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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 real-
ized disregarding seismic design with minimal details with respect to present practice. In this con-
text, seismic assessment is a primary issue in order to identify the best retrofitting solution with the
aim to enhance the efficiency of existing buildings. In recent years, with the aim to enhance the
seismic behaviour 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 solution. The purpose of this paper is to explore the effectiveness of the refur-
bishment using FPS with single concavity devices on the performance of one irregular existing RC
building placed into a highly seismic area of central Italy. First, the geometric and material charac-
teristics of the building have been determined within the approach based on the “knowledge lev-
els”. Second, a suitable numerical model based on fiber-modelling approach have been established
using SAP2000 including relevant mechanical non-linearities. Then, a set of 21 natural seismic in-
puts inclusive of 3 accelerations over vertical and horizontal directions have been adopted with the
aim to perform non-linear (NL) dynamic simulations. The NL dynamic simulations have been per-
formed considering the structural system both inclusive and not inclusive of the FPS isolator de-
vices. The influence of actual distribution of infill masonry panels on the overall behavior of the
structure has also been evaluated in both the mentioned above cases. Finally, the outcomes deriving
from the NL dynamic simulations were helpful to assess the advantages of the intervention of ret-
rofitting to improve the seismic performance of the building highlighting the influence of masonry
infills.

Keywords: masonry infills; seismic protection; existing structures; performance analysis; RC build-

ings; irregular.

1. Introduction

The safety assessment of existing structures placed in areas with a relevant seismic
hazard is one of the challenges for engineers over the last years [1-2]. In particular, during
the 60’s and 70’s many buildings realized in reinforced concrete (RC) have been designed
disregarding details in comparison to the current codes specifications for seismic areas [3-
4]. In fact, the major part of such kind of buildings have been conceived for resistance
mainly relating to gravity actions assuming a minor influence of horizontal ones (e.g.,
seismic events).

In this framework, the assessment for seismic actions is a crucial issue with the aim
to identify proper dispositions to retrofit existing buildings [5-6] having particular care to
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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 solution [8-11]. Concern-
ing the application to buildings constituted by RC structural frames, the major benefits
relate to achieve 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 dissipation capacity during the seismic motion by means of friction mechanism
[12-13]. Moreover, with reference to the post-earthquake resilience, the self-recentering
capability of the devices can permit fast recovery of building functionality [14]. For the
mentioned above reasons, FP devices have been used in many situations in practice to
isolate both buildings of new realization and existing ones [15-19]. In this framework, with
the purpose to assess 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 have been widely investigated and recognized in its relevance on overall structural
behaviour [20-22]. However, few studies have been devoted to understand their interac-
tion with the adoption of seismic isolation systems as the FP devices [23-24] with particu-
lar 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 irreg-
ular RC framed building placed in highly seismic area of central Italy investigating also
the interaction between the masonry infills and the FP isolation system. After the identi-
fication of the material and geometric characteristics in line to the “knowledge levels”
philosophy [3], a suitable numerical model based on fiber-modelling approach have 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 accelero-
metric components to evaluate the performance of the RC building inclusive and not in-
clusive of the FP isolators. As mentioned above, the influence of the masonry infills on the
seismic performance has been investigated [23-24]. In detail, the structure having base
fixed to foundations (FB) and with isolation system (BI) has been analyzed with and with-
out the presence of the masonry infills. The local influence due to the interaction between
the RC frame and the both 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 to assess the efficiency of the isolator devices to improve
the seismic performance also of the RC framed building having both in plan and in eleva-
tion irregularities. 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 modelled through
mono-variate and bi-variate lognormal distributions [12]. Finally, the exceedance proba-
bilities for several values of the EDPs are computed and compared with respect to appro-
priate thresholds proposed by scientific literature [28].

2. Strategies to model behaviour of FPS and of masonry infills in RC framed struc-
tures

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 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 a high seismicity [17, 19, 26]. Particularly, the FP devices allow to
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disconnect the superstructure from the foundation level and are able to accommodate 97
most of seismic demand for displacement. In addition, these devices are able provide high 98
energy dissipation by friction developed between the sliding surfaces [12]. These devices 99
are realized through a slider device that can move on a surface having concave shape, 100
which is characterized by a specific curvature radius R [30] and friction coefficient u, [31- 101
32]. The adoption of single-concave FP leads to the main advantage of having the first 102
natural period of the base isolated structure Ti dependent only on the curvature radius R~ 103

[12]. The mentioned above dependence can be expressed as follows: 104
105
T, =27z.R/g (1) 106
107
where the acceleation of gravity is denoted by g. 108
109
a) Wsin® WO _ging
' R
w :
Ma(t)Wcoso Slider

/fb(t)cose
—fy(t)

Concave
surface

Equilibrium equation (tangent direction to
sliding surface):
f,(t)cos@—Wsin & — u, (t)W cos§ =0

where :W = Mg

b)
Lateral force i
fo

-

Displacement
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Qq: characteristic strength Qq=uqW
Ky : initial stiffness set equal to 51K,
K, : post-elastic stiffness evaluated as W/R

Figure 1. Representation of the free-body diagram of the FPS under imposed lateral 110
force and related equilibrium equation to translation in horizontal direction of the slider 111
(a) Theoretical non-linear hysteretic response of the FPS device (b). 112

113

The basic response in terms of dynamic equilibrium of the FPS device is represented 114
in Figure 1(a) by means of the free-body diagram of the slider and related equilibrium 115
equation with respect to translation along tangent direction to the sliding surface. After 116
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mathematical manipulation of the equilibrium equation showed in Figure 1(a) and assum- 117
ing that the discrepancy between the normal direction to the sliding surface and the ver- 118
tical one is negligible according to [11]-[12] (i.e., tangent direction to sliding surface coin- 119
cides, reasonably, with the horizontal one), the restoring force f,(t) of the FP bearing de- 120
vice can be determined as follows: 121

f, (t)=%ub (t)+ u, (t)Mgsgn (u, (t)) @ 122

where M is the mass of the portion of structure pertaining the specific FPS device, u, (t) 123
denotes the projection on the horizontal plane of the slider displacement relative to the 124
ground, t is the time, pu,(t) represents the coefficient of friction in dynamic regime, 125
sgn(ub (t)) determine the sign of the velocity of the slider 1, (t)during the motion. 126

Mechanical behavior of single-concave FPS devices may be idealized according to the 127
non-linear hysteretic model proposed by [30], characterized by the definition of 3 param- 128
eters: the characteristic strength Q; = puzW with W=Mg ; the stiffness after the elastic be- 129
haviour K, = W/R; the stiffness in elastic regime Ki, assumed equal to 51-Kz. The repre- 130
sentation of the theoretical hysteretic model for the FP device is reported in Figure 1(b). 131
Regarding friction coefficient in dynamic regime, investigations of [31-32] suggest that 132
Up(t) canbe expressed as dependent on the sliding velocity u,(t) as follows: 133

Hy (t) = Hipast — (:ufa.st - :uslow) exp(—a |ub (t)|) (3) 134

where the terms g, and pg, represents the values of the coefficient of friction in re- 135
gime of high and low, respectively, velocity of sliding 1, (t); a represent a constant that 136
governs the variation of the coefficient of friction p,(t) between minimum and maximum 137
values. 138

2.2. Modelling mechanical behaviour of masonry infills for seismic assessment 139

The principal role of infills in framed buildings derives from the need to confine the 140
external environment from the internal one or to separate the internal compartments. As 141
widely recognized, the masonry panels are able to interact with the surrounding RC struc- 142
tural frame in the presence of significant lateral actions [33]. This interaction produces 143
both positive and negative effects on the overall response of the structure as can be de- 144
duced by the post-earthquake observed damage scenarios [34]. In fact, although the over- 145
all stiffness of the structural system turns out to be increased, the presence of infills leads 146
to a reduction in the natural period with the related increase of the seismic spectral accel- 147
eration. Moreover, with particular reference to partially infilled panels, their presence pro- 148
vides additional stiffness locally increasing the shear demand on columns that can col- 149
lapse with brittle mechanisms (e.g., captive and short column effects) [35]. For instance, 150
despite the inevitable modeling issues, neglecting such elements in refined non-linear 151
analysis of RC frames may not allow to properly estimate the actual stiffness, resistance 152
and ductility of the structure system [33, 36-37]. The scientific literature proposes different 153
approaches to account for masonry infills within the definition of numerical models of RC 154
frames. These ones can be classified primarily in micro-modelling and macro-modelling 155
[37]. 156

In the present investigation the macro-modelling approach is adopted according to 157
[37] for the fully infilled masonry panels to consider the effects deriving from the interac- 158
tion between the infills and RC members. Specifically, they are reproduced by meansofa 159
single-strut model able to take into account the masonry mechanical non-linearities. Ac- 160
cording to [37], the strut can be defined adopting fiber-modelling approach with fibers 161
characterized by the appropriate constitutive law able to reproduce the macro-behavior 162
of the masonry panel [37]. As suggested in [37], the mentioned above constitutive law can 163
be defined similarly to the one used for concrete, in which the peak strength f,,50, the 164
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corresponding deformation &40, the ultimate resistance fp,4, and the related defor- 165
mation &p4, are assigned depending on the mechanical and geometric properties of the 166
masonry which are introduced in the next. 167
With reference to the macro-modelling of the partially infilled masonry panels, ap- 168
proaches able to take into account their non-linear behavior without large uncertainties 169
are poor within the scientific literature. For instance, they have been reproduced by means 170
of a single-strut model with elastic behavior in order to take into account unfavorable 171
effects related on shear demand on columns [35]. In order to characterize the geometrical 172
configuration of the macro-model with single strut, for each partial infill under examina- 173
tion, a micro-model using shell elements has been defined using SAP200 software plat- 174
form [25] according to Figure 2. The thickness of the shell elements used for micro-mod- 175
elling have been defined in accordance with the geometry of the masonry panel while, the 176
interface between the shells and the surrounding RC frame has been reproduced using 177
spring elements [25] able to take into account the friction between concrete and masonry 178
(using a friction coefficient equal to 0.45 [37]). 179
180

(@) (b)

Single-strut

Shell /

Figure 2. Micro-model with shell (a) and macro-model with single-strut (b) using SAP2000 for par- 181
tially in-filled masonry panels. 182

In order to define an equivalent macro-model, the width of the single-strut was de- 183
termined by a trial-and-error process until the same displacements, monitored at the top 184
of the panel in presence of horizontal force, were obtained for the macro-models with 185
respect to the micro ones. The mentioned above evaluation has been performed for all the 186
different geometrical configurations of the partial infills of the RC frame. The elastic prop- 187
erties of material used for micro and macro-models have been determined according to 188

the actual masonry mechanical characteristics as reported in the next sections. 189
Finally, concerning masonry panels with large openings, they were not included 190
within the numerical model as their contribution to overall stiffness can be neglected. 191

The macro-models of the masonry panels so far established have been adopted 192
within the numerical model of the existing RC framed structure with infills as commented 193
in the following. 194

3. Analyzed irregular building and characterization of retrofitting intervention 195

In the present section, the description of the main features of the existing RC framed 196
building are reported. Then, some geometrical aspects of the retrofitting intervention us- 197
ing single-concave FP isolators are also described. 198

3.1. Geometrical configuration of the structure 199

The existing RC framed building considered for the study is located in central Italy 200
in a region with a very relevant seismicity. In particular, according to current Italian de- 201
sign code [3], the region is subjected to PGA (Peak - Ground - Acceleration) that is superior = 202
than 0.25g associated to exceedance probability of 10! in 50 years concerning life safety 203
limit state. In the next, the main geometrical features of the building are reported focusing 204
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on the RC framed structure and masonry infills. The building has been realized during 205
the “60s according to Italian design code that, at the time, was related to seismic design for 206
small amount of specifications. For instance, the structure has been realized without ap- 207
propriate seismic conception and detailing. The structure, built during the ‘60s, is consti- 208
tuted by a cast in situ RC structure that consists of orthogonal frames dislocated along X 209
(i.e., longitudinal) and Y (i.e., transverse) directions. The foundations are stiff inverted 210
continuous RC beams along the direction of the RC frames. The in-plan sizes of the build- 211
ing are 59.8 m in X direction and 12.2 m in Y direction. Figure 3 illustrates, schematically, 212
the columns disposition with the related frames identified as X1, X2 in the X directionand 213

Y1, Y2, Y3 along the Y direction. 214
| \ ¥ \ \
V2 e g g G )
T o B S Tl
S 1 - - S O O A
Y2 — EH~—1}—7——4}———{r——f—ﬂ—f——ﬂ—f——ﬂ——f—{}f———{?—— O {;W”awﬂ—Wﬁ——wﬂf—ﬁﬂf——fﬂwﬂ
| T S |
X1 | | X1
X2

Y
I X2
VA X 5950

Figure 3. In-plan size of the RC building; characterization of the RC frames according to Xand Y 215

orthogonal directions [26]. Dimensions in centimeters. 216
217
Frame X1 (b) Frame X2
(a)
30
2 Lrss story 5 age
~ 30x66 ___30x66__|30x6
s 2 2 2 i
3 3 g story 4 g &
3066 30x66__| 30x66/30x6
J 8 2 8 2
g 8 3 s story 3 3 o
= 30x66 30x66 30x66 | 30x66 30x6
" 2 .,, n g 9 3
g 3 g story 2 2 2 a4 & &
o 2lge ” 30x66_" __30x66 | 30x66 30x66
< =
g g story 1 g g 2 8 g
b ® o o o & &
o« o« o« o) )
665 - - - -
556 556 450 215 215

Figure 4. Details of the RC frames that constitute the structure including cross-sections of main 218
members in X direction [26]. Dimensions in centimeters. 219

With reference to the elevation, the maximum height of the building is equal to 15.9 220

m measured from the foundation level. The RC structure presents 5 stories including the 221
roof level. The details of the geometry of the different RC frames that constitute the struc- 222
ture are reported in Figures 4 and 5. Concerning the boundary conditions, around the 223
structure for a height of 3.5 m measured from the foundation level, there is a soil embank- 224
ment that is able to limit displacements in X and Y directions of the story 1. This is a rele- 225
vant aspect for the seismic behaviour of the structure and it is accounted for during the 226
definition of the numerical model. 227
228
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Figure 5. Details of the RC frames that constitute the structure including cross-sections of main
members in direction Y [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 (in
average) is equal to 3 cm for all structural members. The horizontal floors are built using
lightened “latero-concrete” technical solution with RC joists and top slab. The RC joists
are 16 cm height with a base of 10 cm with 0.5 m as center to center distance in 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 connect the joists realizing the
floor and, for modelling purposes, it can be considered as able to realize a rigid floor able
transfer horizontal actions to the longitudinal and transverse RC frames [3].

The only external masonry infills have been considered able to contribute to overall
seismic response of the building. In particular, the masonry infills have a total thickness

229
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239
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equal to 34 cm and are realized with the following stratigraphy: external facing in exposed 243
brick (8 cm); air cavity (13 cm); internal facing in perforated bricks (12 cm) and internal = 244
cement plaster (1 cm). The disposition of the partially infilled and totally infilled masonry 245
panel within the external RC frames of the structure is reported in Figure 7. It can be noted 246
that the geometry of the external infills in the longitudinal direction is particularly unfa- 247

vourable due to the presence of many partial infill panels. 248
Table 1. Shear and bending reinforcements for main members of the RC frames [26]. 249
Type of struc-  Longitudinal re-  Shear reinforcement = Longitudinalre-  Shear reinforcement
tural member inforcement (2 legs stirrups) inforcement (2 legs stirrups)
Level (story)
Column 1 2420+5¢16 / 2$20+5¢16 /
$6@8mm $6@8mm
Column 2 2¢20+5¢16 2¢20+5¢16
2¢20+5¢14 / 2¢20+5¢14 /
Column 3 2620514 $6@12mm 26204514 $6@12mm
Beam midspan: Beam midspan:
Sup. 2¢14 $6@19mm Sup. 214 $6@19mm
Inf. 5¢16 Inf. 5¢16
Beam 1 B .
eart ends: Beam ends:
Sup. 214 +5¢20 $6@10mm Sup. 241445420 $6@10mm
Inf. 2¢)16 Inf.216
Beam midspan: Beam midspan:
Sup. 212 $6@19mm Sup. 212 $6@19mm
Beam 2 Inf. 5¢14 Inf. 5¢14
Beam ends: Beam ends:
Sup. 2¢)14 +5¢)20 $6@10mm Sup. 2¢)14 +5¢)20 $6@10mm
Inf. 3¢16 Inf. 3¢16
Beam 3 Sup. 2¢10 +2¢12 $6@30mm Sup. 4410 $6@30mm
Inf. 210 +2¢12 Inf. 2410 +2¢12
Beam 4 Sup. 4410 $6@30mm Sup. 4410 $6@30mm
Inf. 4¢10 Inf. 4¢10
Beam 5 Sup. 4914 $6@10mm Sup. 4¢14 $6@10mm
Inf. 4¢)14 Inf. 4¢14
Level (story)
Column 1 2420+5¢14 / $6@10mm 2$20+5¢14 /
Column 2 $6@12mm
2¢20+5¢14 2¢20+5¢14
Column 3 ¢ ¢ $6@12mm ¢ ¢
Beam midspan: Beam midspan:
Sup. 2¢14 $6@19mm Sup. 2¢14 $6@19mm
Inf. 5¢16 Inf. 5¢16
Beam 1
Beam end: Beam end:
Sup. 2¢14 +5¢20 $6@10mm Sup. 2¢14 +5¢20 $6@10mm
Bottom 2¢16 Bottom 2¢16
Beam midspan: Beam midspan
Sup. 2¢12 $6@19mm Sup. 2¢12 $6@19mm
Beam 2 Inf. 5¢14 Inf. 5¢14
Beam end: $6@10mm Beam end: $6@10mm
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Sup. 2¢14 +5¢20 Sup. 2¢14 +5¢20
Inf. 3¢16 Inf. 3¢16
Sup. 4¢10 Sup. 4¢10
Beam 4 Inf. 4¢10 ¢6@30mm Inf. 4410 $6@30mm
Sup. 4¢14 Sup. 4910+ 1912
Beam 5 ¢6@10mm $6@10mm
Inf. 4¢p14 Inf. 2¢10+ 112
Level (story) 5 (Roof)

Sup. 2¢:16 + 5¢20
Beam 6 $6@10mm -
Inf. 3¢16 +2¢14

Sup. 4¢10
Beam 7 $6@10mm -
Inf. 2912 + 2¢10

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

] Column type 1
=] Column type 2
W Column type 3
== Beam type 1
= Beam type 2
== Beam type 3
= Beam type 4
= Beam type 5

=== Beam type 6

(b) = e

Figure 6. Characterization of beams and columns within the RC structure [26]: (a) typical story; (b)
roof.

(@)

------- -----_’

M-
----.-- ------

g 4

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).
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Figure 8. Position of the isolation level (red dashed line) with location of the single-concave FP de- 265
vices. 266

3.2. Characterization of material properties of the RC structure and masonry panels 267

The determination of the materials mechanical characteristics has been performed by 268
means of destructive and non-destructive tests. With reference to the “knowledge levels” 269
(KL) approach [3], the achieved level of knowledge was compatible with the third one 270
(i.e.,, KL3). For instance, the confidence factor [3] for material properties can be adopted as 271
equal to 1.00. Then, the material properties used for the non-linear numerical analysesand 272
structural verifications will be equal to the mean ones (i.e., experimental) for concrete, 273
reinforcement and masonry. The mean values of material properties have been deter- 274
mined according to statistical analysis of tests results. In detail, the cylinder concrete com- 275
pressive strength (mean value) fon has been determined by means destructive test of cores 276
drilled from several structural elements. Its value, after statistical treatment of the data, 277
has been estimated as 25.2 MPa. On few sampled concrete cores, measurements of axial 278
strain levels have been conducted with the aim to quantify the value of secant elastic mod- 279
ulus Ecn (mean value). The value of Ecn turns out to be equal to 22000 MPa. 280

As for the steel reinforcement bars (FeB38k), the related characteristics have been es- 281
timated by means of tensile tests on specimen of reinforcing bars taken from different 282
structural components. The mean value of tensile yielding fyn strength turned out to be 283
equal to 374 MPa. 284

In addition, tests on masonries were carried out to determine the mechanical param- 285
eters, such as elastic modulus Ewi12 (in horizontal and vertical directions, respectively) and 286
shear strength fon by diagonal compression tests. The vertical compressive strength fu2 was 287
instead inferred through the use of Italian standard [3] depending on the masonry panel 288
stratigraphy. The horizontal compressive strength f.1 has been considered equal to the 289
50% of fm2 [3]. All the mentioned above parameters should be considered as mean values 290
and are summarized in Table 2. These values are adopted according to the methods for 291
macro-modelling introduced in Section 2.2 with the aim to reproduce the influence on 292

structural behaviour of masonry infills. 293
Table 2. Mechanical properties of masonry panels. 294
Em Em2 fvm fml fmZ
[MPa] [MPa] [MPa] [MPa] [MPa]
4325 4804 0.75 3.9 7.8
295
4. Non-linear numerical modelling and structural analysis 296

In the next, the assumptions adopted to define the numerical models [25] and to per- 297
form the NL dynamic simulations of the investigated RC building are listed in agreement 298
with [26], [39-40] also with reference to the characterization of ground motion inputs. 299

4.1. Definition of the NL numerical models related to RC framed building including infills for 300
base-fixed and base-isolated structure 301
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The RC framed building under investigation have been numerically reproduced in 302
line to the geometrical and materials characteristics introduced in the previous sections 303
using SAP2000 [25]. As for the modelling of the RC columns, it has been performed with 304
the assumption of full restraint at the level of the rigid inverted RC beams that constitutes 305
the foundations of the building. Furthermore, the behaviour of the stiff fields of “latero- 306
cement” floors have been reproduced by appropriate membrane constraints in SAP2000 307
[25]. As introduced in previous sections, the building, up to the level of the story ,1is 308
surrounded by an embankment of soil. The presence of the latter has been included within 309
the numerical representation of the structures accounting for its restraining effect for in 310
plane (i.e., X and Y directions) displacements of the story 1 [26]. 311

Concerning the modelling of the main structural elements, characterized by RC col- 312
umns and RC beams, it has been adopted a discretization approach based on fiber cross- 313
section with the aim to define the non-linear behavior of the plastic hinges according to 314
concentrated plasticity philosophy (SAP2000 [25]). Specifically, for each type of cross-sec- 315
tion, the constitutive laws of the fibers have been distinguished between steel longitudinal 316
reinforcement, core (i.e.,, confined by stirrups) and cover concrete. The plastic hinges 317
based on fiber discretization allow to take into account the axial load and bending (biaxial) 318
inter-relationship [25]. The non-linear response of the hinges takes place within a prede- 319
termined length L, that denotes the plastic hinge length [44]. The plastic hinge length L, 320
has been determined in line to the equation proposed by [45]. 321

The constitutive law of [41] has been adopted to simulate non-linear response in com- 322
pressions of fibers representing the core and the cover concrete. The related tensile behav- 323
ior has been modelled by means LTS (i.e., Linear Tension Softening). All the needed me- 324
chanical characteristics of concrete have been obtained as a function of the mean value of 325
the experimental results for cylinder strength in compression fon and modulus of elasticity 326
Eon in line to the specifications of EN1992 [43]. With the aim to take into account the deg- 327
radation of the mechanical properties due to the accumulation of damage during the seis- 328
mic event, the model of [46] has been adopted. 329

With refence to the constitutive law for bars reinforcement, an elastic with perfect 330
plasticity model has been used, having care to limit the ultimate strain at the value of 7.5% 331
[43]. According to the experimental tests, the mean value f;» has been adopted as yielding 332
strength concerning both the compressive and tensile behavior. The modulus of elasticity 333
has been set to the value of 200000 MPa. 334

As anticipated in Section 2, the masonry infills have been modelled adopting a macro- 335
modelling approach. The partially infilled panels have been modelled using “frame ele- 336
ments” in SAP2000 [25] active in compression only with elastic behavior. The geometric 337
average elastic modulus of masonry between En: and Enz has been adopted. The fully in- 338
filled frames have been modelled adopting link element “Multilinear plastic” [25] active 339
in compression only. The related force-displacement non-linear constitutive law has been 340
derived according to [37] as explained in Section 2. The weight (and related mass) of the 341
masonry infills have been considered within the numerical analyses as an additional per- 342
manent action on the RC frames. 343

As for modelling of FPS devices for the base isolated building, the link element with 344
non-linear behavior denoted as “Friction Pendulum” have been adopted according to 345
SAP2000 [25] library. The non-linear mechanical response of the links for what concerns 346
the in plane displacements along X and Y degrees of freedom (i.e., DOFs) has been defined = 347
according to the parameters affecting the FPS behavior as explained in Section 2 (i.e, R, 348
Ki, Kz and pg4(t)). The vertical displacement DOF of the link representing the FPS it has 349
been modelled with linear elastic behavior active in compression only. 350

The selection of the appropriate value of R is related to the achievement of a specific 351
isolation period Tisof the building in line to the Eq.(1). In line to Section 2, the stiffnesses 352
Kzand Ki have been determined as a function of the axial load on the specific FPS isolator 353
device. The friction coefficient in dynamic regime as a function of time has been modelled 354
in SAP2000[25] according to [31] and [32]. The related value has been determined in the 355



Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 25

function of the axial load applied on each device with reference to the empirical approach
of [31]. The summary of the properties associated to the different FPS isolators are re-
ported in Table 3 together with their disposition in plan as showed by Figure 9. As re-
ported in Figure 10, four different numerical models have been realized differentiating
between the fixed-base/base-isolated structure without masonry infills and fixed-
base/base-isolated structure with masonry infills.

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

Type FPi FPS 2 FPS 3 FPS 4 FPS5 FPS 6 FPS7 FPS8 FPS 9

R [m] 15

Ko [kN/m] 355 442 471 293 413 400 431 335 382

Ki [kN/m] 18080 22517 23996 14957 21038 20381 21958 17093 19460

”’Slow [%] 1

uFast [%] 3

a [s/m] 30
L S L e e e e I
o me
| | i | | | | | | i | | | | | | i | Type 3
L S S S S JNNL S SN S S SN SN NN N SN S A S iﬁ:g
o e

V20 T U N T S S TN S TN A R T A -

T_-)‘ 77777 S S N T MU P AL S N SO S S S B
X -

Figure 9. In plan location of the single-concave FPS devices with different modelling characteristics
[26].
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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 in-
fills and fixed-base (c) and base-isolated (d) structures with infills using SAP 2000.

4.2. Definition of the sesimic inputs and related demand
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The seismic demand has been determined adopting as Intensity Measure (IM) the 370
value of the pseudo-acceleration S. in elastic regime. The site related response spectrum 371
associated to 50 years as reference period for limit state of life safety have been adopted 372
in line to [3]. The values of the damping coefficient { have been distinguished between 373
the fixed-base and base-isolated structure adopting 5% for the former and 2% for the latter 374
one [12]. Figure 11 shows the adopted elastic response spectra. 375

1.2

1k
0.8

=8
= 0.6
0.4

02r

T [s]

Figure 11. Adopted response spectra in elastic regime according to limit state of life safety [3] and 376
[26]. 377

The set of ground motion inputs to realize the NL dynamic simulations are consti- 378
tuted by 21 natural records composed by 3 acceleration components along the in plane 379
and vertical directions as used in [12] and furtherly in [26]. In [12], the selection of the 21 380

inputs has been performed from the ESM (European - Strong - Motion database) [27]. 381
382
(a) Fixed base— (b) Base isolated—
without infills without infills
E=5% E=2%
1 Eigenmode 1% Eigenmode
Tl,FB =0.80s T1,|3| =2.66s
2" Eigenmode 2 Eigenmode
TvaB =0.50s TZ,BI: 2.55s

3" Eigenmode .
Tars=047s 3 Eigenmode

T3,BI =253s
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(c) Fixed base—
with infills

E=5%

1% Eigenmode
Tl,FB =0.69s

2" Eigenmode
TZ,FB =0.39s

3 Eigenmode

TS,FB =0.38s

(d) Base isolated—
with infills

E=2%

1% Eigenmode
Tl,BI =262s

2" Eigenmode
TZ,Bl =2.54s

3" Eigenmode
T3,BI =252s

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).

The structural response of both fixed-base and base-isolated buildings have been in-
vestigated by means of modal analysis. Figure 12 reports the summary of the first three
eigenmodes (and related periods of vibration) associated to the different structural con-
figurations 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 case of fixed-base structure, as expected, the presence of the
infills reduces significantly the periods of vibration due to their stiffening effects. On the
opposite, the periods of vibration of the base isolated structures are not strongly affected
by the infills.
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(C) 120 T (d) 100 -
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Figure 13. Scaled spectra of pseudo-acceleration for fixed-base (a)-(b) and base-isolated (c)-(d) build- 396
ing related to natural seismic inputs along X (a)-(c) and Y (b)-(d) directions. Numerical models with- 397
out infills. 398

With the aim to ensure spectrum compatibility with the spectra presented in Figure 399
11, each record have been properly scaled for what concern the X direction component. In 400
particular, the IM evaluated in concomitance of the fundamental period T: of the structure 401
related to the elastic spectrum of the specific record have been scaled to the IM of the 402
design spectra of Figure 11. This operation has been performed for both fixed-base and 403
base-isolated structures including and not including the effect of infills made of masonry. 404
The response spectra related to the selected natural records and associated to the different 405
structural configurations are showed in the Figure 13 and Figure 14. Note that for the base 406
isolated infilled frame the scaled records are almost equal to the ones corresponding to 407
the base isolated bare frame (i.e., without account for the infills). This demonstrates the 408
minor influence of the presence of infills in modification of the natural frequency of the 409
base isolated building. In general, the presence of the infills reduce from 0.80s to 0.69s the 410

natural frequency of the fixed-base building. 411
412
a r : : 60
@ Fixed base — x direction (b) Fixed base — v direction
cor|  with infills s0 with infills
&=5% E=5%

50 1
40 -

£ 1*tEigenmode
- Tl,FB =0.695s

Figure 14. Scaled spectra of pseudo-acceleration for fixed-base (a)-(b) building related to natural 413
seismic inputs along X (a) and Y (b) directions. Numerical models with infills. 414

4.3. Execution of the NL dynamic numerical simulations for investigated building 415

The set of non-linear equations of motion under seismic input related to the analyzed 416
building have been solved by means of the method of direct integration in line to [49-50]. 417
Both geometric and mechanical non-linearities have been included within the analyses. 418
As the modelling approach based of fiber plastic hinges, as already described, does not 419
account for the possible shear failure before the development of cross-section plasticity = 420
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resources, specific shear verification has been performed according to EN1992 [43] for 421
each step of the dynamic non-linear simulations. 422

(a) * Earthquake: Emilia Pianura
20l | Padana 29/05/2012
[27] ESM Database
10
E Location of the
X 0 1 investigated FPS
S I
“_'10- [ M M e
20 \"..'—|.|.,.E::E -
-30
-0.05 0.05

0
Un(t) [m]

1

—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. J
BI model without infills - x dir. BlI'model Wl_‘h fnﬁlls -X df"
—— Bl 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
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Figure 15. Response of one of the FP devices under seismic excitation (a); parallelism related to mean 423
value of the IDIs achieved for different stories for numerical models of fixed-base and base-isolated 424
building without (b) and with (c) masonry infills. 425

With particular reference to the comparison between the fixed-base and base-isolated 426
building, the presence of the FPS devices allows to prevent the shear failure in columns 427
where partial infills are located with significant reduction of the short column effect. 428

The outcome of the NL dynamic simulations has been quantified in terms of peak 429
value of the inter-story drift index (IDI) for each story of the building for what concerns 430
the in-plane directions (i.e., X, Y). In Figure 15(a), the response of the corner FP device 431
(that turns out to be the most critical one) to the seismic excitation associated to one of the 432
scaled seismic inputs (i.e., earthquake of “Emilia Pianura Padana 29/05/2012”) [27] (that 433
corresponds to the EQ5 with reference to the database reported by [26]) is reported to 434
demonstrate its agreement with the theoretical model of Figure 1(b). In the force-displace- 435
ment graph of Figure 15(a) the irregularity of hysteresis cycles is due both to the variability 436
of the dynamic coefficient of friction with the sliding velocity and to the effects induced 437
by the vertical accelerometric component of the seismic record. Moreover, in Figure 15(b)- 438
(c), the IDIs, computed as average values between all the seismic records, are reported in 439
the function of the building height from the foundation level for each numerical model 440
herein considered. It can be recognized that the IDIs along Y axis are smaller if compared 441
to the ones along X due to the different stiffness of the frames oriented in Y and X direc- 442
tions, respectively. The results show a significant reduction of the IDIs in presence of the 443
isolation system demonstrating its usefulness also for the case of irregular buildings. 444
Comparing Figure 15(b)-(c), it can be appreciated the increase of stiffness due to the pres- 445
ence of masonry infills. 446
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5. Analysis of structural performance by probability-based approach 447
Starting from the outcomes of the 3D NL dynamic simulations, the horizontal relative 448
displacements of the isolators drrsand the IDIshave been the starting point to analyze the 449
structural performance of both fixed-base and base-isolated systems in probabilistic 450
terms. In particular, it has been assumed that both drrsand IDIs are lognormally distrib- 451
uted [12], with mean value y and standard deviation o. By performing a statistical infer- 452
ence analysis, the hypothesis of lognormal distribution has passed the test with signifi- 453
cance level of 5%. The parameters of the probabilistic distribution have been computed 454
adopting the Maximum Likelihood method according to [51]. 455
Table 4. Limit states thresholds in terms of IDI (FB and BI structure) [12],[28]. 456
Limit state IDI [%] IDI [%] P:¢in 50 years P:in 1 year
for FB structure for BI structure [-] [-]
Fully operational " 5
limit state LS 0.50 0.33 5.0x10 1.4x10
Operational limit ’ 3
state LS2 1.00 0.67 1.6x10 3.5x10
Life safety limit Y "
state 1S3 1.50 1.00 2.2x10 4.5x10
Near-Collapse 5 5
limit state LS4 2.00 1.33 1.5x10 3.0x10
457
250 700 T T
(a) m —qth story - x dir. (b) . —yth story - x dir.
S0l [ —3: story - X dilr. | 600 - .'l" 3“: story - x dir. |
s 2" story - x dir. so0 L o 2" story - x dir. |
- == =4" story - y dir. H H - == 4" gtory - y dir.
h150’ ! | ""3rdslory—ydir. 1 ' ] ""S'dstory-ydir. J
n.‘; :' 2" story - y dir. 2" story - y dir.
o s
50 .: ,"
Oﬁ‘ 0.005 0.61 0.015 0.02 0.02; 0.03 0"01 0.015 0.02 0.0‘25 0.03
IDI [-] IDI [-]
Figure 16 Mono-variate log-normal distribution (PDFs) related to the IDIs oriented in X and Y di- 458
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rection: fixed-base model (a), base-isolated model (b); (without masonry infills) [26].
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Figure 17. Mono-variate log-normal distribution (CDFs) related to the IDIs oriented in X and Y di-
rection: fixed-base model (a), base-isolated model (b); (without masonry infills) [26].

In Figures 16-17 it is illustrated the mono-variate lognormal distributions, by present-
ing either the results in terms of probability density functions (PDFs) and cumulative den-
sity functions (CDFs), and by making a comparison between the fixed-base and base-
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isolated structure, each of one considering once the absence of the masonry infills and 465
once including those elements. Table 4 reports the limit state (LS) thresholds according to 466
[28] in terms of IDI for both the structural systems (i.e., fixed-base and base-isolated) as- 467
sociated to an acceptable limit for probability of exceedance in 50 years and 1 year. 468
469
@) 16 ‘ : (b) 1
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Figure 18. Mono-variate log-normal distribution (PDFs (a) and CDFs (b)) related to the in plane 470
relative displacement with respect to the ground of the isolation level oriented in X and Y direction = 471
(without masonry infills) [26]. 472
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infills) [26]. 476
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Figure 20. Probabilities of exceedance with mono-variate assumption in logarithmic scale: base fixed ~ 479
model (a); base isolated model (b); Isolator devices for base isolated model (c); (with masonry infills). 480

Figure 16(a-b) reports for both fixed-base and base-isolated buildings (without ma- 481
sonry infills), the mono-variate lognormal probability distribution functions obtained 482
from the IDIs and considering different stories, while, Figure 17(a-b) reports the related 483
cumulative distribution functions. 484

In particular, Figure 17(a-b) illustrates, respectively, the mono-variate lognormal 485
probabilistic and cumulative distribution functions of the drps including both the X and Y 486
directions, for the base isolated building (without masonry infills). First of all, it is shown 487
that the horizontal displacement and the interstory drift index in the X directions is con- 488
siderably larger than in the other direction, being less stiff in that direction. In addition, it =~ 489
is demonstrated that the retrofit allows a reduction in terms of probability of exceedance 490
Ps of the defined limit state. The exceedance probabilities for the isolation level and for 491
both the fixed-base and base-isolated buildings (without masonry infills and considering 492
the different stories) are shown in Figure 18(a-c). It is shown that the isolation technique 493
is able to decrease the IDIs and, thus, to significantly reduce the probability of exceedance 494
if compared to the non-isolated structure. 495

The previous conclusion is generally true with and without considering the presence 496
of masonry infills as show in the Figure 20. As for the effects of the masonry infills, it can =~ 497
be highlighted as they affect the order of magnitude of the IDIs as well as the related ex- 498
ceeding probabilities. 499

Furthermore, the tri-dimensional response of either the fixed-base structure and the 500
base-isolated one can be performed evaluating the degree of correlation between the 501
abovementioned parameters IDIs and drprs along the two directions X and Y of the planar 502
scheme of the structure. Then, the joint log-normal distributions have been computed ac- 503
cording to [12]. 504

505
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Figure 21. Level curves of the joint PDF for the 4t storey 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 2" storey with a generic limit state: fixed-base model
(a); base-isolated model (b) (without masonry infills).
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displacement threshold (without masonry infills).
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Figure 24. Probabilities of exceedance with bi-variate log-normal assumption in logarithmic scale:

base fixed model (a); base isolated model (b); Isolator devices for base isolated model (c); (without
masonry infills).

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 JPDF, f; , (Zy, Zy), where Zx de-
notes IDIx or dersx whereas Zy denotes IDIy or drrsy. 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.
As examples, regarding the superstructure only results related to the 4t storey and the 2nd
storey are presented.
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Figure 25. Level curves of the joint PDF for the 4t storey with a generic limit state: fixed-base model
(a); base-isolated model (b) (with masonry infills).
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Figure 26. Level curves of the joint PDF for the 2n storey with a generic limit state: fixed-base model
(a); base-isolated model (b); (with masonry infills).
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Figure 27. 3D 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:
base fixed model (a); base isolated model (b); Isolator devices for base isolated model (c); (with ma-
sonry infills).
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We can observe much higher probability of exceedance when the parameters IDIsand 533
drprs are considered in both the planar directions of the building. This is mainly due toa 534
good degree of correlation that always exists between the abovementioned parameters. 535
Figures 25-28 shows how the presence of the infills leads to lower exceeding probabilities 536
as well as a lower dispersion of the spatial response of the structure along the height, 537
especially, for the fixed-base structure. 538

In conclusion, in the case of retrofitting intervention using FP devices, the mentioned 539
above results turn out into a reduced damage level for fully operational (LS1) and opera- 540
tional (LS2) limit states enhancing the recovery of functionality after seismic events. Also, 541
with reference to the life safety (LS3) and near-collapse (LS4) limit states, the interaction 542
between FP isolation system and presence of infill wall reduces the probability exceeding 543
the related limit states thresholds as well as the potential direct (i.e., casualties, recovery 544
or rebuild of the structure) and indirect (i.e., loss of service of the building related to its 545
function for community) costs. 546

5. Conclusions 547

The present investigation aims to analyze the efficiency, in probabilistic terms, of use 548

of FPS with single concavity devices to retrofit an existing RC building with both in plane 549
and in elevation irregularities. In particular, the interaction between the FP isolation sys- 550
tem and the presence of irregular distribution of infilled frames have been discussed. Ap- 551
propriate NL numerical models of the structure have been defined on the base of concen- 552
trated plasticity approach using fiber-hinges cross section for both fixed-base and base- 553
isolated structure inclusive or not of the influence of masonry infills. Then, spatial NL 554
dynamic simulations have been developed considering twenty-one natural seismic events 555
with the three acceleration components. 556
The outcomes of the NL dynamic simulations highlight that the presence of the FPS 557
isolators allow to reduce drastically the values of the IDIs limiting the occurrence of local 558
failures of columns in shear. In particular, in the base isolated structure the shear failure 559
in columns where partial infills are located are prevented in comparison to the fixed-base 560
building. The presence of masonry infills improves the effectiveness of the isolation sys- 561
tem by furtherly reducing the displacement demand. These abovementioned effects are 562
then quantified in probabilistic terms by computing the lognormal distribution functions 563
on the IDIs and on the relative displacement with respect to the ground of FPS isolators 564
adopting both mono-variate and bi-variate approaches. As expected, the probabilities of 565
exceedance show a significant drop between the fixed-base and the base-isolated building. 566
This result is confirmed and even magnified by the structural effect of masonry infills 567
highlighting the importance to account for their influence during seismic assessment of 568
existing buildings. In fact, their contribution can be determinant to satisfy the performance 569
requirements of current design codes without the need of strengthening intervention on 570
structural members. In conclusion, further developments should be carried out in order 571
to estimate seismic reliability of such kind of structure including the site-dependent seis- 572
mic hazard investigating the contribution of infills to enhance its safety. 573
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