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a b s t r a c t

This paper is focused on the optimum design of an original force-limiting floor anchorage system for the
seismic protection of reinforced concrete (RC) dual wall-frame buildings. This protection strategy is based
on the interposition of elasto-plastic links between two structural subsystems, namely the lateral force
resisting system (LFRS) and the gravity load resisting system (GLRS). The most efficient configuration
accounting for the optimal position and mechanical characteristics of the nonlinear devices is obtained
numerically by means of a modified constrained differential evolution algorithm. A 12-storey prototype
RC dual wall-frame building is considered to demonstrate the effectiveness of the seismic protection
strategy.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The protection of structures in earthquake-prone regions may
require the installation of devices for the mitigation of the demand
induced by seismic loads, such as active control systems [1], single
or multiple passive tuned mass dampers [2–4] or base isolators
[5,6]. Throughout the available technologies for seismic protection,
passive devices are especially widespread because of their robust-
ness, low manufacturing cost (compared to the cost of the whole
building) and easy maintenance. The use of additional mechanical
and/or hydro-mechanical devices often needs a design strategy
capable of defining the optimal configuration that would ensure
an adequate reduction of the seismic demand.

Among the existing strategies for seismic protection, the use of
devices for connecting adjacent structures has been investigated in
the past decades. In this regard, the use of viscous dampers
between two neighboring floors is quite common [7], typically
together with a linear spring within a Voigt- or Maxwell-type con-
figuration [8,9]. Other studies consider nonlinear models, such as a
friction model [10] or the Bouc–Wen model [11,12]. For what con-
cerns the behavior of the coupled buildings, basically all studies

assume shear-type linear elastic and viscously damped systems
having one or multiple degrees-of-freedom [8–12]. Existing litera-
ture encompasses analytical or semi-analytical approaches as well
as numerical procedures based on soft computing techniques. For
instance, Zhu and Xu [9] presented closed formulations to estimate
the optimal parameters of Maxwell model-defined fluid dampers
connecting adjacent structures under white-noise ground excita-
tion. The stochastic equivalent linearization technique was
exploited in [13] and an energy performance index is determined
by calculating the stochastic response of two interconnected struc-
tural systems. In this case, the optimal device is the one that corre-
sponds to the maximum value of the computed performance index.
Differently from rigorous analytical approaches, empirical design
procedures based on the dynamic characteristics of the structure
have the merit of allowing the design of seismic protection strate-
gies by employing a lower computational effort, see for instance
[14] for an application to the optimal placement of controllers.
On the other hand, multi-objective optimization problems were
proposed in [15,16], and a genetic algorithmwas considered to find
the Pareto optimal solutions. Both studies considered linear elastic
shear-type protected systems. Particularly, Uz and Hadi [16] stud-
ied the simultaneous minimization of two objective functions, i.e.
the maximum relative displacement between two successive floors
and the total number of semi-active magnetorheological dampers.
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The dampers were modeled using the Bouc–Wen model and the
motion equation was linearized in a stochastic sense. Pareto opti-
mal solutions were calculated via genetic algorithm for two differ-
ent earthquake records.

The passive seismic protection strategy investigated in this
paper is based on the use of energy dissipation devices (nonlinear
connectors) to be placed between the lateral force resisting system
(LFRS) and the gravity load resisting system (GLRS). This type of
protection system is especially intended for mid-rise structures,
such as conventional residential buildings, hospitals, schools, labo-
ratories, institutions and commercial buildings. The devices are
positioned with their vertical axis lying on the horizontal plane
of the corresponding slab, to which they are connected at one edge.
On the opposite side, they are fixed to the LFRS. Therefore, the force
developed by the device acts on the same plane of the slab to
which it is linked. The connection between GLRS and LFRS is ini-
tially elastic. Once a predefined horizontal force level is achieved
– which could be either the static friction force for friction devices
or the yield force for other elasto-plastic devices – the primary
transfer mechanism is activated by experiencing a nonlinear
behavior, thus starting to dissipate energy through the relative
motion between GLRS (e.g., floors system and gravity columns)
and LFRS (e.g., cores, shear walls, braced or moment resisting
frames). This relative displacement of the floor is controlled and
limited by the displacement capacity of the device. After an earth-
quake, only the connectors that suffered high deformations have to
be replaced, without damages to the other structural members of
the GLRS (which have to behave elastically under the design dis-
placement of the seismic protection system). In this way, the per-
manent deformations of the building are removed and the system
is brought to its initial configuration. The presence of these seismic
devices uncouples the response of shear wall and floors system,
and thus it enables the design of the GLRS by mainly referring to
the gravity loads. Since the seismic forces carried by buildings orig-
inate mostly from the inertia of the floor system, a reduction of the
accelerations transmitted between LFRS and GLRS leads to lower
demands for the structural elements, thus mitigating structural
and non-structural damages.

Indeed, the working principle of such protection system is sim-
ilar to that exploited when coupling adjacent buildings, i.e. it
makes use of the fact that dynamic responses of dissimilar systems
are different under the same ground motion. Nonetheless, the seis-
mic protection system here considered is somewhat different.
Most important, in this study two subsystems of one building
(namely, LFRS and GLRS) are connected each other, against the typ-
ical situation that occurs if two adjacent buildings are coupled,
where two systems are connected. The considered seismic protec-
tion strategy is best suited for new buildings, even if it represents
a feasible choice for the retrofitting of existing RC buildings. Con-
cerning possible issues arising from the installation of the nonlin-
ear connectors, practical problems will be certainly faced when
placing these devices within the structural system of an existing
RC building, whereas in new buildings the subsystems can be
designed so as to best incorporate the connectors. On the other
hand, the connection of two adjacent buildings may result quite
problematic if they belong to different owners. Hence, eventual
disputes are avoided when connecting structural subsystems,
because the intervention concerns the same building.

Within this framework, the optimum design of elasto-plastic
devices to be placed between GLRS and LFRS is hereafter investi-
gated in order to demonstrate the effectiveness of the seismic pro-
tection strategy. Further aspects regarding different mechanical
characteristics, improved nonlinear modeling, constructive and
technological details of the connectors will be topics of future
insights. Differently from the previous studies in similar research
areas, this paper considers a realistic structural modeling for both

subsystems, whereby the performance under seismic loads is eval-
uated through nonlinear dynamic analyses. Based on these
assumptions, the resulting constrained seismic design optimiza-
tion problem cannot be solved analytically and, as a consequence,
a computer-aided procedure that exploits an advanced differential
evolution algorithm has been implemented. The optimization
strategy has been developed in MATLAB whereas the OpenSees

platform has been used for nonlinear dynamic analysis. Results
for a 12-storey prototype reinforced concrete (RC) dual wall-
frame building are discussed at the end of the paper for demon-
strating the effectiveness of such seismic protection strategy.

2. Optimum design problem

The seismic performance of the protected building depends on,
both, mechanical properties and vertical distribution of the passive
devices connecting LFRS and GLRS. Choosing optimal mechanical
characteristics and position for such floor connectors is not a
straightforward numerical task, as either favorable or unfavorable
results can be achieved. The search for favorable links’ configura-
tions and properties is hereafter formulated as constrained
single-objective optimization problem.

2.1. Formulation

The optimum design problem of this seismic protection strategy
aims at minimizing a cost-based objective function under the con-
dition that appropriate constraints (depending on the performance
of the protected structural system) are satisfied. Therefore, it is
mathematically formulated as single-objective constrained opti-
mization problem:

min
x2D
ff ðxÞg
s:t:

gaðxÞ 6 0

ð1Þ

where f ðxÞ is the objective function, x is the design vector and gaðxÞ
are constraints of the optimization problem (with a ¼ 1; . . . ;NC).
The design vector x is lower bounded by xl and upper bounded by
xu. These bounds define the hyper-rectangle S, that is the total
search space of the problem. The best design solution x� is the glo-
bal minimum of the objective function within the feasible domain
D � S.

2.2. Design variables

Floor connectors are modeled as elastic-perfectly plastic
springs with no supplemental damping. The vector
xi ¼ xi1 . . . xij . . . xinf g denotes the ith candidate design solu-
tion and it includes the stiffness value of each link, which is
assumed as a continuous variable. For instance, xij is the ith candi-
date stiffness link value at the jth floor. The strength value of each
link depends on the selected device, and it can be (linear or nonlin-
ear) function of the stiffness. In doing so, the strength is not consid-
ered as a constant value because it depends on the corresponding
optimal stiffness value. As the stiffness of the links are the inde-
pendent design parameters of the optimization problem, the num-
ber of dimensions of the search space is restricted to the number of
floor levels (whereas it doubles when considering the strength
value of each link as an independent design parameter). Although
every candidate design solution xi is defined through n stiffness
values, the building may not have all n possible floor connectors
installed. The placement of a link is based on the corresponding
design variable value by adapting an idea presented in [17] and
recently implemented in [18] to look for the best seismic isolators
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