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Abstract

In reinforced concrete (RC) multi-storey buildings, the important role of the seismic interaction of structural frames with masonry
infills has been revealed by several earthquakes and investigated by many authors. Recently, several innovative infill solutions have
been proposed to mitigate such interaction, which could result in widespread damage in both the masonry and the RC structure
and sometimes jeopardize the building stability and the occupants’ safety. One solution consists in the partitioning of the
masonry infill into several sub-panels, relatively sliding along specific joints. This paper investigates the seismic assessment of
this technological solution in the framework of performance based earthquake engineering. A two-dimensional five-storey RC
seismic-resistant frame is selected as case study and the performance is assessed by comparing the responses of the same structure
infilled with different solutions, made of sliding joints or traditional masonry, or in the bare configuration. Incremental Dynamic
Analyses (IDA) is used for the probabilistic determination of fragility curves of the structures. Results show the seismic fragility
and reliability of the different investigated structures, especially addressing the probabilities of occurrence of damage at different
limit states and quantifying the associated expected annual loss.
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1. Introduction

Post-earthquake damage analyses have shown that a consistent part of the reparation costs of reinforced concrete
(RC) buildings is related to reparation and/or strengthening of masonry infills and partition walls (Braga et al., 2011,
De Martino et al., 2017, Del Vecchio et al., 2018), which generally suffer significant damage even in the case of
moderate earthquakes. In fact, despite their effectiveness in terms of thermal, acoustic, fire and durability performance,
traditional masonry infills are characterized by a large in-plane strength and stiffness, combined with a marked brittleness.
As a consequence, they could reach their peak strength for low deformation levels, typically induced by moderate
intensity earthquakes, thereafter, as the imposed drift increases, infills show in-plane and out-of-plane response
degradation, with diffuse cracking and local crushing. In several cases this may evolve into infills out-of-plane collapse,
which significantly increases risk for human life (Asteris et al., 2017, Di Trapani et al., 2018). Moreover, as shown in
many studies (Preti et al., 2017, Cavaleri et al. 2017, and among others), traditional infills entail large interaction with
the surrounding frame, inducing localized trusts on the frame columns, which could jeopardize their local performance.

Several studies have been carried out in the last decade in order to develop innovative infill solutions capable of
undergoing limited damage when subjected to different levels of interstorey drifts demanded by earthquakes. They
can be summarized into two main categories, one providing infill-frame system strengthening (e.g. Koutromanos et
al., 2013), the other providing the reduction of infill-frame interaction (Preti et al., 2016, Preti et al., 2018). Among
the latter, the partitioning of masonry infills with horizontal sliding joints has shown to be an effective solution for
reducing infill-frame interaction and limiting the damage to infills even in the case of severe earthquakes. Such
technique has been experimentally confirmed (Preti et al., 2016, Gao et al., 2018, Palios et al., 2017) and investigated
in depth by parametric analyses (Bolis et al., 2017) that allowed providing a simplified equivalent strut modelling
approach effectively describing the in-plane sliding-joints infilled frame response (Preti et al., 2017).

In order to assess the potential of the proposed innovative construction technique for the infills in RC framed
structures, in the present paper, its seismic performance is compared with that of a traditional masonry infill, within a
probabilistic assessment framework merging seismic fragility, reliability and loss assessment during the service life.
The study adopts a performance based earthquake engineering (PBEE) approach, which can provide a quantification
of the actual gain obtainable by adopting such kind of technological solution. The structural assessment is based on
incremental dynamic analysis (IDA) (Vamvatsikos et al., 2002) for the determination of fragility curves, specifically
defined in order to include limit states at structural and non-structural level. IDA are performed considering a
selection of 30 ground motion records scaled, for the different systems, by assuming spectral acceleration at each
specified vibration period, S.«(77), as intensity measure (/M). Once obtained the fragility curves for the different
structural systems, the assessment is moved to reliability by evaluating probabilities of exceeding each limit state.
The analysis results are finally used to extend the investigation in terms of expected annual loss associated to each
specified limit state, thus allowing the estimation of post-earthquake resto-ration costs within the service life.

2. Performance based earthquake engineering assessment framework

The PBEE framework is specifically designed to assess seismic performance of infilled frame systems,
characterized by different infill configurations. As described by different authors (Cornell et al., 2000, Basone et al.,
2019, Cavaleri et al., 2012), performance based earthquake engineering framework is generally made of four main
steps: structural analysis, hazard analysis, damage analysis, and loss analysis.

The structural response is obtained by means of the IDA method, which has been recently widely employed by
different authors (e.g. Basone et al., 2017, Di Trapani and Malavisi, 2019, and among others) to obtain a statistical
distribution of the intensity measures inducing a limit state, taking into account the ground motions variability. For
the IDAs, a set of 30 spectrum-compatible ground motions is selected and scaled in amplitude up to the achievement
of the specified limit states defined as: (7) achievement of structural collapses during the analyses or (i) limit values
of engineering demand parameters (EDPs) (e.g. maximum interstorey drifts). In the adopted framework, for each
analyzed structure characterized by its own fundamental vibration period (77), the selected ground motions are scaled
with respect to the spectral acceleration attained in correspondence of 77, to obtain S,(7;) as a common value for
each spectrum. The obtained spectra, and the associated records, are then scaled to be adopted as input ground motion
in time history analyses.
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From IDA results fragility curves for each limit state (defined in the following) can be derived, which express the
probability of exceeding a specified limit state as a function of a specified /M, quantified by the following expression:

In(x) —
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Where P/C<D|IM=x] is the probability that a ground motion with /M=x will cause the achievement of a limit
state, @ is the standard cumulative distribution function, /n(x) is the natural logarithm of the variable x representing
the intensity measure (S«(77)) and w,.x and o;,x are the mean and the standard deviation of the natural logarithms of
the distribution of x, respectively.

Based on fragility curves, reliability analysis can be performed to evaluate the probability (P)) of exceeding a
given limit state in a reference time period (in years), as expressed in Eq. (2).

+o0

P, = J'P[c < D|IM = x] P[x]dx 2)
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where P[x] is the probability of exceeding an IM=x=S,(T;) in a specific site in the reference period (50 years)
described by a Poisson model.

Hazard curves are obtained from the hazard analysis of the site, in which spectral ordinates at different vibration
periods (S«(71,)) are calculated for different annual rates of exceedance (1), defined as the inverse of the return
periods (4 =1/Tg). As shown in Fig.la, since fragility curves are referred to structures with different fundamental
periods, a higher fragility not necessarily means higher probability of failure. Under this observation, the evaluation
of Prallows making consistent comparison between structural systems characterized by different vibration periods.
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Fig. 1. Samples of reliability assessment of two structures having periods 7; and 75 (a) and typical EAL curve achievable from the reliability
assessment (b).

The last stage of the PBEE framework consists in the evaluation of the expected annual loss (EAL) (Calvi 2013,

Cosenza et al., 2018). EAL is determined starting from the performance of the structure for each limit state in terms
of annual frequency of exceedance (Ars=1/ Trc.1s), being T,c..s the capacity return period) and the associated repair
costs, expressed as a fraction of reconstruction costs (%RC). In the proposed framework, the repair costs associated
with each limit states have been assumed as those calibrated in Cosenza et al., 2018: the %RC associated with

operational limit state (O-LS), damage limit state (DL-LS), life safety limit state (LS-LS) and collapse limit state
(CO-LS) are 7%, 15%, 50% and 80%, respectively.
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3. The reference case study structure

A 3-bays 5-stories RC frame extracted from a typical Italian residential building (plan view in Fig. 2a) is selected
as reference structure for the present study. The frame (Fig. 2b) is designed according to the Italian building code
meeting the design requirements for high ductility class. Concrete is supposed having nominal strength ;=25 MPa,
while steel rebars have nominal yielding strength f,=560 MPa. The design of horizontal seismic forces is carried out
using the design response spectrum obtained for the city of Cosenza (Italy) (soil type C) scaled by a 5.85 behavior factor.

Three different configurations for the frame are considered in the following analyses: bare frame (BF), fully
infilled frame with traditional masonry infills (TI) and fully infilled frame with infills partitioned by horizontal
sliding joints (SJ). For the sake of simplicity, no openings are assumed in the infills, whose effect would modify the
response of both traditional (Asteris et al., 2016) and sliding joints (Bolis et al., 2019) solid infills. Both the
typologies of masonry infills are made of clay hollow blocks with a thickness (¢) of 200 mm and 15 mm. Sliding
infills have horizontal sliding joints arranged as proposed by Preti et al., 2016 with the introduction of wooden
boards able to activate the sliding between two adjacent masonry sub-portions.
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Fig. 2. Reference case study building: a) plan view; b) selected frame.
4. Modeling of the structure and limit states definition
4.1. Modeling of the infilled RC frame

IDAs on the reference structure have been performed with the OpenSees software platform (McKenna et al.,
2000). A distributed plasticity approach is adopted to model the RC frame, using fiber-section beam-column
elements characterized by the Concrete04 material stress-strain model for the cross-section fibers. Confinement of
concrete is accounted for by dividing cross-sections into effectively confined core fiber and unconfined cover fibers
and elements into constant-confinement segments (Campione et al., 2016, Campione et al., 2017, Minafo et al.,
2016) in such a way to account for the different transversal reinforcement, while steel rebars are included by means
of the Steel02 material model. The triggering of shear non-linear mechanism is not directly modeled, but possible
shear damage or collapses in the frame elements are evaluated a-posteriori.

For the traditional infill, a double strut configuration is adopted. It provides two parallel struts per each infill
diagonal, which are eccentric with respect to the beam-columns joints. The calibration of the struts inelastic
response is based on the procedure proposed by Di Trapani et al., 2018.

As shown in Fig.3a, infill with sliding joints are modelled with two alternative compression-only struts hinged on
the columns at a specified distance (z) from the frame joint, as proposed by Preti et al., 2017. The calibration of the
strut is based on expressions, allowing, at each deformation level, the simultaneous prediction of the infill lateral
strength (4F;) and maximum shear in the columns (Vr;";; ), which can be estimated by means of simple equilibrium
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considerations based only on the geometric and material parameters of the infill. In detail, the axial stress-strain law
of each strut is obtained by means of three axial springs in parallel, calibrated in order to reproduce the analytically
obtained force-displacement response (Fig. 3b) and the typical cyclic response of the considered infill typology.
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Fig. 3. Simplified equivalent strut model for the infills with horizontal sliding joints: a) equivalent strut model for the infill with horizontal
sliding joints; b) force-drift relationships of springs.

4.2. Definition of structural and non-structural limit states

In the assessment framework the four standard PBEE limit states (namely operational limit state (O-LS), damage
limitation limit state (DL-LS), life-safety limit state (LS-LS) and collapse limit state (CO-LS)) are considered. Two
additional limit states are added to better characterize the different damage states. One concerns the frame initial
damage (FID-LS) due to first yielding or first shear cracking, the other considers the attainment of infills severe
damage (ISD-LS). Among the considered limit states, O-LS, DL-LS and ISD-LS are referred to damage of non-
structural components (the infills), while FID-LS, LS-LS and CO-LS identify damage of structural elements.

The criteria adopted to define the different limit states are summarized in Table 1. As regards non-structural limit
states, O-LS, DL-LS and ISD-LS are defined as function of the interstorey drift, based on the results previous
experimental studies on traditional (Morandi et al., 2018) and sliding-joints infills (Preti et al., 2016, Preti et al.,
2018, Gao et al., 2018). For what concerns structural limit states, collapse limit state (CO-LS) is achieved in
correspondence of the first of the following conditions: i) achievement of ultimate chord-rotation (6,) of columns
(evaluated according to Eurocode 8), ii) achievement of ultimate shear capacity (Vz.) of columns, iii) achievement
of 6.5% interstorey drift, when second order effects could jeopardize the stability of the structure. In the performed
analyses, an axial force-chord rotation (N-6) interaction domain is considered, in order to take into account the variation
of chord rotation capacity as a function of the variation of axial load on columns, as proposed by Di Trapani and
Malavisi, 2019. The ultimate shear capacity Vz. of column is evaluated according to the Model Code 2010 expression.

The LS-LS is simply defined by the 80% of the respective 6, and V', capacities at CO-LS. Finally, the FID-LS is
related to the first occurring condition between column rebars yielding and initial shear cracking. The former condition
is associated with the achievement of the yielding rotation (6,) of frame column, according to Eurocode 8, while the
first shear cracking is associated with the achievement of the resistance Vz;, evaluated using the expression proposed
by Collins (1998).

Table 1. Structural and non-structural limit state thresholds for traditional and sliding joint infills.

Limit state thresholds Considered
.. .. . e for EAL

Limit state Traditional infilf  Sliding-joints infill ~ Bare Frame

O-LS IDR=0.20% IDR=2.00% - Yes
pon-Structural - py pg IDR=0.50% IDR=3.00% . Yes

1mit states
ISD-LS IDR=1.50% IDR=4.00% - No
o FID-LS ey or Vlst crack No

Structural Limit g 1 ¢ 0.80u or 0.8V Yes

states
CO-LS 0. or Vra or IDR=6.5% Yes
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5. Incremental dynamic analysis

As shown in Fig. 4, a set of 30 natural ground motions is selected through the software REXEL (Iervolino et al.,
2009) in order to get spectrum-compatibility with the design spectrum of the site of Cosenza (Italy) with soil type C
and 457 years return period.

To perform IDAs, accelerograms are scaled in such a way that the respective spectra assume the same value of
S«(T}) in correspondence to the first vibration period for each considered structure.
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Fig. 4. IDA curves and structural limit state points for: a) bare frame, b) traditionally infilled frame; c) sliding-joint infilled frame.

IDA curves highlighting structural limit states are reported in Fig. 4. The overall trend shows that bare frame and
sliding joint-infilled frame achieve collapse in correspondence of very similar spectral acceleration levels. Also
maximum interstorey drifts recorded present similar magnitudes, ranging between 4.5% and 6.5%, which also
demonstrate the trend of sliding-joint infilled frames to behave in a ductile manner with very few cases of shear
collapse in the columns. A very different trend is observed for traditionally infilled frames, which present collapses
at significantly higher spectral acceleration levels and noticeably reduced ultimate displacement values.

As regards frame initial damage limit state, the presence of the infill anticipates the damage activation in both the
TI and the SJ case (occurred at about 0.5% and 1.5%, respectively), with respect to the BF one, for which the FID-
LS is reached at about 3% drift. The difference between the performance of the two infilled configuration is related
to the different stiffening effect acted by the two infill typologies.

6. Hazard, fragility and reliability assessment

For the site under investigation (Cosenza, Italy) and the specified soil stiffness (type C according to ECS8
classification), hazard curves, representing the annual rates of exceeding the IM=S,(T;), are obtained for each
vibration period associated with the three structural typologies. The resulting hazard curves are superimposed with
fragility curves of the three structural typologies (Figs. 5 and 6). The intersection areas between hazard and fragility
curves are proportional to the probabilities of exceeding the different limit states, which are numerically determined
by Eq. (2). Figs. 5 and 6 highlight the different amplitudes of the intersection areas between hazard and fragility
curves, showing that, in the case of traditionally infilled frames, major intersection amplitudes can be recognized for
both structural and non-structural limit states.

The obtained probabilities of occurrence (Py) for both structural and non-structural limit states are reported in
Table 2. From the structural point of view, noticeable differences can be observed for the FID-LS, where TI frames
achieve a Prof 15%, which results 5 times and 10 times the same probabilities evaluated for SJ infilled frame and
bare frame respectively. As regards LS-LS and CO-LS, the obtained probabilities of occurrence are in the same
order magnitude for the three cases, with the traditionally infilled frame presenting slightly larger values. However,
the largest differences are highlighted from non-structural limit states, which show a significantly reduced
probability of occurrence in the cases of SJ infills with respect to TI for all the considered LS. Probabilities of
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occurrence of O-LS, DL-LS and ISD-LS for traditionally infilled frames are about 10 times, 13 times and 5 times
the probabilities evaluated in the case sliding-joint infilled frames. This result can be justified by the reduced
stiffness and shear interaction of SJ infills with the frame, which allows the attainment of non-structural LS at
significantly larger drifts with respect to the case of TI frames. Moreover, the hazard for the SJ infilled frame is
significantly lower than that of TI case, due to a longer vibration period, which is close to that of the bare frame.
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Fig. 5. Fragility curves of structural limit states and hazard curves (Cosenza, Soil Type C) for: a) bare frame; b) traditionally infilled frame; c)

sliding-joint infilled frame.
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Table 2. Probabilities of occurrence of limit states for the different structures.

Probabilities of failure Pr(-)

Bare Frame Traditional Infills Sliding-joint infills
O-LS - 1.72x 10! 1.60 x 1072
Non-structural LS DL-LS - 9.53 x 102 7.41x 1073
ISD-LS - 2.23x 10?2 441x103
FID-LS 1.48 x 102 1.50x 10! 2.50x 102
Structural
Ls LS-LS 3.92x103 4.77 x 103 4.45x 103
CO-LS 2.49x 103 3.95x 103 2.61x103
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7. Loss assessment

Expected annual loss assessment is carried out using the procedure by Cosenza et al., 2018, updated as illustrated
in section 2 and considering only the standard limit states for structural components (LS-LS and CO-LS) and non-
structural components (O-LS and DL-LS). /s and S, ;¢ (7}) values are reported in Table 3, while Fig. 7 illustrates
the obtained 1-%RC relationships for TI and SJ cases. The obtained expected annual loss of the sliding-joint infilled
frame (0.40%) is about half of the traditionally infilled frame (0.76%). This difference is entirely due to the gain in
terms of reduced 4 for non-structural limit states, which is one order of magnitude lower with respect to the case of
traditional infills. Both TI and SJ structures have EAL lower than the reference value of 1.13%, which is associated
to the ideally code conforming building. This highlights that, traditionally infilled frames design according to
seismic codes have adequate performance in terms of EAL, which allow assigning an A seismic risk class according
to the Italian guidelines for seismic risk classification (Cosenza et al., 2018). On the other hand, the adoption of
sliding-joint infills allows the achievement of the most preforming risk class (A+).

1000 —
@) R-LS
=4 | x—x—x— Traditional infills
X Sliding-joint infills
80.0 ‘v CO-LS | eoeeceeee Code conforming structure

2.0 4.0 6.0 8.0 10.0
A=1/T, [%]

Fig. 7: A-%RC relationships and EAL for TI frames, SJI frame and code compliant reference structure.

Table 3. §u_ 1s(T}) and 4.5 values at the different limit states and EAL values for TI frames and SJI frames.

Traditional Infills Sliding-joint infills
Sa-Ls (T}) [g] ALs EAL [%] Sa-Ls (T}) [g] ALs EAL [%]
CO-LS 1.73 5.76 x 10 0.66 1.84x10*
LS-LS 1.64 8.36x 10? 0.59 3.24x 10*
0.76 0.40
DL-LS 0.52 8.21x 103 0.49 7.27 x 10
O-LS 0.34 1.69 x 102 0.35 2.25x103

8. Conclusions

The paper presented a PBEE approach properly defined to assess and compare the performance of infilled frames
with traditional infills and innovative infills with sliding-joint sub-panels. The adopted methodology is based on
incremental dynamic analysis performed considering specific limit states defined to account for both structural and
non-structural damage. The performances of the systems are compared through a reliability assessment carried out
by accounting for both fragility and hazard to obtain probabilities of occurrence of each considered limit state.

The IDA curves show that the frame infilled with the innovative sliding joint technique tends to behave similarly
to the bare frame in terms of strength, stiffness and failure modes. On the contrary, the response of traditionally
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infilled frame is characterized by significantly increased overall resistance but, in many cases, brittle shear failures
due to the large shear demand related to the stronger infill-frame interaction. As for the non-structural limit states,
their attainment is significantly delayed in SJ frames (in terms of interstorey drift) because of the reduced tendency
to undergo severe damage even in case of large interstorey drifts.

Although fragility curves of TI frames apparently show a significantly better performance, similar probabilities of
occurrence (Py) have been obtained for life safety and collapse limit-states for the three considered cases. On the
contrary, large reliability differences are observed for non-structural limit states, where Prof O-LS, DL-LS and ISD-
LS for traditionally infilled frames was about 10 times, 13 times and 5 times the same probabilities evaluated in for
SJI frames. Such reliability differences are due to the lower damage suffered by SJ infills with respect to TI frames,
even for of large drifts, and also to the lower hazard associated with the longer vibration period of SJ infilled frames.

The performed expected annual loss assessment allows evaluating, for SJ infilled frames, an EAL equal to
0.40%, that is about a half of that of traditionally infilled frames (0.76%). This gain is entirely related to the reduced
annual rates of exceeding evaluated for non-structural limit states in case of SJ infilled frames.

As a conclusion, the reported assessment highlights that frames infilled with the sliding joints technique results
an effective design solution to improve reliability and reduce losses during the service life of masonry infilled RC
structures.
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