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A B S T R A C T

The seismic performance of non-structural elements is now recognized to be a key issue in the seismic assessment
and earthquake related loss estimation of buildings, both at the individual and regional scale. The evaluation of
the seismic demand on non-structural elements in many modern building codes is often based on inaccurate
distributions of floor accelerations. For this reason, some design oriented simplified methodologies have been
developed recently to predict floor response spectra in reinforced concrete buildings. Although the influence of
masonry infills on the seismic performance of reinforced concrete buildings has been widely demonstrated,
infills are generally neglected both in the design and in the evaluation of floor response spectra, which could lead
to un-conservative design of non-structural elements. In this paper, the effect of masonry infills on absolute
acceleration and relative displacement floor response spectra for reinforced concrete buildings subjected to
frequent (serviceability level) earthquakes is investigated through a probabilistic framework. A database of one
hundred masonry infilled reinforced concrete frames, representative of the European context, was generated and
each building analyzed through nonlinear time history analyses. From the results of these analyses, the accel-
eration and displacement response spectra at different floor levels of both bare and infilled frame archetypes
were then computed. The effectiveness of the most common assumptions made in regional risk models to es-
timate the non-structural losses is investigated and a first attempt at a more refined approach taking into account
the effect of masonry infills is proposed.

1. Introduction

Reconnaissance reports and surveys carried out during recent
earthquakes, as well as advanced numerical loss estimation studies,
indicated repetitively that a significant part of the observed earthquake
related losses can be attributed to damage to non-structural elements
[1,2]. Non-structural elements represent all the systems and elements
attached to the floors and walls of a building that are not part of the
vertical and lateral load-bearing structural systems [3], but that are
subjected to the same dynamic excitation during a seismic event. As
reported by Miranda and Taghavi [4], non-structural elements re-
present most of the total investments in typical buildings. In hospital
buildings, for example, the structures make up approximately only 8%
of the total monetary investments [4]. At the same time, the damage to
non-structural elements not only result in major economic losses but
could also represent a threat to life. Due to the numerous typologies of
non-structural elements installed in buildings, their vulnerability could

significantly affect the immediate functionality of buildings because
they generally exhibit damage at low (serviceability) seismic in-
tensities, when the supporting structures respond mainly in the elastic
range. This issue is paramount for strategic facilities, such as hospitals
and schools that should remain operational in the post-earthquake
emergency response phase.

An example of the importance of non-structural elements on the
post-earthquake functionality of critical facilities was observed during
the recent 2010 Chile earthquake. Following this seismic event, four
hospitals completely lost their functionality and over 10 more lost 75%
of their functionality due to damage to sprinkler piping systems [5].
Significant non-structural damage was also observed in Italy during the
2009 L′Aquila earthquake and the 2012 Emilia earthquake, as well as
during the 2016 Amatrice earthquake [1,6,7]. The most common non-
structural element failures, observed during these recent seismic events,
were related to partition walls experiencing large in-plane story drifts
and to damage to storage rack systems and ceiling systems [1,8].
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In the light of these considerations, the seismic performance of non-
structural elements is now recognized to be a key issue in performance-
based earthquake engineering to ensure a desired building system
performance for a given intensity of seismic excitation [9]. The FEMA
P-58 methodology [10] for the seismic performance assessment of
buildings considers the contributions of non-structural elements to the
expected losses by: (1) identifying the non-structural elements in the
building, (2) developing probabilistic relationships between damage
states and engineering demand parameters (fragility curves), (3) iden-
tifying the damage to non-structural elements, and (4) evaluating the
consequences of the predicted damage in terms of hazard to occupants,
cost of repair, and downtime. The seismic demand on the non-structural
elements is obtained by recording the maximum inter-story drifts and
the peak floor accelerations from multi-stripes nonlinear time history
analyses. The FEMA P-58 methodology represents a powerful tool to
assess the performance of single buildings but it is not so easily feasible
for building portfolios due to its complexity and computational effort.
Because of this, the HAZUS methodology is one of the most widespread
methods for seismic loss estimation at the regional scale [11]. HAZUS
allows analysts to estimate the expected annual losses of a building
portfolio through a simplified approach similar to the capacity spec-
trum method. Although the HAZUS methodology is simple, some as-
sumptions on the evaluation of the non-structural damage state prob-
abilities have been questioned [11].

In regional scale seismic risk models, non-structural elements are
generally classified as acceleration-sensitive or drift-sensitive, based on
the main engineering demand parameter affecting their response.
Partition walls and glazing systems are examples of non-structural
elements vulnerable to story drifts induced in buildings. On the other
hand, suspended ceilings, bookshelves, light fixtures, piping systems,
and rigidly attached elements are examples of acceleration-sensitive
non-structural elements. In order to assess the performance of drift-
sensitive non-structural elements, the response of the structure in terms
of inter-story drifts is required, while for acceleration-sensitive non-
structural elements, the absolute acceleration floor response spectra
(FRS) need to be evaluated.

Starting from the questionable suitability of code prescriptions and
code-compliant guidelines [12,13], some authors proposed simplified
methodologies to predict absolute acceleration FRS for elastic and in-
elastic single-degree-of-freedom (SDOF) and multi-degree-of-freedom
(MDOF) systems [14–19]. Petrone et al. [14] and Vukobratovic and
Fajfar [15] proposed two different methods to evaluate FRS for MDOF
structures. The methodology proposed by Petrone et al. [14] is focused
on European buildings designed according to Eurocode 8 [12] pre-
scriptions and subjected to frequent (serviceability level) earthquake
ground motions. The approach proposed by Vukobratovic and Fajfar
[15] was calibrated both for elastic and inelastic supporting structures.
The authors highlighted the significant influence of higher modes on
FRS. Similar considerations have been introduced in the methodology
developed recently by Sullivan et al. [16]. This simple approach was
originally proposed for linear and nonlinear SDOF structures and was
recently extended to linear and nonlinear MDOF systems [17,19].

Recently, a methodology was also developed by Calvi [20] to
evaluate relative-displacement FRS. This methodology is a powerful
tool to evaluate the seismic displacements of non-structural elements
relative to their attachment points, which are typically required by
seismic provisions but without providing any guidance on how to do so.
Relative-displacement FRS also define the seismic demand in the direct
displacement-based seismic design framework for ductile non-struc-
tural elements recently proposed by Filiatrault et al. [21].

Note that the methodologies currently available in the literature to
evaluate FRS have been mainly developed and validated for reinforced
concrete (RC) framed buildings, studied in a deterministic fashion,
without considering the influence of masonry infills, which are gen-
erally present in these structures. As reported by many authors, the
masonry infills significantly affect the seismic response of RC moment-

resisting frames and consequently the evaluation of FRS. Severe in-
plane (IP) and out-of-plane (OOP) damage to unreinforced masonry
infills was often observed during past earthquakes. To address this
issue, experimental and analytical studies on IP and OOP behaviour of
unreinforced masonry infills were carried out in the last years [22–25].
At the same time, it is worth noting that the methodologies currently
available in the literature require the knowledge of the elastic dynamic
response of the analyzed buildings. For this reason, these methods are
not feasible for regional scale applications and, to the authors′ knowl-
edge, there are no simplified methodologies that exist to evaluate FRS
in masonry infilled RC moment resisting structures to be used in re-
gional scale risk models. In light of this, one of the main objectives of
this study is to propose seismic demand models that could be used to
predict the median floor spectral accelerations in RC moment resisting
frames with and without masonry infills.

2. Motivation and scope of the study

At the regional scale, the main efforts are generally devoted at de-
veloping specific frameworks to produce seismic physical vulnerability
models of different building typologies [26,27], but the non-structural
losses are still often neglected. When non-structural elements are con-
sidered, sweeping assumptions are usually made both for the definition
of the fragility functions as well as of the seismic demands [12]; these
assumptions could yield major inaccuracies that could affect sig-
nificantly the cost/benefit analysis results. Another shortcoming is that
probabilistic floor seismic demand models to be implemented in re-
gional risk models are not yet available in the literature for any building
typology, and this significantly reduces the prediction capabilities of
regional risk models due to the inaccuracy of the non-structural damage
state probability evaluation.

As previously discussed, some simplified methods are available in
the literature to predict the FRS of reinforced concrete buildings
[14–17], but the influence of masonry infills, which are usually present
in these structures, was not considered in any of them. The effect of
masonry infills has been widely studied in the literature, both from the
experimental [28–31] and numerical [32,33] points of view. The IP-
OOP interaction has been recently studied for the analysis of the seismic
response of 3D RC buildings. In particular, based on the results of ex-
perimental studies, numerical models able to predict the reduction of
the OOP capacity due to the IP damage have been developed [24–25].
However, few studies have investigated the influence of masonry infills
on FRS in RC buildings [34,20]. For instance, Lucchini et al. [33] in-
vestigated the influence of masonry infills and damping models on FRS
in nonlinear buildings. It was found that the infill walls can significantly
affect the floor acceleration peak profile, at a given intensity, as well as
the ordinates of the FRS at all stories. More recently, Surana et al. [35]
studied the effect of unreinforced masonry infills on the inelastic FRS of
RC frame buildings. These results lay evident that the influence of
masonry infills cannot be neglected in the evaluation of FRS in RC
frames, particularly for frequent earthquakes, in which the initial
stiffness of the infills is not drastically affected by the cracking devel-
oping in the masonry.

Based on these considerations, floor response spectra in masonry
infilled RC frames subjected to frequent (serviceability level) earth-
quakes is investigated in this study through a probabilistic framework.
One hundred masonry infilled RC frames were randomly generated,
through a Monte Carlo simulation, considering the geometric and me-
chanical properties of typical European buildings. Each RC frame was
then designed according to Eurocode 8 [12] seismic provisions for a
medium-to-high seismicity site in Italy. The building-to-building and
the record-to-record variabilities were considered in order to in-
vestigate the influence of the masonry infills on the FRS and to provide
preliminary data for proposing a possible approach that can be im-
plemented to improve the prediction capability of regional risk models
in terms of non-structural losses. Because the non-structural elements
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mainly affect the expected losses for moderate seismic intensities, a
short return period (70 years) of ground motions at the buildings site
was considered in this study.

In regional scale loss estimation studies, many assumptions are
considered in order to minimize the computational efforts. Once a
probabilistic seismic hazard analysis for the region of interest is per-
formed, the definition of a building taxonomy allows to identify the
building typologies that characterize the region. For each building ty-
pology, analysts are required to define fragility functions that describe
the likelihood of reaching, or exceeding, particular damage states, given
an estimate of peak building response. In the definition of the fragility
functions the variability in terms of design approaches, geometrical
properties and structural typologies is generally considered. This pro-
cedure allows to account for the variability due to the hazard and
structural fragility. In the evaluation of the expected losses related to
the non-structural elements, if considered, much more simplifications
are considered. The fragility functions are generally only defined based
on the typology of non-structural elements (acceleration-sensitive and
drift-sensitive) while the seismic demand is a function of the ground
response spectrum. To overcome this shortcoming, the present study is
also aimed at defining a more accurate seismic demand model to cal-
culate the non-structural losses in regional scale risk models. Therefore,
the proposed model (i) falls within the framework of the HAZUS
methodology [11], (ii) is meant to predict the median value of the floor
spectral acceleration in bare and infilled RC moment resisting frames,
and (iii) results from probabilistic structural analyses (of the considered
building portfolio), where non-structural elements other than infills are
not included in the building models, as they do not affect the dynamic
behaviour of the randomly sampled building realisations. The proposed
seismic demand model takes into account not only the record-to-record
variability but also the variability due to the dynamic properties of the
building typology, in this case RC moment resisting frames (with and
without masonry infills). In order to provide a better estimate of the
non-structural losses, a similar procedure should be followed for each
building typology in the building taxonomy. The adoption of this
methodology could significantly improve the prediction of the like-
lihood of reaching, or exceeding, specific non-structural damage states,
which would lead to a better definition of the seismic losses at regional
scale.

3. Methodology

The influence of masonry infills on FRS was investigated by per-
forming nonlinear time history analyses (NLTHAs) on a building po-
pulation composed by one hundred RC moment resisting frames. A
series of random variables (RVs) were selected, as described in the next
section, to construct the building population. Fig. 1 reports the frame-
work used for the evaluation of the FRS. Once the numerical modeling
techniques were chosen, a Monte Carlo simulation was carried out to
generate the building population based on the selected RVs. Simulated
designs were undertaken and a planar numerical model of each
building archetype was then developed. Finally, NLTHAs were per-
formed in order to obtain acceleration and displacement time histories
for different floors of interest, leading to the calculation of FRS for each
floor of each building. Statistically representative FRS could then be
used in regional scale non-structural loss evaluation. Note that the en-
semble of ground motions was selected to be representative of a
medium-high seismic zone in Italy for a probability of exceedance of
50% in 50 years, corresponding to an average return period equal to
70 years. In the next sections, the building population, the modelling
approach as well as the ground motions selection are discussed in de-
tail.

3.1. Building population

A database of one hundred RC frames was randomly generated

using a Monte Carlo simulation. The RVs were selected following two
criteria: (1) the threshold values and distributions associated with RVs
are meant to be representative of the typical geometrical and me-
chanical characteristics of Italian buildings, (2) the randomly selected
properties of the building archetypes were chosen considering only the
parameters that mostly drive the dynamic behavior/response of infilled
RC frames [28,36], whereas the other building parameters were treated
as either deterministic or deterministic transformation of RVs. The in-
fluence of the variability in the geometrical and mechanical properties
of the masonry infills were not considered because the main objective of
the study is to quantify how the introduction of masonry infills in the
model could affect the floor response spectra. RVs were assumed and
treated as described below:

- Building height: the structure height was varied by varying both the
number of stories and the inter-story height. The number of stories
was varied between two and six. This choice is based on the typical
number of stories observed in the Italy and Europe for RC building
[37]. Previous studies underlined that the influence of the masonry
infills on building response varies when increasing the number of
stories; in particular, for building with more than six stories, the
influence remain constant without further variation [36]. Based on
this consideration, the number of stories was limited to six. The
inter-story height was also varied by randomly selecting 2.75m,
3.00m and 3.25m, with each height assumed to have the same
probability of occurrence in the building population. This choice
reflects the fact that the inter-story height does not vary significantly
and is usually the minimum allowed by construction standards [38].

- Bay number and length: the number of bays was varied between
three and six. Previous probabilistic studies dealing with fragility
analysis for RC framed buildings assumed four bays as mean value
[38,39]. In this study, it was decided to include the bay number as a
RV because of the presence of the masonry infills. Amanat et al. [36]
pointed out that the effect of the masonry infills is reduced when the
number of bays increases, due to the higher stiffness of the bare
frame. The beam span was assumed to be constant for all bays, and
the bay length was varied between 3 and 6m, according to previous
studies available in the literature [39,40].

- Design loads: the dead loads were kept constant for all RC frames
assuming a weight of the slab equal to 3.25 kN/m2 and assuming a
tributary area of 5m. On the other hand, the live loads were con-
sidered as a RV, by varying them between 2 kN/m2 and 4 kN/m2 to
simulate different building uses.

- Material properties: the unconfined concrete compressive stress was
randomly chosen between 25 and 40MPa, while the characteristic
yielding rebar strength was randomly selected between 375 and
430MPa. The mechanical properties of the masonry infills were
based on the observations by Sassun et al. [29] and De Luca et al.
[30] who pointed out that the clay hollow masonry is the most
widespread masonry typology used for masonry infill panels and, for
this reason, it was selected in this study. The mechanical properties
of the infill panels were chosen based on the study proposed by
Cavalieri and Di Trapani [28]. In particular, the vertical and hor-
izontal Young′s moduli were taken equal to 6401 and 5038MPa,
respectively, while the compressive and shear strength were taken
equal to 8.66MPa and 1.07MPa, respectively.

The frames were designed according to the Eurocode 8 seismic
provisions assuming a force reduction factor q= 3.75, corresponding to
a ductility class B. A firm ground site near the city of Cassino (Italy),
characterized by a design peak ground acceleration (with a return
period of 475 years) of 0.21 g, was selected.

3.2. Modelling approach

For each RC frame, a detailed planar numerical model was
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developed to carry out NLTHA and to evaluate the FRS at each floor
level of interest (Fig. 2). The models were developed using the open
source software OpenSees [41]. Except for the masonry infills, the in-
teraction between the structural and other non-structural elements was
neglected. According to this assumption, it is supposed that the non-
structural elements do not affect the dynamic behaviour of the struc-
tures both in terms of stiffness and strength. The OOP behaviour of the
unreinforced masonry infills as well as the influence of openings and
irregular distribution of the masonry infills were not considered in the
numerical modelling. The numerical models were developed assuming
the fiber force-based approach [42]. Inelastic beam-column fiber ele-
ments were used to model the frame members, explicitly including
geometric and material nonlinearities. A distributed plasticity approach
was thus adopted to simulate the spreading of inelasticity over the

member length and cross section. The uniaxial confinement model
proposed by Chang and Mander [43] was considered to simulate the
cyclic behavior of concrete, the hysteretic rules of which were estab-
lished based on statistical regression analysis on the experimental data
from cyclic compression tests conducted by a number of researchers
[43]. A simple bilinear constitutive model with isotropic strain hard-
ening was assigned to the steel rebars.

Several approaches are available in the literature to consider the
effects of masonry infills on the linear and nonlinear response of RC
buildings. In this study, each masonry infill wall panel was modelled by
an equivalent triple-truss model. The global stiffness of the panel was
distributed among three parallel diagonal truss elements by assigning a
rate of stiffness and strength equal to 50% to the central truss and equal
to 25% to each of the off-diagonal trusses. The width of the struts (bw) is

Fig. 1. Flowchart of the probabilistic floor response spectra evaluation.

Fig. 2. Illustration of modelling parameters for RC case study buildings.
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based on the relationship proposed by Mainstone [44]:

= −b
d

λ0.175w
h

0.4
(1)

where d is the diagonal length of the infill panels and λh is the relative
panel-to-frame stiffness ratio introduced by Smith [45]. The relative
panel-to-frame stiffness ratio, λh, is given by:
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where Ew is the Young modulus of the masonry infills, tw is the thick-
ness of the panel, hw is the height of the panel, Ec is Young′s modulus of
the concrete in the RC frame, Ip is the mean moment of inertia of the
two RC columns confining the infill wall, and θ is the slope angle of the
panel′s diagonal. All the parameters in Eq. (2) can be easily evaluated
for a given floor of a building at the design stage. The results of the
cyclic tests carried out by Cavaleri and Di Trapani [28] on clay masonry
infill panels were used to calibrate the infill model using the Pinching4
material available in Opensees [42]. The effects of openings and non-
uniform distribution of infill walls were not considered in this study.
The beams′ and columns′ shear failure mechanism was not explicitly
modelled, however a post-process analysis of the results was performed
in order to verify this failure mechanism (which is not expected due to
the design approach and the considered low seismic intensity). Rayleigh
tangent stiffness proportional viscous damping was introduced in the
numerical model with 5% of critical damping specified in the first two
elastic modes of vibration. Note that the hysteretic damping has been
explicitly modelled in the hysteretic behavior of the structural elements
and of the infill panels. Newton-Raphson convergence criteria were
implemented to iteratively equilibrate the loads.

3.3. Earthquake ground motions

A set of 20 horizontal accelerograms representative of frequent
earthquake ground motions at the site of the case-study buildings were
selected from the PEER NGA-West database [46]. Based on a pre-
liminary estimation of the Italian and European seismicity, the selection
of the site was carried out in order to represent a medium-to-high
seismicity in Italy. In 2011, Stucchi et al. [47] performed a probabilistic
seismic hazard assessment of Italy. Based on the results of this assess-
ment, the Italian Building Code [48] provides a detailed hazard map
characterized by a grid with more than 16,000 points corresponding to
different probabilities of exceedance in 50 years of peak ground accel-
erations. A site close to the city of Cassino, in Italy, was chosen for the
ground motion selection. This site is close to the areas struck by recent
earthquakes in Italy (e.g. 2009 L′Aquila Earthquake and 2016 Central
Italy Earthquake). This site is characterized by a peak ground accel-
eration on stiff soil equal to 0.21 g for a 10% probability of exceedance
in 50 years (or 475 years return period). Because the Eurocode 8 does
not provide a formulation to define the target spectrum for frequent
(serviceability level) ground motions [12], the recommendations pro-
vided by the Italian Building Code were applied to define the target
spectrum and to proceed with the ground motions selection. According
to the Italian Building Code, a frequent earthquake is characterized by a
63% probability of exceedance in 50 years; this corresponds to a return
period of 70 years. Hazard-consistent record selection was based on
spectral compatibility (matching of the geometric mean) with a con-
ditional mean spectrum according to the methodology proposed by
Jayaram et al. [49]. This approach considers the conditional variance
given a return period of spectral acceleration at the vibration periods of
interest selected (0.2, 0.5 and 1.0 s). The conditional periods, T*, to be
used for the NLTHAs of individual building archetypes were selected
based on the results of eigenvalue analyses, as discussed in the next
section. Fig. 3 shows the mean response spectra and all individual re-
cord response spectra for the 20 considered ground motions for

T*= 0.2, 0.5 and 1.0 s.
Seismic hazard calculations and derivation of the conditional mean

spectra were performed with the REASSESS software [50], using the
correlation model among spectral acceleration ordinates suggested by
Baker and Jayaram [51]. The selected records were scaled up to a
maximum scale factor of 3.0 to achieve spectral matching. Tables 1–3
list the main characteristics of the final scaled ground motions for
conditional periods T*= 0.2, 0.5 and 1.0 s, respectively.

4. Analysis results

In this section, the results of the NLTHs on the masonry infilled RC
frame archetypes are presented in terms of elastic periods, absolute
acceleration FRS, and relative displacement FRS. The RC frame arche-
types are grouped by number of floors and the results are presented
across all other RVs in order to evaluate trends. It is worth noting that,
due to the low seismic intensity, both structural elements and masonry
infills do not necessarily experience nonlinear behavior, although the
numerical modelling framework proposed in this study takes explicitly
into account nonlinearities both in the structure and in the infills,
something which renders the adopted/proposed modelling framework
more general and applicable to higher intensities. This consideration
could lead to a simplification of the numerical models if only the elastic
seismic response of the structures, for low seismic intensity, need to be
investigated.

4.1. Elastic period

Fig. 4 shows the computed elastic fundamental periods for all 100
building archetypes without (Fig. 4a) and with (Fig. 4b) masonry infills
as a function of building height. These results lay evident that the
masonry infills, acting as equivalent diagonal struts, increase the stiff-
ness of the primary structures. Two main observations can be made
from the results:

1. As expected, the fundamental periods are significantly shortened
when masonry infills are introduced. For the studied building po-
pulation, the percentage in the reduction of fundamental period due
to the presence of the infills ranges between 19% and 49%.

2. The variations in fundamental periods with building height are re-
duced by the presence of the masonry infills, as demonstrated by the
lower dispersion of the computed periods for frames of a given
height. The difference between the maximum and minimum periods
for the bare six-story frames is equal to 38%, while it reduces to 25%
when the infilled walls are included.

As discussed by Perrone et al. [23], a fundamental parameter gov-
erning the influence that masonry infills have on the elastic period of a
reinforced concrete frame is the relative panel-to-frame stiffness ratio,
λh (see Eq. (2)). It quantifies the differences in stiffness between the RC
columns and the masonry panels in a story. The high variability in the
periods of the bare frames, in particular for middle-rise frames (frames
with 3,4, and 6 storeys), is mainly related to the variation in the number
and length of the bays. For the six-story bare frames, for example, the
mean value of the period equals to 0.91 s and 0.75 s, respectively for
frames with 3 and 6 bays. The eigenvalue results also showed that the
material properties, as well as the inter-story height, have a minor in-
fluence on the period estimate. The variability in the fundamental
period is reduced by the presence of masonry infills due to their sig-
nificant contribution to the story stiffness. In particular, focusing on the
six-story infilled frames, the mean fundamental period is equal to 0.58 s
and 0.54 s, for frames with 3 and 6 bays, respectively.

Some simplified equations have been developed to evaluate the
elastic fundamental period, T, of masonry infilled RC frames (e.g.
[22,23]). The equations are expressed in the following form:
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Fig. 3. Mean response spectrum and acceleration response spectra of all considered ground motions for a conditional period, T*, equals to (a) 0.2 s, (b) 0.5 s and (c)
1.0 s.

Table 1
Main characteristics of scaled ground motions for conditional period T*=0.2 s.

Earthquake ID Earthquake name Date Moment magnitude Epicentral distance (km) PGA (g) Scale factor

0078 Coalinga/03 06/11/1983 5.38 15.56 0.17 0.43
3210 Chi/Chi, Taiwan/05 09/22/1999 6.20 71.18 0.13 0.56
2169 Chi/Chi, Taiwan/02 09/20/1999 5.90 65.55 0.09 0.99
205 Imperial Valley/07 10/15/1979 5.01 9.08 0.16 0.52
714 Whittier Narrows/02 10/04/1987 5.27 7.33 0.30 0.26
627 Whittier Narrows/01 10/01/1987 5.99 26.21 0.15 0.42
412 Coalinga/05 07/22/1983 5.77 16.17 0.43 0.19
658 Whittier Narrows/01 10/01/1987 5.99 66.43 0.04 1.68
2995 Chi/Chi, Taiwan/05 09/22/1999 6.20 49.79 0.03 0.78
385 Coalinga/02 05/09/1983 5.09 8.09 0.16 0.44
998 Northridge/01 01/17/1994 6.69 27.29 0.37 0.18
540 N.Palm Springs 07/08/1986 6.06 4.24 0.60 0.14
5 Northwest Calif/01 06/10/1938 5.50 54.88 0.11 0.69
1076 Northridge/01 01/17/1994 6.69 51.96 0.14 0.46
486 Taiwan SMART1(33) 06/12/1985 5.80 44.93 0.06 1.07
1738 Northridge/06 03/20/1994 5.28 9.02 0.25 0.36
140 Tabas, Iran 09/16/1978 7.35 117.66 0.11 0.91
44 Lytle Creek 09/12/1970 5.33 31.48 0.04 1.99
102 Northern Calif/07 06/07/1975 5.20 10.42 0.11 0.46
422 Trinidad offshore 08/24/1983 5.70 71.24 0.13 0.65
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=T αHβ (3)

where H is the height of the building expressed in meters. Ricci et al.
[22] proposed a linear relationship in order to evaluate the funda-
mental period of infilled frames, assuming α=0.031 and β=1.0 in Eq.
(3). This empirical equation approximates very well the results ob-
tained herein. In particular from a linear regression analysis on the

eigenvalue results yields that the best-fit parameters of Eq. (3) are
α=0.032 and β=1.0, as shown in Fig. 4b. A similar equation, in
which the parameter α is a function of Young′s Modulus of the masonry
panels was also proposed by Perrone et al. [23]. Based the Young′s
modulus of the masonry considered for the building population, the
value of α to be used in Eq. (3) is equal to 0.033. Perrone et al. [23] also

Table 2
Main characteristics of scaled ground motions for conditional period T*=0.5 s.

Earthquake ID Earthquake Name Date Moment magnitude Epicentral distance (km) PGA (g) Scale factor

3005 Chi/Chi, Taiwan/05 09/22/1999 6.20 51.79 0.04 1.68
1093 Northridge/01 01/17/1994 6.69 80.25 0.04 1.27
223 Livermore/02 01/27/1980 5.42 16.57 0.19 0.33
2160 Chi/Chi, Taiwan/02 09/20/1999 5.90 53.57 0.05 0.99
972 Northridge/01 01/17/1994 6.69 86.45 0.10 0.62
189 Imperial Valley/06 10/15/1979 6.53 12.43 0.36 0.16
616 Whittier Narrows/01 10/01/1987 5.99 7.50 0.19 0.29
602 Whittier Narrows/01 10/01/1987 5.99 26.55 0.19 0.33
1001 Northridge/01 01/17/1994 6.69 33.77 0.27 0.23
711 Whittier Narrows/02 10/04/1987 5.27 20.52 0.16 0.54
306 Taiwan SMART1(5) 01/29/1981 5.90 30.31 0.11 0.58
984 Northridge/01 01/17/1994 6.69 41.01 0.17 0.42
2162 Chi/Chi, Taiwan/02 09/20/1999 5.90 80.45 0.03 2.96
1259 Chi/Chi, Taiwan 09/20/1999 7.62 63.93 0.09 0.62
955 Northridge/01 01/17/1994 6.69 68.68 0.11 0.55
936 Big Bear/01 06/28/1992 6.46 156.97 0.03 1.81
3452 Chi/Chi, Taiwan/06 09/25/1999 6.30 78.85 0.05 1.01
224 Livermore/02 01/27/1980 5.42 21.65 0.05 1.06
591 Whittier Narrows/01 10/01/1987 5.99 28.50 0.06 1.19
1087 Northridge/01 01/17/1994 6.69 5.41 1.66 0.05

Table 3
Main characteristics of scaled ground motions for conditional period T*=1.0 s.

Earthquake ID Earthquake name Date Moment magnitude Epicentral distance (km) PGA (g) Scale factor

996 Northridge/01 01/17/1994 6.69 16.99 0.25 0.62
1082 Northridge/02 01/17/1995 6.69 12.35 0.36 0.38
1297 Chi-Chi, Taiwan 09/20/1999 7.62 74.12 0.15 1.42
944 Northridge/01 01/17/1994 6.69 70.45 0.07 1.94
799 Loma Prieta 10/18/1989 6.93 79.13 0.28 0.55
165 Imperial Valley-06 10/15/1979 6.53 18.88 0.27 0.90
2378 Chi-Chi, Taiwan-02 09/20/1999 5.90 58.25 0.07 1.62
949 Northridge-01 01/17/1994 6.69 11.10 0.33 1.84
27 Hollister-02 04/09/1961 5.50 18.92 0.07 2.90
3328 Chi-Chi, Taiwan-06 09/25/1999 6.30 60.22 0.04 1.43
12 Kern Country 07/21/1952 7.36 118.26 0.05 1.49
2410 Chi-Chi, Taiwan-02 09/20/1999 5.90 44.86 0.50 0.15
322 Coalinga-01 05/02/1983 6.36 30.06 0.28 0.27
367 Coalinga-01 05/02/1983 6.36 9.98 0.32 2.93
312 Taiwan SMART1(5) 01/29/1981 5.90 28.67 0.08 0.11
1806 Hector Mine 10/16/1999 7.13 185.09 0.05 0.70
778 Loma Prieta 10/18/1989 6.93 45.10 0.26 1.02
576 Taiwan SMART1(45) 11/14/1986 7.30 75.25 0.16 2.29
1776 Hector Mine 10/16/1999 7.13 74.27 0.07 0.87
1276 Chi-Chi, Taiwan 09/20/1999 7.62 81.66 0.11 1.03

Fig. 4. Elastic period of the RC moment resisting frame population.
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proposed an equation for RC bare frames in which α=0.052 and
β=1.0; this equation is again very close to the results of the regression
analysis performed for the present study, in which α=0.50 and
β=1.0, as shown in Fig. 4a.

4.2. Absolute acceleration floor response spectra

In this section, the results of the NLTHAs are presented in terms of
absolute acceleration floor response spectra (AFRS). The 5% damped
AFRS were evaluated by subjecting the building archetypes to the se-
lected set of ground motions and then using numerical techniques to

Fig. 5. Comparison of first floor acceleration response spectra.
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compute the FRS from floor acceleration time-histories recorded along
the structure′s height. The median acceleration floor response spectra
(MAFRS) taken across the ground motions ensemble were evaluated –
for each story of each RC frame – with and without considering ma-
sonry infills. The 5% damped MAFRS spectra obtained for the bare and
infilled frames are plotted and compared in Figs. 5–7. In each plot, the
MAFRS for both bare (Figs. 5a, 6a and 7a) and infilled (Figs. 5b, 6b and
7b) frames are shown for three representative floors of the frames (i.e.
first, mid-height and top floor). The solid lines in Figs. 5–7 represents
the MAFRS across all the RC frames characterized by the same number
of stories, while the grey-filled area represents the envelope of all in-
dividual building archetype AFRS. The filled area is representative of
the record-to-record variability as well as of the variability due to the
RVs considered (i.e. number and length of the bays, live loads and
material properties). Evaluation of the variability in MAFRS is para-
mount for regional scale seismic loss estimation, in which the high
variability in the building portfolio could significantly affect the results.

The MAFRS for a given single RC frame, in which only the record-to-
record variability is taken into account, starts from a spectral accel-
eration at zero period equals to the median peak floor acceleration and
then it is generally characterized by a single peak spectral acceleration
that lies at the fundamental period of the structure, if the structure
behaves elastically. After the peak the spectral acceleration, the MAFRS
reduces to zero for very long periods. Contrarily, the peak spectral ac-
celerations of MAFRS reported in Figs. 5–7 are representative of a set of
RC frames characterized by the same number of floors but with dif-
ferent geometrical and mechanical properties; consequently, the peak
spectral accelerations are representative of a wider range of periods.
This behaviour is particularly pronounced for the taller bare frames
(Figs. 5a–7a). This increased variability in predominant floor spectra
periods for taller frames can be also seen in Fig. 4a. For the bare RC
frames, the influence of the higher modes is evident in many cases, with
the highest influence being observed, again, in taller frames. The con-
tribution of higher modes is more evident in the lower floors, in which

Fig. 6. Comparison of acceleration mid-height floor response spectra.
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the median peak spectral accelerations for short periods are comparable
to those at longer periods (e.g. Fig. 5a).

In the masonry infilled RC frames, the variation of the fundamental
periods due to the variability in the geometrical and mechanical
properties is lower, and this behavior can be seen from the MAFRS
(Figs. 5b–7b). The MAFRS for the masonry infilled RC frames are

generally characterized by a well-defined single peak that lies at a
period close to the fundamental period of the structure with steep drops
off for other periods. This behavior can be associated to the stiffness and
strength increase caused by the explicit modeling of the infilled walls in
these frames.

Comparing the MAFRS for the bare and infilled frames Figs. 5c, 6c

Fig. 7. Comparison of top floor acceleration response spectra.
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and 7c, two main effects can be observed: (1) the spectral peaks are
shifted to shorter periods corresponding to the natural periods of the
buildings with masonry infills, and (2) the amplitudes of the spectral
peaks are significantly increased. For example, the median peak spec-
tral acceleration of the infilled RC frames at the top floor increases by
114% and 140%, for the 2-story and 6-story RC frames, respectively.

These two effects can be observed for all floors in all frames. The higher
floor spectral accelerations in the infilled RC frames are related both to
the higher ground spectral accelerations in the range of periods of the
infilled RC frames and to changes in their dynamic properties. The
higher participating mass associated to the first mode and the different
mode shapes also contributed to increase the floor spectral

Fig. 8. Comparison of first floor relative displacement response spectra.
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accelerations with respect to the bare frames. The shape of the MAFRS
is also significantly influenced by the presence of masonry infills. For
the infilled frames, a higher dispersion is observed close to the funda-
mental periods of the frames, while the dispersion significantly de-
creases for the other periods; this is mainly due to the steep drops in
spectral accelerations away from the fundamental periods. For the bare
frames, on the other hand, higher dispersions of the spectral accelera-
tions occur even for periods far from the fundamental periods.

4.3. Relative displacement floor response spectra

In this section, the results of the NLTHAs are presented in terms of
relative displacement floor response spectra (DFRS). Similar to the
AFRS of Section 4.2, the DFRS envelopes and median DFRS (MDFRS)
are shown for the lower, mid-height and top floors of the building
population (Figs. 8–10). Again here, the DFRS of all RC frames char-
acterized by the same number of floors are plotted together in order to

quantify the influence of uncertainties in the geometry, material
properties and design loads as well as to characterize the record-to-
record variability.

The general shape of a DFRS starts at zero period with a spectral
displacement equal to zero, then the spectral displacement increases
and reaches the maximum value at the fundamental period of the
frame. After the peak, the spectral displacement reduces and tends to
the maximum absolute displacement of the floor for very long periods.
This shape of the DFRS is generally observed at the upper floors of the
frames, while a more irregular spectral shape is often observed at the
lower floors. Comparing the MDFRS for both bare and infilled frames,
two pivotal effects associated with the explicit modeling of the masonry
infills can be singled out: (1) for the infilled frames, the peak spectral
displacements are shifted to shorter periods, and (2) the median peak
spectral displacements in bare and infilled configurations are of similar
amplitudes with no particular trend. The peak spectral displacements
for short infilled frames are smaller than that of short bare frames,

Fig. 9. Comparison of mid-height relative displacement floor response spectra.
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while they are comparable for taller frames. This trend, opposite to that
observed for the AFRS, is the result of the higher stiffness of the infilled
frames. This differences in spectral displacement amplitudes can be
explained by computing the ratios between the spectral displacements
of the bare (SDF,b) and infilled (SDF,i) frames using the usual pseudo-
spectra formula [52]:
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Fig. 10. Comparison of top floor relative displacement response spectra.
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Table 4 compares the median peak ratios SDF,b/SDF,i at the top floors
of the RC frame archetypes obtained from the MDFRS and by Eq. (5).
The ratios and trend observed in the MDFRS are well predicted by Eq.
(5). Clearly, the main parameter governing the SDF,b/SDF,i ratios are the
square of the structural period ratios (Tb/Ti).

The envelopes of all the DFRS plotted in Figs. 8–10 indicate higher
dispersions in spectral displacement amplitudes as a result of the RVs
taken into account in the design of the frames, as well as of the record-
to-record variability. This can also be shown by analysing the periods at
which the spectral displacement peaks lie; for the bare frames, the
period range is wider than for the infilled configurations.

5. Implications of results on regional scale seismic loss estimation

In a regional risk model, the buildings′ response is generally as-
sessed using the capacity spectrum method by intersecting the accel-
eration-displacement demand spectrum with the building capacity
curve. Damage state probabilities are converted into monetary losses
using inventory information and economic data. For a given building
typology, the intersection between the capacity curve and the demand
spectrum, the demand in terms of spectral displacement is obtained.
The recorded spectral displacements are thus used to define, for
structural components and displacement-sensitive non-structural ele-
ments, the cumulative probability of being in, or exceeding, a particular
damage state.

According to the widely used HAZUS methodology [11] for regional
scale loss estimation studies, two sub-categories of acceleration-sensi-
tive non-structural elements are considered: elements at or near the
ground level and elements at the upper floors of buildings. For both
sub-categories, the fragility functions are defined in terms of peak floor
acceleration. However, in order to simplify the calculations, the peak
ground acceleration is assumed to be more representative of the seismic
demand on non-structural elements located at the near ground levels,
while the ground spectral acceleration at the fundamental period of the
building is assumed to define the seismic demand for acceleration-
sensitive non-structural elements located at the upper floors. The
HAZUS methodology assumed that 50% (for low-rise), 33% (for mid-
rise) and 20% (for high-rise) of non-structural elements are located at,
or near, the ground floor, while 50% (for low-rise), 66% (for mid-rise)
and 80% (for high-rise) of non-structural elements are located at the
upper floors.

Using the results obtained above, Fig. 11 compares the median ac-
celeration ground response spectra with the median acceleration floor
response spectra (MAFRS) at the first (Fig. 11a) and at the top level
(Fig. 11b) for both bare and infilled frame archetypes. The MAFRS in-
clude the entire building population considered in this study. Although
the median ground response spectrum and the MAFRS are plotted to-
gether, the period at which the response spectra refer to are different.
The median ground response spectrum refers to the period of the sup-
porting structure while the MAFRS refer to the period of the non-
structural elements (TNSE). In order to improve the HAZUS metho-
dology based on the results obtained in this study, two different ap-
proaches can be used. In the first approach, the acceleration sensitive
non-structural elements are considered rigid (this approach is con-
sistent with the HAZUS methodology), while in the second approach
the non-structural elements are considered flexible (assuming known
values of TNSE).

For non-structural elements located at the first floor of buildings,
the HAZUS methodology takes the seismic demand equal to the PGA
(0.05 g in Fig. 11). Table 5 lists the spectral accelerations at which the
non-structural elements are subjected, for different values of TNSE. The
percentage increases with respect to the HAZUS methodology are in-
dicated in brackets. As reported in Table 5, the seismic demand on the
non-structural elements is significantly underestimated both if the non-
structural elements are assumed rigid or flexible. The difference in-
creases significantly when the influence of the masonry infills is con-
sidered.

For non-structural elements located at the top floor of buildings, the
HAZUS methodology takes the ground spectral acceleration at the
median periods for the entire building population considered in this
study (T=0.62 s and T=0.41 s for bare and infilled frames, respec-
tively) as seismic demand. Table 6 lists the spectral accelerations at
which the non-structural elements are subjected for different values of
TNSE. Again, the percentage difference increases with respect to the
HAZUS methodology is indicated in bracket. Again for non-structural
elements located at the upper floors, the seismic demand is significantly
underestimated by the HAZUS methodology.

A comparison between the HAZUS methodology and the obtained
results, in terms of seismic demand for displacement-sensitive non-
structural elements, is not carried out herein because, according to the
HAZUS methodology, the pushover curves for all the RC frames of the
database are required; something which is out of the scope of this re-
search.

Clearly, a more refined evaluation of damage and losses in accel-
eration-sensitive non-structural elements would require an improved
engineering demand parameter. Many studies available in the literature
(see e.g. [14–17]) demonstrated that the structural dynamic filtering
significantly amplifies the accelerations from the ground to the upper
floors of a building. Some simplified procedures were developed to

Table 4
Ratios between top floor median peak SDF,b and SDF,i.

2 Storey 3 Storey 4 Storey 5 Storey 6 Storey

MDFRS 1.56 1.12 1.11 1.06 0.87
Eq. (5) 1.56 1.14 1.10 1.08 0.85

Fig. 11. Comparison between the median acceleration ground response spectrum and the median absolute acceleration floor response spectrum.
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evaluate the floor response spectra starting from the ground spectrum
and the modal properties of the buildings [14–17]. Although some of
these methods are quite accurate for predicting the floor response
spectra, two main issues arise: (1) all the methodologies were devel-
oped for bare frames without considering the influence of the masonry
infills, and (2) these methodologies are generally not feasible for re-
gional scale risk models because they require evaluation of the modal
properties for each structure in the building portfolio.

There is a need to develop a simplified methodology to evaluate the
seismic demand on acceleration-sensitive non-structural elements in
regional risk models, taking into account masonry infills. In such sim-
plified method, the following three parameters could be sufficient to
predict the median floor response spectra without the need to perform
structural analyses (see Fig. 12):

1) Spectral acceleration at zero period (T= 0): the spectral accelera-
tion at zero period can be obtained by multiplying the peak ground

spectral acceleration by an amplification factor, α, for rigid non-
structural elements;

2) Peak spectral acceleration (plateau): this value can be obtained by
multiplying the spectral acceleration at zero period by an amplifi-
cation parameter, β, that accounts for the non-structural amplifi-
cation and for possible resonance phenomena; and

3) Period range of the plateau: contrary to the floor response spectrum
for a single building, the median peak spectral acceleration does not
lie at a single period value but is spread over a range of periods,
which are representative of the building typology of interest. For
this reason, a range of periods need to be identified to characterize
the plateau of the median acceleration floor response spectrum.

Once these three parameters are defined, the median acceleration
floor response spectrum can be simply estimated by constructing the
following three branches: (1) a linear branch from T=0 to the lower
period of the plateau, Tlow; (2) a constant branch from Tlow to Thigh; (3)
a decreasing branch proportional to 1/T2for periods longer than Thigh.

Note that such an approach requires a new engineering demand
parameter for non-structural elements (spectral acceleration at TNSE)
and, therefore, recalibrated non-structural fragility functions.
Conservatively, the ground response spectra could be amplified for all
periods within the existing HAZUS methodology.

The feasibility of the improved non-structural demand evaluation
proposed above was evaluated based on the results generated in this
study. Tables 7 and 8 list the parameters α and β required to predict the
median acceleration floor response spectra for the bare and masonry
infilled RC frame building population considered in this study. These α
and β parameters were calibrated according to the results of the
NLTHAs. In regional scale studies, the building portfolios are generally
divided into three categories: low-rise, medium-rise and high-rise
buildings. For the purpose of comparison, the two and three-storey RC
frames were assumed low-rise category buildings, while the four to six-
storey RC frames were assumed to be medium-rise buildings. Figs. 13
and 14 compares the median top floor acceleration response spectra
obtained from the NLTHAs for the bare (Figs. 13a and 14a) and infilled
(Figs. 13b and 14b) RC frames, along with the acceleration floor re-
sponse spectra predicted by the simplified methodology.

Good agreements can be observed between the predicted spectra
and that generated from NLTHAs. The spectral accelerations are slightly
overestimated in all cases. Note that the results presented are for a
single ground motions return period of 70 years. Further analyses are
required to fit/calibrate the model parameters for different ground
motion return periods.

Similar results could be obtained using floor pseudo-acceleration
spectra instead of floor absolute acceleration spectra. For periods and
damping values of practical interest, these two quantifies are compar-
able and floor pseudo-acceleration spectra can be also used to derive
floor relative displacement spectra. However, for the seismic design/
assessment of most of NSEs the absolute acceleration at the centre of
mass of the NSEs is usually used and for this reason the authors

Table 5
Comparison of the seismic demand for a non-structural element located at the first floor [g].

HAZUS TNSE= 0 s TNSE= 0.2 s TNSE= 0.5 s TNSE= 1.0 s

Bare RC buildings 0.05 0.07 (40%) 0.16 (220%) 0.13 (160%) 0.08 (60%)
Infilled RC buildings 0.05 0.11 (120%) 0.21 (320%) 0.25 (400%) 0.07 (40%)

Table 6
Comparison of the seismic demand for a non-structural element located at the top floor [g].

HAZUS TNSE=0 s TNSE= 0.2 s TNSE= 0.5 s TNSE= 1.0 s

Bare RC buildings 0.08 0.13 (63%) 0.20 (150%) 0.36 (350%) 0.14 (75%)
Infilled RC buildings 0.11 0.29 (164%) 0.48 (336%) 0.51 (364%) 0.09 (−18%)

Fig. 12. Parameters required to calculate the median acceleration floor re-
sponse spectrum.

Table 7
Parameters required to evaluate the median top acceleration floor response
spectrum for low-rise RC buildings.

α β Range of period (T)

Bare RC buildings 3.19 3.28 0.38–0.58 s
Infilled RC buildings 6.94 2.90 0.22–0.35 s

Table 8
Parameters required to evaluate the median top acceleration floor response
spectrum for medium-rise RC buildings.

α β Range of period (T)

Bare RC buildings 2.33 3.29 0.58–0.87 s
Infilled RC buildings 5.62 3.45 0.35–0.56 s
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preferred to refer to floor absolute acceleration floor response spectra.
The proposed seismic demand models represent a simple example of

how the evaluation of the seismic demand at which the non-structural
elements are subjected could be improved for regional scale applica-
tions. In particular, if the HAZUS methodology is adopted, the proposed
seismic models could be used to predict the losses related to the non-
structural elements located at the upper floors of low-rise and medium-
rise bare and infilled RC moment resisting frames. Similar models could
be developed to assess the seismic demand for non-structural elements
in high rise-buildings or located at, or near, the ground floor.

6. Conclusions

Loss estimation studies, both at the single and regional scale,
pointed out that a significant portion of the observed earthquake re-
lated losses can be attributed to the damage to non-structural elements,
in particular for low seismic intensities. The prediction of non-struc-
tural losses requires an accurate evaluation of the seismic demand on
non-structural elements. The influence of masonry infills on absolute
acceleration floor response spectra and relative displacement floor re-
sponse spectra in reinforced concrete (RC) buildings subjected to fre-
quent (serviceability level) earthquakes was investigated in this study.
The effect of masonry infills on floor response spectra was investigated
focusing on a population of 100 RC frames located in a medium-high
seismic region in Italy. The floor response spectra were derived fol-
lowing a probabilistic framework such that useful trends could be ob-
served, for both individual and regional scale loss estimations. The

main findings of the study are listed below:

1. The fundamental periods of RC frames are significantly shortened
when masonry infills are taken into account. For the building ar-
chetypes considered, the percentage in reduction of the fundamental
period due to the infill effects varied between 19% and 49%.

2. The results of the NLTHAs demonstrated that the masonry infills
significantly affects floor response spectra, in particular if the
structure behaves elastically under serviceability level ground mo-
tions.

3. The presence of the masonry infills causes a shift of the absolute
acceleration floor response spectra peaks to shorter periods and
gives rise to a significant amplification of the corresponding peak
spectral accelerations.

4. The presence of the masonry infills causes a shift of the relative
displacement floor response spectra peaks to shorter periods and
modifies the amplitude of the peak spectral displacement. The re-
lative spectral displacements are generally reduced in infilled
frames, but no particular trend could be identified. From the ob-
tained results, it was observed that the main parameter governing
the difference in the spectral displacement amplitudes is the square
of the bare to infilled frame fundamental period ratio.

5. The methodologies currently available in the literature for regional
scale loss estimations significantly underestimates the seismic de-
mand on acceleration-sensitive non-structural elements RC frames,
both with and without taking into account the influence of the
masonry infills.

Fig. 13. Comparison between the predicted acceleration top floor response spectra and the median acceleration top floor response spectra obtained from the NLTHAs
for low-rise RC frames.

Fig. 14. Comparison between the predicted acceleration floor response spectra and the median acceleration floor response spectra obtained from the NLTHAs for
medium-rise RC frames.
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6. A simple procedure, based on the calibration/fitting of three para-
meters, have been proposed in order to construct median absolute
acceleration floor response spectra from ground response spectra in
order to improve the prediction of the seismic demand on accel-
eration-sensitive non-structural elements at the regional scale. The
prediction capability of the proposed procedure was compared with
that of the methodologies that are actually used for loss estimation
studies at the regional scale. The comparison demonstrated a sig-
nificant improvement in the prediction of the seismic demand on
acceleration-sensitive non-structural elements. However, this pro-
posed approach requires the recalibration of non-structural fragility
functions in which probabilities of exceeding given damage states
would need to be expressed in terms of spectral accelerations at the
fundamental period of the non-structural elements.

The results presented in this study indicates also how further efforts
are required to improve the prediction capabilities of regional scale risk
models, particularly for evaluating non-structural losses. The modeling
assumptions that analysts make both for the skeletal frame (e.g. spread
vs. lumped plasticity approaches) as well as for the infills (e.g. triple-
strut vs. double-strut vs. single-strut models) could significantly affect
the evaluation of the seismic demand, and the same applies to the
uncertainties in the infills and how the latter are propagated. Further
analyses are required to investigate the influence of specific aspects
related to the masonry infills, such as their geometrical and mechanical
properties, effect of openings and irregular distribution of the panels.
These parameters, which could be treated either in deterministic or
probabilistic fashion (modelling them as further random variables in
the latter case), are expected to affect both local and global behavior, in
particular at higher seismic intensities. The present study provides only
a first attempt to improve the prediction of the seismic demand on non-
structural elements at the regional scale.
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