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Abstract: The safety assessment of existing structures in areas with a relevant seismic hazard is one of
the major topics for engineers since many existing reinforced concrete structures have been realized
disregarding seismic design with minimal details with respect to present practice. In this context,
seismic assessment is a primary issue in order to identify the best retrofitting solution with the aim of
enhancing the efficiency of existing buildings. In recent years, with the aim to enhance the seismic
behavior of reinforced concrete (RC) structures (with particular care to existing ones), the system of
seismic isolation adopting friction pendulum (FPS) devices proved to be among the most diffuse
and effective solutions. The purpose of this paper is to explore the effectiveness of the refurbishment
using FPS with single concavity devices on the performance of one irregular existing RC building
placed in a highly seismic area of central Italy. First, the geometric and material characteristics of
the building have been determined within the approach based on the “knowledge levels”. Second,
a suitable numerical model based on a fiber-modeling approach has been established using SAP2000,
including relevant mechanical non-linearities. Then, a set of 21 natural seismic inputs, inclusive
of 3 accelerations over vertical and horizontal directions, was adopted with the aim of performing
non-linear (NL) dynamic simulations. The NL dynamic simulations have been performed considering
the structural system, both inclusive and not inclusive of the FPS isolator devices. The influence of
the actual distribution of infill masonry panels on the overall behavior of the structure has also been
evaluated in both of the cases mentioned above. Finally, the outcomes deriving from the NL dynamic
simulations were helpful in assessing the advantages of the intervention of retrofitting to improve
the seismic performance of the building, highlighting the influence of masonry infills.

Keywords: masonry infills; seismic protection; existing structures; performance analysis;

RC buildings; irregular

1. Introduction

The safety assessment of existing structures placed in areas with a relevant seismic
hazard has been one of the challenges for engineers over the last few years [1,2]. In
particular, during the 1960s and 1970s, many buildings realized in reinforced concrete
(RC) were designed with disregard for details in comparison to the current code speci-
fications for seismic areas [3,4]. In fact, a major part of such buildings is conceived for
resistance mainly relating to gravity actions, assuming a minor influence of horizontal ones
(e.g., seismic events).

In this framework, the assessment of seismic actions is a crucial issue with the aim of
identifying proper dispositions to retrofit existing buildings [5,6] with particular care for
under-designed structural systems [7]. In recent years, with the aim to enhance the seismic
response of RC buildings, the system of seismic isolation adopting friction pendulum (FPS)
devices proved to be among the most diffuse and effective solutions [8-11]. Concerning
the application to buildings constituted by RC structural frames, the major benefits relate
to achieving a fundamental period not dependent on the mass of the structure placed up to
the isolation level (i.e., superstructure). In particular, these devices allow significant energy
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dissipation capacity during the seismic motion by means of a friction mechanism [12,13].
Moreover, with reference to post-earthquake resilience, the self-recentering capability of the
devices can permit fast recovery of building functionality [14]. For the reasons mentioned
above, FP devices have been used in many situations in practice to isolate both new
buildings and existing ones [15-19]. In this framework, with the purpose of assessing the
compliance of the isolation system with respect to the reliability requirements of current
design codes, the performance-based seismic design (PBSD) methodology can be adopted,
as widely discussed by [12,13].

Contextually, the influence of the masonry infills on the response of RC-framed struc-
tures has been widely investigated and recognized for its relevance to overall structural
behavior [20-22]. However, few studies have been devoted to understanding their interac-
tion with the adoption of seismic isolation systems as FP devices [23,24] with particular
reference to buildings characterized by significant irregularities (in-plane, in-elevation, and
related to the disposition and configuration of infills).

The purpose of this paper is to explore, in mono- and bi-variate probabilistic terms, the
advantages of the refurbishment using FPS with single concavity devices of one irregular
RC-framed building placed in a highly seismic area of central Italy, while also investigating
the interaction between the masonry infills and the FP isolation system. After the identi-
fication of the material and geometric characteristics in line with the “knowledge levels”
philosophy [3], a suitable numerical model based on the fiber-modeling approach has been
established in the SAP2000 software platform [25]. 3D non-linear dynamic analyses have
been performed considering 21 natural ground motions [26,27] with the three acceleromet-
ric components to evaluate the performance of the RC building, inclusive and not inclusive
of the FP isolators. As mentioned above, the influence of the masonry infills on seismic
performance has been investigated [23,24]. In detail, the structure with the base fixed to the
foundations (FB) and with the isolation system (BI) has been analyzed with and without
the presence of the masonry infills. The local influence due to the interaction between the
RC frame and the full and partial infill walls has been examined and accounted for during
the definition of the numerical models. The outcomes of the 3D NL dynamic numerical
simulations permit assessing the efficiency of the isolator devices to improve the seismic
performance of the RC-framed building having both in-plane and in-elevation irregulari-
ties. As for engineering demand parameters (EDPs), the non-dimensional interstory drift
(i.e., interstory drift index—IDI) and in-plane displacement of the slider of the FPS with
respect to the base of the device. The EDPs have been modeled through mono-variate and
bi-variate lognormal distributions [12]. Finally, the exceedance probabilities for several
values of the EDPs are computed and compared with respect to appropriate thresholds
proposed in the scientific literature [28].

2. Strategies to Model Behaviour of FPS and of Masonry Infills in RC Framed
Structures

In this section, the model herein adopted to reproduce the behavior of single-concave
FP devices as well as the approach adopted to account for the influence of the masonry
infills on the seismic response of the RC-framed structure are described.

2.1. Principles of Behviour of FPS with Single Concavity

The FP isolators are devices able to improve the seismic performance of RC-framed
buildings in areas with high seismicity [17,19,26]. Particularly, the FP devices allow for
disconnecting the superstructure from the foundation level and are able to accommodate
most of the seismic demand for displacement. In addition, these devices are able to provide
high energy dissipation through friction developed between the sliding surfaces [12]. These
devices are realized through a slider device that can move on a surface having a concave
shape, which is characterized by a specific curvature radius R [29] and friction coefficient
4 [30,31]. The adoption of single-concave FP leads to the main advantage of having the
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first natural period of the base-isolated structure T;; dependent only on the curvature radius
R [12]. The above-mentioned dependence can be expressed as follows:

Ty =21\/R/g (1)

where the acceleation of gravity is denoted by g.

The basic response in terms of the dynamic equilibrium of the FPS device is represented
in Figure 1a by means of the free-body diagram of the slider and the related equilibrium
equation with respect to translation along the tangent direction to the sliding surface. After
mathematical manipulation of the equilibrium equation shown in Figure 1a and assuming
that the discrepancy between the normal direction to the sliding surface and the vertical
one is negligible according to [11,12] (i.e., tangent direction to the sliding surface coincides,
reasonably, with the horizontal one), the restoring force f,(t) of the FP bearing device can
be determined as follows:

M .
folt) = =Ly (£)+pa(t) Mgsgn (iny (1)) @
where M is the mass of the portion of structure pertaining to the specific FPS device, u;(t)
denotes the projection on the horizontal plane of the slider displacement relative to the
ground, t is the time, yi;4(t) represents the coefficient of friction in a dynamic regime, and
sgn(ip(t)) determines the sign of the velocity of the slider i1, (t) during the motion.

(@)
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Figure 1. Representation of the free-body diagram of the FPS under imposed lateral force and related
equilibrium equation to translation in horizontal direction of the slider. (a) Theoretical non-linear
hysteretic response of the FPS device (b).

Mechanical behavior of single-concave FPS devices may be idealized according
to the non-linear hysteretic model proposed by [29], characterized by the definition of
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3 parameters: the characteristic strength Q; = u;W with W = Mg; the stiffness after the
elastic behavior K, = W/R; the stiffness in the elastic regime K;, assumed equal to 51-Kj.
The representation of the theoretical hysteretic model for the FP device is reported in
Figure 1b. Regarding friction coefficient in a dynamic regime, investigations of [31] suggest
that y; (f) can be expressed as being dependent on the sliding velocity 1, () as follows:

P‘d(t) = Hfast — (.ufast - Vslow) eXP(*“‘uh(f)‘) (3)

where the terms pi g5 and 10,y Tepresents the values of the coefficient of friction in regimes
of high and low, respectively, velocity of sliding i (t); a represents a constant that governs
the variation of the coefficient of friction y;(t) between minimum and maximum values.

2.2. Modelling Mechanical Behaviour of Masonry Infills for Seismic Assessment

The principal role of infills in framed buildings derives from the need to confine
the external environment from the internal one or to separate the internal compartments.
As widely recognized, the masonry panels are able to interact with the surrounding RC
structural frame in the presence of significant lateral actions [32,33]. This interaction
produces both positive and negative effects on the overall response of the structure, as can
be deduced from the post-earthquake observed damage scenarios [34]. In fact, although
the overall stiffness of the structural system turns out to be increased, the presence of infills
leads to a reduction in the natural period with the related increase in the seismic spectral
acceleration. Moreover, with particular reference to partially infilled panels, their presence
provides additional stiffness locally, increasing the shear demand on columns that can
collapse with brittle mechanisms (e.g., captive and short column effects) [35]. For instance,
despite the inevitable modeling issues, neglecting such elements in the refined non-linear
analysis of RC frames may not allow to properly estimate the actual stiffness, resistance,
and ductility of the structure system [33,36,37]. The scientific literature proposes different
approaches to account for masonry infills within the definition of numerical models of RC
frames. These ones can be classified primarily as micro-modeling and macro-modeling [37].

In the present investigation, the macro-modeling approach is adopted according to [37]
for the fully infilled masonry panels to consider the effects deriving from the interaction
between the infills and RC members. Specifically, they are reproduced by means of a single-
strut model able to take into account the masonry mechanical non-linearities. According
to [37], the strut can be defined by adopting a fiber-modeling approach with fibers charac-
terized by the appropriate constitutive law able to reproduce the macro-behavior of the
masonry panel [37]. As suggested in [37,38], the above-mentioned constitutive law can
be defined similarly to the one used for concrete, in which the peak strength f,,49, the
corresponding deformation ¢,,49, the ultimate resistance f,,4,, and the related deformation
€mdy are assigned depending on the mechanical and geometric properties of the masonry,
which are introduced in the next.

With reference to the macro-modeling of the partially infilled masonry panels, ap-
proaches able to take into account their non-linear behavior, without large uncertainties,
are scarce in the scientific literature. For instance, they have been reproduced by means
of a single-strut model with elastic behavior in order to take into account unfavorable
effects related to shear demand on columns [35]. In order to characterize the geometrical
configuration of the macro-model with a single strut for each partial infill under exami-
nation, a micro-model using shell elements has been defined using the SAP200 software
platform [25] according to Figure 2. The thickness of the shell elements used for micro-
modeling has been defined in accordance with the geometry of the masonry panel, while
the interface between the shells and the surrounding RC frame has been reproduced using
spring elements [25] able to take into account the friction between concrete and masonry
(using a friction coefficient equal to 0.45 [37]).
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Figure 2. Micro-model with shell (a) and macro-model with single-strut (b) using SAP2000 for
partially in-filled masonry panels.

In order to define an equivalent macro-model, the width of the single strut was
determined by a trial-and-error process until the same displacements, monitored at the
top of the panel in the presence of horizontal force, were obtained for the macro-models
with respect to the micro-models. The evaluation mentioned above has been performed
for all the different geometrical configurations of the partial infills of the RC frame. The
elastic properties of the material used for micro- and macro-models have been determined
according to the actual masonry mechanical characteristics as reported in the next sections.

Finally, concerning masonry panels with large openings, they were not included
within the numerical model as their contribution to overall stiffness can be neglected.

The macro-models of the masonry panels so far established have been adopted within
the numerical model of the existing RC-framed structure with infills, as commented in
the following.

3. Analyzed Irregular Building and Characterization of Retrofitting Intervention

In the present section, the description of the main features of the existing RC-framed
building is reported. Then, some geometrical aspects of the retrofitting intervention using
single-concave FP isolators are also described.

3.1. Geometrical Configuration of the Structure

The existing RC-framed building considered for the study is located in central Italy
in a region with a very relevant seismicity. In particular, according to the current Italian
design code [3], the region is subjected to PGA (peak-ground-acceleration) that is superior
to 0.25 g and associated with an exceedance probability of 10! in 50 years concerning the
life safety limit state. In the next section, the main geometrical features of the building are
reported, focusing on the RC-framed structure and masonry infills. The building has been
realized since the 1960s according to an Italian design code that, at the time, was related to
seismic design for a small part of the specifications. For instance, the structure has been
realized without appropriate seismic conception and detailing. The structure, built during
the 1960s, is constituted by a cast in situ RC structure that consists of orthogonal frames
dislocated along X (i.e., longitudinal) and Y (i.e., transverse) directions. The foundations
are stiff, inverted, continuous RC beams along the direction of the RC frames. The in-plane
sizes of the building are 59.8 m in the X direction and 12.2 m in the Y direction. Figure 3
illustrates, schematically, the column disposition with the related frames identified as X1,
X2 in the X direction and Y1, Y2, Y3 along the Y direction.

With reference to the elevation, the maximum height of the building is equal to 15.9 m
measured from the foundation level. The RC structure presents 5 stories, including the roof
level. The details of the geometry of the different RC frames that constitute the structure
are reported in Figures 4 and 5. Concerning the boundary conditions, around the structure
for a height of 3.5 m measured from the foundation level, there is a soil embankment that is
able to limit displacements in the X and Y directions of story 1. This is a relevant aspect of



Appl. Sci. 2023, 13, 3509

6 of 24

the seismic behavior of the structure, and it is accounted for during the definition of the
numerical model.

| \ ¥ | |
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ol Lol e
R Tttt e S R SR S S e R S e S S R S St I
e Y1— Gttty — |
Y X1 | | X1
X2
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Figure 3. In-plane size of the RC building; characterization of the RC frames according to X and Y
orthogonal directions [26]. Dimensions in centimeters.

Frame X1 (b) Frame X2
(a)
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Figure 4. Details of the RC frames that constitute the structure, including cross-sections of main
members in X direction. Reprinted /adapted with permission from [26]. Dimensions in centimeters.

Different types of members (i.e., columns and beams) are present, as illustrated in
Figure 6. The reinforcement arrangement (both for shear and bending) concerning each
member is summarized in Table 1. Data from inspections denote that the clear concrete
cover (on average) is equal to 3 cm for all structural members. The horizontal floors are
built using a lightened “latero-concrete” technical solution with RC joists and a top slab.
The RC joists are 16 cm high with a base of 10 cm with 0.5 m as center-to-center distance
in the transverse direction. They are oriented along the longitudinal direction (X), that
is, according to the short beam floor pattern. The top slab is 4 cm thick and connects the
joists realizing the floor, and, for modeling purposes, it can be considered sufficient to
realize a rigid floor able to transfer horizontal actions to the longitudinal and transverse
RC frames [3].

The only external masonry infills have been considered to be able to contribute to
the overall seismic response of the building. In particular, the masonry infills have a total
thickness equal to 34 cm and are realized with the following stratigraphy: external facing
in exposed brick (8 cm); air cavity (13 cm); internal facing in perforated bricks (12 cm); and
internal cement plaster (1 cm). The disposition of the partially infilled and totally infilled
masonry panels within the external RC frames of the structure is reported in Figure 7. It can
be noted that the geometry of the external infills in the longitudinal direction is particularly
unfavorable due to the presence of many partial infill panels.
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Figure 5. Details of the RC frames that constitute the structure, including cross-sections of main

members in direction Y. Reprinted /adapted with permission from [26].

Dimensions in centimeters.
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Figure 6. Characterization of beams and columns within the RC structure. Reprinted/adapted with

permission from [26]: (a) typical story; (b) roof.
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Table 1. Shear and bending reinforcements for main members of the RC frames [26].

Type of Longitudinal Shear Reinforcement Longitudinal Shear Reinforcement
Structural Member Reinforcement (2 Legs Stirrups) Reinforcement (2 Legs Stirrups)
Level (story)
Column 1
2¢20 + 5¢16/2¢20 + 5416 $6@8 mm 2¢20 + 5¢16/2¢20 + 5¢16 $6@8 mm
Column 2
Column 3 2420 + 5¢14/2¢20 + 5414 $6@12 mm 2¢20 + 5¢14/2¢20 + 5¢14 $6@12 mm
Beam midspan: Beam midspan:
Sup. 2¢14 $6@19 mm Sup. 2¢14 $6@19 mm
Beam 1 Inf. 5¢16 Inf. 5¢16
Beam ends: Beam ends:
Sup. 2414 + 5¢20 $6@10 mm Sup. 2¢14 + 5¢20 $6@10 mm
Inf. 2¢16 Inf.2¢16
Beam midspan: Beam midspan:
Sup. 2¢12 $6@19 mm Sup. 2¢12 $6@19 mm
Beam 2 Inf. 514 Inf. 5¢14
Beam ends: Beam ends:
Sup. 2¢14 + 5¢20 $6@10 mm Sup. 2¢14 + 5¢20 $6@10 mm
Inf. 3¢16 Inf. 3¢16
Sup. 2¢10 + 2¢12 Sup. 4¢10
Beam 3 Inf. 2910 + 2412 $6@30 mm Inf. 2410 + 2912 $6@30 mm
Sup. 4¢10 Sup. 4¢10
Beam 4 Inf. 4410 $6@30 mm Inf. 410 $6@30 mm
Sup. 4¢14 Sup. 4¢14
Beam 5 Inf. 4914 $6@10 mm Inf. 414 $6@10 mm
Level (story)
Column 1 $6@10 mm
Column 2 2420 + 5¢14/2¢20 + 5414 2¢20 + 5¢14/2¢20 + 5¢14 $6@12 mm
Column 3 $6@12 mm
Beam midspan: Beam midspan:
Sup. 2¢14 $6@19 mm Sup. 2¢14 $6@19 mm
Beam 1 Inf. 5¢16 Inf. 5¢16
Beam end: Beam end:
Sup. 2414 + 5¢20 $6@10 mm Sup. 2¢14 + 5¢20 $6@10 mm
Bottom 2¢16 Bottom 2¢16
Beam midspan: Beam midspan
Sup. 2¢12 $6@19 mm Sup. 2¢12 $6@19 mm
Beam 2 Inf. 514 Inf. 5¢14
Beam end: Beam end:
Sup. 2¢14 + 5¢20 $6@10 mm Sup. 2¢14 + 5¢20 $6@10 mm
Inf. 3¢16 Inf. 3916
Sup. 4¢10 Sup. 4¢10
Beam 4 Inf. 4¢10 $6@30 mm Inf. 4410 $6@30 mm
Sup. 4¢14 Sup. 4¢10 + 1¢12
Beam 5 Inf. 4¢14 6@10 mm Inf. 2910 + 1912 ¢6@10 mm
Level (story) 5 (Roof)
Sup. 2416 + 5¢20
Beam 6 Inf. 316 + 2914 $6@10 mm - -
Beam 7 Sup- 4910 $6@10 mm - -

Inf. 212 + 2910
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Figure 7. Identification of external totally and partially masonry infilled frames. Frontal and lateral
views of the building (a); back and lateral views of the building (b).

The adoption of FPS devices for the here-described refurbishment has been exploited
by means of the introduction of a disjunction between the foundation level and superstruc-
ture in correspondence with the columns of story 1, as shown in Figure 8. In detail, the
columns at the base of story 1 can be cut, and, thanks to the use of temporary supports,
the FP devices can be installed. Moreover, the tops of the columns at the level of the
substructure (i.e., below the isolator devices) have been connected by RC beams to enhance
the robust response of the structure equipped with FPS against the potential malfunction
of one or more of the devices [5]. More details about the isolation system design are given
in the next sections.

Figure 8. Position of the isolation level (red dashed line) with location of the single-concave
FP devices.

3.2. Characterization of Material Properties of the RC Structure and Masonry Panels

The determination of the materials’ mechanical characteristics has been performed by
means of destructive and non-destructive tests. With reference to the “knowledge levels”
(KL) approach [3], the achieved level of knowledge was compatible with the third one
(i.e., KL3). For instance, the confidence factor [3] for material properties can be adopted
as equal to 1.00. Then, the material properties used for the non-linear numerical analyses
and structural verifications will be equal to the mean ones (i.e., experimental) for concrete,
reinforcement, and masonry. The mean values of material properties have been determined
according to a statistical analysis of test results. In detail, the cylinder concrete compressive
strength (mean value) f.; has been determined by means of destructive testing of cores
drilled from several structural elements. Its value, after statistical treatment of the data,
has been estimated at 25.2 MPa. On a few sampled concrete cores, measurements of axial
strain levels have been conducted with the aim of quantifying the value of the secant elastic
modulus E;,; (mean value). The value of E.;;, turns out to be equal to 22,000 MPa.

As for the steel reinforcement bars (FeB38k), the related characteristics have been
estimated by means of tensile tests on specimens of reinforcing bars taken from different
structural components. The mean value of the tensile yielding f, strength turned out to be
equal to 374 MPa.

In addition, tests on masonries were carried out to determine the mechanical parame-
ters, such as elastic modulus E,;; » (in horizontal and vertical directions, respectively), and
shear strength f,,, by diagonal compression tests. The vertical compressive strength f,,»
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was instead inferred through the use of the Italian standard [3] depending on the masonry
panel stratigraphy. The horizontal compressive strength f,,1 has been considered equal to
50% of fn [3]. All the parameters mentioned above should be considered mean values
and are summarized in Table 2. These values are adopted according to the methods for
macro-modeling introduced in Section 2.2 with the aim to reproduce the influence on the
structural behavior of masonry infills.

Table 2. Mechanical properties of masonry panels.

Eml Emz f om f ml f m2
[MPa] [MPa] [MPa] [MPa] [MPa]
4325 4804 0.75 3.9 7.8

4. Non-Linear Numerical Modelling and Structural Analysis

In the next section, the assumptions adopted to define the numerical models [25]
and to perform the NL dynamic simulations of the investigated RC building are listed in
agreement with [26], Refs. [39,40] and also with reference to the characterization of ground
motion inputs.

4.1. Definition of the NL Numerical Models Related to RC Framed Building including Infills for
Base-Fixed and Base-Isolated Structure

The RC-framed building under investigation has been numerically reproduced in line
with the geometrical and material characteristics introduced in the previous sections using
SAP2000 [25]. As for the modeling of the RC columns, it has been performed with the
assumption of full restraint at the level of the rigid inverted RC beams that constitute the
foundations of the building. Furthermore, the behavior of the stiff fields of “latero-cement”
floors has been reproduced by appropriate membrane constraints in SAP2000 [25]. As
introduced in previous sections, the building, up to the level of story 1, is surrounded by
an embankment of soil. The presence of the latter has been included within the numerical
representation of the structures, accounting for its restraining effect for in-plane (i.e., X and
Y directions) displacements of story 1 [26].

Concerning the modeling of the main structural elements, characterized by RC
columns and RC beams, a discretization approach based on fiber cross-section has been
adopted with the aim of defining the non-linear behavior of the plastic hinges according
to the concentrated plasticity philosophy (SAP2000 [25]). Specifically, for each type of
cross-section, the constitutive laws of the fibers have been distinguished between steel
longitudinal reinforcement, core (i.e., confined by stirrups), and cover concrete. The plastic
hinges based on fiber discretization allow for taking into account the axial load and bending
(biaxial) inter-relationship [25]. The non-linear response of the hinges takes place within
a predetermined length L, that denotes the plastic hinge length. The plastic hinge length
L, has been determined in line with the equation proposed by [41].

The constitutive law of [42,43] has been adopted to simulate non-linear responses in
compressions of fibers representing the core and the cover concrete. The related tensile
behavior has been modeled by means of LTS (i.e., linear tension softening). All the needed
mechanical characteristics of concrete have been obtained as a function of the mean value of
the experimental results for cylinder strength in compression f;, and modulus of elasticity
E¢y in line with the specifications of EN1992 [44]. With the aim of taking into account the
degradation of the mechanical properties due to the accumulation of damage during the
seismic event, the model of [45] has been adopted.

With reference to the constitutive law for bar reinforcement, an elastic with perfect
plasticity model has been used, taking care to limit the ultimate strain at a value of 7.5% [44].
According to the experimental tests, the mean value f,;, has been adopted as the yield
strength concerning both the compressive and tensile behavior. The modulus of elasticity
has been set to 200,000 MPa.
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As anticipated in Section 2, the masonry infills have been modeled adopting a macro-
modeling approach. The partially infilled panels have been modelled using “frame el-
ements” in SAP2000 [25] that are active in compression only with elastic behavior. The
geometric average elastic modulus of masonry between E;;; and E,;» has been adopted. The
fully infilled frames have been modeled adopting the link element “Multilinear plastic” [25]
active in compression only. The related force-displacement non-linear constitutive law has
been derived according to [37] as explained in Section 2. The weight (and related mass) of
the masonry infills have been considered within the numerical analyses as an additional
permanent action on the RC frames.

As for modeling of FPS devices for the base-isolated building, the link element with
non-linear behavior denoted as “Friction Pendulum” has been adopted according to the
SAP2000 [25] library. The non-linear mechanical response of the links for what concerns
the in-plane displacements along X and Y degrees of freedom (i.e., DOFs) has been defined
according to the parameters affecting the FPS behavior as explained in Section 2 (i.e., R, K3,
Ky, and j4(t)). The vertical displacement DOF of the link representing the FPS has been
modeled with linear elastic behavior active in compression only.

The selection of the appropriate value of R is related to the achievement of a specific
isolation period Tjs of the building in line with Equation (1). With reference to Section 2,
the stiffnesses K, and K; have been determined as a function of the axial load on the
specific FPS isolator device. The friction coefficient in the dynamic regime as a function of
time has been modeled in SAP2000 [25] according to [30,31]. The related value has been
determined in the function of the axial load applied on each device with reference to the
empirical approach of [30]. The summary of the properties associated with the different
FPS isolators is reported in Table 3 together with their disposition in-plane as shown in
Figure 9. As reported in Figure 10, four different numerical models have been realized,
differentiating between the fixed-base/base-isolated structure without masonry infills and
the fixed-base/base-isolated structure with masonry infills.

Table 3. Properties of FPS devices in the function of the axial load.

Type FPS1 FPS2 FPS3 FPS4 FPS5 FPS6 FPS7 FPS8 FPS9
R [m] 1.5

K5 [kN/m] 355 442 471 293 413 400 431 335 382
K; [KN/m)] 18,080 22,517 23,996 14,957 21,038 20,381 21,958 17,093 19,460
Hsiow [70] 1

HFast [%] 3

 [s/m] 30

.,.‘
-
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Figure 9. In-plane location of the single-concave FPS devices with different modeling characteristics.
Reprinted /adapted with permission from [26].

4.2. Definition of the Sesimic Inputs and Related Demand

The seismic demand has been determined by adopting as an intensity measure (IM)
the value of the pseudo-acceleration S, in the elastic regime. The site-related response
spectrum associated with 50 years as a reference period for limit state of life safety has been
adopted in line with [3]. The values of the damping coefficient { have been distinguished
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between fixed-base and base-isolated structures, adopting 5% for the former and 2% for
the latter one [12]. Figure 11 shows the adopted elastic response spectra.

(b) Base isolated

() Fixed base

\

Connection RC beams
(robustness)

(d) Base isolated

(c) Fixed base
with infills

with infills

Equivalent struts for
modelling of infilled
Equivalent struts for frames
modelling of infilled
frames

Connection RC beams
(robustness)

Figure 10. NL numerical idealization for fixed-base (a) and base-isolated (b) structures without infills
and fixed-base (c) and base-isolated (d) structures with infills using SAP 2000.

1.2

— 5%
—=2% |

Figure 11. Adopted response spectra in elastic regime according to limit state of life safety [3].
Reprinted /adapted with permission from [26].

The set of ground motion inputs to realize the NL dynamic simulations is composed of
21 natural records composed of 3 acceleration components along the in-plane and vertical
directions, as used in [12] and further in [26]. In [12], the selection of the 21 inputs has
been performed from the ESM (European-Strong—Motion database) [27]. The structural
response of both fixed-base and base-isolated buildings has been investigated by means of
modal analysis. Figure 12 reports the summary of the first three eigenmodes (and related
periods of vibration) associated with the different structural configurations, including the
influence of the infills. It can be highlighted that no significant variations in the modal
shapes occur due to the presence of infills for both fixed-base and base-isolated structures.
In the case of a fixed-base structure, as expected, the presence of the infills significantly
reduces the periods of vibration due to their stiffening effects. On the contrary, the periods
of vibration of the base-isolated structures are not strongly affected by the infills.



Appl. Sci. 2023, 13, 3509

13 of 24

(a) Fixed base—
without infills
&=5%

(C) Fixed base—
with infills
E=5%

1* Eigenmode
Tl’pB =0.80s

2™ Eigenmode
Tz.pB =0.50s

3" Eigenmode
Tg,]:B: 047 s

1* Eigenmode
TI,FB =0.69s

2" Eigenmode
TZ,FB =0.39s

3" Bigenmode
T;m=0.38s

(b) Base isolated—
without infills
E=2%

(d) Base isolated—

with infills
E=2%

1* Eigenmode
TI,BI =2.66s

2™ Eigenmode
TZ,BIZ 2.55s

3" Eigenmode
T31131: 2.53s

1* Eigenmode
TI,BI =262s

2™ Bigenmode
TQ_BI =2.54s

3" Eigenmode
T3,131: 2.52s

Figure 12. Representation of the first three eigenmodes for the fixed-base structure with (a) and
without infills (c) and for the base-isolated structure with (b) and without infills (d).

With the aim of ensuring spectrum compatibility with the spectra presented in
Figure 11, each record has been properly scaled for what concerns the X-direction compo-
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nent. In particular, the IM evaluated in concomitance with the fundamental period T; of
the structure related to the elastic spectrum of the specific record has been scaled to the
IM of the design spectra of Figure 11. This operation has been performed for both fixed-
base and base-isolated structures, including and not including the effect of infills made of
masonry. The response spectra related to the selected natural records and associated with
the different structural configurations are shown in Figures 13 and 14. Note that for the
base-isolated infilled frame, the scaled records are almost equal to the ones corresponding
to the base-isolated bare frame (i.e., without accounting for the infills). This demonstrates
the minor influence of the presence of infills on the modification of the natural frequency
of the base-isolated building. In general, the presence of the infills reduces from 0.80 s to
0.69 s the natural frequency of the fixed-base building.

() w0 (b) ™
. Fixed base— xdirection | Fixed base — » direction
without infills ©0 without infills
60 E=5% §=5%

50

40

5

[m/s7]
S [m/s7]

1**Eigenmode

a

2 3 4
T [s]
(C) 120 | (d) 100 . o
Base isolated — x direction | o0l Base isolated — v direction
100 without infills “ without infills
£=2% E=2%
70 -
80
. 60H
E 60 é 50
- 1% Eigenmode i 2 40
4013 TI,BI: 2.6s 30

Figure 13. Scaled spectra of pseudo-acceleration for fixed-base (a,b) and base-isolated (c,d) build-
ing related to natural seismic inputs along X (a—c) and Y (b—d) directions. Numerical models

without infills.

(a) 70
Fixed base —
60 with infills
E=5%

1®Eigenmode

Figure 14. Scaled spectra of pseudo-acceleration for fixed-base (a,b) building related to natural

x direction

(b) 60

50

Fixed base —  direction
with infills
E=5%

seismic inputs along X (a) and Y (b) directions. Numerical models with infills.
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4.3. Execution of the NL Dynamic Numerical Simulations for Investigated Building

The set of non-linear equations of motion under seismic input related to the analyzed
building has been solved by means of the method of direct integration in line with [46,47].
Both geometric and mechanical non-linearities have been included in the analyses. As the
modeling approach based on fiber-plastic hinges, as already described, does not account
for the possible shear failure before the development of cross-section plasticity resources,
specific shear verification has been performed according to EN1992 [44] for each step of the
dynamic non-linear simulations.

With particular reference to the comparison between the fixed-base and base-isolated
buildings, the presence of the FPS devices allows preventing the shear failure in columns
where partial infills are located, resulting in a significant reduction in the short column effect.

The outcome of the NL dynamic simulations has been quantified in terms of the
peak value of the inter-story drift index (IDI) for each story of the building for what
concerns the in-plane directions (i.e., X, Y). In Figure 15a, the response of the corner FP
device (that turns out to be the most critical one) to the seismic excitation associated with
one of the scaled seismic inputs (i.e., the earthquake of “Emilia Pianura Padana 29 May
2012”) [27] (that corresponds to the EQ5 with reference to the database reported by [26])
is reported to demonstrate its agreement with the theoretical model of Figure 1b. In the
force—displacement graph of Figure 15a, the irregularity of hysteresis cycles is due both
to the variability of the dynamic coefficient of friction with the sliding velocity and to the
effects induced by the vertical accelerometric component of the seismic record. Moreover,
in Figure 15b,c, the IDIs, computed as average values between all the seismic records, are
reported as a function of the building height from the foundation level for each numerical
model herein considered. It can be recognized that the IDIs along the Y axis are smaller if
compared to the ones along the X axis due to the different stiffness of the frames oriented
in the Y and X directions, respectively. The results show a significant reduction in the IDIs
in the presence of the isolation system, demonstrating its usefulness also in the case of
irregular buildings. Comparing Figure 15b,c, the increase in stiffness can be appreciated
due to the presence of masonry infills.

a) 30 1 I
() Earthquake: Emilia Pianura
20 | Padana 29/05/2012
[27] ESM Database
10
— B
Z Location of the
=0 - investigated FPS
S R
710 = & = ® = ® = 3 & & = 8 ® ® 8 ® s @
L] L]
-20 LR ] " .o ow - =
x b
30
-0.05
(b) 14 OK
12 12
10 - 10
= 8 7 8
N 6 N 6
4 4
FB model without infills - x dir. FB model with infills - x dir.
2 —— FB model without infills - y dir. 2 —FB model with infills - y dir.
- BI model without infills - x dir. ~——— Bl model with infills - x dir.
~—— BI model without infills - y dir. 0 Bl model with infills - y dir.
0 | -
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
IDI [-] IDI[-]

Figure 15. Response of one of the FP devices under seismic excitation (a); parallelism related to mean
value of the IDIs achieved for different stories for numerical models of fixed-base and base-isolated
building without (b) and with (c) masonry infills.
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5. Analysis of Structural Performance by Probability-Based Approach
Starting from the outcomes of the 3D NL dynamic simulations, the horizontal relative
displacements of the isolators drps and IDIs have been the starting point to analyze the
structural performance of both fixed-base and base-isolated systems in probabilistic terms.
In particular, it has been assumed that both drps and IDIs are lognormally distributed [12],
with mean value y and standard deviation ¢. By performing a statistical inference analysis,
the hypothesis of lognormal distribution has passed the test with a significance level
of 5%. The parameters of the probabilistic distribution have been computed adopting
the maximum likelihood method according to [48]. In Figures 16 and 17, the mono-
variate lognormal distributions are illustrated by presenting either the results in terms of
probability density functions (PDFs) or cumulative density functions (CDFs) and by making
a comparison between the fixed-base and base-isolated structures, each of which considers
once the absence of the masonry infills and once including those elements. Table 4 reports
the limit state (LS) thresholds according to [28] in terms of IDI for both the structural
systems (i.e., fixed-base and base-isolated) associated with an acceptable limit for the

probability of exceedance in 50 years and 1 year.

250 T T T T 700 T T T T
(a) " —qth story - x dir. (b) ; — g story - x dir.
200t ; — 3" story - x dir. | 600 | 'I“. 3 story - x dir. |
2™ story - x dir. " 2" story - x dir.
- - -yt story -y dir. 300 . :" == -gth story -y dir.
_‘150 === 3" story - y dir. ] 400,::,\ === 3" story - y dir.
: === 2" story - y dir. = " H === 2" story - y dir.
100 1
501
0.03

0
0.015 0.02 0.025 0.03 . 0.01 0.015 0.02 0.025
IDI [-]

0
IDI [-]

Figure 16. Mono-variate log-normal distribution (PDFs) related to the IDIs oriented in X and Y
direction: fixed-base model (a), base-isolated model (b); (without masonry infills). Reprinted /adapted

with permission from [26].
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Figure 17. Mono-variate log-normal distribution (CDFs) related to the IDIs oriented in X and Y
direction: fixed-base model (a), base-isolated model (b); (without masonry infills). Reprinted /adapted
with permission from [26].

Figure 16a,b reports, for both fixed-base and base-isolated buildings (without masonry
infills), the mono-variate lognormal probability distribution functions obtained from the
IDIs and considering different stories, while Figure 17a,b reports the related cumulative

distribution functions.
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Table 4. Limit states thresholds in terms of IDI (FB and BI structure) [12,28].

Limit State for ;];);t[:ﬁlture for ];});t[r(f(]:ture Pg in 50 Years [—] Pgin1 Year[-]
Fully operational limit state LS1 0.50 0.33 5.0 x 107! 1.4 x 1072
Operational limit state LS2 1.00 0.67 1.6 x 1071 35x1073
Life safety limit state LS3 1.50 1.00 2.2 x 1072 45 x 1074
2.00 1.33 1.5 x 1073 3.0 x 107°

Near-Collapse limit state LS4

In particular, Figure 17a,b illustrates, respectively, the mono-variate lognormal prob-
abilistic and cumulative distribution functions of the drps including both the X and Y
directions, for the base-isolated building (without masonry infills). First of all, it is shown
that the horizontal displacement and the interstory drift index in the X direction are consid-
erably larger than in the other direction, being less stiff in that direction. In addition, it is
demonstrated that the retrofit allows a reduction in terms of the probability of exceedance
Py of the defined limit state. The exceedance probabilities for the isolation level and for
both the fixed-base and base-isolated buildings (without masonry infills and considering
the different stories) are shown in Figure 18a—c. It is shown that the isolation technique is
able to decrease the IDIs and, thus, to significantly reduce the probability of exceedance if

compared to the non-isolated structure.

(a) 16 \ \ b
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Figure 18. Mono-variate log-normal distribution (PDFs (a) and CDFs (b)) related to the in-plane
relative displacement with respect to the ground of the isolation level oriented in X and Y direction

(without masonry infills). Reprinted /adapted with permission from [26].

The previous conclusion is generally true with and without considering the presence
of masonry infills, as shown in Figures 19 and 20. As for the effects of the masonry infills,
they can be highlighted as they affect the order of magnitude of the IDIs as well as the
related exceeding probabilities.

Furthermore, the tri-dimensional response of either the fixed-base structure or the base-
isolated structure can be performed by evaluating the degree of correlation between the
abovementioned parameters IDIs and drpg along the two directions X and Y of the planar
scheme of the structure. Then, the joint log-normal distributions have been computed
according to [12].

As far as the probability of failure in the case of jointly distributed variables is con-
cerned, it must be calculated by integrating the generic JPDE, f7 7, (Zx, Zy), where Zx
denotes IDI, or dppsy whereas Zy denotes IDIy or drpg y. Figures 21-28 illustrate mainly the
level curves of the joint PDFs, together with a certain limit state area, considering the cases
with and without masonry infills and for both fixed-based and base-isolated buildings. For
example, regarding the superstructure, only results related to the 4th story and the 2nd

story are presented.
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Figure 19. Probabilities of exceedance with mono-variate assumption in logarithmic scale: fixed-base
model (a); base-isolated model (b); isolator devices for base-isolated model (c); (without masonry
infills). Reprinted /adapted with permission from [26].
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Figure 20. Probabilities of exceedance with mono-variate assumption in logarithmic scale: fixed-base
model (a); base-isolated model (b); isolator devices for base-isolated model (c); (with masonry infills).
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Figure 21. Level curves of the joint PDF for the 4th story with a generic limit state: fixed-base model
(a); base-isolated model (b); (without masonry infills).
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Figure 22. Level curves of the joint PDF for the 2nd story with a generic limit state: fixed-base model
(a); base-isolated model (b) (without masonry infills).
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Figure 23. Three-dimensional view of the joint PDF for the isolation story (a) and level curves

(b) with a generic displacement threshold (without masonry infills).

We can observe a much higher probability of exceedance when the parameters IDIs
and dppgs are considered in both the planar directions of the building. This is mainly due to
the good degree of correlation that always exists between the abovementioned parameters.
Figures 25-28 show how the presence of the infills leads to lower exceeding probabilities as
well as a lower dispersion of the spatial response of the structure along its height, especially
for the fixed-base structure.
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Figure 24. Probabilities of exceedance with bi-variate log-normal assumption in logarithmic scale:
fixed-base model (a); base-isolated model (b); isolator devices for base-isolated model (c); (without
masonry infills).
10* 108
@ 003 t (®) .03 £x;
... Generic limit ... Generic limit 5
0.025 state function 8 0.025 state function 4 S
, .
0.02 0.02 4
— 6 — 35
_0.015 5 —0.015 3
=) a
= 4 25
0.01 0.01 o, )
0.005 | & 0.005 13
0 1 0 i 05
0 0005 001 0015 002 0025 003 0 0005 001 0015 002 0025 003

DI [] IDI_[-]
Figure 25. Level curves of the joint PDF for the 4th story with a generic limit state: fixed-base model
(a); base-isolated model (b) (with masonry infills).

In conclusion, in the case of retrofitting intervention using FP devices, the mentioned
above results translate into a reduced damage level for fully operational (LS1) and op-
erational (LS2) limit states, enhancing the recovery of functionality after seismic events.
Moreover, with reference to the life safety (LS3) and near-collapse (LS4) limit states, the
interaction between the FP isolation system and the presence of an infill wall reduces the
probability of exceeding the related limit state thresholds as well as the potential direct
(i.e., casualties, recovery, or rebuild of the structure) and indirect (i.e., loss of service of the
building related to its function for the community) costs.
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Figure 26. Level curves of the joint PDF for the 2nd story with a generic limit state: fixed-base model
(a); base-isolated model (b); (with masonry infills).
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Figure 27. Three-dimensional view of the joint PDF for the isolation system (a) and level curves
(b) with a generic displacement threshold (with masonry infills).
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Figure 28. Probabilities of exceedance with bi-variate log-normal assumption in logarithmic scale:
fixed-base model (a); base-isolated model (b); isolator devices for base-isolated model (c); (with

masonry infills).
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6. Conclusions

The present investigation aims to analyze the efficiency, in probabilistic terms, of using
FPS with single concavity devices to retrofit an existing RC building with both in-plane and
in-elevation irregularities. In particular, the interaction between the FP isolation system and
the presence of an irregular distribution of infilled frames has been discussed. Appropriate
NL numerical models of the structure have been defined on the basis of a concentrated
plasticity approach using fiber-hinges cross-sections for both fixed-base and base-isolated
structures, inclusive or not of the influence of masonry infills. Then, spatial NL dynamic
simulations have been developed considering twenty-one natural seismic events with the
three acceleration components.

The outcomes of the NL dynamic simulations highlight that the presence of the FPS
isolators allows for a drastic reduction in the values of the IDIs, limiting the occurrence of
local failures of columns in shear. In particular, in the base-isolated structure, shear failure
in columns where partial infills are located is prevented in comparison to the fixed-base
building. The presence of masonry infills improves the effectiveness of the isolation system
by further reducing the displacement demand. These abovementioned effects are then
quantified in probabilistic terms by computing the lognormal distribution functions on the
IDIs and on the relative displacement with respect to the ground of FPS isolators, adopting
both mono-variate and bi-variate approaches. As expected, the probabilities of exceedance
show a significant drop between the fixed-base building and the base-isolated building.
This result is confirmed and even magnified by the structural effect of masonry infills,
highlighting the importance of accounting for their influence during the seismic assessment
of existing buildings. In fact, their contribution can be a determining factor in satisfying
the performance requirements of current design codes without the need for strengthening
interventions on structural members. In conclusion, further developments should be
carried out in order to estimate the seismic reliability of such a structure, including the
site-dependent seismic hazard and investigating the contribution of infills to enhance
its safety.
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