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Abstract: Extensive damage to school buildings has been observed during past earthquakes in Italy, with the 2002 Molise earthquake
resulting in the complete collapse of a school building, leading to numerous casualties. In this paper, data provided by instruments
installed in a number of school buildings throughout Italy from both ambient vibration and triggered dynamic vibration following the
2016 Central Italy earthquake are compared with predictions of numerical models. This comparison of predicted and measured structural
response characteristics is investigated to provide practicing engineers with further insight into and validation of the accuracy of
typical modeling techniques compared with instrumented responses of numerous different building typologies subjected to different
dynamic excitations. Initial comparisons demonstrate reasonable agreement between the numerically predicted modes of vibration and
natural frequencies from ambient vibration measurements, with further numerical parametric studies exhibiting improved matching.
Additional comparative analyses are considered to discuss the potential impacts on the seismic assessment of existing structures within
a performance-based seismic assessment framework. DOI: 10.1061/(ASCE)CF.1943-5509.0001237. © 2018 American Society of Civil
Engineers.
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Introduction

The collapse of the Iovene primary school in San Giuliano during
the Molise 2002 earthquake, which killed 27 students and their
teacher, highlighted the seismic vulnerability of the existing Italian
school building stock. With this in mind, the European Centre for
Training and Research in Earthquake Engineering (EUCENTRE)
initiated a research project entitled Progetto Scuole in 2015, with
the main objective of seismically assessing a number of school

buildings throughout Italy that were considered to be representative
of the overall stock. Considering past studies of seismic assess-
ment and risk mitigation, such as the Seismic Project Identification
Report (SPIR) Guidelines in British Columbia, Canada (SPIR
2014), this project aimed to apply some of the more recent ad-
vancements in performance-based seismic assessment through
the application of guidelines, such as FEMA P58 (FEMA 2012),
to existing Italian school buildings. Extensive analyses were con-
ducted to aid more-informed decisions regarding both structural
retrofitting to prevent collapse and ways to mitigate the extensive
monetary losses due to the cost of repairing structural and non-
structural elements (O’Reilly et al. 2018). Furthermore, numerous
accelerometers were installed at each school location to charac-
terize the ambient response and compare it with the predictions
of the numerical models developed, in addition to capturing any
triggered seismic response in the event of a nearby earthquake.
This paper also outlines this latter aspect, whereby the modal re-
sponse measured during ambient vibrations is compared with that
identified from numerical models developed following in situ sur-
veying for seismic loss estimation studies. This is performed for
various building construction typologies typically found through-
out Italy, such as RC frames with masonry infill, unreinforced
masonry (URM), and precast (PC) RC frames. A parametric
study is conducted to compared numerically some of the key
factors in predicted dynamic characteristics with those identified
from the ambient vibration recordings. Furthermore, recordings
from three triggered vibrations at one of the school buildings
during the 2016 Central Italy earthquake are also evaluated to
provide further insight into the comparisons between in situ
instrumentation and numerical modeling. The observations from
both the ambient and triggered vibrations are then discussed
further with additional numerical analysis that highlights some
of the potential implications of the different numerical modeling
decisions for assessment within a performance-based earthquake
engineering framework.
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Survey of School Buildings

As part of Progetto Scuole, a total of six school buildings with dif-
ferent structural typologies were selected for detailed evaluation
and analysis. Available information from over 49,000 Italian school
buildings (Borzi et al. 2011) was collected and used to determine
the predominant characteristics of the existing scholastic build-
ing stock (e.g., number of stories, construction typology, age, and
so on). Using this information, a sample of buildings representative
of the entire stock could be established and examined in more detail
while also remaining feasible from a practical and economic point
of view. This information showed that (1) the majority of scho-
lastic structures consist of three or fewer stories, (2) are usually
constructed of RC frames with unreinforced masonry infills, and

(3) the older the structure is, the more likely it is to be constructed
with URM. Furthermore, around 67% of existing school buildings
in Italy were constructed before 1975, which corresponds to the in-
troduction of modern seismic design provisions in Italy. With these
considerations, Table 1 lists four of the final six school buildings
chosen at various locations throughout Italy for this study to be
representative of the typical school building characteristics (Borzi
et al. 2011). O’Reilly et al. (2017) provided information on all six
buildings; only four are discussed here due to space limitations.
Their locations are illustrated in Fig. 1 alongside the most recent
hazard map of Italy (Montaldo and Meletti 2007).

In situ surveys were conducted to characterize the structural
configurations in addition to the nonstructural elements so that de-
tailed numerical models could be developed and loss estimation
studies carried out. Fig. 2 illustrates the main information related
to the structural configurations of the four case study buildings.
The URM school building in Avola is characterized by two floors,
with interstory heights of 3.95 and 4.35 m for the first (ground) and
second floors, respectively, and a plan dimension of 47 × 12 m.
The masonry walls are made of limestone with thickness varying
between 0.85 and 0.40 m [Fig. 2(b)].

The RC schools located in Ancona and Carrara are illustrated
in Figs. 2(a and c), respectively. RC frame members typically

Table 1. General information for selected case study school buildings

School Region Typology No. of stories Construction period

Ancona Marche RC 3 1960s
Avola Sicilia URM 2 1900s
Carrara Toscana RC 2 1960s
Cassino Lazio PC 2 1980s

Fig. 1. Location of each school building with respect to Istituto Nazionale di Geofisica e Vulcanologia (INGV) 475-year return period hazard map for
peak ground acceleration. (Data from INGV 2017.)
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consist of 30-cm-square columns and 30 × 50-cm beams that
were designed for gravity loads only. Infills were identified as
double-leaf 12-cm hollow clay brick with a 5-cm-wide internal
cavity. The floor systems were identified as laterizio floor systems
(Bacco 2009) that were quite common in Italy at the time. In the
case of the PC school building illustrated in Fig. 2(d), the structural
system comprises precast columns supporting precast beams in the
longitudinal direction only. The beam members support a precast
hollow-core floor system with a thin in situ topping spanning the
transverse direction.

Instrumentation and Data Acquisition and
Processing

The reliable numerical modeling of an existing building can be gen-
erally enhanced through the tuning of some parameters based on
experimental and in situ measurements. Typically, uncertainties
associated with material properties, reinforcing bar locations, and
concrete properties can be reduced through experimental investiga-
tion, whereas the impacts of modeling uncertainty on the response
assessment can be incorporated using the results of studies such as
O’Reilly and Sullivan (2017b, 2018b), among others. To this ex-
tent, each selected school building was equipped with an advanced
structural monitoring system aimed at continuous dynamic system
identification through ambient vibration acquisitions. These instru-
ments were scheduled to record 1-min snapshots of the ambient
vibration daily, with which to identify the modal properties. In ad-
dition, the monitoring system was designed to record possible seis-
mic events when a predetermined acceleration threshold of 0.015g
was exceeded at the base of the building. In the event of triggered
recording, a predefined routine ensured the acquisition of the whole
seismic event, including 30 s of preceding data included in a tem-
porary buffer.

Each school building was instrumented with state-of-the-art
high-quality SARA (Perugia, Italy) sensors. The SARA SA10
(SARA Electronic Instruments 2018) are force-balance 1g biaxial
accelerometers, using a 12V DC power supply, with 10V=g sensi-
tivity with differential output, nonlinearity <0.1%, and hysteresis
<0.001% over the full range, with measurable frequency up to
200Hz.These instruments are suitable for recording both groundmo-
tions and ambient vibrations. One reference accelerometer was in-
stalled at the lowest floor slab of each school building [e.g., Fig. 3(a)
for the Ancona school building], whereas two accelerometers were
installed at the highest floor level accessible, e.g., the RC slab at
the roof level for the Ancona school building [Fig. 3(b)]. Each sensor
was fastened to the structurewith a posttensioned steel bolt [Fig. 3(a)]
and its orientation aligned with the principal orthogonal directions
of each building. This sensor configuration is generally sufficient
to measure the first few vibration modes of most typical buildings.
Higher modes, particularly in low-rise buildings, are generally very
difficult to recognize experimentally and do not provide as much
useful information compared with the first few modes of vibration.

The data acquired from both ambient and triggered vibrations
was transmitted in real-time to the EUCENTRE cloud server
through a Universal Mobile Telecommunications System modem,
and automatic postprocessing software was implemented. The pro-
cedure for the frequencies and mode shapes identification was as
follows: for each scheduled acquisition, with a default sampling
rate of 128 Hz and duration of 60 s, the discrete Fourier transform
(DFT) (Bonetto 2013) between the channels of the two accel-
erometers located on the top of the structure was computed. Once
the DFT was obtained, the enhanced frequency domain decompo-
sition (EFDD) method was applied (Vincenzi 2007; Islami 2013).
In this process, the singular value decomposition (SVD) was used
to separate the contribution of each vibration mode, switching
from an n-degrees-of-freedom (DOF) system to n single-DOF

Fig. 2. Main geometrical and structural properties of case study buildings: (a) Ancona; (b) Avola; (c) Carrara; and (d) Cassino.
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systems. On the SVD curve, the peak picking (PP) method
(Rainieri et al. 2009a, b; Piovesan 2013) was applied to identify
the modal frequencies for each acquisition. Further checks were
then also applied to remove spurious peaks from the real identified
modal frequencies (Magalhães et al. 2012). Fig. 4(a) shows an ex-
ample of the identification of the natural frequencies for a single
60-s-interval ambient measurement. The data indicated a high
amplitude around 5 Hz. Using the information from many of these
60-s windows for frequency identification, a more general plot to
illustrate the overall trend in frequencies using the results of numer-
ous ambient vibrations is shown in Fig. 4(b).

The output of the implemented automatic data-processing
procedure still showed some data scatter, although a trend of cer-
tain recurring frequencies was certainly observed. For example,
Fig. 4(b) shows a repeated identification of two potential mode
shapes at around 5 and 10 Hz. Such information, integrated with

the phase analysis of the signals and combined with the results
of the numerical model, often leads to the proper experimental
identification of natural frequencies and associated modes of vibra-
tions that could then form the basis for numerical modeling evalu-
ation and calibration.

Numerical Modeling

For each of the case study school buildings, a detailed numerical
model was developed. These numerical models incorporated both
effects of nonlinear material behavior and second-order geometry
effects, commonly referred to as P-delta effects, to permit extensive
nonlinear response-history analysis (NRHA) of each school building.

In the case of the RC frame structures with masonry infills in
Ancona and Carrara (Table 1), the numerical model was developed

Fig. 3. Accelerometer installation for Ancona school building: (a) reference accelerometer at slab on grade; and (b) top floor slab location of
accelerometers for dynamic identification.

Fig. 4. Output of processed continuous dynamic identification with (a) identification of frequencies for a single measurement by analyzing amplitude
of different frequencies over duration of ambient vibration recording; and (b) numerous measurements with identified frequencies stacked together to
identify the overall trend of different ambient vibration measurements.
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using the OpenSees framework (McKenna et al. 2010) based on the
modeling recommendations of O’Reilly and Sullivan (2015,
2017a). This takes into account the various aspects of RC frames
with masonry infill behavior constructed in Italy prior to the intro-
duction of seismic design provisions in the 1970s, when structures
were typically designed for gravity loads only using the available
design (Vona and Masi 2004). Aspects such as the modified duc-
tility of plastic hinges in frame members (e.g., Melo et al. 2012) due
to the presence of smooth reinforcing bars and low levels of trans-
verse shear reinforcement are accounted for, in addition to the vul-
nerability of beam-column joints due to a lack of transverse shear
reinforcement that was experimentally shown by Pampanin et al.
(2002), for example, to result in brittle shear failure modes through
the build-up of excessive diagonal principal tensile stresses in the
beam-column joint. These modeling aspects were developed based
on past observations of damage in Italy (O’Reilly and Sullivan
2017a) and were incorporated directly into the modeling proce-
dure adopted here. In situ test reports made available during the
survey of the Ancona building showed the mean compressive
strength of the concrete to be 14.4, 10.8, and 8.7 MPa at the first
(ground), second, and third stories, respectively. Furthermore, the
yield strength of the reinforcement bars was reported to be equal to
381 MPa. In the case of the school building in Carrara, no in situ
test data were available, and hence reasonable values were assumed
based on those observed in the school in Ancona. Hence, a value
of 14 MPa was assumed for the mean compressive strength of the
concrete and a value of 380 MPa was assumed as the yield rebar
strength. The Young’s modulus of the concrete was evaluated based
on the formulation provided by Collins and Mitchell (1991) to give
values of 19,500, 17,800, and 16,700 MPa for the respective
strengths listed previously for Ancona, whereas a fixed value of
19,300 MPa was used for Carrara.

Furthermore, the effect of masonry infills on the overall re-
sponse of the structures was incorporated using an equivalent
diagonal strut modeling approach (Crisafulli et al. 2000). For both
RC buildings, hollow clay bricks were adopted for the masonry
infills. Unfortunately, in situ tests to assess the mechanical proper-
ties of the masonry infills were not available. For this reason,
the mean properties available in the literature for double-leaf

hollow clay masonry infills by Hak et al. (2012) in addition to
the recommendations of Sassun et al. (2015) regarding limit-state
drift limit definitions were used for both case study buildings.

The hysteretic behavior of these struts was computed using the
recommendations of Sassun et al. (2015), which were based on the
aggregated results of numerous different test data on the capacity of
masonry infills. Lastly, staircase modeling was taken into account
through equivalent elastic strut elements to account for the addi-
tional stiffness offered by these elements (Fig. 5). Shear failure
of column members due to interaction with masonry infill and stair-
case elements has been observed during past seismic events in Italy
(O’Reilly and Sullivan 2017a). To account for this, an uncoupled
zero-length element was introduced at the column ends to model
their limited shear capacity in addition to adopting a double equiv-
alent masonry infill strut layout (Crisafulli et al. 2000) to model the
forces transferred to the columns to account for this potential mecha-
nism, as illustrated in Fig. 5 and discussed in further detail by
O’Reilly (2016). These uncoupled zero-length elements were mod-
eled using the shear strength model proposed by Zimos et al. (2015)
to account for the potential shear failure as a result of excessive shear
force transfer from the masonry infills or staircases. The floor slab
system was modeled as a rigid diaphragm. Fig. 5 illustrates the main
modeling aspects for the school building in Ancona, in which the
various aspects discussed previously are highlighted.

The URM school building in Avola (Table 1) was modeled us-
ing TreMuri (Lagomarsino et al. 2013), which allows for the evalu-
ation of masonry buildings. The survey allowed the main structural
details required to model and analyze the building to be identified.
Based on its characteristics, the concrete slabs were assumed to be
rigid. Good wall-to-diaphragm connections were observed and a
proper connection between the perpendicular walls was verified.
With these assumptions, and also considering the in-plan and eleva-
tion regularity of the building, it is reasonable to neglect the local
flexural behavior of the floors and the local wall out-of-plane
response with respect to the global building response, which
is governed by the in-plane behavior (Lagomarsino et al. 2013).
During the in situ survey, it was not possible to perform destructive
in situ measurements; hence the mean value of the mechanical
properties proposed by the Italian National Code (NTC 2008)
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and Eurocode 8 (CEN 2004, 2005) for limestone masonry were
adopted in this study. In particular, the compressive and shear
strengths and Young’s modulus of the masonry were assumed to
be 1.9, 0.035, and 1,080, respectively. An equivalent frame mod-
eling approach was developed in TreMuri. Fig. 6 summarizes the
steps required to define the idealized equivalent frame model
consisting of spandrels, piers, and rigid nodes. The capacity of the
structure is mainly related to the vertical and lateral capacity of the
piers. The spandrels couple the response of adjacent piers in
the case of lateral loads, and their geometry is defined based on the
vertical alignment and overlap of the openings.

The behavior of the masonry panels was simulated by means of
a bilinear relationship with a capping strength and a postcapping
stiffness decay (for nonmonotonic action). The initial elastic stiff-
ness is directly defined by the shear and flexural stiffness using the
geometric and mechanical properties of the masonry walls. A stiff-
ness reduction factor to account for the cracked conditions of the
panels was introduced in the element stiffness matrix. This reduc-
tion factor, described in further detail by Lagomarsino et al. (2013),
defined as a function of the compressive stress state of the masonry
panels, was calibrated through parametric nonlinear finite-element
method (FEM) analyses (Lagomarsino et al. 2013). The ultimate
shear and bending strength were computed from simplified criteria
that considered two different possible failure modes Lagomarsino
et al. (2013): (1) flexural failure associated with the rocking and
crushing of walls, and (2) shear failure related to shear sliding or
diagonal cracking. For dynamic analysis, the failure of the panel
was defined in terms of maximum drift limits. The drift limits were
defined according to Eurocode 8 and were based on the prevail-
ing failure mechanism occurring in the panel: 0.4% and 0.8%,
respectively, for the shear failure and flexure failure. When a panel
exceeded the limit and was deemed to have failed, the element
became a strut with no residual shear and/or bending capacity,
whereas the axial load was maintained.

Lastly, in the case of the precast school building in Cassino
(Table 1), the numerical model was developed in Ruaumoko 3D
(Carr 2007). Beam-column joints represented the most complex as-
pect of the model. To capture this, each joint was modeled using
gap and friction elements (Fig. 7). The gap elements reflected
the gaps between the beams and columns observed during in situ

surveys of the school. The friction elements allowed for sliding of
the beams seated on the column corbels. The corresponding mo-
ment capacity was computed as the frictional resistance of the beam
seated on the column corbel multiplied by the lever arm, which was
taken as the beam depth (Fig. 7). A lumped plasticity modeling
approach was adopted for the precast RC columns. Plastic hinges
were permitted to form at the top and bottom of the columns in
both stories should sufficient bending moment be generated; the
plastic hinge length was calculated in accordance with Paulay and
Priestley (1992). Available information following the building sur-
vey was used to identify the mean compressive strength of the con-
crete as 25 MPa and the Young’s modulus as 23,500 MPa. The gap
elements at the beam-column connection were set with a 20-mm
initial gap based on in situ measurements, and a friction coefficient
of 0.40 was assumed. Considering the limited strength of the beam-
column joints, because they consist of a seated connection, it was
deemed unlikely that plastic hinges would form in the beams and

Fig. 6. Equivalent in-plane frame idealization of URM walls using TreMuri for masonry structures. (Adapted from Lagomarsino et al. 2013.)

Fig. 7. Numerical modeling of PC building beam-column joint con-
nection which consisted of beam members seated on column corbels
using gap and friction elements.
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they were therefore modeled as linear elastic frame elements. The
shear behavior of all members was modeled as linear elastic. A sig-
nificant reduction in shear stiffness would be expected as a RC sec-
tion begins to crack and yield, but this reduction was not accounted
for because preliminary studies determined that the total shear de-
formations were negligible relative to flexural deformations. The
precast floor topping is relatively thin, and it was therefore decided
to explicitly model the flexibility of the diaphragms rather than
assume a rigid diaphragm. Precast floor units were modeled indi-
vidually; however, sensitivity analyses found that in reality this
had little impact on the response compared with the assumption of
a rigid diaphragm. Finally, the columns were assumed to be fixed at
the base of the building.

Comparison of Measured Modal Properties with
Numerical Model Predictions

Initial Comparison with Ambient Vibration
Measurements

Using the modal properties of both the numerical models and
the instrumentation described in previous sections, the two sets of
results were compared to gauge how well the models represented
the modal properties of the school buildings. These were compared
in terms of the overall mode shape and natural frequency of the
first few modes of vibration. At this stage, the numerical models

provided blind predictions of the dynamic characteristics of the
buildings, with no calibration based on experimental data.

Fig. 8(b) illustrates the data obtained from a single ambient
vibration recording for the Ancona school building, in which the
transfer function was produced and the modes of vibration identi-
fied through the dots plotted at the function’s local frequency peaks.
Fig. 8(a) shows a number of these transfer functions and their as-
sociated modal peaks condensed onto a single plot. A clear trend in
the modal properties between different ambient vibration record-
ings can be identified, as previously noted for Fig. 4.

To better illustrate this, the natural frequencies identified for
each ambient vibration recording (the dots) were compiled and
plotted in histogram format (Fig. 9) for the case of the school in
Ancona. This process clearly illustrates the frequency range in
which the identified frequencies tended to fall. In addition, the
natural frequencies for each mode identified by the acquisition sys-
tem are also illustrated by the vertical dashed line. The single set of
values identified by the data acquisition system was determined by
considering the peaks identified from different transfer functions,
as outlined in Fig. 8(b), and by taking the geometric mean of the
first four modes identified. The geometric mean was used to avoid
adverse influence by instances of spurious mode identification,
which can be observed in some cases in Fig. 8(a), and to be repre-
sentative of the overall trend in the data.

Using each of the identified natural frequencies from the data
acquisition system at each school, Table 2 compares the predic-
tions of the numerical models for each school building. As is

Fig. 8. Single transfer function from ambient vibrations recorded at school building in Ancona: (a) stacked plot of transfer functions from all ambient
vibration measurements (dots = identified peaks); and (b) modes of vibration identified by data monitoring system.
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immediately obvious, the numerical model predictions and the
identified modal properties from ambient vibration differed sub-
stantially. The natural frequencies reported from the ambient
vibration tended to be higher. However, the modes of vibration
corresponded well with those reported by the instrumentation
(see Fig. 10 for the Ancona school building), indicating that the
relative distribution of mass and stiffness in the numerical models
is representative, but the actual values led to a discrepancy in the
natural frequencies. Because the natural frequencies are related to
both the seismic weight and stiffness of the structure, these were
investigated further. However, because the seismic weight of the
buildings can be reasonably well computed from the floor loading
and self-weight of the building, the preceding discrepancy indicates
that the initial stiffness values were too low in the models. This was
furthered by the fact that initial parametric studies in which the
floor gravity loading was both increased and reduced had negligible
effects on the predicted natural frequencies compared with the
variations in element stiffness. As such, only a variation in initial
stiffness of the structural models was explored further.

In the case of the Cassino school building, a significant dis-
crepancy between the predicted and measured frequencies was
observed compared with the other school buildings. Further exami-
nation of the data obtained from the instruments did not show a
clear trend as in the case of the Ancona buildings in Fig. 8. It was

deemed that this lack of quality information arose due to the posi-
tioning of the instruments. Because of lack of access to the roof
level, the two instruments were placed at the highest point of two
columns at different ends of the top floor level. This was also done
in other schools where access to the roof level was not possible.
However, in the case of the PC Cassino school building, a rigid
diaphragm was not present. It was suspected that the combination
of the connection of the beams seated on the column corbels and
the lack of rigid diaphragm action to force the different structural
elements to move in unity resulted in some relative movement, and,
as a result, a poor trend in the ambient vibration recordings to iden-
tify the modal properties relative to the other school buildings.

Parametric Study

From the initial comparison of the measured and predicted natural
frequencies of the buildings listed in Table 2, the numerical models
predicted lower natural frequencies than the ambient vibration mea-
surements. To investigate further, a parametric study was conducted
to examine some of the numerical parameters that may have caused
such differences. This was conducted for each of the building
typologies, for which the different modeling decisions likely to
influence the modal properties were identified and justification for
their variations provided.

In the RC frame school buildings, two sources of stiffness that
were examined in detail were the RC frame elements (i.e., beams
and columns) and the masonry infills. As outlined previously, one
of the assumptions regarding the initial stiffness of the frame ele-
ments was that a cracked section stiffness was adopted in the flexu-
ral behavior model (O’Reilly and Sullivan 2017a). This approach
is widely adopted in design and assessment, with Eurocode 8
(CEN 2004, 2005) recommending a cracked section stiffness
ratio of 50% be adopted in the absence of more-detailed informa-
tion. However, in the critical review by Priestley (1993, 2003), the
recommendation for the cracked section stiffness ratio was shown
to be much less than 50% in cases of relatively low levels of lon-
gitudinal reinforcement and axial load, aspects that are quite preva-
lent in RC frames designed before the 1970s in Italy. Priestley
highlighted how errors in initial stiffness of the frame members
such as beams and columns undoubtedly result in erroneous modal
analysis, and recommended that a more representative value of the
cracked section stiffness be determined from moment-curvature
analysis. The following must then be determined: (1) the extent of
cracking in the frame members in each of the school buildings, and
(2) how much of an impact the differences in fully cracked section
stiffness and gross section stiffness actually have on the modal
analysis results.
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Fig. 9. Natural frequencies identified from ambient vibration
recordings.

Table 2. Natural frequencies reported from ambient vibration measurements and predicted using numerical modeling

School Typology Mode Mode shape
Effective modal

mass (%)

Natural frequency (Hz)

Measured/predictedPredicted Measured

Ancona RC 1 Translational 41.2 1.61 5.25 3.3
2 Lateral-torsional 0.30 2.24 6.38 2.8
3 Translational 42.6 2.74 9.63 3.5

Carrara RC 1 Translational 39.4 1.45 4.50 3.1
2 Lateral-torsional 39.0 2.34 5.13 2.2
3 Lateral-torsional 9.00 2.47 6.38 2.6

Avola URM 1 Lateral-torsional 87.2 2.31 5.21 2.3
2 Lateral-torsional 12.7 4.35 17.5 4.0

Cassino PC 1 Lateral-torsional 35.0 0.84 7.5 8.9
2 Lateral-torsional 32.5 0.86 17.8 20.7
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To illustrate the progression between cracked and uncracked RC
section properties, the evolution of the natural frequencies of vibra-
tion over time during the experimental testing of a three-story RC
frame test specimen (Negro 2005) is illustrated in Fig. 11. This test
specimen is referred to as the seismic performance assessment and
rehabilitation of existing buildings (SPEAR) building and consisted
of a three-story RC frame designed to resist vertical gravity load
only and without capacity design principles that form the basis
of modern seismic design codes. Negro (2005) described the
full-scale specimen without masonry infills tested using pseudody-
namic testing at the European Laboratory for Structural Assess-
ment (ELSA) in Ispra, Italy in 2004. The structure was doubly
asymmetric, meaning that torsional response was expected to be
significant. The test specimen was bidirectionally excited with four
actuators; further details of the test setup were provided by Molina
et al. (1999).

During the testing reported by Negro et al. (2004), the natural
frequencies of the first three modes of vibration were monitored
in order to examine the influence of the damage on the modal
properties. Comparing the natural frequencies showed that at the be-
ginning of the test, the cracked section stiffness model built using the
same modeling techniques adopted here tended to underestimate

the natural frequency, whereas the elastic model tended to overesti-
mate. In fact, while transporting the specimen into position to be
tested from outside the laboratory where it was built, some minor
cracking of the elements was noted. This slight initial cracking of
the test specimen further explains the slight overestimation
of the natural frequencies when using an elastic section stiffness
model. However, as the test progressed and the sections began to
crack, the modal properties gradually moved toward the cracked
model’s frequency before decreasing even further as the structure
entered the nonlinear range of response. This is clear in Fig. 11 for
the modal properties recorded in the interval between 5 and 10 s
of the test, when the natural frequencies predicted by the cracked
section stiffness model corresponded very well with the observed
values. Comparing these natural frequencies, an interesting obser-
vation can be made. At the beginning of the test, when the test
specimen was deemed to be relatively uncracked, the comparison
of the observed modal frequencies with those of the gross section
stiffness model showed quite a good match, albeit with the model
predicting slightly higher frequencies. Fig. 11 clearly shows the
reduction in natural frequencies with increased shaking intensity
as the elements progressed from the initial uncracked section stiff-
ness to the cracked section stiffness. Eventually, a further reduction

Fig. 10. Example of agreement between first two mode shapes of school building in Ancona, in which lateral-torsional coupled mode shapes are
evident in both cases: (a) ambient vibration first-mode shape identified by data acquisition system; (b) first-mode shape predicted from eigenvalue
analysis by numerical model; (c) ambient vibration second-mode shape identified by data acquisition system; and (d) second-mode shape predicted
from eigenvalue analysis by numerical model. Lack of modal displacements at intermediate floors for modes identified by data acquisition system are
due to instruments being placed at roof level only.
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in natural frequency due to the initiation of damage to the members
occurred. This reduction in natural frequency between the begin-
ning and end of the test was less than 1 Hz for all three modes.

Other sources of lateral stiffness in RC buildings include non-
structural elements such as light and heavy interior partitions,
which were not modeled explicitly in the numerical models and
may account for some of the discrepancy. The masonry infills,
however, were modeled fully and their behavior examined further.
As previously described, the masonry infills were modeled using an
equivalent diagonal strut model approach (Crisafulli et al. 2000).
The hysteretic backbone outlined by Sassun et al. (2015) was
adopted and was based on a modification of a previous proposal
by Decanini et al. (2004) that uses mechanical properties provided
by Hak et al. (2012) to compute the various parameters of the hys-
teretic backbone. Sassun et al. (2015), however, collected detailed
data from almost 100 different test specimens reported in the liter-
ature and identified the exceedance of a number of defined damage
states of the infill. This information was then used as a basis to
modify the original deformation values for the hysteretic backbone
proposed by Decanini et al. (2004), where this modification was
intended to produce a modeling approach more representative of
the physical observations of damage during testing. The Sassun
et al. (2015) model may be considered representative of the infill
panel’s cracked behavior following some initial cycles of low-
amplitude loading and is more flexible than that outlined initially
by Decanini et al. (2004). As such, the cracked section stiffness of
the infill panels was computed using the information provided by
Sassun et al. (2015) because it is based on actual test data, whereas
the panel uncracked section stiffness was computed from principles
of mechanics using the material properties provided by Hak et al.
(2012). Ricci et al. (2011) highlighted the impact that the condi-
tion of the masonry infill (i.e., cracked or uncracked) can have on
empirical expressions to estimate the elastic period of RC frames
buildings with masonry infill. Perrone et al. (2016) also noted the
influence of the mechanical (Young’s modulus) and geometric
properties (openings) of masonry infills on the estimation of the
elastic period of masonry-infilled RC buildings.

In the case of the URM school buildings, two of the pertinent
modeling parameters that were identified to significantly influence
the modal properties of the buildings were the assumption of a
cracked stiffness for the structural elements and the Young’s modu-
lus of the masonry. Building codes such as the Italian National
Code (NTC 2008) and Eurocode 8 (CEN 2004) suggest taking the
progressive stiffness degradation during cyclic loadings in ma-
sonry buildings into account by reducing the initial elastic stiffness.

If detailed information about the behavior of the masonry after first
cracking is not available, a reduction of the elastic stiffness equal
to 50% is recommended. In TreMuri, a stiffness reduction factor
was introduced to take the cracked conditions of the panels into
account. This stiffness reduction factor was a function of the com-
pressive stress state and was calibrated for two different levels of
the nonlinear masonry behavior (Lagomarsino et al. 2013). The
Avola masonry school building analyzed in this study was not dam-
aged by previous earthquakes and there was no sign of degradation
of the masonry. As such, the influence of the reduction factor of the
masonry elastic stiffness on the vibration modes was investigated.
A second meaningful consideration is related to the mechanical
properties of the masonry. As reported by Magenes (2006), the di-
rect experimental evaluation of the material mechanical properties
is not always feasible. Depending on the quality and texture of the
masonry, the estimation of the main mechanical properties could
often require destructive testing of panels of significant dimensions.
The mechanical properties of masonry may tend to possess a large
variability (Hendry 1990; Tomaževič 2009), which could signifi-
cantly affect the results both in terms of elastic period and capacity.
In the Avola school building analyzed here, it was not possible
to perform destructive in situ measurements, and hence the mean
value of the Young’s modulus proposed in the literature for the
same masonry typology was adopted (NTC 2008; CEN 2004;
Tomaževič 2009). Based on this, it was evident that the parameter
most affecting the modal properties was, in fact, the Young’s modu-
lus of the masonry. In the parametric study, this value was varied
between 1,000 and 3,000 MPa, resulting in the first natural fre-
quency of vibration varying between 2.94 and 6.25 Hz. The same
consideration was pointed out by Aras et al. (2011), who varied the
Young’s modulus to match the elastic frequency recorded during
ambient vibration survey. Aras et al. (2011) pointed out that if the
numerical models accurately reproduce the geometry of the build-
ing, the main parameter affecting the evaluation of the elastic fre-
quency is the Young’s modulus of the masonry, a finding consistent
with the present study.

Lastly, in the case of the Cassino precast school building, the use
of cracked stiffness and the influence of cladding and partitions
were identified as the factors most likely to influence the natural
frequencies. The moments of inertia of the beams and columns
were changed from their effective values (allowing for cracking)
to their gross values. The building was clad in a lightweight pre-
cast concrete cladding system, which was not incorporated into the
initial model. Each cladding panel spanning from ground to roof
level was modeled as an elastic frame element for the purpose

0 5 10 15

]z
H[ ycneuqerF

0

0.5

1

1.5

2
Mode 1

Times [s]
0 5 10 15

Mode 2

0 5 10 15

Mode 3

ME - Modelled with elastic section stiffness
MC - Modelled with cracked section stiffness

Reduction of frequency recorded 
during 0.15g PGA testing

Drop in modal frequency with
increased cracking in frame members

ME

MC

ME

MC

ME

MC

Fig. 11. Comparison of modal properties for gross and cracked section stiffness models with evolution of actual modal properties with increased
damage during testing at 0.15g peak ground acceleration intensity on SPEAR test specimen reported by Negro (2005) and O’Reilly and
Sullivan (2017a).
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of eigenvalue analysis. Finally, interior masonry infill partition
walls were incorporated into the model using the same modeling
approach as for the RC frames. Also investigated was whether
the diaphragm flexibility influenced the dynamic response of the
structure; however, its influence was negligible when evaluated
against a rigid diaphragm assumption.

For each of the school buildings, Table 3 provides the stiffness
ranges used in the various elements between the original and re-
vised models. For the RC frame members, EIgross refers to the gross
section stiffness. For the masonry infill models, B andH refer to the
bay width and story height, respectively. The terms FDS1 and θDS1
refer to the lateral force and drift at Damage state 1 computed using
the expressions outlined by Sassun et al. (2015). The terms tw and
Ewθ refer respectively to the masonry infill panel thickness and to
the elastic modulus computed as a function of the vertical and hori-
zontal elastic moduli and the angle of the equivalent diagonal strut
using the expressions outlined by Decanini et al. (2004). For the
URM building, a stiffness-reduction coefficient (η) accounting for
the panel cracked conditions was considered in the original model
(Lagomarsino et al. 2013). This reduction coefficient was a func-
tion of the axial load acting on the panels and was calibrated by
means of parametric nonlinear FEM analyses; η was assumed to be
equal to 1 in the revised model. For the PC building, the RC frame
members were modified in the same way as the RC building, and
the cracked section stiffness ranges are indicated.

Revised Comparison with Ambient Vibration
Measurements

With these revised numerical models of the four school build-
ings considered, the predicted modal properties were again com-
pared with the measured ambient vibration values in Table 3. The
measured:predicted natural frequency ratios improved drastically,
with the models having a much higher natural frequency for
each mode. However, there was still a small discrepancy between
the predicted and measured frequencies. This may be attributed,
in part, to the lack of explicit modeling of some of the nonstruc-
tural elements. In addition, for the Avola masonry building, the
assumption of cracked section stiffness was deemed to be inad-
equate for the evaluation of the modal properties. Considering a
Young’s modulus equal to 1,500 MPa, a value corresponding
closely to the average value proposed by the codes (NTC 2008;
CEN 2004), the measured:predicted ratio of the natural frequencies
improved further. The variation of the Young’s modulus and the
assumption of uncracked section stiffness were combined in the
same model. With these values, the numerical model matched
the measured frequencies from the in situ instrumentation. For the
Cassino precast building, the use of gross section properties in-
creased the fundamental frequency by approximately 30%. The
incorporation of cladding panels and partitions then resulted in

further increases of the fundamental frequency by 90% and 20%,
respectively. Despite the significant increase in stiffness, the dis-
crepancies for the precast building were still relatively large,
although the lack of quality information from the data acquisition
system is noted as a limiting factor.

Triggered Response from 2016 Central Italy
Earthquake

The accelerometers installed in each building recorded not only
the ambient vibrations but also the building response if triggered
during a seismic event. Such an event occurred in Central Italy in
August 2016, where at 02:36 Central European Time the instru-
ments in the Ancona RC school building were triggered by the
M6.0 earthquake that occurred approximately 100 km from the
school (INGV 2017). Fig. 12 shows the two components of the mo-
tion recorded at both the base and the roof of the building and the
acceleration response spectra. The recorded peak ground acceler-
ation and peak roof acceleration were 0.037 and 0.118 g in the lon-
gitudinal direction and 0.032 and 0.070 g in the transverse
direction, respectively; the amplification of the roof accelerations
at certain frequencies with respect to the ground accelerations is
evident. Two further aftershocks occurred in the days following
the main event to again trigger the recording system.

Using the triggered recording of the building’s response during
each event, the natural frequencies approximated from the triggered
shaking and those predicted by the blind and calibrated numerical
models of the Ancona school were compared. The intensity of the
ground motions was not high enough to cause any yielding in the
school building, because when applied to both the initial and re-
vised numerical models, the maximum peak story drifts remained
less than 0.1% in both cases. However, it is reasonable to expect
that during such shaking the structure’s modal response would be
more representative because the structure was being engaged more
by a much stronger ground motion with respect to the intensity of
the ambient vibration measurements.

In order to identify the modal properties during the triggered
vibration, the acceleration recordings at both the ground and the
roof of the building were examined to compute their transfer func-
tion. Because significant noise was observed in the raw signal
recordings, especially at higher frequencies (i.e., >10 Hz), Welch’s
averaged, modified periodogram method of spectral estimation
(Welch 1967) was used to smoothen the computed transfer func-
tions using 300 overlaps of 500 windows using MATLAB version
8.4.0. Fig. 13 plots these amplitude transfer functions for each
triggered vibration on a semilog scale. At the roof level, a second
instrument placed at one end of school building was also used,
and is labelled END, whereas the instrument positioned at the
center of mass is labelled COM. Using this information, the natural

Table 3. Stiffness ranges used in original and revised models for various elements used in each school building

Member Model Ancona Carrara Avola Cassino

RC columns
(section stiffness)

Original 0.09–0.33EIgross 0.18–0.39EIgross — 0.20–0.40EIgross
Revised EIgross — EIgross

RC beams
(section stiffness)

Original 0.10–0.15EIgross 0.09–0.10EIgross — 0.10–0.15EIgross
Revised EIgross — EIgross

Masonry infills
(panel lateral stiffness)

Original FDS1=θDS1H — —
Revised EwθBtw=H — —

URM stiffness Original — — ηEIgross —
Revised — — EIgross —
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frequencies were identified from the consistent amplifications in
each of the transfer functions for each of the triggered recordings.
Although this approach may be somewhat open to interpretation,
the fact that three separate input signals were used and exhibited
the same amplifications at the same frequencies argues that this is a
reasonable method of estimating the modal properties within the
scope of this study. Fig. 13 shows that the use of the acceleration
recordings at the end of the school building was key in identifying

the modal properties in the transverse direction. These corre-
sponded to the lateral-torsional modes of vibration that otherwise
would have been difficult to confidently identify by using just the
COM recording. These differences in the transfer function (Fig. 13)
between the two instruments positioned at different locations of the
school building are to be expected considering the lateral-torsional
behavior of the building outlined in Table 2 and the placement of
the instruments at different ends of the building.
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The modal properties during the triggered response were then
computed, and the identified natural frequencies are listed in
Table 4. It is immediately obvious when comparing the triggered
and ambient vibration natural frequencies that there was a consis-
tent decrease of approximately 20% in the triggered frequencies
of the ambient vibration frequencies, meaning that the triggered
response of the Ancona school building was more flexible. This
was quite a significant decrease in natural frequencies, and is of
interest here because when comparing these triggered vibration val-
ues to those of the revised modeling, the comparison in Table 5
shows better alignment with the model prediction. Overall, this
observation gives a further degree of confidence that the revised
numerical modeling indeed represented the initial uncracked stiff-
ness of the school building quite well.

In addition, Fig. 14 compares the predicted roof acceleration
response spectra and the actual roof spectra recorded during the
triggered vibration at the Ancona school. This is a valuable com-
parison because it illustrates how the response of different modes of
vibration of both the numerical models and actual building filter
the same input ground motion to the roof level of the structure.
Comparing the roof spectra predicted by the original numerical
model with those of the instrument recording at the roof level, it is
immediately clear that the assumption of cracked section stiffness
for low-amplitude vibrations is not adequate. This is apparent from
the elongated peak periods and their corresponding spectral peaks
compared with the observed roof spectra of the building. This is
particularly notable in the longitudinal direction, in which the peak
amplitude of the roof spectra of the original models was markedly
higher than that observed in the actual building. Comparing this
with the revised model, in which the matching between the pre-
dicted and observed roof spectra was much better, not only were
the peak amplitude of the floor spectra similar, but the identified
modal properties tended to match very well also. In addition, the

overall spectra away from the identified modal periods also tended
to match reasonably well to give further confidence to the revised
modeling approach outlined previously.

Implications of Numerical Modeling for Assessment
of Structural Response

The previous sections highlighted the sensitivity of modal proper-
ties to assumptions in the numerical model. These observations are
of great interest in seismic design and assessment because they
highlight apparent inconsistencies between what a seismic engineer
may implement in their numerical models and what is actually
recorded when the building is instrumented. This section further
investigates the relative impact of such disparities, not only in the
initial phase of response with relatively little damage, but also at
much higher intensities that push the structure past the initial elastic
phase to the point of extensive damage.

A simple incremental dynamic analysis (IDA) was conducted
for two modeling variations of the school building in Ancona to
examine the impact on the building’s story drift and floor acceler-
ation demands with respect to increasing intensity. The two models
of the school were identical with the exception of their assump-
tions regarding initial stiffness, which incorporated the observa-
tions of the preceding parametric study to examine the effects of
the RC frame member and masonry infill initial stiffness assump-
tions. Fig. 15 illustrates the two modeling approaches, in which the
member properties were modified to initially behave as fully elastic
members with gross section stiffness and possess the ability to
crack and reduce their section stiffness for the subsequent cycles
of response. This was implemented in OpenSees using the Parallel
material aggregator so that the member hysteretic behavior had an
additional elastic material with finite deformation capacity defined
using the MaxMin material model available in OpenSees. For
the RC frame elements, for example, the additional material model
with stiffness equal to the difference in the gross (EIgross) and the
cracked (EIcr) section stiffnesses was then added to the existing
cracked section stiffness element model to give an element with
initial stiffness equal to EIgross. If the flexural demands exceeds
the flexural cracking strength, Mcr, this additional stiffness is lost
and the member stiffness returned to that of EIcr [Fig. 15(a)]. In the
case of the cracking strength of the element, the element stiffness
decreases and behaves as a cracked member from that instant on-
ward in the dynamic analysis. This was deemed to be representative
of how RC frame members behave in reality. In practice, however,
numerical modeling typically adopted in seismic design and assess-
ment is more concerned with the postyield and collapse behavior
of structures, and therefore tends to ignore this for simplicity. The
flexural cracking strength, Mcr, of the RC frame members was
determined following the expressions outlined by Collins and
Mitchell (1991) to determine the tensile strength of concrete, and
from sectional analysis returned a flexural strength.

In the case of the equivalent diagonal strut modeling of the
masonry infills, the initial stiffness illustrated in Fig. 15(b) was

Table 4. Natural frequencies reported from ambient vibration measure-
ments and predicted using revised numerical modeling

School Mode Mode shape

Natural
frequency (Hz) Measured/

revised
prediction

Revised
prediction Measured

Ancona 1 Translational 3.66 5.25 1.4
2 Lateral-torsional 5.28 6.38 1.2
3 Translational 6.50 9.63 1.5

Carrara 1 Translational 4.05 4.50 1.1
2 Lateral-torsional 6.68 5.13 0.8
3 Lateral-torsional 7.46 6.38 0.9

Avola 1 Lateral-torsional 5.13 5.21 1.0
2 Lateral-torsional 9.86 17.5 1.7

Cassino 1 Lateral-torsional 2.48 7.5 3.0
2 Lateral-torsional 2.66 17.8 6.7

Table 5. Natural frequencies reported from triggered vibration measurements and predicted using both initial and revised numerical modeling approaches

Mode Mode shape

Natural frequency (Hz)

Triggered/
ambient

Triggered/
initial prediction

Triggered/
revised prediction

Initial
prediction

Revised
prediction Ambient Triggered

1 Translational 1.61 3.66 5.25 4.0 0.77 2.50 1.09
2 Lateral-torsional 2.24 5.28 6.38 5.1 0.80 2.28 0.97
3 Translational 2.74 6.50 9.63 8.0 0.83 2.92 1.23
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modified in a similar fashion. The initial stiffness was modified to
equal that determined using the approach outlined by Dolsek and
Fajfar (2008) that computes the initial stiffness based on the char-
acteristic material properties. Upon the exceedance of the cracking
strength of the masonry infill computed using the approach out-
lined by Decanini et al. (2004), the stiffness of the strut elements
was reduced to that proposed by Sassun et al. (2015), which may
be considered more representative of the cracked behavior of the
masonry infill.

With this approach, the RC frame members and masonry infill
diagonal struts were crackable elements with initial stiffness prop-
erties of an elastic model and a postcracking behavior equal to what
is typically adopted from the outset of analysis. This revised model
with crackable section stiffness was compared with the initial
numerical model (Fig. 5) in terms of both story drift and floor ac-
celeration demand. The ground motion recorded at the base of the
school building in Ancona during the triggered earthquake event
was used to perform a simple IDA of both building models and
illustrate the relative impacts. Fig. 16 illustrates the IDA response,
reporting the maxima of both the peak story drift and the peak floor
accelerations (PFAs) with respect to increasing intensity of the

single ground motion. The intensity measure adopted here was the
peak ground acceleration due to its independence of the modal
properties. Unlike the spectral acceleration at the first-mode period,
SaðT1Þ, which is typically adopted (FEMA 2012), it allows for a
more direct comparison between the two models. Fig. 16 also plots
the observed PFA from instruments during the triggered vibration
to highlight how this observed value matches the results of the
numerical model. Furthermore, the response of the structure was
compared with the predictions of the N2 method for infilled frames
(Dolšek and Fajfar 2005). The responses of the initial and revised
models converged toward one another, and were quite similar con-
sidering the approximations of the N2 method and the complexity
of the structure.

Fig. 16 shows how the responses were somewhat similar in
terms of the general magnitude, with the initial model exhibiting a
slightly higher drift demand and lower floor accelerations. This is
an expected result due to the increased flexibility of the model, and
in turn resulted in an increase in drift and reduced the floor accel-
erations in the building. Examining the ratios of response at the
different intensities, the subplots adjacent to both the peak story
drift and peak floor acceleration illustrate the ratio of the demands
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for the initial and revised models. As anticipated, the initial model
showed a much larger drift demand because the ratios for low seis-
mic intensities were more than 2 times greater than those of the
revised model. As the intensity increased, the presence of the ini-
tially uncracked section stiffness in the numerical models became
less significant as the ratio approached unity. Similarly, in the case
of the floor accelerations, the ratios of the cracked model to the
initially uncracked were around 0.85 for low intensities but gradu-
ally approached unity with increasing intensity. Lastly, the intensity
at which the responses of the cracked and initially uncracked
models began to converge (Fig. 16) corresponded to approximately
0.10g peak ground acceleration. Although it would be useful to
identify an intensity level at which the effects of cracked versus
initially uncracked section stiffness are negligible, such a value
cannot be reliably determined from a single ground motion record
alone, because other factors such as frequency content and record
duration, in addition to the magnitude, distance, and spectral shape
characteristics with respect to the local seismic hazard disaggrega-
tion, would also be expected to play a significant role in the deter-
mination of such an intensity.

Discussion

From the previous sections, some general comments can be made
on the overall impact on future seismic assessment and loss esti-
mation studies. The first point worth commenting on is the
accuracy of the numerical modeling for the different structural
typologies. Comparing the measured and numerically predicted
modal properties highlighted how the initial comparison of modal
properties significantly differed in terms of their natural frequen-
cies, with the predicted value being much lower than those deter-
mined from ambient vibration, suggesting that the numerical
models were too flexible. This difference alone would question
whether the numerical models themselves are representative of the
actual building response. Because each model was built using data
collected from in situ inspection, a degree of confidence was main-
tained in each model’s predictive capability. This was further bol-
stered by the fact that the numerical models identified similar mode
shapes as those established from the instrumentation placed at each
school building following inspection, which suggests that the rel-
ative distributions of mass and stiffness throughout the buildings’
plans and elevations were representative. As such, these differences

were identified as an individual member stiffness issue, and the
parametric study showed that adopting different values of member
stiffness, considering that the different building components may
be responding in its elastic, uncracked range of response, signifi-
cantly improved the comparisons of ambient vibrations measure-
ments and numerical models. Therefore, although these models
were developed with extensive NRHAs over the full range of re-
sponse in mind, their application to analysis in the initial stages of
structural response warrants further consideration. Furthermore,
although modal analysis results provide useful information regard-
ing a structure’s dynamic behavior, the comparison and parametric
studies presented so far are intended to form the basis of furthering
the general discussion and do not necessarily imply that modal
analysis alone should be used to calibrate numerical models.

This led to another consideration: if these numerical models are
not appropriate for analyses over the full range of structural re-
sponse, what implication does this have on loss estimation studies
that require structural response characterization during both rare
and more-frequent earthquake events? In terms of story drift, the
models that adopt cracked initial section stiffness tend to overesti-
mate the peak drift demands at each floor at lower shaking intensity.
On the other hand, the same model would tend to underestimate the
peak floor accelerations along the height of the building. The two
models tended to converge at the intensity inducing around 0.15%
peak story drift and 0.20g peak floor acceleration (Fig. 16). This
level of demand is not likely to induce any damage in the structural
members; Cardone (2016) reported a median drift of 0.95% for the
limit state inducing first cracking in slender nonductile columns, for
example. For nonstructural elements, however, these tend to have a
much lower initiation threshold and would be expected to influence
their damage and expected repair costs. However, because the
difference in modeling assumptions tends to increase the expected
drift but decrease the floor accelerations at these lower intensities,
no single trend or bias is introduced in the expected losses
(i.e., expected losses will not always be higher or lower than if these
model refinements had not been considered), but rather an ampli-
fication in the dispersion of losses due to increased modeling
uncertainty. Although the absolute values of drift and floor accel-
eration may be small and their uncertainty relatively low compared
with other, more-severe limit states, their impact on the computa-
tion of annualized losses through integration with the seismic haz-
ard curve could be a useful exercise to investigate in the future.
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The initial behavior and overall performance of the structure are
of paramount importance, because this corresponds to the region
of the seismic hazard curve that is weighted more heavily during
the hazard integration due to the higher mean annual frequency of
exceedance for lower intensity events. However, the point at which
the model is better represented using cracked section stiffness
from the outset may, in fact, correspond to return periods equal
to or greater than those typically considered in seismic assess-
ment (e.g., >50 years). A potential solution to this was outlined,
whereby RC frame and masonry infill elements were modeled
using initial uncracked section stiffness up to a certain value of de-
formation, after which the members were deemed to have cracked
and the element stiffnesses reverted to those of the cracked section
stiffness typically used in seismic assessment. Comparing the IDA
response curves for the ground motion recorded during the 2016
Central Italy earthquake in the school building illustrated the dis-
crepancy between the response of the two modeling approaches at
low intensities. It also showed that the responses of both models
converged toward each other upon sufficient damage to the struc-
ture, so that the assumption of cracked section stiffness also be-
comes representative. Although this is beyond the scope of this
paper, it is an area that ought to be studied, as in O’Reilly and
Sullivan (2018a), for example, to examine the potential impacts of
the modeling decisions in the elastic range on the estimation of
monetary losses.

Summary and Conclusions

This paper examined the system identification of a number of
existing school buildings of different structural typologies identi-
fied as being representative of the general population located
throughout Italy. Ambient vibration measurements at each school
allowed the modal properties to be established and subsequently
compared with numerical predictions. Although the comparison in
terms of mode shape was good, suggesting that the overall relative
distribution of mass and stiffness in the numerical models was
adequate, the matching in terms of natural frequency was some-
what poor, with the numerical models tending to be too flexible.
Parametric studies were conducted, and in the case of the RC frame
buildings with masonry infill, the assumption of a cracked section
stiffness for both the frame members and the masonry infill mod-
eling was identified as the cause of such a discrepancy. In the case
of the unreinforced masonry building, similar analysis demon-
strated that the Young’s modulus adopted was critical. The mon-
itoring systems were also set up to be triggered and to record in the
event of an earthquake, which occurred during the 2016 Central
Italy earthquake near the school building in Ancona. Comparison
of the natural frequencies identified during the triggered event and
the ambient vibration showed similar mode shapes but a constant
reduction in the natural frequency of around 20%. Comparing the
triggered values with those predicted using the numerical model
showed quite a good match when considering the uncracked stiff-
ness of the structural elements. Using this triggered earthquake re-
sponse, a comparative study was conducted to examine the impact
of considering a modeling approach, whereby the RC frame and
equivalent diagonal masonry strut stiffnesses were modeled as ini-
tially elastic, with the ability to switch the cracked section stiffness
for the remainder of the analysis should the cracking strength be
exceeded. An incremental dynamic analysis was conducted on
both models to examine the impacts on response. The cracked sec-
tion stiffness model tended to overestimate peak story drifts and
underestimate peak floor accelerations at lower intensities before
both converging to the same peak response. Lastly, some of the

implications of the different observations presented in this paper
were discussed within the broader context of seismic assessment.

Overall, some important considerations can be drawn from the
system identification presented here within the broader framework
of seismic assessment of existing structures:
• Modal properties identified during the triggered vibration re-

cording at the school building in Ancona were compared with
the ambient vibrations, and showed a constant reduction in
modal frequencies by around 20%. This is significant because
it not only aligns much better with the predictions of the numer-
ical model but also highlights that the modal properties are also
sensitive to the intensity of input shaking, in which the-more
engaging triggered response values may be considered more
representative.

• Using cracked stiffness models was shown to be appropriate in
seismic assessment in which the full range of response is exam-
ined, but it misrepresented the initial modal properties compared
with ambient vibration measurements.

• Furthermore, comparing the responses of the two numerical
modeling approaches, one of which was modeled with un-
cracked section stiffness and was permitted to decrease once
its cracking strength was exceeded, the responses in terms of
peak story drift and floor acceleration approaches converged to-
ward the cracked member stiffness model as intensity increased.
Therefore, the impacts of the initial uncracked section stiffness
on the overall response of the structure at upper response limit
states and eventual complete collapse are not likely to be
affected by omitting this initial behavior.

• Misrepresenting the initial elastic behavior of structures using
cracked section stiffness models does, however, lead to an over-
estimation of peak drift demand and lower floor accelerations
during more-frequent earthquakes. Identifying the intensity
levels below which the consideration of the initial uncracked
behavior of the members is necessary was discussed and noted
as being a possibility for future parametric studies.
Considering the above points derived using the data collected and

analyzed as part of this paper, practitioners should take care to en-
sure that their structural models are indeed representative over the
range of structural response of interest. Discrepancies in the initial
range of structural response may have a significant impact on the
computation of expected annual losses, which tend to be heavily
weighted by contributions from frequent, low-intensity earthquakes.
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