designed for stationary base-excitation. Three different sets of ground motion are
considered in the comparison. The first set, denoted as Chilean records, corresponds to 11
typical Chilean ground motions taken from the RENADIC (National Accelerograph Net-
work at the Department of Civil Engineering, Universidad de Chile) database, associated
with different important seismic events in Chile the past 30 years. The second set, denoted
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as World records, corresponds to an additional 11 ground motions, most of them from the
US West coast and many of them including a pulse-like components (seismic events at
near-fault region). Details about both these sets are provided in (Ruiz 2015). The third, and
final, set of ground motions, denoted as Chilean synthetic, are obtained employing the
stochastic ground motion modeling procedure that will be described in Chapter 6 that
provides excitations compatible with the Chilean seismic hazard. The characteristics of
these motions (moment magnitude and rupture distance) mirror the one from the first set.
Seismic performance is evaluated using inter-story drifts and floor acceleration (maximum
responses over all floors are used) and both these quantities are evaluated either as
instantaneous peak responses or average RMS (root mean square) responses. The per-
centage reduction through the introduction of the damper is used to quantify the damper-
efficiency and results are presented in Fig. 2. Note that positive values for this reduction
correspond to benefit from the addition of the damper.

Comparing the first two sets of motion, it is evident that for peak drift-responses
significant reduction is established for Chilean records over all examined ground motions,
with values as high as 30 %, whereas for World records minimal improvement is overall
reported (or even amplification of the response for some instances). When looking at RMS
responses the benefit from the mass damper implementation is significantly improved,
especially for World records. This validates the arguments made above; earthquakes that
are typical in Chilean region accommodate the reduction of peak seismic responses (not
just RMS responses) though inertia devices. Note that this improvement is relatively
smaller for the peak acceleration responses when compared to the peak drift responses.
This should be attributed to fact that the acceleration responses are impacted by higher
modes which the TMD cannot control. This feature has on its own important implications:
even for excitations for which TMDs can provide improvement of structural responses, this
improvement is expected larger for drift demands rather than acceleration demands.
Comparing further the first and third sets of motion shows that the trends for the actual
(Chilean records) and the synthetic motions (Chilean synthetic) are similar, demonstrating
that the synthetic motions provided by the ground motion modeling scheme developed in
Sect. 5 establish a similar behavior for a structure equipped with mass dampers as the
response obtained from regional earthquakes. This is an important feature, showing that the
developed ground motion model should be considered to be able to describe adequately the
seismic hazard for the application examined in this paper.

3 Equations of motion for a structure with a TLD-FR and relationship
to other type of mass dampers

This section reviews the equation of motion for a TLD-FR and established a unified
representation for all type of linear mass dampers to support the intended seamless com-
parison between them. Formulation here assumes a planar structural model, though mass
dampers (especially TLDs-FR) can be potentially considered for bi-directional control
applications.

3.1 Equation of motion for TLD-FR

The schematic of the TLD-FR is shown in Fig. la. Its dynamic characteristics depend on
the tank geometry, the roof stiffness, the height of the liquid within the tank as well as the
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characteristics of the external dampers. The numerical model for the TLD-FR is presented
in detail in (Ruiz et al. 2015b). Experimental validation of this model has shown (Ruiz
et al. 2015b) that the introduction of the roof of the TLD-FR prevents wave breaking
phenomena, resulting in a practically linear response even at larger amplitudes. Addi-
tionally, the roof helps suppress higher modes of vibration while having negligible impact
on the fundamental mode, as also shown in Fig. 1b; in that plot TLD and TLD-FR have
identical response for 1st mode but higher modes are suppressed for the TLD-FR. Taking
advantage of the linear characteristics of the response and through modal analysis and
proper truncation (retaining only the first, dominant mode, which is also the mode tuned to
the structure), the dynamic behaviour of the TLD-FR can be approximated though a single
degree of freedom model as shown in detail in (Ruiz et al. 2015b). A key point related to
this behaviour is that only a portion of the liquid mass participates in the sloshing in this
mode, something that ultimately reduces the efficiency of the device. This may be
equivalently interpreted by distinguishing the total mass to two different components
(Housner 1957): one that is rigidly attached to the tank walls (impulsive mass) and another
one attached by a spring and a damper (convective mass).

A simplified parameterization of the equation of motion of the TLD-FR can be further
established (Ruiz et al. 2015b) through only four parameters: three of them are the tra-
ditional parameters used to describe linear mass dampers, the total liquid mass m (or more
general mass of the damper), the natural frequency w,, and the damping ratio &,,, while the
fourth parameter is called efficiency index y and is related to the amount of liquid that
participates in the sloshing in the fundamental mode. All these parameters can be related to
the tank geometry and damper properties (Ruiz et al. 2015b). A review of this parametric
formulation along with basic details for the equations of motion for the TLD-FR is offered
in Appendix A. Herein the parametric formulation will be utilized for describing the TLD-
FR, understanding that these parameters depend ultimately on the tank geometry charac-
teristics, with the latter readily identified once an appropriate parametric description is
chosen.

Through this modal truncation and parameterization the equation of motion for the
TLD-FR can be finally described as (Ruiz et al. 2015b):

y11+2€mwnlyn+w;2~ylyn :_’;ib (1)

where i, corresponds to the acceleration at the base of the TLD-FR and y, represents a
modal quantity related to the response of the floating roof. This can be viewed ultimately as
an equivalent generalized displacement for the roof [full details for the definition are
included in (Ruiz et al. 2015b)]. The transmitted force F at the base of the TLD-FR, used to
couple its behavior to the vibration of the structure it is placed upon, is given by (Ruiz et al.
2015b):

Ffm = —=y3, — iy (2)

This transmitted force exhibits a dependence on the efficiency index. An efficiency
index equal to unity indicates that the whole liquid mass has a dynamic effect on the
transmitted force; this is identical to the traditional case for the TMD (Chang 1999),
described through (1) and (2) but with y = 1 and y,, corresponding to the relative response
of the secondary mass. This set of equations is also identical to the one that can be derived
to describe the behavior of liquid column dampers (TLCDs/LCVAs) (Taflanidis et al.
2007), in this case with the efficiency index related to the percentage of the total mass that
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participates in the liquid vibration in the horizontal direction (horizontal part of the tube)
and y, related to the displacement of the liquid column.

Therefore, through the introduction of the efficiency index y a common characterization
of three different mass dampers is accomplished through Egs. (1) and (2) with the TMD
corresponding to y = 1. For the same mass m larger values of efficiency index correspond
always to higher performance for properly designed (i.e. tuned) mass dampers (Taflanidis
et al. 2007; Chang 1999; Ruiz 2015), in other words the TMD will always outperform
liquid dampers of the same mass. Should be also stressed that TLDs-FR can be easily
configured to provide larger values of 7y [as high as 0.6-0.8] (Ruiz 2015) something that is
challenging for liquid-column dampers [values close to 0.4-0.6 are more reasonable for
their implementation]. Herein the discussion will focus on TLDs-FR, with the under-
standing, though, that through the representation by Egs. (1) and (2) all aforementioned
mass dampers are simultaneously covered.

3.2 Equation of motion for structure with a TLD-FR (mass damper)

Consider now an n-degree of freedom structure with a TLD-FR, located in a particular
floor described through the location vector L € R ™ (row vector of zeros with a single 1, at
the floor of the TLD-FR). Linear structural behavior is assumed here since it has been
shown that for the Chilean region modern design/construction practices results in structures
that demonstrate practically linear behavior even under strong excitations (EERI Special
Earthquake Report 2010). Let u € R™! denote to the vector of displacements (relative to
the ground) of each floor, R € ™! the vector of earthquake influence coefficients and M,
C, and K, the "™ mass, damping and stiffness matrices, respectively. Using (2) for the
force transmitted from the TLD-FR to the structure while expressing as i, = L(ﬁ + Rijg)
the acceleration at the base of the TLD-FR in both (1) and (2) the system of equations of
motion for the structure equipped with the TLD-FR (or general mass damper) is (Taflanidis
et al. 2007)

M+ L'mL L'my il [c 0 il [K 0][u
L IS 0 2&,0m | | Y, 0 ||

__[(M+LTmL)R}.t.

- 8

LR 3)

A dimensional characterization may be then established by using m = r-m, and
W, = o-w;, where m, is the total structural mass and w; the fundamental structural
frequency. The variables r and « represent the mass and frequency ratios, respectively.

4 Multi-criteria design based on life-cycle performance metrics

4.1 Probabilistic characterization of life-cycle performance

Quantification of seismic risk and through that of the life-cycle performance is established
through the framework discussed in (Taflanidis and Beck 2009). The framework, shown in
Fig. 3, is based on adoption of appropriate models for the seismic excitation (hazard

analysis), structural system (structural analysis) and loss evaluation (damage and loss
analysis), and on assigning appropriate probability distributions to the parameters that are
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Fig. 3 Schematic for risk quantification framework

considered as uncertain in these different models. The latter uncertainty characterization
supports ultimately the seismic risk quantification. Structural behavior is evaluated through
time-history analysis and seismic consequences through an assembly-based vulnerability
approach (Porter et al. 2001), whereas for providing an appropriate within this context
description of the seismic excitation (acceleration time-histories) a stochastic ground
motion modeling approach is utilized, established by modulating a high-dimensional white
noise sequence through functions that address the frequency and time-domain character-
istics of the excitation. The ground motion model involves as inputs seismological char-
acteristics, the moment magnitude M and the rupture distance r,,,, and can be tuned, as
will be discussed in Sect. 5, to provide a hazard compatibility by establishing a match to
regional ground motion prediction equations. Adoption of probability distributions for the
seismological parameters facilitates then a comprehensive probabilistic description of the
seismic hazard (Jalayer and Beck 2008).

In this context, let @ lying in @C R" denote the augmented vector of continuous
uncertain model parameters with probability density functions (PDFs) denoted as p(0),
where @ denotes the space of possible parameter-values. This vector includes all the
different parameters (either seismological, or structural) that are considered as uncertain as
well as the white noise sequence utilized in the ground motion model. Also, let the vector
of controllable parameters for the mass damper referred to herein as design variables, be
x € X C N™, where X denotes the admissible design space. Ultimately x includes the mass
m (or mass ratio r), the natural frequency w,, (or frequency ratio o), the efficiency index 7y
and the damping ratio &,,. For a specific design configuration x the risk consequence
measure, describing the favorability of the response from a decision-theoretic point of
view, is given by 54,(0, x). Each consequence measure /,(.) is related to (1) the earthquake
performance/losses that can be calculated based on the estimated response of the structure
z (performance given that some seismic event has occurred), as well as to (2) assumptions
made about the rate of occurrence of earthquakes (incorporation of the probability of
seismic events occurring). Seismic risk, H,(x), is then described through the expected
value of the risk-consequence measure, given by the generic multi-dimensional integral
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H,(x) = / 7,(0,)p(6)d0 (4)

Through different selection of the risk consequence measure different risk quantifica-
tions can be addressed within this framework, supporting the estimation of all necessary
life-cycle performance metrics.

4.2 Life-cycle performance design metrics

The main metric utilized in the design formulation is the total life-cycle cost
C(x) = Ci(x) + Cy(x), provided by adding the initial (upfront) cost C;(x), which is a
function of the dimensions of the mass damper (mainly its total mass), and the cost due to
earthquake losses over the life-cycle of the structure C,(x). For a Poisson assumption for
occurrence of earthquakes (i.e., independent occurrence of seismic events), as considered
in the example later, the present value Cy(x) of expected future seismic losses is given by
integral (4) with associated risk consequence measure definition (Goulet et al. 2007)

1 — e Tdlige
he(0,%) = Cr(0,X) vty [7} (3)
Tatiife
where r, is the discount rate, #;, is the life cycle considered and C,(0,x) is the cost given
the occurrence of an earthquake event. For estimating the latter an assembly-based vul-
nerability approach is adopted as discussed earlier. According to this approach the com-
ponents of the structure are grouped into damageable assemblies, which consist of
components of the system that have common vulnerability and repair cost characteristics
(e.g. ceiling, wall partitions, etc.). Different damage states are designated to each assembly
and a fragility function (quantifying the probability that a component has reached or
exceeded its damage state) and repair cost estimates are established for each damage state.
The former is conditional on some engineering demand parameter (EDP), which is related
to peak characteristics for the structural response (e.g. peak interstory drift, peak floor
acceleration, etc.). Combination of the fragility and cost information provides then C,(0,x).
Consideration of only the life-cycle cost as performance objective facilitates what is
commonly referenced as “risk-neutral” design, which assumes that preference is assessed
only through quantities that can be monetized. Frequently nontechnical factors, such as
social risk perceptions, need to be taken into account that lead to more conservative
designs (risk aversion), since risk-neutral design does not explicitly address the unlikely
but potentially devastating losses that lie on the tail of the losses/consequence distribution
(Cha and Ellingwood 2012). Motivated by this realization the incorporation of an addi-
tional performance objective corresponding to repair cost with specific probability of
exceedance over the life-cycle of the structure was suggested in Gidaris et al. (2014). This
approach is adopted here. Based on the Poisson assumption of seismic events, the prob-
ability of the repair cots C, exceeding a targeted threshold Cy,,..,(X) over the considered
lifetime of the structure is

PIC, > Capesn (%)%, 1] = 1 — exp0P1Cr > Comu(K)x cvend (6)

where P[C, > Cyresn(X)|X, event] is the probability of exceeding the repair threshold given
that a seismic event has occurred, which is given by the generic risk integral (4) with risk
consequence measure
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h(0,x) = I1c(0,x) (7)

corresponding to an indicator function, being one if C(0, X) > Cy,.sn(X) and zero if not.
4.3 Multi-objective design problem

The multi-criteria design is expressed ultimately as

X" = argmin{C(x) = C;(x) + C;(X), Cinresn(X)}"
xeX (8)

such that P[C, > Cypresn(X)|X, tiire] = po

where C(x) [first objective] is the life-cycle cost and Cy,.s:(X) [second objective] is the
repair threshold with probability of being exceeded p, over the lifetime of the structure.
This multi-objective formulation leads ultimately to a set of points (also known as dom-
inant designs) that lie on the boundary of the feasible objective space and they form a
manifold, which is called Pareto front. A point belongs to the Pareto front and it is called
Pareto optimal point if there is no other point that improves one objective without detri-
ment to the other. The motivation behind the multi-objective formulation of the problem is
that the decision-maker (e.g. building owner) can choose among a range of TLD-FR
configurations (Pareto optimal solutions) that describe different decision making attitudes
towards risk.

4.4 Computational approach for the multi-objective design problem

Optimization (8) requires different risk metrics, C(x) and Cy,,es(X), Whose estimation
involves calculation of a probabilistic integral of the form (4). Stochastic simulation is
adopted here for this estimation: using a finite number, N, of samples of @ drawn from
proposal density ¢(0), an estimate for the risk integral of interest [expressed through
generalized form of (4)] is:

A0 = L5 (x,0) 20 o)

N "7 Tq(0)
where @ denotes the sample used in the jth simulation and {0'; j = 1,...,N} represents the
entire sample-set. The proposal density ¢(0) is used to improve the efficiency of this
estimation [reduce the coefficient of variation of that estimate], by focusing the compu-
tational effort on regions of the @ space that contribute more to the integrand of the
probabilistic integral in (4)-this corresponds to the concept of importance sampling (IS). To
avoid numerical problems use of IS densities should be utilized only for the considered as
probabilistically important model parameters and use ¢g(-) = p(-) for the rest. Further
details on selection of such IS densities for seismic applications can be found in Taflanidis
and Beck (2009).

The design problem in (8) is ultimately solved by substituting the stochastic simulation
estimates of form (9) for the required probabilistic integrals. The existence of the pre-
diction error (stemming from the stochastic simulation) within the optimization (resulting
in a so-called stochastic optimization problem) is addresses by adopting an exterior
sampling approach (Spall 2003), utilizing the same, sufficiently large, number of samples
throughout all iterations in the optimization process, i.e. {9’ ;J = 1,...,N} for (9) is chosen
the same for each design configuration examined, therefore reducing the importance of the
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estimation error in the comparison of different design choices (creating a consistent error in
these comparisons).

Furthermore, for supporting an efficient optimization an approach relying on kriging
surrogate modeling is adopted following the guidelines discussed in Gidaris and Taflanidis
(2015). The surrogate model is established here to provide an approximate relationship
between the design selection x (input to the surrogate model) and the risk quantities needed
in the optimization (8), Cy,.s,(X) and C/(x) (outputs for the surrogate model) and is
developed through the following approach. A large set of design configurations (1000 in
the case study discussed later) for the TLD-FR is first established to serve as support points
for the kriging, utilizing a latin hypercube sampling in X. The response of each design
configuration is then evaluated through time-history analysis, and then the risk quantities
C; and Cy,q, are calculated. Using this information the kriging metamodel is developed.
This metamodel allows a highly efficient estimation of the risk measures of interest
(thousands of evaluations within minutes) and is then used within the multi-objective
optimization (8), coupled with an appropriate assumption for the upfront damper cost (used
to calculate the overall cost C). Note that the metamodel is independent of the upfront
damper cost assumptions so needs to be built only once for all the cases considered with
respect to the latter. The multi-objective problem can be then solved through any appro-
priate method, for example through a blind-search approach or through the implementation
of a genetic algorithm (Coello et al. 2002; Marler and Arora 2004).

5 Hazard-compatible ground motion modeling for Chile

Seismic hazard in the proposed framework (Fig. 3) needs to be described in terms of
acceleration time-histories. As discussed in Sect. 4.1, a stochastic ground motion modeling
approach is utilized here for this purpose. In particular a site-based modeling approach is
adopted (Papadimitriou 1990; Rezaeian and Der Kiureghian 2010). The essential com-
ponent of this approach is the development of the predictive relationship between the
parameters of the model (8, in Fig. 3), representing characteristics such as the duration of
excitation or Arias intensity, and the seismological parameters (8,, in Fig. 3), such as
moment magnitude, M, and rupture distance, r,,. These predictive relationships are
ultimately established by considering site-specific characteristics of the seismic hazard and
regional recorded ground motions. This is formulated as optimization problem where the
coefficients in the predictive relationships (connecting 0, to 0,,) are identified to provide
the desired match.

Here, the framework from (Vetter et al. 2015) is adopted for this optimization, with site-
specific compatibility provided through regional ground motion predictive equations
(GMPEs), an approach for tuning of ground motion models initially presented in Scher-
baum et al. (2006). Such GMPEs (frequently also referenced as attenuation relationships)
provide estimates of the peak ground and spectral acceleration as a function of 0,, and
represent the established approach for developing seismic hazard maps (Power et al. 2008).
Therefore compatibility of the response predictions provided by ground motion models to
such GMPE:s is facilitating a hazard-compatible description. The framework in Vetter et al.
(2015) supports a computationally efficient tuning of any stochastic ground motion model
to match the GMPE estimates for a specific structure (defined through the structural
periods of interest) and a specific seismicity range (defined by selected value ranges for
M and r,,,). In this approach, the objective function for the predictive relationship
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optimization corresponds to the discrepancy between the GMPE and the mean predictions
of the synthetic excitations provided through the stochastic ground motion model. In
addition, the optimization problem incorporates as constraints (Vetter et al. 2015) the
requirement that the resulting predictive relationships follow regional observed trends for
the relationship between 0,, and 0,. This is an essential component of the approach so that
the resultant ground motions have realistic characteristics.

Following this methodology, a versatile stochastic ground motion model based on the
suggestions by Papadimitriou (1990) is tuned to match the GMPE presented recently for
Chile in (Boroschek and Contreras 2012). This model addresses both temporal and spectral
non-stationarities. The former is established through a time-domain modulating envelope
function while the latter is achieved by filtering a white-noise process by a filter corre-
sponding to multiple cascading SDOF oscillators with time-varying characteristics. A
quick review of the model is offered in the Appendix B, including the functional form of
the predictive relationships adopted as well as the optimized coefficients obtained. Results
from this hazard compatibility are presented in Fig. 4 for the case study that is examined in
the next Section. The intended match of the stochastic ground motion predictions to the

(b)
S, @ =25

rkm) 50 ~g M v (km) 0 6 M

rup

Fig. 4 Results for hazard compatible ground motion modeling for a range of different M-r,,,, values. Top
row (parts a and b) show comparison between GMPE and mean responses of the ground motion model for
peak ground acceleration PGA (part a) and peak spectral acceleration S,,, for 5 % damped elastic SDOF
with period Ty = 2 s (part b). Bottom row (parts ¢ and d) shows the resultant predictive equations for Arias
intensity I, (part d) and significant duration Ds_95 (part d) as surface plots as well as samples from regional
(recorded) ground motions
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desired GMPE is established for the peak ground acceleration (PGA) and the peak spectral
acceleration S, for 5 % damped elastic SDOFs with period T, 2 s, chosen close to the
fundamental period of the structure of interest, and for M and r,,, in the ranges anticipated
to contribute to the seismic risk in this case study. Top row of Fig. 4 [parts (a) and (b)]
shows the match of the mean responses of the ground motion model to the GMPE and
bottom row [parts (c) and (d)] compares the predictive relationship for two of the model
parameters (Arias intensity and significant duration) against available samples from
regional ground motions. A very good match to the GMPE is reported, whereas the
predictive relationships show very good compatibility with observed regional trends.
Furthermore, the comparison between the synthetic ground motions obtained from the
optimized ground motion model and regional earthquakes demonstrate, similarly, a good
match when examining the response of a structure with a mass damper in Fig. 2 earlier,
(compare the Chilean records and Chilean synthetic sets there). These overall comparisons
show that the adopted ground motion modeling approach provides a hazard description that
should be considered appropriate for the life-cycle performance assessment for mass
dampers in the Chilean region.

6 Case study

As case study the design of a TLD-FR for a 21-story structure located in Santiago is
considered. The building corresponds to an existing structure (Zemp et al. 2011) with
tapered elliptical shape, length 76.2 m and average depth 20 m (this dimension varies
across the length), and has already a TMD installed in its last floor across its slender axis.
Same implementation is examined here. Next the numerical and probability models
adopted for the seismic hazard and the structure are reviewed, and then results for different
assumptions for the upfront cost, ranging from typical values for TMDs to anticipated cost
for TLDs-FR, are discussed in detail.

6.1 Seismic hazard model

Seismic events are assumed to occur following a Poisson distribution and so are inde-
pendent of previous occurrences. The uncertainty in moment magnitude M is modeled by
the Gutenberg-Richter relationship truncated on the interval [M,,;,, M,...] = [5.5, 9.0],
(events smaller than M,,;,, do not contribute to the seismic risk) which leads to
p(M) = bye M [(e=buMuin — g=buMuar) and expected number of events per year
y = e buMuin _ pau—buMue  The regional seismicity factors by, and ay, are chosen by
averaging the values for the seismic zones close to Santiago based on the recommendations
in (Leyton et al. 2009). This results to by, = 0.8 log.(10) and a;; = 5.65 log.(10).
Regarding the uncertainty in the event location, the closest distance to the fault rupture,
T'vyp, for earthquake events is assumed to follow a beta distribution in [30 250] km with
median r,,,; = 100 km and coefficient of variation 35 %. Time-histories are obtained
through the model discussed in Sect. 5. This seismic hazard characterization (probability
model for M and r,,, along with the adopted stochastic ground motion model) results in
peak ground acceleration (PGA) with probability of exceedance 10 % in 50 years equal to
0.45 g, which is in agreement with seismological estimates for the seismic risk in Santiago
(Ordaz et al. 2014).
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6.2 Structural and loss evaluation models

Linear structural model is assumed with lumped masses per floor having nominal values
1124 ton for ground level, 1805 ton for 2nd—5th story, 1753 ton for 6th-9th, 1675 ton for
10th story, 1616 ton for 11th—14th story, 1579 ton for 15th—18th story, 1527 ton for 19th
story, 1158 ton for 20th story and 710 ton for 21th story. The stiffness matrix has been
obtained by the design firm responsible for the project through the use of a commercial
structural analysis software and has been subsequently structurally condensed to a planar
model considering only one lateral displacement for each floor. This condensed stiffness
matrix is then adjusted to take into account the effect of cracked concrete section and
match the experimentally identified fundamental structural period which is 2.1 s (Zemp
et al. 2011). The damping matrix is modeled through Rayleigh assumption by assigning an
equal damping ratio for the first and second mode with a nominal value equal to 3 %. For
this nominal model the first three modes (and participation factors in parenthesis) are
2.10 s (77 %), 0.54 s (16 %) and 0.25 s (5 %).

To examine the impact of structural uncertainties on the damper design two cases are
examined for the structural model. The first case utilizes no uncertainties in the structural
model, simply directly adopts the nominal values discussed above. This is referenced
herein as nominal structure and denoted by abbreviation NS. The second case additionally
considers uncertainty in the structural model description, particularly in the damping and
stiffness matrices. This is referenced herein as probabilistic structure and denoted by
abbreviation PS. For the uncertainty in the damping characteristics each damping ratio is
modeled as Gaussian random variable with coefficient of variation 10 % and mean value
the nominal one discussed above. For the uncertainty in the stiffness matrix a simplified
characterization is adopted, understanding that the main dynamic property impacting the
efficiency of mass dampers are the modal frequencies (since they are directly related to the
tuning of the damper). Each modal frequency is treated as a Gaussian random variable with
mean value the one resulting from the nominal structural model described above and
coefficient of variation 10 %.

Table 1 Characteristics of fragility curves and expected repair cost for each story

Damage state EDP Br o ney Repair
cost ($/n,;)

Partitions
1 (small cracks) IDR* 0.21 % 0.60 350 m? 22.30
2 (moderate cracks) IDR 0.71 % 0.45 350 m? 60.30
3 (severe damage) IDR 12 % 0.45 350 m? 92.70
Contents
1 (damage) PFA? 0.70 g 0.30 100 1000
Ceiling
1 (some tiles fallen) PFA 055¢g 0.40 1500 m? 15.20
2 (extensive tile fallout) PFA 1.00 g 0.40 1500 m? 120.10
3 (total ceiling collapse) PFA 150 g 0.40 1500 m? 237.70

? IDR: peak interstory drift, PFA: peak floor acceleration
® 1., number of elements per story

@ Springer



958 Bull Earthquake Eng (2016) 14:943-970

The characteristics for the loss assessment model are reported in Table 1; lognormal
fragility functions are adopted with median f3; and standard deviation o for three different
damageable assemblies: partitions, ceiling and contents. For the first one the engineering
demand parameter is taken as the peak inter-story drift and for the latter two as the peak
floor acceleration. Note that damages to structural components are not included in this
study since as discussed earlier are expected to have minimum contribution (behavior
remains elastic even for stronger events). Variable n, in Table 1 corresponds to the number
of elements assumed per story whereas for each of the three different damageable
assemblies different damage states are considered and the total repair cost per assembly is
obtained by combining the contribution from all damage states. The fragility function
parameters for the partitions and the suspended ceiling system are based on the recom-
mendations in FEMA-P-58 (2012) whereas for the contents damageable subassembly the
fragility curve used is similar to the one selected in Taflanidis and Beck (2009).

The discount rate is taken equal to 1.5 % and the lifetime #;, is assumed to be 50 years.
The repair cost threshold is taken to correspond to probability p, = 10 % over ;7. The
life-cycle cost and Cy,.s, for the uncontrolled structure (without the dampers) are,
respectively, $2.11 x 10° and $1.22 x 10° for the probabilistic structure (PS) and
$2.02 x 10° and $1.13 x 10° for the nominal structure (NS).

6.3 Damper cost

The upfront damper cost is approximated to be linearly related (Tse et al. 2012; Wang et al.
2015) to the damper mass C;(x) = b.m and three different cases are examined for this
proportionality, b. = [1000 1750 2500] $/ton. The higher upfront cost case is assumed to
correspond to a TMD and is taken based on (Tse et al. 2012), additionally considering here
that implementation is unidirectional and has no smart components (purely passive
application). The other two, with lower installation cost, are representatives of a TLD-FR
application. Since no detailed information is available for full-scale TLD-FR implemen-
tations these estimates are taken here to correspond to reduction of 30 or 60 % over the
TMD case. This assumed reduction in the upfront cost is based on the argument, discussed
in the introduction, for the lower installation/maintenance cost of liquid dampers over
traditional TMDs.

6.4 Optimization details

The analysis is performed for three different efficiency indexes. The optimization is then
established over the remaining design variables (r, o and &,,). The ranges assumed for
developing the kriging metamodel (defining ultimately the admissible design space X) are
[0.2 1.2] % for r (it is assumed that greater than 1.2 % mass ratios are impractical to be
achieved and ratios lower than 0.2 % are too small for practical implementation) [1 8] %
for &,, and [0.94 1] for «. The frequency ratio o is defined as the ratio between damper
frequency and frequency corresponding to the fundamental mode of the nominal structural
model (i.e. ignoring uncertainties in the model description). Due to the simplified
assumption that the initial cost is related only to the total liquid mass (and not the exact
tank geometry) incorporation of the efficiency index as a design variable was redundant
since it is well-understood that a larger efficiency index would yield better results and
therefore corresponds to the optimal design. N = 10,000 samples are used for the
stochastic simulation and importance sampling densities g;, are formulated only for M and
T'ryp» Which are expected to be the uncertain model parameters influencing more seismic
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risk. The densities are chosen as truncated Gaussians in the range of each model parameter
with mean and standard deviation of 7.3 and 1, respectively, for M and 70 and 70,
respectively, for r,,,. These selections result in high accuracy estimation of the different
risk characterizations with coefficient of variation below 3 % for all cases examined. The
surrogate model to guide the optimization is established utilizing 1000 support points,
following Latin hypercube sampling in X, whereas a blind-search approach is adopted for
solving the multi-objective optimization problem. The accuracy of the developed surrogate
model is first evaluated by calculating different error statistics using the leave-one-out
cross-validation approach (Kohavi 1995). The accuracy established is ultimately high, with
coefficient of determination over 97 % for most approximated response quantities and
average error below 3 %. In addition, the accuracy of the estimated performance across the
identified Pareto front is examined for some targeted cases. Similarly, good agreement is
observed (less than 2 % error) for the estimated performance over the Pareto points.

6.5 Results and discussion

The discussion moves now to the results. Note that even though a complete Pareto-front is
identified in each of the examined cases (meaning different values of y and PS or NS
characterization of the structure) in some of the figures a limited number of thirty repre-
sentative designs are only used to describe each Pareto front in order to establish a more
clear representation.

The Pareto front (representative points) for the PS (left column) and NS (right column)
are shown in Fig. 5 for each of the three efficiency indexes considered (rows of each
column) and the three cases for the upfront cost (curves within each column). Note that
same scaling is used in all plots to facilitate a direct comparison. For the extreme designs
(risk neutral and risk averse) the associated mass ratio r is shown as well as in parenthesis
the decomposition of total cost to upfront (C;/C) and repair cost (C;/C). Then in Fig. 6
information about the optimal design configuration, i.e. optimal values of r, o and &,,, are
reported for the case of efficiency index y = 0.7 (results for other efficiency indexes follow
identical trends), for r as a variation against the corresponding Cy,.s,(X) value and for the
other two as variation against r (reasons for this representation will be explained later). All
Pareto-optimal configurations are shown (not just the representative ones from Fig. 5)
whereas case presented corresponds to the intermediate cost assumption of 1750 $/ton.
Note, though, that all other cases for the upfront cost yield identical results; upfront cost
does not impact the damper response and therefore has no influence on the optimal design
configuration, only on the associated total cost C(x) [it does not even influence Cyp5n(X)].
Also in Fig. 6 the damper displacement threshold y, g..s» With probability of being
exceeded 10 % over the considered 50 year lifetime is plotted [part (d) of the figure]. In
this case results for all three considered efficiency indexes are reported. The calculation of
threshold y,, /s, 1 performed in an identical manner as for Cy,,.,(X), simply by using for
each seismic event the respective response quantity (peak damper displacement) instead of
the repair cost.

The results in Fig. 5 demonstrate that the addition of a mass damper can provide a
considerable reduction for both C(x) and Cj,,..,(X) (compare these values to the ones
reported earlier for the structure without the damper). The exact reduction for C(x) de-
pends, of course, on the characteristics for the upfront cost, which does not impact, though,
Cinresn(X) (the latter depends only on the damper efficiency). Larger values for the TLD-FR
efficiency indexes yield, as expected, better life-cycle performance whereas reduction of
the upfront cost for the damper also contributes to similar trends. This better performance
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Fig. 5 Pareto front for different efficiency indexes (rows of each column) and different assumptions for
upfront damper cost. Results for PS are presented in the left column and results for NS in the right. Also
shown for the extreme designs are the corresponding mass ratio » and in parenthesis the decomposition of
total cost to upfront cost and life-cycle repair cost (C;/C, C,/C)

is also associated with a reduction of the spread of the Pareto front. The dominant design
variable along each Pareto front is the damper mass (see also discussion later) which is
directly related to the damper protection efficiency as well its upfront cost. As one moves
from risk-neutral towards risk-averse designs, the mass monotonically increases and ulti-
mately hits the considered boundary (mass ratio of 1.2 %). Note that in some instances
(low efficiency indexes or high upfront cost) even the risk-neutral design corresponds to
the boundary of the admissible design space, i.e. the mass ratio corresponding to the
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Fig. 6 Variation across the Pareto front of the optimal design configuration, mass ratio r (part a) damping
ratio ¢, (part b) and frequency ratio o (part ¢) as well the damper displacement (part d) with 10 %
probability of being exceeded over the lifetime of 50 years y,, ju.sn- Results correspond to PS, efficiency
index 0.7 and upfront damper cost of 1750 $/ton. For mass ratio r (part a) variation across the
Cinersn(X) value is reported whereas for all other cases variation with respect to r is reported. For the y, s esn
values for different efficiency indexes are also reported

smallest considered practical damper implementation for this case study. The stakeholder
can ultimately make a choice among the different candidate solutions along the Pareto
front by prioritizing the different competing objectives. This ultimately boils down to
selection of the damper mass; larger masses yield greater reduction of Cj,,., but a larger
overall life-cycle cost (due to increase of upfront cost). Note that, especially for larger
values of upfront cost b., moving towards risk-averse designs (smaller values for Cy,.p,)
contributes to a significant increase in the total life cycle cost C.

Comparison between the PS and NS cases (columns of Fig. 5) shows similar behavior,
with the former resulting in larger associated life-cycle cost and life-cycle losses threshold.
This demonstrates that for the probabilistic structure detuning effects for the damper,
stemming from the variability in the modal characteristics of the building, impact its
efficiency. This is particularly evident for larger values of the efficiency index 7y, which is
something anticipated. For such larger values of y the mass damper has greater potential
impact against suppressing structural vibrations, so any detuning has a more profound
effect on its performance. With respect to the cost decomposition across the Pareto front,
for cases corresponding to larger values of the upfront cost the initial cost from installation
of the dampers is a larger portion of the total life-cycle cost. This percentage increases as
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risk-averse designs are prioritized (i.e. for smaller values of the Cj,,.,, threshold), since
these cases correspond to installation of larger dampers. Same pattern (larger percentage
for the initial damper cost) also holds for higher values of the efficiency index; for dampers
with the same mass and the same initial cost characteristics, larger efficiency indexes imply
greater damper efficiency, leading to bigger reduction in earthquake losses and therefore to
a more dominant contribution of the damper installation cost against the total life-cycle
cost.

These results can be also utilized to facilitate the intended comparison between TMDs
and TLDs-FR. TMDs correspond to y = 1 and higher upfront cost (b. = 2500 $/ton for the
cases examined here) whereas TLDs-FR to lower values of y but also lower upfront cost,
(b. = 1750 $/ton or 1000 $/ton for the cases examined here, depending on what level of
savings can be established). Figure 7 combines the results of interest from Fig. 5 to
facilitate an easier comparison between these cases. As expected, for the same mass ratio
TMDs offer greater protection efficiency, which translates ultimately to lower values of the
threshold C,,.sn(X), though this might come at a higher overall cost due to the higher
upfront damper cost. Whether this is the case depends on both the efficiently index
established for the TLD-FR as well as the savings in the upfront cost. The lower upfront
cost (b, = 1000 $/ton) yields always a superior life-cycle performance (Pareto front for it
below the Pareto front corresponding to TMD); this means that same protection level can
be accomplished at a lower overall cost. For the intermediate upfront cost case (b. =
1750 $/ton) the outcome depends on the efficiency index accomplished; for y = 0.5 the
TMD outperforms the TLD-FR whereas for y = 0.7 the TLD-FR exhibits a slightly better
performance. This discussion shows that TLDs-FR should be considered as an economi-
cally competitive option to TMDs for enhancement of seismic performance as long as
proper design (avoidance of low efficiency indexes) can be accomplished. It also clearly
demonstrates the importance of the proposed framework for (1) establishing a comparison
of different type of dampers based on life-cycle cost concepts and (2) explicitly addressing
the upfront cost of the dampers in the analysis. Should be stressed that these outcomes
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=
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Fig. 7 Comparison of performance (in terms of corresponding Pareto fronts) of TMD (y = 1 and high
upfront cost) and TLD-FR with efficiency index either y = 0.7 (part a) or y = 0.5 (part b). For the TLD-FR
two cases for upfront cost are presented corresponding to savings of 30 or 60 % respectively over the TMD
implementation. a Comparison of TMD to TLD-FR with y = 0.5. b Comparison of TMD to TLD-FR with
y=0.7
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depend on the exact cost characteristics of the case study examined, and warrant a different
socio-economic evaluation in each implementation of interest, as well a more detailed
evaluation of the upfront cost for TLDs-FR.

Moving, now, to the optimal design characteristics (Fig. 6), the main design variable
distinguishing the behavior across the Pareto front is the mass ratio as each mass ratio is
uniquely associated with a performance level [level of protection and therefore
Cinresn(X) value]. This is expected as discussed earlier since this is the characteristic that
directly impacts both the upfront cost as well as the damper efficiency. This is the reason
the trends for the remaining design variables are reported as variation with respect to the
mass ratio. The frequency and damping ratios simply take proper tuning values for the
respective mass ratio and efficiency index (Chang 1999), showing further some variability
along a nominal trend. This observed variability stems from the fact that values for the
frequency and damping ratio close to the optimal yield very similar efficiency, whereas
these values do not impact the upfront cost. This leads to similar performance in the
objective space for a range of near-optimal values. With respect to the damper displace-
ment, an important issue when considering space-constraints for placement of the damper,
larger mass ratios or efficiency indexes result to lower demands, a characteristic well
anticipated (Chang 1999). Of course the impact of these demands depends really on the
characteristic of the case examined (architectural constraints) whereas one needs to
additionally consider that these displacements represent fundamentally different responses
for each type of mass damper. For TLDs-FR they are related to maximum vertical dis-
placements of the roof, which should be considered easier to accommodate compared to
the horizontal displacement of TMDs.

Based on the desired Pareto optimal solution and the associated optimal parametric
configuration the designer can finally select the tank configuration using the mapping
between the parametric space and the real geometry space discussed in Sect. 3. For
example, if the risk-neutral is chosen for the PS and the upfront cost case b. = 1000 $/ton,
then the optimal parametric configurations for y = 0.5 is r = 0.2 %, w,, = 2.98 rad/s
(corresponding to o = 0.996) and &,, = 3.34 %. For a rectangular tank (as the one shown
in Fig. 1b) these correspond to tank length L = 3.18 m, liquid height # = 1.55 m and
width 13.46 m. The optimal damping ratio ¢, can be then used to select the external
damper properties. Note that the desired width can be satisfied by using multiple tanks that
better fit any architectural constraints. If this geometric configuration is impractical based
on available space, then one can examine different tank geometries that can offer greater
versatility in selecting the tank characteristics (Ruiz et al. 2015c).

Finally, the effect of neglecting structural uncertainties is examined in Fig. 8. This
figure shows the performance established for the probabilistic structure (PS) for the
respective Pareto front (best performance that can be accomplished) as well as the design
corresponding to the optimal solution from the nominal structure (NS). The comparison
answers the question; what would have been the performance degradation if structural
uncertainties were neglected at the design stage (utilize design from NS) but really existed
(evaluate performance for the PS and compare to the respective Pareto front)? The results
show that the explicit consideration of uncertainties does improve the robustness of the
performance (Pareto curves are indeed different) with the effect being greater (larger
discrepancies between the curves) when the efficiency of the damper is greater (meaning
larger values of the efficiency index or smaller values for the Cy,,.,, Which, recall, cor-
responds to larger mass ratios). This result stresses the importance of a design framework
that can explicitly incorporate uncertainties related to the structural characteristics within
the problem formulation. The simulation-based approach discussed here can seamlessly
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Fig. 8 Impact of neglecting structural uncertainties in the design stage. Performance (in terms of Pareto
front) for efficiency indexes y = 0.7 (part a) and y = 1 (part b) and different assumptions for upfront
damper cost for the PS are shown. Pareto front from this design case (representing the reference
performance) as well as performance for the optimal solution corresponding to the nominal structure (NS)
are shown

facilitate this goal since it poses no constraints on the complexity of the probability and
numerical models that are utilized.

7 Conclusions

The life-cycle based assessment/design of TLDs-FR (or more generally mass dampers) was
discussed in this paper considering a risk characterizations appropriate for the Chilean
region. It was first demonstrated that considering the unique characteristics of the regional
hazard (long duration excitations without directivity-pulse components) mass dampers
offer an efficient seismic protection option even for reducing transient response charac-
teristics (peak response quantities). Afterwards, a multi-objective optimization problem
was formulated considering as design criteria the total life-cycle cost and consequences
(repair cost) for low-likelihood events. A simulation-based, probabilistic framework was
adopted for quantifying/assessing these criteria. Within this framework structural perfor-
mance is described through time-history analysis, adopting a comprehensive, assembly-
based vulnerability approach to quantify seismic losses in a detailed, component level. To
characterize the seismic hazard a stochastic ground motion models was calibrated to
provide predictions that are compatible with ground motion prediction equations (atten-
uation relationships) that have been recently proposed for Chile. For performing the design
optimization a surrogate modeling formulation was adopted, which further supports a
highly efficient design for different assumptions for the upfront damper cost. The overall
framework allows for adoption of complex numerical and probability models, facilitating a
comprehensive hazard characterization. In addition, it allows for explicitly considering all
important sources of uncertainty in the model description. For mass dampers applications
this means that uncertainties related to the dynamic characteristics of the primary structure
can be easily incorporated in the design problem formulation.
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Exploiting these features the life-cycle based assessment/design of mass dampers for a
21-story structure was examined in the case-study. The multi-objective formulation pro-
vided in the context of this example a range of Pareto optimal solutions, allowing the
building stakeholder to make the final choice prioritizing between the two competing
objectives; reduction of the total cost or improved protection against low likelihood but
high impact seismic events. Additionally, by considering different upfront damper cost, a
comparison between TMDs and TLDs-FR was established. Even though TMDs offer
enhanced performance for the same mass ratio, when considering the higher upfront cost
for them it was demonstrated that TLDs-FR ultimately have the potential to outperform
them (at least in the context of this case study); for the same life-cycle cost their appli-
cation corresponds to better overall protection. Therefore TLDs-FR should be considered
as an economically competitive option to TMDs for enhancement of seismic performance
as long as proper design (avoidance of low efficiency indexes for them) can be accom-
plished. In addition, explicitly considering uncertainties related to structural dynamic
characteristics was shown to provide enhanced robustness in the damper implementation.
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Appendix A: Parametric formulation for the equations of motion
for the TLD-FR

The numerical model for the TLD-FR has two components (Ruiz et al. 2015b). The first
component corresponds to the motion of the liquid and is described through a finite
element formulation that condenses the vibratory response to the motion of the liquid-
surface (Ruiz et al. 2015a), an idea first presented in (Almazan et al. 2007). The second
component corresponds to the vibration of the roof and is similarly described through finite
element principles, adopting a coincidental mess with the one used to describe the motion
of the liquid-surface. The effect of external dampers is also incorporated in this second
component. The two components are ultimately combined through the pressures created at
the common interface (liquid surface) to provide the final coupled numerical model (Ruiz
et al. 2015b).

Maﬁs+Cdl;ls+Kdns: _Ra’;ib (10)

where vector 1, contains the vertical nodal displacements at the free surface, ii, is the
acceleration at the base of the tank, matrices M,,, C,, K, are “equivalent” mass, damping
and stiffness matrices and vector R, is conceptually similar to an influence coefficient
vector. Full derivation of these matrices is included in (Ruiz et al. 2015b). The transmitted
force F a the base of the tank is:

F=—pdA, — pdBij, (11)

where p is the liquid density, d is the tank width, A is a row vector and B a scalar variable
both obtained through the aforementioned numerical formulation.

The parametric formulation is then established through modal reduction, keeping only
the first mode of the TLD-FR (the mode that is tuned to the vibration of the structure). Let
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® denote the eigenvector for the eigenvalue problem corresponding to mass and stiffness
matrices M, and K,. Then (10) is transformed into:

where
M, =®M,®; C,=®'C,d; K,=®'K,P;, R,=®R,; n,=®y (13)

The modal coordinate y can be further normalized as y, = y M,,/R,,, and by defining the
natural frequency in the fundamental sloshing mode as w,, = \/K,,/M,, and the damping
ratio as &, = C,/2M,, @y, (12) yields (1). It is evident through this formulation that
2¢&,,0,y, and wfnyn can be treated as damping and spring forces, respectively, for the mass
damper.

The expression for the transmitted force (11) also simplifies to

Ru | .. .
F:—pd[Ad)—] ¥, — pd Biiy (14)
M,
and setting as m = p dB the liquid mass and as y = A® (R,,/BM,,) the efficiency index

yields ultimately (2). Note that term ym can be equivalently considered as the convective
mass, i.e. the portion of the mass that has a dynamic contribution to the liquid vibration.

Appendix B: Details on stochastic ground motion model

According to the adopted stochastic ground motion model, the discretized time series of
the ground motion, d, (), is expressed as

Gg(1) = e(1,0,) Zk: ’Z[’_”"eg(”))] wliAr) S kAt<t<(k+1)Ar (15)
\/z i — 1;,0,(1;)))°
j=1

where [w,,(iA?): i = 1,2,..., Ny] is a white noise sequence, Az = 0.005 s is the chosen
discretization interval, e(1,0,) is the time-modulating function, and A[t — 7,0,(7)] is an
impulse response function corresponding to the pseudo-acceleration response of a single-
degree-of-freedom (SDOF) linear oscillator with time varying frequency wy(t) and
damping ratio {(t), in which 7 denotes the time of the pulse

Bt —7,0,(0)] —f’f(;()exp[—wfu)cf(r)(r—r)] sinfoy (/1= G000 e
o

=0; otherwise
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The time varying characteristics are

1
W — wr) T/ tmax

or(1) = 0, + (0p — @) (wp .

(17)
{(t) = op(t)/op(r)  where o (t) = W, + (0, — @) T/t

with w, (primary wave frequency), w, (secondary wave frequency), w, (surface wave
frequency), {, (primary wave damping), and {, (surface wave damping) ultimately cor-
responding to the primary model parameters for the filter, ¢,,,, corresponding to the time at
which maximum intensity of the ground motion is achieved and 7, = oy, f9s corresponding
to a sufficiently large time, chosen to be proportional to the time that 95 % of the Arias
intensity is reached, denoted t9s.

The time envelope e(t, ,)is parameterized by

2 (203)*7!

e(1,0,) = e(t, I, 00, 03) = Vi, ;m

2 exp(—a3t) (18)

where I'(.) is the gamma function, I, is the Arias intensity expressed in terms of g, and { o,
o3} are additional parameters controlling the shape and total duration of the envelope that
can be related to the strong motion duration, Ds_gs (defined as the duration for the Arias
intensity to increase from 5 to 95 % of its final value), and the peak of the envelope
function, 4,. The latter is defined as the ratio of time corresponding to the peak of the
envelope to the time corresponding to 95 % of its peak value. The pair {o,, a3} can be
easily determined based on the values of {Ds.s, 4,} (Vetter et al. 2015).

Ultimately, the ground motion model has as parameters 0, = {I,,Ds_os,
Ay Odurs ©p, Dy, O, CINC,} and the functional form for their predictive relationships are
chosen as

Table 2 Optimized coefficients (Coef.) for the predictive relationships of the stochastic ground motion
model parameters to achieve GMPE compatibility

Coef  Value Coef  Value Coef  Value Coef  Value Coef  Value
c1a —17.6734  c13 0.427 C33 —0.0464  c6; 3.1995 g, —3.6364
Cia 42932 ¢y, 0.7694 ¢4, —0.2706  c6 —0.0339 ¢35 0.211
c13 —0.0895 ¢ 0.5626 ¢4 0.0071 C63 —0.0336  cg3 —0.0195
Cia 0.0068  c23 —0.3978  cu3 0.027 c71 23025  c9, —1.8895
C1s —0.1565 a4 5.0729  c¢s; 37109 cq2 —0.3227 ¢y 0.0904
Cle6 0.0001 €31 —1.122 Cs2 —0.0079  ¢73 —0.0345 ¢35 —0.0175
c17 —2.7709  c3z —0.043 Cs3 —0.0119

@ Springer



968 Bull Earthquake Eng (2016) 14:943-970

ln(Ia) =cy1+ cl,ZM + C1,3 rup + C1,4rrupM + CI,SIM2 + Cl,6r,%up + C1,7 IH(M) +cig ln(rrup);
(

In D5,95) =c1 + C2y2M +c23 11’1(1 / rfup + C%A); ln(/up) =c31+ C3_’2M + €337 ups

In(0tgur) = ca1 + caoM + €437 up;

(
]1’1((})[,/27'5) =C5] +c5oM + C537 rup; 1H(COS/27'E) = Co,1 + C()A,ZM + C6,3 rup;
(

In CUr/277:) =c7,1+ C772M + C7.3 rup;

In({,) = cg1 + cs2M + ¢ 37mp; In((,) = co1 + CooM + Co 37
(19)

with the coefficients ¢;; i = 1,...,9, [ = 1,...,8 formulating the (regression) coefficient
vector ¢, representing ultimately the vector optimized to establish the desired hazard
compatibility. For the model tuning discussed in Sect. 5 (with results also presented in
Fig. 4) the optimized coefficients are shown in Table 2.
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