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Abstract.

Seismic resilience is a key feature for buildings that play a strategic role within the community. In this framework,

not only the structural and non-structural elements damage but also the protracted structural dysfunction can contribute
significantly to overall seismic damage and post-seismic crisis situations. Reduction of the residual and peak displacements and
energy dissipation by replaceable elements are some effective aspects to pursue in order to enhance the resilience. Control
systems able to adapt their response based on the nature of events, such as active or semi-active, can achieve the best results, but
also require higher costs and their complexity jeopardizes their reliability; on the other hand, a passive control system is not able
to adapt but its functioning is more reliable and characterized by lower costs. In this study it is proposed a strategy for the
optimization of the dissipative capacity of a seismic resistant system obtained placing in parallel two different groups dissipative
Re-Centering Devices, specifically designed to enhance the energy dissipation, one for the low and the other for the high
intensity earthquakes. In this way the efficiency of the system in dissipating the seismic energy is kept less sensitive to the
seismic intensity compared to the case of only one group of dissipative devices.

Keywords:

seismic retrofit; passive control systems; optimization; energy dissipation; re-centering devices

1. Introduction

Strategic constructions with key roles in the economic
and social life, as hospitals, civil protection buildings,
industrial plants, infrastructures, etc., shall be characterized,
in case of seismic events, by better performance than
common buildings, in terms not only of higher safety levels
for high intensity earthquakes but also of assuring the fully
operability in case of low-to-moderate intensity
earthquakes. Indeed, an eventual interruption of the
activities foreseen in these structures can lead to
unreasonable losses in economic and social terms. This
awareness leaded in the last decades to the development of
methods for the structural resilience assessment of strategic
constructions (Cimellaro 2013, Hashemi et al. 2019) and
networks (Cimellaro et al. 2013a, 2013b) and of tools and
devices able to increase it, as, for example, dissipative
devices. Such devices, indeed, are specifically designed to
adsorb and dissipate the seismic energy entering in the
construction, limiting the damage to the structural and non-
structural elements and to the equipment focusing the
damage to sacrificial elements, easy to repair or substitute at
the end of the seismic event. Among all the families of
dissipative and vibrations control devices, the most studied
are generally the passive one (Christopoulos and Filiatrault
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2006) characterized by a better reliability during
earthquakes, lower costs and easier design process. In this
context, numerous studies have been carried out in the last
decades focusing on the influence of the device typologies
adopted (Martinez-Rodrigo and Romero 2003, Dogruel and
Dargush 2008) or of the mechanical characteristics of the
single devices (Lee et al. 2018, Fateh et al. 2016, Hejazi et
al. 2019) on the structural behavior, on the possibility of
combining different devices (Lee et al. 2018, Belleri ef al.
2017) or on the research of the disposition of the devices
within the structure (Amouzegar ef al. 2012, Wu et al. 1997,
Ontiveros-pérez et al. 2003) that allows to optimize the
global behavior.

The studies are, in all these cases, aimed at optimizing a
structural performance parameter directly linked to the
structural resilience, such as the reduction of the
accelerations (Lin 2015) and damage (Hejazi et al. 2013,
Belleri et al. 2017, Aguirre and Almazan 2015) and/or of
the maximum (Ontiveros-pérez 2003, Laflamme 2018) or
residual (Belleri et al. 2017, Lin 2015, Basu and Reddy
2016, Braconi et al. 2012, Morelli et al. 2016, Morelli et al.
2017a, Morelli et al 2019) displacements, and the
maximization of the dissipative capacity (Pekcan et al
2014) or of the benefits/costs ratio (Hejazi et al. 2013,
Belleri et al. 2017, Aguirre and Almazéan 2015). Numerous
other studies, instead, focused on multi-criteria or multi-
performance optimization processes searching for a
structural solutions that optimize a specific set of such
aspects (Martinez-Rodrigo and Romero 2003, Pekcan et al.
2014, Vamvatsikos 2010, Greco and Marano 2016, Braga et
al. 2019).

However, passive dissipative devices are, differently
from semi-active and active systems, characterized by a
pre-designed mechanical behavior that cannot be varied

ISSN: 2092-7614 (Print), 2092-7622 (Online)



130 Ivan Panzera, Francesco Morelli and Walter Salvatore

F a
kh=(x.k0
Fy b---—76F,
b |
: >
5, 5
(a)

14}
12}
1 10%
=
S
0.6+
04} 4
— 63%
e 81%
02 " L " R " R . . 2
01 02 03 04 05 06 07 08 09 1
E4E,

Fig. 1 (a) Flag-shaped hysteretic curve typical of re-centering devices. (b) Variation, on the base of the seismic intensity, of
the ratio between the energy dissipated by the re-centering devices, En, and the energy entered in the structure, Ej, in the

study carried out by [1].
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Fig. 2 Influence of the (a) opening force F), (b) initial stiffness ko, (c) re-centering factor f and (d) post-opening
stiffness k, on the En/E; ratio. The point corresponding to the maximum value of the En/E; ratio isidentified by a square

marker

depending on the seismic intensity, on the effective mass of
the building in the instant the earthquake occurs or on the
structural response. Therefore, they have the relevant
disadvantage of being capable of optimizing the structural
response or performance for a single level of the seismic
action (Christopoulos and Filiatrault 2006). The research
carried out in (Morelli et al. 2017a) highlighted this

limitation in the case of the seismic retrofit of existing
buildings through re-centering devices characterized by an
hysteretic flag-shaped behavior, Fig. 1(a), showing that the
ratio between the energy dissipated by the re-centering
devices, Ey, and the energy entered in the structure, E;, can
be maximized only for a certain level of the seismic action,
Fig. 1(b).
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(a)
Fig. 3 Schematic representation of the (a) re-centering
objective global Ex/E; ratio vs. seismic intensity graph
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Fig. 4 (a) General frame scheme used for the studying the optimization of the mechanical characteristics of the RCDs and (b)

case study building adopted in the paper

The hysteretic behavior of the re-centering devices can
be in general described by 4 parameters that completely
define the flag-shaped hysteretic curve: the initial stiffness
ko, the opening force F), the post-opening stiffness kr=ako
and the re-centering factor £, as schematically shown in Fig.
1(a).

The study of (Morelli et al. 2017a) showed that the
energy dissipation strongly depends, for a given structure,
on each one of these parameters and each one of them
influences in a different way the point for which the
maximum En/E; is obtained, see Fig. 2. In particular:

* The increasing of the opening force F),, Fig. 2(a),

allows to obtain the maximum Ew/ E; ratio for higher

values of the earthquake intensity. The Ex/ E; ratio mean
value evaluated over the earthquake intensity increases
as F, increases.

* The increasing of the initial stiffness ko, Fig. 2(b),

induces an increase of the Ep/ E ratio mean value and

reduces the earthquake intensity for which the peak
dissipation is obtained.

* The increasing of the re-centering factor S, Fig. 2(c),

increases the mean value of the £/ E; ratio and does not

modify the intensity for which the peak dissipation is
obtained.

* The increasing of the post-opening stiftness ks, Fig.

2(d), induces a reduction of the Ex/ E; ratio mean value

and decreases the intensity for which the peak

dissipation is obtained.

In addition, Fig. 2(a) shows that low values of the
opening force F), of re-centering devices are optimal for low
intensity earthquakes, while their efficacy in dissipating the
seismic energy entering in the structure is reduced in the
case of medium-to-high intensity earthquakes. On the
contrary, high values of F, are suggested for high and
medium intensities and are not so effective for low seismic
events.

An optimized dissipative solution, able to maximize the
energy dissipated by the dedicated devices, should be
characterized by a high and as constant as possible
maximum value of the En/E; ratio, independent of the
seismic intensity.

The present research proposes an optimized solution
based on the coupling of two different groups of re-
centering devices (RCDs), see Fig. 3(a), one specifically
designed to be characterized by a high dissipation capacity
for low seismic actions (RCD-LS) and one for high seismic
actions (RCD-HS). The resulting global energy dissipation
capacity is also optimized through the selection of the
mechanical characteristics that maximize the global
dissipation capacity. The two groups of devices, working in
parallel, can lead to a dissipation capacity less dependent on
the earthquake intensity, see Fig. 3(b). Ew/E(IM) curves
typically has their minimum value for maximum IM value
in the case of RCD -LS and for minimum IM value in the
case of RCD-HS.
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Fig. 5 Example of graphic representation of the two
optimization parameters in terms of energy dissipation.

Table 1 Scenarios considered for the multi-objective
optimization

Weight of the goal Weight of the goal
“Maximization of Epcmax”  “Minimization of P’
Scenario 1 1 0
Scenario 2 0.5 0.5
Scenario 3 0 1

This solution is applied to typical configurations of
industrial buildings characterized by significant masses,
such as supported silos. Such structural configuration is,
indeed, particularly suited for the proposed solution
considering that it can be schematized with a good
approximation as a single degree of freedom system in each
direction. Moreover, in these structures, very common in
the industrial plants, the influence of superior modes can be
neglected, allowing to highlight the pros and drawbacks of
the proposed solution without including too many variables.
To this end, the effects of including two types of re-
centering devices working in parallel are first analyzed
adopting the general scheme of Fig. 4(a), varying the
parameters describing the hysteretic flag-shaped curve in
order to find the set that maximize the dissipation capacity
as a function of the mechanical behavior of the frames.
Then, the optimization process is applied to a real case
study, represented by the industrial building schematically
represented in Fig. 4(b), aiming at the maximization of the
dissipation capacity, taking into account, at the same time,
also the structural checks and the standard codes provisions
for the others structural elements.

2. Proposed optimization approach

The basic idea to increase the dissipation capacity of
structures equipped with re-centering devices proposed
within the present research is to include two distinct groups
of devices with different hysteretic behavior, specifically
designed to dissipate the seismic energy transmitted one by
low-intensity earthquakes and the other by medium-to-high
intensity earthquakes and the two groups of devices shall
work in parallel.

The dissipation capacity of the structures equipped with
the two groups of re-centering devices is strongly

208
0.6
0.4
0.2
0 02 04 0.6 0.8 |
LT,
(a)
1.4
1.2
1
Z08
0.6
0.4
0.2
] 02 0.4 0.6 0.8 I
L/E,
(b)
1.4 .
1.2
|
=08
0.6
0.4
0.2
0 0.2 04 0.6 0.8 1
'y
(c)

Fig. 6 Examples of possible energy dissipation capacities
over the seismic intensity: (a) constant and high capacity,(b)
constant but low capacity and (c) variable capacity over the
seismic intensity

Table 2 Ranges of the mechanical parameters adopted for
the optimization of the structural behaviour

RCD-LS RCD-HS
oLs 0.1-03 OHS 0.1-0.3
Bs 0.9 Ps 0.9
TkLS 43-57 Tk HS 3.0-43
TELS 0.4-0.9 TEHS 1.1-1.8

influenced by the hysteretic behavior of the devices
themselves. For this reason and in order to be sure of
analyzing an optimal solution, the hysteretic characteristics
of the devices are selected through an optimization
approach with two main goals:
*The maximization of the re-centering devices energy
dissipation capacity, Epc max, numerically evaluated as

Ey
Epcmax = FI (UM)pyax (1)
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Fig. 7 Steel frame adopted for the optimization analyses

where, with reference to Fig. 5, IM is the Intensity Measure
of the seismic action and En/E(IM) is the ratio of the
energy entering the structure dissipated by the re-centering
devices for a given IM.

» The minimization of the variability of Ex/E/(IM) over
IM, evaluated as the difference ¥ of the maximum,
Ew/E(IM)max, and the minimum, Ex/E(IM)m, values

E E
v :FI;I(IM)MAX _FI;I(IM)MIN (2)

From a theoretical point of view, the optimum
configuration would be characterized by a high value of the
energy dissipated by the devices Ex/E; for every value of
IM, Fig. 6(a). On the contrary, cases where Eu/E; is low,
Fig. 6b, or the dissipation is optimized only for limited
values of the intensity level, Fig. 6(c), shall be avoided.

The optimization of the re-centering devices hysteretic
behaviors, aimed at the maximization of Epcmax and the
minimization of ¥, is consequently a multi-objective
optimization and can be carried out giving more importance
to a single goal or to the other. In order to study the effects
of the optimization on different situations, the three
different scenarios, resumed in Table 1, were considered.

Scenario 1 and Scenario 3 represent respectively the
cases in which only the maximization of Epcmax or only
the minimization of ¥ are pursued, while Scenario 2 is the
case in which both the objective have the same weight in
the research of the optimal solution.

The optimization analyses were carried out considering
the general steel frame of Fig. 7, where typical dimensions
and masses of an industrial structure were considered.

2.1 Optimization procedure of the hysteretic
parameters

Fy
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The optimization is carried out varying the parameters
describing the hysteretic behavior of each group of the re-
centering devices. These parameters allow to completely
define the flag-shaped hysteretic behavior and are: the
initial stiffness ko, the opening force F), the post-opening
stiffness ky=ako and the re-centering factor S, as
schematically shown in Fig. 1(a).

To take into account also the contribution in terms of
stiffness and resistance of the frame in which the re-
centering devices are inserted, the initial stiffness ko and
opening force F), are normalized by the initial stiffness
kourr that the single bare frame offers to the horizontal
actions applied at the beam level and by the corresponding
yielding force F),mrr

k
M= )
kO,MRF
F,
e =—= 4
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A “blind” parametric analysis considering the whole
ranges of variation of the 4 parameters and considering all
the possible combinations would require enormous
computational time that can be instead reduced following a
more rational process. Within this research the range of
variation of the four parameters was reduced on the base of
simple and logical considerations about the global structural
behavior desired and the RCD’s hysteretic behavior:

* In order to allow the group of RCD-LS to dissipate the
higher ratio of the energy transmitted by low-intensity
earthquakes, its initial stiffness 7y .s shall be higher than
the initial stiffness of the group in charge of dissipating
the seismic energy transmitted by the high intensity
earthquakes, RCD-HS.

* The group of RCD-LS shall be characterized by a

value of rgrs lower than 1, allowing the seismic energy

dissipation in the RCDs also for low values of the
earthquake intensity.

* The factor f represents a compromise between the re-

centering force and the dissipation capacity of the re-

centering device. Values of B close to 0 means the
absence of dissipation capacity and the maximum re-

centering force. On the contrary, values close to 2

represent hysteretic cycles without re-centering capacity.

Within the present research, to assure a compromise

between the re-centering and the dissipation capacities

and to limit the parameters that need to be varied,  was

assumed as a constant value equal to 0.9.

On the basis of such considerations, the range of
variations of Table 2 were considered.
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Fig. 8 Numerical model of the steel frame with the two groups of RCDs



134 Ivan Panzera, Francesco Morelli and Walter Salvatore

Table 3 Ground motions used for the execution of the Incremental Dynamic Analyses

DB ID Earthquake Name Mw Fault. Mec. R(kM) Site Class Date

ED 1257 Izmit 7,6 Strikeslip 20 C 17/08/1999
ED 196 Montenegro 6,9 Thrust 25 B 14/04/1979
ED 535 Erzincan 6,6 Strikeslip 13 B 13/03/1992
ED 6349 South Iceland 6,4 Strikeslip 5 A 21/06/2000
ED 74 Gazli 6,7 Thrust 11 D 17/05/1976
IN 113 South Iceland 6,5 Strikeslip 5,25 A 17/06/2000
IN 331 Darfield 7,1 Strikeslip 17,82 C 03/09/2010
IN 445 Imperial Valley 6,5 Strikeslip 27,03 C 15/10/1979
IN 451 Loma Prieta 6,9 Oblique 7,1 B 18/10/1989
IN 461 Northridge 6,7 Reverse 20,25 C 17/01/1994
IN 466 Duzce 7,1 Strikeslip 5,27 C 12/11/1999
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Fig. 9 (a) Scale factors, S.F. adopted (b) ground motions response spectrum

In order to find the set of these four parameters that,
depending on the geometrical and mechanical
characteristics of the structure to protect and on the seismic
intensity, maximizes the re-centering device energy
dissipation, a parametric incremental dynamic analysis on
the single storey steel frame of Fig. 7 was carried out. The
same analyses were carried out also considering the case in
which the two groups of devices have the same
characteristics highlighting the advantages and drawbacks
of the proposed configuration of RCDs.

2.2 Modelling approach

The parametric incremental dynamic analyses were
carried out through a non-linear model realized in
OpenSEES (Mazzoni et al. 2006), modelling the beams and
the columns of the steel frame through lumped plasticity
elements, while the RCDs were modelled using truss
elements with flag-shaped hysteretic behavior, see Fig. 8.
To carry out the parametric Incremental Dynamic Analyses,
a Uniform Hazard Spectrum-coherent method was adopted
for the ground motions selection. The eleven ground
motions recordings adopted in (Morelli et al. 2017a) were
used, see Table 3, considering that they were selected
following the indications of the main international
standards, assuring the consistency with the seismic

characteristics of the source. The reference spectrum was
matched with the geometric mean (GeoMean) of the two
horizontal ground motions components, ensuring that the
mean spectral ordinates of each set are never lower 90% of
the reference spectrum in the period range between 0 s and
2 s, consistent with the spectrum-matching requirements of
Eurocode 8 (§3.2.3.1 EN 1998-1-2011). The complete
procedure of the ground motion selection, together with all
the background and motivations, is described in (Morelli e?
al. 2017b, Faggella et al. 2016).

2.3 Results of the optimization

Fig. 10 reports, for the three scenarios analyzed, the IDA
curves of the energy dissipated Ex/E; by the RCDs for both
the case of two groups of devices with distinct
characteristics (respectively RCD-LS and RCD-HS) and the
case of devices with equal behavior. The mehcanical
parameters of the optimized devices for the three scenarios
considered and for the two configurations proposed (two
groups of devices with equal or with different
characteristics) are reported in Table 4.

The results illustrated in Fig. 10 highlight important
aspects of the device configurations studied. If the objective
of the optimization is the maximization of the Epcmax
(scenario 1, see Fig. 10(a)), as defined in equation (1), the
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Table 4 Mechanical parameters of RCDs obtained from the optimization procedure

RCDs with equal behavior RCDs diversified for Low and High seismic levels

a Tk rF aLs aHS Tk LS Tk HS TE LS FEHS
Scenario 1 0.1 6.5 0.4 0.1 0.1 8.5 4.5 0.5 1.0
Scenario 2 0.1 6.5 0.4 0.2 0.1 8.5 4.5 0.4 1.4
Scenario 3 0.3 6.5 0.6 0.2 0.1 8.5 4.5 0.4 1.4

strategy of adopting two distinct groups of RCDs leads to
better results than adoption of RCDs with equal
characteristics also in terms of minimization of the
variability ¥ of Ecp(IM) over IM, evaluated as in equation
(2). If the objectives of the optimization are both the
maximization of Epcmax and the minimization of ¥
(scenario 2, see Fig. 10(b)), the results are still better for the
case of adopting two groups of RCDs being its optimized
dissipation capacity, Ecp(IM), always higher than the case
of a single group of RCD with equal characteristics and the
variability ¥ of Epc(IM) over IM very similar in the two
cases. Finally, when the objective of the optimization is the
minimization of ¥ (scenario 2, see Fig. 10(c)), the strategy
of adopting two different groups of RCDs does not show
significant advantages respect to the case of using RCDs
with equal behavior.

3. Structural modelling and analysis of the case
study

In order to study the effect of the proposed optimization
considering also the limitations induced by the necessity of
executing the structural checks of the building elements in
which the RCDs are included and the different operative
conditions of the building itself, the optimization process
was then applied to retrofit an existing industrial building.

The building is a group of seven silos supported in both
directions by a concentrically and eccentrically braced
structure belonging to a steel making plant, see Fig. 11; two
different operational conditions were considered assuming
the silos full up to the 50% and 75% of the total capacity in
order to evaluate the efficiency variation of the design
choices arising from the optimization procedure. The case
with the silos completely full (100% of the total capacity)
was not taken into account because in this situation the
columns almost reach the buckling resistance and even a
little horizontal seismic load induce the collapse of the
structure. This situation is typical in industrial building
optimized for the static loads and originally designed
neglecting the influence of the seismic action. Moreover,
the condition in which the silos are all completely full is
very rare and the probability of having it when a strong
earthquake occurs is practically negligible.

The silos are firmly connected each other and can be
considered as a single rigid body. Considering that only
plane analyses on the longitudinal direction were carried
out, the whole structure can be assumed as a single degree
of freedom system.

The case study was firstly analyzed through Incremental
Dynamic Analysis in the as-it-is state in order to evaluate
the seismic vulnerability and then retrofitted substituting the
existing bracings with RCDs adopting the strategy of
including the two groups of different devices, RCD-LS and
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RCD-HS.
3.1 Modelling

The case study building was modelled considering the
upper part, including all the silos, as a rigid body and
analyzing therefore only the structural behavior of the
support frames. The silos and the infill material were
considered as dead load and seismic masses, while the
bracings are pinned to the beam-to-column joints, see Fig.
12.

The bracings are made up of double L profiles
(L130%x90x12) with S275 steel grade and they are
connected in the middle by a single bolt. Following the
indications of the Italian guidelines (CNR-UNI 10011-
1988), the bolt, having a shear resistance higher than 1/5 of
the bolts placed at the end connections, can be considered
capable of reducing the free buckling length of the bracings
themselves. The bracings have been therefore modelled
considering a local bow imperfection equal to 1/200 of their
semi-length, see Fig. 13(a), adopting a corotational
geometry transformation (Mazzoni et al. 2007) that allows
to consider in each step the effective deformed shape and
updating therefore the stiffness matrix to take into account
the IT order effects. For each bracing it was then checked
that the resulting buckling load obtained through the

numerical model was similar to the one obtained applying
the provisions of Eurocode 3 (EN 1993-1-1-2011), see Fig.
14. The cross section was modelled adopting fiber elements,
assigning to each fiber an elasto-plastic behavior.

The beams (HEB280A S275 sections) were modelled as
simply nonlinear element with plastic hinges at both end,
while the model of the columns (HEB280A S275 sections)
takes into account also the II order effects through a P-Delta
geometrical transformation (Mazzoni ef al. 2007).

All the other elements of the buildings such as the silo's
walls, the conveyor belts and the infill material were
modelled as lumped masses. The location of the lumped
masses was defined taking into account the two filling
conditions of the silos (50% and 75%) considered in the
analyses and concentrating the whole mass in the center of
gravity of the corresponding volume of competence, with a
total of 4 lumped masses for each silo distributed along the
height, see Fig. 15.

3.2 Definition of limit states

The assessment of the seismic behavior of the case study
building in its as-it-is state and in the retrofitted state, the
latter presented in the following paragraphs, took into
account the assessment of the limit states of the structural
elements as defined by Eurocode 8 (EN 1998-3-2005). For
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Fig. 15 Considered filling conditions of the silos: (a) 50%, (b) 75% and (c) location of the lumped masses in the numerical

model

Table 5 Deformation associated to the Limit States considered in the analyses: Significant Damage (SD), Near

Collapse (NC)
Definition of the limit states 6 rigid floor [mm]
Element ——
Type Elastic Limit SD NC SD NC
Columns — HE280A Rotation Ay=12mrad 2 Ay 3 Ay 97 145
Tension ALy=4mm 7 ALy 9 ALy 35 46
Braces — L120x90x12 .
Compression - - - 13
L'=L+5

V pos.max

PR BN 1500 F-—— pasvsamcrs s e -
j 1000 w I 0 calculation positive field
| |
£ y}z 500 F | | ' | / I 0,5 V pos.max -
g < < LR I‘\Nuu‘.“u l"l.”\fw!i".""f'hﬂ"’-'~"',"".‘j.'»\'u\u.h." e ——
H | , g | \, | T

o / -500 | ‘ ["}IY 0,5 V neg.max -

‘ / -l ._‘1\_‘__._____, PR N e

\ -1000 l \ | 8 calculation negative field
AL 1500 [ T —— v ’knc_g,;n:;x

L =4500 mm

Fig. 16 Calculation scheme for rigid beam displacement

the bracings in compression, the Eurocode does not
explicitly define a limit for the elastic or plastic
deformation, simply defining a value for the buckling force.
However, having taken into account the post-critic behavior
of these elements through the insertion of the initial local
bow imperfection, see Fig. 14, it was assumed that the Near
Collapse limit state is reached when the element shows a
reduction of the resisting force equal to the 20% of the
maximum force. For each limit state, as resumed in Table 5,
are evaluated the corresponding maxium deformations
(chord rotation Ay for the columns and AL for the braces,
see Fig. 16) in the hypothesis of rigid beam. The table
reports also the rigid displacement 6 of the beam
corresponding to each limit state.

The collapse for global buckling of the structure
ischecked adopting through the sensitivity coefficient to the
II order effects as defined by the Eurocode 8 (EN 1998-1-
2013). and evaluated as follows

P-5(t) <03 (5)

0 = vy n <

0 ; 10 15 2‘0 25 ‘I(I 35 40

tls]
Fig. 17 Base shear recorded during the application of a
ground motion

where P is the total vertical load acting on the building, d(#)
and V(t) are respectively the horizontal displacement of the
beams and the global shear at the base of the columns
evaluated at the instant ¢, H is the height of the columns.

Considering that during the cyclic action the shear V(#;)
can assume very low values (e.g., due to the passage of the
structure to the resting position), the coefficient 6(¢) is
evaluated only when V(#) is “sufficiently” high, meaning in
this particular case V(#)>0,5Vma, where Vmax is the
maximum base shear recorded during the application of
each ground motion, see Fig. 17.

3.3 Seismic behaviour in the as-it-is configuration

The structural behavior of the case study structure under
the seismic action is represented in terms of IDA curves of
maximum displacements, Fig. 18, residual displacements,
Fig. 19, sensitivity to second order effects, Fig. 20, and
energy dissipation, Fig. 21.
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Fig. 18 IDA curves of maximum displacements for the case of silos (a) 50% and (b) 75% full. The blue line represents the

mean IDA curve.

Residual Rotation [rad]

Residual Rotation [rad]

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
WA : — 3 i : ———=

b ) Pu=5% P.=5%
12f 12

1 e 1 P =10%
P, =10% >
= =

08 ] 08
06 06 “
04 P =63% 04 [ P =63%

| P, =81% l P, =81%

0 100 200 300 400 500 0 100 200 300 400 500

Residual Displacement [mm)] Residual Displacement [mm)]
(a) (b)

Fig. 19 IDA curves of residual displacements for the case of silos (a) 50% and (b) 75% full. The blue line represents the

mean IDA curve
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Fig. 20 IDA curves of theta factor, as defined in equation (5) for the case of silos (a) 50% and (b) 75% full. The blue line
represents the mean IDA curve

aspect is clearly more relevant for the case of silos filled up
the 75% of the maximum capacity, being characterized by a
higher seismic mass. The Limit States related to the
maximum plastic rotation of beams and columns are

Fig. 18 shows that the bracings make the structure
particularly sensitive to the seismic action, reaching the
Near Collapse Limit State, first in compression and then in
tension, even for very limited earthquake intensities. This
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Fig. 21 IDA curves of the seismic energy dissipated by the hysteretic behavior of the bracings and of the beams and

columns for the case of silos (a) 50% and (b) 75% full
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Fig. 22 Global view of the numerical model with the localization of the RCDs substituting the existing bracings

reached only for higher levels of the seismic action. The
IDA curves relative to the residual deformations, in the
present research evaluated as the mean value of
displacements recorded in the last 5 seconds of the ground
motions, are shown in Fig. 19. These results highlight that
the structure has a good re-centering capacity only for low
levels of the seismic action (up to the scale factor of 0.6),
while significant residual displacements are accumulated
for higher seismic intensities. The weight of the infill
material strongly influences also this aspect, being the
residual displacement assessed for the case of silos filled to
the 75% more than double than the case filled to the 50%.

Finally, the combined effects of the relevant vertical
loads and the lateral deformability of the structure after the
yielding of the bracings leads to an high sensitivity to the
second order effects, overcoming the limit value of 0.3
fixed by the Eurocode 8 (EN 1998-1-2013).

The analysis of the portion of the total seismic energy
entering the structure dissipated by the bracings or by the
beams and columns highlights even more the influence of
the total mass on the seismic behavior of the structure.
Indeed, for the case of silos filled to the 50% of the total
capacity, the gravity structure (beams and columns)
dissipates low energy, meaning that the damage due to
hysteretic cycles to these elements are practically
negligible, see Fig. 21. All the energy entered in the
structure is dissipated by the bracings and by viscous
phenomena. When the intensity of the seismic action
increases, the portion of the energy dissipated by the
bracings increases also and the one dissipated by viscosity
decreases until the collapse for excessive deformation in
compression of the bracings is reached. The Fig. 21(a)
reports also the IDA curve of the energy dissipated in the
hypothesis of neglecting the collapse for excessive
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dissipative devices and for the 50% and 75% filling ratios: (a) rk=2.5, (b) tk=5 and (c) rk=7.5

deformation in compression of the bracings. It shows that
the maximum energy dissipation capacity is reached for a
scale factor of about 0.698.

On the contrary, the case of silos filled to the 75% of the
total capacity is characterized by a relevant portion of the
energy dissipated by the gravity structure and by an even
greater portion dissipated by the bracings, confirming the
earlier collapse compared to the 50% case. Similarly to the
case of silos filled to the 50%, the Fig. 21(b) reports also the
IDA curve of the energy dissipated in the hypothesis of
neglecting the collapse for excessive deformation in
compression of the bracings. It is interesting to note that the
maximum energy dissipation capacity is reached for a scale
factor of about 0.433, sensibly lower than the case of silos
filled to 50%, highlighting that the efficiency of the
dissipation capacity of the bracings changes with the
seismic intensity and the filling conditions.

4. Application of the optimization procedure to the
case study

On the base of the results of the seismic vulnerability
assessment on the “as-it-is” configuration of the case study
building, it is evident that the bracings are not suitable to
sustain even low values of the seismic action, as commonly

found in structure designed only for the wind action and
neglecting the seismic forces. Moreover, the structural
performance is strongly influenced by the filling condition,
making very difficult the choice of the new elements for the
bracings especially in the case the same type of element is
foreseen for all the bracings.

The structural response can be then optimized
substituting the existing bracings with dissipative elements,
and in particular with re-centering devices (RCDs) in order
to limit the accumulation of residual displacement, and
foreseeing two different groups of devices, one specifically
optimized for low values of the seismic action (RCD-LS)
and one for the high values (RCD-HS). The position of the
devices has a low influence in the global behavior and
therefore it is assumed to locate the devices in the same
frame where the bracings are placed in the "as-it-is"
configuration, see Fig. 22.

The research of the mechanical parameters of the RDCs
that optimize the global structural response is carried in two
separate steps:

* First step: research of the optimal stiffness, 7, and

yielding parameters, 7r, assuming that the two groups of

devices have the same mechanical behavior.

* Second step: starting from the values of »r and rk

obtained in the first step, the optimal solution is
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Table 6 Mechanical characteristics of the RCDs associated to the three multi-objective optimization scenarios for
the case of silos filled to the 50%

Weight for “Epcmax ~ Weight for “¥

Scenario Maximization” .o .., FELS TFEHS OLS OQHS TkLS tkHS Epcmax  EpcMIN v
aximization Minimization

1 1.00 0.00 250 450 0.15 0.15 3.00 2.00 77% 59% 18%

0.5 0.5 1.50 6.50 0.20 0.10 3.00 2.00 75% 68% 7%

0.00 1.00 1.50 6.50 0.20 0.10 3.00 2.00 75% 68% 7%
. .. . TF LS I'F,HS

searched differentiating the mechanical parameters of ors | oms rkLs | THS

the two groups of RCDs, assuming a constant value for 020 | 0.10 325 | 1.75 Lo 4.50
the B factor of 0.9. The second step of optimization is 015 1015 300 | 2.00 2.00 5.50
firstly applied to the case of silos filled to the 50% of the i ' s i 2.50 6.50

total capacity and then the efficacy of the optimized
solution found is assessed also for the case of silos filled
to the 75%.

4.1 First step of the optimization procedure

The results of the optimization carried out on the
benchmark showed that a high stiffness and a high opening
force F, of the devices compared to the one of the building
helps in dissipating a higher portion of the seismic energy
entering the structure. For these reasons, the optimization
process was started looking for the value of 74 and rr that
optimizes the global behavior according to the scenarios
described in Table 1 among the following values

e =1{2.5 ,5.0 ,7.5) (6)

7z ={1.5 ,3.0 ,4.5} @)

for a total of 9 different configurations. The value of a is
kept equal to 0.15 in this first step of the optimization.

Figs. 23 and 24 report the results of the IDAs in terms of
maximum displacements and maximum Demand/Capacity
ratios evaluated for the buckling checks of the columns as
defined in Eurocode 3 (§6.3.3 — EN 1993 1-1-2011), the
latter being considered the most dangerous fragile
mechanism. The displacement capacity of RCDs, assessed
as proposed in (Morelli et al. 2017a) is always higher than
the displacement associated to the Near Collapse limit state
of the columns. Therefore the only limit state taken into
consideration are the ones associated to the columns (LD,
SD, NC), see Fig. 23.

It can be observed that the increasing of both the
parameters rr and r; induces lower maximum
displacements, allowing the attainment of the collapse due
to the ultimate rotation of the column (indicated as “NC” in
Fig. 23) for higher values of the seismic intensities.

Concerning the fragile mechanism of buckling of the
columns, it is less sensitive to the variation of r; and rr but
it can be observed that it tends to increase, especially for the
higher levels of the seismic action, when the stiffness 7
increases. Obviously, the fragile mechanism is most critical
for the case of silos filled to the 75% due to the higher value
of the initial compressive force acting on the columns and
an increasing of the »; value over 7.5 would mean the
reaching of the collapse due to the buckling of the columns
for the higher value of the seismic action. On the contrary,
the case of silos filled to the 50%, there would be still

Fig. 25 Scheme of the variation ranges of the mechanical
parameters of the RCDs. The highlighted values are an
example of possible combination
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0.6 - == Optimized - Scenario 2,3

0.4
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04 05 0.6 0.7 08 0.9 1

EE,
Fig. 26 IDA curves of the Ew/E; ratio for the 50% filling
ratios and for the scenario 1 and the scenarios 2 and 3

margin for a better optimization reducing the maximum
displacements without overcoming the buckling resistance
of the columns.

4.2 Second step of the optimization procedure

4.2.1 Filling ratio of silos equal to 50%

On the second step of the optimization procedure values
of the mechanical properties are assumed different for the
two groups of dissipative devices, the RCD-LS, specifically
designed for low levels of the seismic action, and the RCD-
HS, specifically designed for the high levels. As already
anticipated in the previous sections of the paper, in order to
assure a compromise between the re-centering and the
dissipation capacities and to limit the parameters that need
to be varied, it was assumed a constant value of § equal to
0.9. Therefore the three parameters varied in this second
step are, for both the RCD-LS and the RCD-HS, the initial
and post-opening stiffness, ¢ (two couples of values), a
(two couples of values), and the opening force rr (nine
combinations), considering a total of 36 different
combinations, see Fig. 25.

Table 6 reports the results of the optimization procedure
associated to the three optimization scenarios defined in
Table 1.

The results of the analysis confirm that the two
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objectives of the optimization, specifically the minimization
of ¥ and the maximization of Epc, are antithetic and a
compromise should be accepted in the multi-objective
optimization process. Moreover, the mechanical properties
that optimize the scenarios 2 and 3 of Table 6 are the same,
indicating that an extreme minimization of the parameter ¥,
correspondent to a dissipation capacity of the system

independent by the seismic intensity, is difficult to be
pushed over a certain limit. The comparison of the IDA
curves associated to the dissipation energy, Fig. 26, shows
that both solutions are quite efficient in optimizing the
dissipation of energy, being the scenario 1 characterized by
higher Ew/E; values for moderate earthquake and the
scenario 2 and 3 by less variable values. The choice of the
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desired behavior should be done on a case by case basis,
depending on the objective of the retrofit.

Within this paper, it is assumed that the protection for
low-to-moderate earthquake is strategic and therefore the
configuration of the devices associated to scenarios 2 and 3
is chosen as the optimal one.

To better investigate the selected optimal configuration,
Figs. 27, 28 and 29 reports the IDA curves associated
respectively: at the maximum and residual displacements; at
the sensitivity to the II order effects (6 parameter) and the
Demand/Capacity ratios for the buckling of the columns as
defined in Eurocode 3 (§6.3.3 — EN 1993 1-1-2011); at the
dissipation efficiency.

The selected optimal solution for the retrofitting of the
case study shows the capacity of reducing both the
maximum and residual displacements up so that the Near
Collapse limit state is not reached for any value of the
seismic intensities investigated, Fig. 27(a), and the residual
displacements are completely negligible, Fig. 27(b). The
reduction of the displacements is reflected also in the
limitation of the sensitivity to second order effects, Fig.
28(a), that are limited to values lower than 0.1 in the whole

range of the seismic intensities analyzed. From the point of
view of the buckling of the columns, the increased
resistance of the bracings, represented by the RCDs in the
retrofitted configuration, induces a general increasing of the
Demand/Capacity ratio, Fig. 28(b), but the optimization
process determined, however, values of such ratio always
lower than 1. Finally, Fig. 29 shows the comparison
between the optimized solution and the “as-it-is”
configuration in terms of energy efficiency curves.

From the dissipation capacity point of view, primary
objective of the optimization procedure proposed, the case
study structure retrofitted with the two groups of RCDs is
able to exploit a dissipation capacity practically constant
over the seismic intensities and always higher than the one
exhibited by the case study structure in the as-it-is
configuration.

To reach this goal, the RCD-LS are characterized by a
higher stiffness compared to the one of the RCD-HS,
especially in the post-opening range, in which the ratio of
the stiffness is equal to 3. On the contrary, in order to allow
a dissipation of the seismic energy mainly for strong
earthquake, the RCD-HS have a opening force 4 times
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higher than the RCD-LS, whose main duty is to dissipate
energy for low earthquakes. These values are certainly
related to the specific characteristics of the case-study
structure and cannot be generalized, but they can supply
important information for the definition of the starting point
of the optimization process for structures with similar
characteristics.

4.1.2 Filling ratio of silos equal to 75%

The structural performance of the retrofitted case study
was also assessed in the configuration with the silos filled to
the 75%, characterized therefore by a higher seismic mass
and higher level of compression forces on the columns.

Analogously to the silos filled to 50% case, the results
of the analyses are reported in terms of IDA curves
associated at the maximum and residual displacements, Fig.
30, at the sensitivity to the II order effects (6 parameter) and
the Demand/Capacity ratios for the buckling of the
columns, Fig. 31, and at the dissipation efficiency, Fig. 32.

The proposed retrofit solution, optimized for the case of
silos filled to 50%, maintains its efficiency also in the case
of percentage of filling equal to 75%. The most critical
structural check is, in this case, the limitation of the
maximum horizontal displacements that can induce the
attainment of the plastic rotation of the columns associated
to the Near Collapse Limit State. Such rotation is reached
for a seismic intensity slightly higher than the one
associated to the Life Safety Limit State, enhancing by little
the situation with respect to the as-it-is configuration.
However, from all the other points of view, the structural
performance is strongly enhanced: the residual
displacement is practically negligible and the buckling
checks of the columns are satisfied even for the higher
seismic intensities taken into account in this research, the
sensitivity to second order effects is drastically reduced and
the dissipation capacity is enhanced and less dependent on
the seismic intensity, resulting this last aspect in a more
stable and reliable dynamic behavior.

5. Conclusions

The paper presented a strategy for the optimization of
the dissipative capacity of a seismic resistant system
obtained placing in parallel two different groups of
dissipative Re-Centering Devices (RCDs), one specifically
designed to enhance the energy dissipation for the low-
intensity earthquakes and the other for the high ones.
Moreover, the mechanical characteristics of both groups of
RCDs are selected through a multi-objective optimization
process, in order to maximize the dissipation capacity and
minimize the variability of such dissipation with the seismic
intensity.

The application of the proposed strategy to a generic
steel frame showed that, compared to the traditional case in
which all the dissipative devices have the same mechanical
characteristics, the differentiation in two groups allows to
obtain a more efficient dissipation of the seismic energy for
a wide range of the earthquake intensity values, reducing
the main drawback of passive devices that are usually
optimized only for a narrow range of seismic levels.

Moreover, the strategy helps in maintaining the
optimization also when the configuration of the building to
be protected changes, for example due to the modification
of the seismic mass. Similar results have been obtained also
from the application of the optimization strategy to a real
case study building, taking into consideration the influence
of the several structural checks that needs to be done in the
real practice. The proposed strategy based on the
diversification of the mechanical characteristics of the
RCDs, even if applied to limited case studies, showed
promising perspectives and currently more studies are being
carried out to analyze the influence of the mechanical
behavior of the structure to be retrofitted on the
optimization process.
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