
Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Optimization of height-wise damper distributions considering practical
design issues

Felipe Saituaa, Diego Lopez-Garciaa,b,⁎, Alexandros A. Taflanidisc

a Dept. of Structural & Geotechnical Engineering, Pontificia Universidad Catolica de Chile, Chile
bNational Research Center for Integrated Natural Disaster Management CONICYT FONDAP 15110017, Chile
c Department of Civil & Environmental Engineering & Earth Sciences, University of Notre Dame, United States

A R T I C L E I N F O

Keywords:
Viscous damper optimization
Energy dissipation
Stochastic excitation
Second-order statistics
Column strengthening
Non-consecutive storeys

A B S T R A C T

This paper discusses the optimal height-wise distribution of supplemental viscous dampers in multistorey
building structures. Seismic excitation is modeled as stochastic stationary process and response statistics for
linear structural systems are obtained through state-space analysis. For nonlinear damper applications statistical
linearization is employed to accommodate a similar, state-space formulation. Emphasis is placed on three
practical design issues: (i) realistic quantification of damper upfront cost based on damper force capacity rather
than on the damping coefficient; (ii) investigation of bracing configuration schemes anchored at non-consecutive
floor levels; and (iii) consideration of the cost of column strengthening required to accommodate the additional
axial loads due to the supplemental damping system. Five different cost-based objective functions are defined to
address these issues and the impact of each of them on the optimal damper distribution is examined in detail.
Adjustments for estimation of peak responses when statistical linearization is used are also discussed. The op-
timal design problem considers the structural performance as a constraint, requiring that a target vibration
suppression be achieved through the damper addition. An extension to a multi-objective design optimization is
also discussed, incorporating the vibration suppression level as additional objective. The proposed approach is
illustrated considering an actual Chilean 26-storey building subjected to an excitation compatible with the
Chilean seismic hazard. Results show that damper distributions optimized considering realistic cost assessments
are more efficient (with respect to cost-based design objectives) than distributions optimized considering sim-
plified criteria. It is also demonstrated that consideration of practical issues such as column strengthening and
feasible damper force capacity have a considerable influence on the optimal distribution. Finally, results also
show that further cost reductions can be achieved with braces anchored at non-consecutive floor levels, and that
such reductions are consistent with predictions given by approximate analytical expressions.

1. Introduction

An increasingly popular approach to attenuate the effects of large
earthquakes on the built environment consists of equipping structures
with passive energy dissipation devices. Among them, fluid viscous
dampers are of special relevance; their proven efficacy and modeling
simplicity make them an attractive seismic protection device for new
and existing buildings [1–3]. The effectiveness of such dampers in re-
ducing the seismic response of multistorey buildings is sensitive to their
height-wise distribution [4,5], and a variety of optimization criteria
have been proposed in the literature for choosing this distribution. A
first group of distribution schemes, such as the uniform, the stiffness
proportional, or the storey shear proportional [5,6], distribute the total

damping coefficient (i.e., the sum of the damping coefficients of all
dampers) according to pre-selected simplified criteria, with the total
damping coefficient chosen so that a specific performance is achieved,
for example a specific increase of the damping ratio in some chosen
mode (typically the fundamental mode). Somewhat more sophisticated
alternatives, still belonging to this group, are the storey shear strain
energy distribution schemes [7], which have been shown to provide a
good compromise between efficiency of damper application and im-
plementation simplicity [6]. In a second group of distribution schemes
dampers (representing a portion of the total damping coefficient) are
sequentially placed at the location (i.e., storey) where the value of a
specific performance index reaches a maximum. Examples are the Se-
quential Search Algorithm (SSA) [8], the Simplified Sequential Search

https://doi.org/10.1016/j.engstruct.2018.04.008
Received 19 October 2017; Received in revised form 29 March 2018; Accepted 3 April 2018

⁎ Corresponding author at: Department of Structural & Geotechnical Engineering, Pontificia Universidad Catolica de Chile, Av. Vicuna Mackenna 4860 Macul,
Santiago RM 782-0436, Chile.

E-mail address: dlg@ing.puc.cl (D. Lopez-Garcia).

Engineering Structures 173 (2018) 768–786

0141-0296/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2018.04.008
https://doi.org/10.1016/j.engstruct.2018.04.008
mailto:dlg@ing.puc.cl
https://doi.org/10.1016/j.engstruct.2018.04.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2018.04.008&domain=pdf


Algorithm [9] and the Energy-Based Sequential Algorithm [10], with
performance indexes given by interstorey drift, interstorey velocity, and
dissipation rate of elastic strain energy, respectively. Finally, a third
group of distribution schemes establish a formal optimization proce-
dure based on some chosen performance objectives, incorporated into
the optimal design through proper selection of the objective and con-
straint functions. For instance, Takewaki [11] derived optimality cri-
teria and proposed an optimization scheme that minimizes the sum of
the amplitudes of transfer functions at the undamped fundamental
natural frequency. Singh and Moreschi [4] used genetic algorithms to
reduce the root mean square response of base shear and floor accel-
erations. Lavan and Levy [12] proposed an equivalent problem ap-
proach to minimize the total damping coefficient needed to keep in-
terstorey drifts within allowable levels and presented a gradient-based
solution procedure for an ensemble of ground motions. Gidaris and
Taflanidis [13] examined an optimization based on probabilistic life-
cycle performance criteria. In the same study they also considered the
minimization of the sum of root mean square responses of damper
forces constraining interstorey drifts and floor accelerations to target
performance levels.

A variety of different performance quantifications were adopted in
the aforementioned studies. Performance is frequently described with
respect to that of the uncontrolled structure [14,15], i.e., targeting a
specific improvement, though frameworks that evaluate globally the
favorability of the damper implementation also exist [13,16,17]. Sim-
plified approaches adopt a modal analysis philosophy, emphasizing the
damping ratio (or transfer function) at the fundamental mode. Other
methodologies use time-history analysis and peak response quantities
(interstorey drifts and absolute floor accelerations) to evaluate struc-
tural performance, the quantification of which ranges from simple ag-
gregation over an ensemble of ground motions representing future ex-
citations [18] to comprehensive risk analysis through probabilistic
frameworks [19] that might even include life-cycle performance con-
siderations [13,20]. Between these two extremes in terms of com-
plexity, i.e. simplified modal analysis and comprehensive time-history
analysis, another wide range of approaches evaluate performance using
random vibration theory, modeling the seismic excitation as a sta-
tionary stochastic process. In this case the response is typically quan-
tified in terms of variance or root mean square (RMS) values, though
more advanced quantifications such as first-passage probability have
also been suggested [20,21]. In most of these investigations emphasis
was placed on linear dampers, though studies that discuss nonlinear
damper implementations also exist. When the latter are combined with
a stochastic representation of the excitation, statistical linearization
techniques are typically adopted [22,23] to simplify the evaluation of
the response of interest.

This study investigates the optimal height-wise distribution of vis-
cous dampers in multistorey structures emphasizing design considera-
tions that are relevant in practical applications but have not been yet
fully explored in past studies. While many of these considerations are of
general relevance, focus is placed here on Chilean reinforced concrete
multistorey buildings. Since intent is to address practical applications, a
damper distribution approach appropriate for such a setting is adopted,
avoiding unnecessary modeling complexity that might reduce the ap-
plicability, for example need to examine a small only number of devices
[13] (i.e. have a small only number of design variables in the design
optimization to accommodate for the complexity stemming from the
adoption of complex models for describing structural performance).
This is facilitated by modeling structural performance through sta-
tionary response statistics. Within this context, the main topics ad-
dressed are: the cost of the supplemental dampers, the bracing char-
acteristics of the damping system, and the forces on structural members
due to the supplemental damping system.

Regarding the first aforementioned topic, though the importance of
explicitly incorporating the upfront damper cost has been demonstrated
in studies relying on advanced numerical modeling of structural

behavior [13,24,25], this cost is commonly ignored, or is only ap-
proximately addressed in simplified design frameworks like the one
considered here. In these latter cases usually the total damping coeffi-
cient is considered as proxy for damper cost [4]. This proxy, though,
does not adequately describe damper cost since the latter has a close
connection to the damper force capacity [27].

In terms of bracing schemes, emphasis has been placed solely on
configurations where bracing terminals are anchored at consecutive
(i.e., adjacent) floor levels. Such approach might not be suitable,
though, for stiff buildings where interstorey velocities might not be
large enough for efficient energy dissipation through supplemental
viscous dampers [28]. This is typically the case of Chilean residential
buildings where the lateral force resisting system is made up of stiff
reinforced concrete members. While studies have shown the efficacy of
bracing schemes that amplify the interstorey displacement between
adjacent floor levels [28], very few researches have examined in detail
supplemental dampers attached to braces connecting non-consecutive
(i.e., non-adjacent) floor levels. Among researchers that mention this
issue, study [29] showed that, under the constraint of total supple-
mental damping (i.e., the sum of the damping coefficients), optimal
distributions that include dampers attached to non-consecutive floor
levels are more efficient (in terms of response reduction) than optimal
distributions of dampers attached only to consecutive floor levels, but
they did not provide a comprehensive theoretical framework for ana-
lysis/design. As such there is a need for a comprehensive evaluation/
comparison of the benefits such a bracing scheme can provide. Such a
comparison can provide a rational basis to choose a non-consecutive
bracing scheme over a consecutive scheme in cases where such choice is
possible (adoptions of non-consecutive bracing schemes are typically
result of other constraints, not necessarily of a rational comparison
between alternatives). It should be pointed out that existing im-
plementations in Chilean residential and office RC buildings [30] in-
dicate that application of non-consecutive bracing schemes, though not
common, do not face insoluble architectural (or other) constraints.

Finally, the additional force demands imposed by supplemental
devices on structural members have been widely discussed in the lit-
erature but are consistently ignored in height-wise damper optimiza-
tion. Symans and Constantinou [31] showed that, despite the reduction
of interstorey drifts and inelastic deformations, supplemental devices
might induce significant axial forces in columns and introduce local
failures (for example due to buckling). This issue is usually ignored in
design when the supplemental dampers are viscous devices because
their peak forces are presumably out of phase with the peak forces
imposed by the seismic excitation (i.e., restoring forces related to dis-
placement response). However, such assumption might not be entirely
true because of damper nonlinearity, bracing flexibility, structure
nonlinearity [32] and damper and/or bracing inclination [33], among
other reasons. Moreover, even assuming that the out-of-phase ideali-
zation is true, force demands on structural members during the interim
phase between force and displacement peaks might still be significant
[34]. This issue is especially critical in high-rise buildings [32] where
forces on the columns at the bottom of the building are large. Recent
experimental studies [35,36] have validated some of these concerns,
showing that steel moment resisting frames equipped with viscous
dampers have a unique failure mode (different from the one of the bare
frame) characterized by a soft storey mechanism where plastic hinges
develop at the ends of columns due to the high axial force demands
imposed by the supplemental dampers. Furthermore, axial forces on
columns due to the addition of supplemental dampers were found to be
a key issue in the seismic retrofit of tall buildings [37]. All these re-
marks indicate that the actual cost of a supplemental damping system
should also include possible strengthening of structural members,
especially columns. This issue was only partially addressed by Lavan
[15], who proposed a formulation in which allowable stresses on
structural members can be accounted for as an optimization constraint,
but neither the minimization of stresses due to supplemental dampers
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