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Abstract

School buildings are considered relevant structures and their safety towards seismic actions
shall be verified in consideration of the significant consequences of their collapse. With refer-
ence to Italy, most reinforced concrete (r.c.) schools were built after the second world war
and in the later years of the economic boom, before a widely applied seismic regulation. In
fact, seismic classification of Italy was a long process developing throughout the XX century,
with significant areas which were not considered seismic until the early 2000s.

The paper presents the evaluation of the seismic behavior of a representative 2-story Italian
r.c. school building designed for gravitational loads only, and the derivation of a fragility
curve set describing the seismic behavior of the macro-class of buildings. A series of Non-
Linear Time History Analyses (NLTHA), with sets of natural ground motion records of in-
creasing intensity, were implemented on two fiber models, developed in Midas GEN, repre-
senting the bare frame (BF) and the infilled frame (IF) configurations, respectively. Inter-
story drift ratio (IDR) was chosen as demand parameter to identify the Damage State (DS)
exceeded by each analysis and explicitly calculated for the analyzed structure. Fragility curve
sets, describing five increasing DSs, were derived, for both the BF and the IF configurations,
through the statistical processing of NLTHA results. A comparison of the calculated fragili-
ties, between BF and IF models, is finally provided.

Keywords: Fragility curves, school buildings, RC frame, gravitational load design, Non-
linear time history analysis.
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1 INTRODUCTION

Italy is one of the most seismic prone countries of Europe, where earthquakes have caused
casualties, unusable buildings, huge economic losses for both the residential [1,2] and the in-
dustrial [3,4] assets, and damage to the cultural heritage with heavy repercussions on the tour-
ism sector [5]. Furthermore, the global impact of strong seismic events on communities is
hardly quantifiable. In this framework, schools play a crucial role due to the high social im-
pact of their collapse, threatening children and youth, and their unusability in the aftermath of
a seismic event [6,7]. Thus, an estimation of seismic risk and damage scenario related to
school buildings is required to deepen knowledge of disaster risk (Priority 1 of the Sendai
Framework for Disaster Risk Reduction 2015-2030 [8]).

With this aim, a national project has been established by the Italian Department of Civil
Protection (DPC) and the Laboratories University Network of seismic engineering (ReLUIS
consortium), to develop maps of seismic risk and damage scenarios for different classes of
buildings (e.g., ordinary buildings, schools, and churches) at a national scale [1,9].

Risk estimation requires the definition of hazard, exposure and vulnerability of the built as-
set. Various methodologies have been developed to assess vulnerability at large scale, and
they are mainly based on the derivation of fragility curves (i.e., cumulative density function
expressing the probability of exceeding a damage state). Empirical approaches provide the
description of damage probability (through damage probability matrices — DPM) based on the
post-event observed damage [10-13]. These methods provide realistic fragility estimates,
which however strongly depend on collected data, and thus on the building taxonomy of the
region interested by the seismic event. Lack of damage data (e.g., for certain levels of seismic
intensity or for specific building types) can be overcome using hybrid methods [14,15], based
on both empirical data and mechanical models, of which some examples are presented as fol-
lows. Numerous studies have focused on developing fragility curves by means of mechanics
models. Among the others, mechanics-based vulnerability assessment of structures can be
based on simplified procedures [16—19], including Displacement-Based approaches [20-22],
as well as on non-linear time history analyses (NLTHA) [23,24].

This contribution provides a proposal of vulnerability assessment of a specific class of
school buildings (i.e., two-story r.c. frame designed for gravitational loads only), by deriving
fragility curves through NLTHA performed on a finite element (F.E.) model of a prototype
school. To investigate the influence of infills on the seismic response, two different models
were implemented to simulate the dynamic behavior of both bare frame (BF) and infilled
frame (IF).

Seven ground motion suites, each consisting of 10 accelerograms, were selected based on
spectrum-similarity criteria, with reference to the elastic spectrum of L’Aquila, Italy, for sev-
en increasing return periods. The investigated demand parameter was the interstory drift ratio,
which was associated to damage states (DSs) through threshold values from the literature
[9,25]. Then, the statistical processing of NLTHA outcomes was carried out to estimate the
parameters (i.e., median value and standard deviation) of the log-normal cumulative density
function (CDF), allowing fragility curves to be derived, and then compared.

The IF model shows a regular distance among DS fragility curves, while the slightly higher
ductility of the BF configuration is found in the distribution of fragility curves, resulting more
spaced.

2 ITALIAN SCHOOL BUILDING ASSET

The reference dataset for the risk assessment at national scale is the Italian school building
registry (SBR) of the Ministry of Education [26] which gathers almost 50,000 school build-
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ings, of which 16,522 are r.c. structures. School buildings are registered on the basis of a lim-
ited number of parameters: construction material and age, number of stories, plan area, and
types of floors and roof. The distributions of typological characteristics of the r.c. schools are
reported in Figure 1. Reinforced concrete schools result to be built mainly after 1961, with a
prevalence of low-rise structures, with one or two stories. Similarly, the distribution of plan
area shows a prevalence of small to medium buildings, up to 2,000 m?. However, the amount
of larger buildings is not negligible, and moreover they present a significant exposure.
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Figure 1: Typological characteristics of r.c. buildings in Italian SBR: a) construction age; b) number of stories
given age; c) number of stories; d) plan area given age; e) plan area; f) number of stories given plan area

The processing of the dataset allowed the identification of a series of macro-classes ade-
quate for risk analyses at a national scale, i.e., based on a limited number of parameters which
distribution is available on the country (construction material, number of stories, and age).
Each macro-class is assumed to be homogeneous from a seismic vulnerability point of view;
thus, a single set of fragility curves, describing the probability of exceeding various damage
states, can be assigned to each macro-class. Fragility models of macro-classes can be devel-
oped through the analysis of prototype structures, selected on the basis of representativeness
criteria, so that results can be extended on a national scale.

This paper presents, as case study, the fragility assessment for a prototype r.c. school, rep-
resentative of the macro-class of two-story school buildings built between 1961 and 1975.

2.1 Selected prototype r.c. school building

The selected school building consists in a two-story r.c. bi-directional frame (weak col-
umns/strong beams), designed in 1966 for gravitational loads only. The retrieved original pro-
ject documentation reported both the detail of reinforcement for each structural element and
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the class of smooth rebars (i.e., AQ50), while no data was found regarding the concrete class.
Thus, a mean cylinder compressive strength (f..,) equal to 20 MPa was assigned according to
Masi et al. [27].

The school, which plan is shown in Figure 2, presents significant openings on the facades
of classrooms, with five bays of the frame entirely infilled with hollow clay bricks with mod-
est void area, approximately equal to 35% (Figure 3). Infills panels are 13 cm thick (one
header).
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Figure 3: Hollow clay brick used for infill panels and photo of coeval school construction site.
3 FRAGILITY ASSESSMENT THROUGH NLTHA

3.1 Modelling of bare frame and of masonry infills

Two numerical models of the prototype building were implemented through the software
Midas GEN [28]. For r.c. structural elements a fiber model [29] was developed, on the basis
of the original project documentation. The constitutive laws of materials were assumed ac-
cording to Mander [30] for concrete, accounting for confinement, and Menegotto and Pinto
[31] for steel, considering an hardening behavior.

To investigate the influence of infills on the global behavior of the structure, two different
models were implemented: a first one simulating the bare frame, and a second one represent-
ing the infilled frame (as shown in Figure 4a).

Prior studies have experimentally defined the seismic response of both thin masonry infills
[32—-34] and thick panels [35,36], with reference to hollow blocks with high void area. Thus
far, no experimental data were available on masonry infill walls with low void area. The
seismic behavior of masonry infills is affected by the interaction of in-plane (IP) and out-of-
plane (OOP) responses. Some detailed models have been developed to catch this combined
effect through numerical simulations [37,38], however, up to now, hardly appliable to fragili-
ty assessment.
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For the purposes of this study, a single-strut macro-model was implemented for infill pan-
els, as it allows an efficient simulation of the infill influence on the global structural behavior,
with limited numerical effort [39]. The equivalent thickness of the infill strut was estimated
according to Stafford Smith (1967) [40] and Mainstone (1974) [41], through the following

equations.

. 1
E — 0175A—04 . )\ — Eznft'mf Sln(26) 4 (1)
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The ratio between the equivalent thickness (w) and the length (d) of the strut is expressed
as a function of the relative stiffness An, which depends on Young’s Modulus of both infill
(Einp) and columns (E.), thickness (#iy) and height (H,) of the infill panel, moment of inertia
of r.c. columns (/;), and infill diagonal inclination (0).

Due to the lack of experimental tests to calibrate the constitutive law of masonry infill
struts, the model proposed by Panagiotakos and Fardis was assumed [42]. The infill strut con-
stitutive law is shown in Figure 4b.

Results of the eigenvalue analysis are reported in Table 1 for the first three vibration
modes. The infilled frame model has lower vibration periods and presents lower torsional de-
formation. Hence, the presence of infills, besides increasing the stiffness of the model, regu-
larizes it.
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Figure 4: a) F.E. model with infills and b) infill strut constitutive law.
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Figure 5: Results of non-linear static analyses for BF and IF models.
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Bare frame model Infilled frame model
Mode T[s]  mn[%] mp [%] me:[%]  T[s]  mn[%] mp [%]  me [%]
1 1.111 - 81.93 - 0.844 - 87.58 -
2 1.037 - - 81.40 0.708 26.32 - 62.62
3 0.758 82.32 - - 0.592 60.92 - 27.56

Table 1: Dynamic properties for first three vibration modes.

A preliminary non-linear static analysis (NLSA) was performed on the model to evaluate
the response of both bare and infilled frame in the two main directions. Capacity curves re-
sulting from NLSA are reported in Figure 5 in terms of acceleration (i.e., base shear normal-
ized with respect to building mass) and global drift (i.e., top displacement normalized with
respect to building heigh). As it can be expected, X-direction has a higher stiffness than Y-
direction, which instead appears to be more ductile even in the IF configuration. The effect of
infills is more evident for X-direction (which presents three infilled bays) than for Y-direction
(two infilled bays).

3.2 Definition of ground motion records

The selection of ground motion suites was carried out through the procedure Select&Match,
proposed by Paolucci et al. [43], with the aim of providing a large set of input ground motion
records for a wide range of intensity levels to be used for the derivation of site-independent
fragility curves. For this purpose, a target spectrum referring to the site of L’ Aquila, Italy, for
increasing return periods (i.e., 50, 100, 200, 475, 975, 2475, and 5000 years) was defined to
select ground motions of increasing intensity. A suite of ten spectrum-similar ground motion
records was defined for each reference return period, with a similarity criteria less strict than
the code-compliant spectrum compatibility [44,45], in order to define site-independent ground
motion sets.

The values of peak ground acceleration (PGA) of the selected ground motions are reported
in Figure 6, compared to PGAs of the reference spectrum, for increasing return periods. A
higher dispersion can be observed for greater return periods.
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Figure 6: PGAs of selected accelerograms (grey) compared to PGAs of reference spectrum (red).

Seventy accelerograms were selected and applied to models (both BF and IF) separately in
the two main directions, in order to more clearly associate each level of PGA to the investi-
gated engineering demand parameter (EDP). Thus, for each model, 140 NLTHA were carried
out.
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3.3 Definition of the EDP

Fragility assessment by means of numerical analyses requires the definition of reference
demand parameters, which should have a good correlation with damage. In this case, the max-
imum interstory drift ratio (IDR) was selected to describe both structural and non-structural
damage, as reported in the macro-seismic scale EMS98 [46] for five increasing damage states
(DSs).

Research in the field of fragility curves for existing reinforced concrete buildings has pro-
posed IDR thresholds to distinguish between DSs which can be reached and exceeded by a
structure: slight damage, moderate damage, severe damage, partial collapse and complete col-
lapse. Masi et al. [9] proposed five IDR thresholds in r.c. frames designed for gravitational
loads only, considering both structural and non-structural elements. The correlation between
IDR thresholds and DSs was evaluated by means of parametric non-linear dynamic analyses,
where the global damage was quantified in terms of ductility demand and capacity of struc-
tural elements.

More recently, the observation of RC buildings damaged by seismic events led to the defi-
nition of IDR thresholds which take into account the seismic response of infills for the first
three DSs. An extended review and processing of the available experimental data from the
literature, in terms of drift capacity of infill panels, was presented in Del Gaudio et al. [25],
providing novel median IDR capacities, which were then validated based on the assessment of
losses caused by the L’ Aquila earthquake [47].

Table 2 compares IDR thresholds from the aforementioned studies. It can be observed that
the first set is more conservative for the second, third, and fourth limits, thus including the
exceeding of DSs by infill panels of the second proposed set. Thus, in the present study, the
IDR thresholds were assumed according to Masi et al. [9], expect for the first threshold which
resulted to be more conservative according to Del Gaudio et al. [25]

A shortcoming of this selected set is that the same IDR thresholds were assumed for both
BF and IF models, even though different modelling strategies affect the development of story
displacements. The difference mainly regards lower DSs, while it tends to decrease for higher
DSs, where the contribution of infills is strongly reduced. Further investigations are needed to
evaluate the most suitable set of thresholds, distinguishing between BF and IF model. In this
framework, BF model is here presented only for comparison purposes.

DS, DS, DS, DS; DS, DSs
Masi et al. [9], 0.1% 0.25% 0.5% 1.0% 2.5%
Del Gaudio et al. [25] 0.08% 0.32% 0.94% 1.78% -
Selected IDR 0.08% 0.25% 0.5% 1.0% 2.5%

Table 2: IDR thresholds for five damage states for RC frames designed for gravitational loads only.

3.4 Derivation of fragility curves

The outcomes of NLTHA are presented in Figure 7 using cloud plots, reporting each re-
sulting maximum interstory drift ratio associated with the PGA that generated it, with the in-
dication of IDR thresholds.

The BF model shows higher IDR values associated to ground motions of moderate intensi-
ty compared to IF model, thus more realizations overcome IDR thresholds for DS3 and DSa.
As a consequence, the DS; threshold in particular is exceeded in advance in the BF model, as
it will become evident from the comparison of the derived fragility curves. The most populat-
ed damage state for BF configuration results to be DS4 (partial collapse). On the contrary, in-
filled model appears to have a lower general dispersion, and more homogeneously populated
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DSs. For the selected seismic input, no NLTHA provides a maximum IDR smaller than the
first threshold (DSo).

NLTHA results falling between two IDR thresholds represent the cases in which the build-
ing reached or exceeded the DS enclosed by the thresholds. PGA values for each IDR range
were processed in order to estimate parameters of fragility curves (i.e., log-normal CDF), ex-
pressed as follows:

P(D > DS; | PGA) = & FH(P GA/uDsi)]

Bos,

K2

(2)

where P(D2>DS;|PGA) indicates the conditional probability of exceeding a damage state DS;
given a PGA value, @ is the standardized normal CDF, and ups and fpsi are the parameters of
the CDF (i.e., the median value and the logarithmic standard deviation, respectively).
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Figure 7: Cloud plots of resulting maximum IDR associated with generating PGA for a) BF and b) IF.

The standard deviation of the proposed fragility curves was computed through the SRSS
(i.e., Square Root of Sum of Squares) combination of three different component: 1) fp ex-
pressing dispersion due to record-to-record variability; ii) fc related to uncertainties associat-
ed to structural capacity, assumed equal to 0.3 according to HAZUS-FEMA [48] for Pre-Code
buildings; and iii) Suws) related to uncertainties in the estimation of median value of EDP
thresholds for each DS, assumed equal to 0.4 according to HAZUS-FEMA [48].

Bos, = /B3 + B2+ B2 ()

The estimation of the probability of exceedance towards global collapse by means of me-
chanical models might be affected by convergence problems which can be expected in strong-
ly non-linear field [49]. According to the proposal by Jalayer et al. [50], it was assumed that
DSs is reached through two separate conditions: i) IDR greater than the last threshold (i.e.,
2.5%), identified hereinafter as NoC cases, since the model did not numerically “collapse”; or
i1) dynamic instability (due to large displacements as well as failed convergence of the soft-
ware) [51], identified hereinafter as Co/ cases. Both conditions contributed to derive the DSs
fragility curve, estimated by implementing the following equation based on total probability
theorem:

P(D > DSs | PGA) = P(D > DSs | PGA, NoC)(1—P(Col | PGA))+P(Col | PGA)  (4)
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NLTHA results for which dynamic instability occurred are shown in Figure 7 with a red
border, and their probability of occurrence was computed through a logistic regression model.
Please refer to Jalayer et al. [50] for further details.

The derived fragility curves are shown in Figure 8, which compares, for both BF and IF
models, probability functions with logarithmic standard deviation for either record-to-record
variability or all the dispersion components. The values of the estimated parameters are re-
ported in Table 3. Figure 9 provides a comparison between BF and IF models in terms of plot-
ted fragility curves and trend of median value upsi.
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Figure 8: Fragility curves derived from a) BF and b) IF models.
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Figure 9: Comparison between BF and IF models in terms of a) fragility curves and b) median value upsi.

Bare frame model Infilled frame model
MDsi ﬂD ﬂDsi MDsi ﬂD ﬂDsi
DS, 0.088 0.300 0.583 0.099 0.278 0.572
DS; 0.120 0.265 0.566 0.140 0.250 0.559
DS; 0.158 0.256 0.562 0.211 0.236 0.553
DS, 0.288 0.259 0.563 0.305 0.203 0.540
DSs 0.417 0.190 0.535 0.400 0.189 0.535

Table 3: Estimated median values and logarithmic standard deviations.
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Infilled frame model showed a more homogeneously distributed behavior, with regular dis-
tance between different DSs. On the contrary, outcome from bare frame model provided the
anticipation of the first three DSs, which can be related to threshold values not adapted to the
BF configuration.

Results suggest a slightly more ductile behavior of the BF configuration, with a greater dis-
tance among DS curves, in accordance with both results of aforementioned NLSA and previ-
ous studies [52,53].

4 CONCLUSIONS

e The present paper has discussed the derivation of fragility curves for a macro-class of
school buildings starting from a representative prototype building. The case study is a
two-story r.c. frame school, built in the 1960s and designed for gravitational loads only.

e The fiber model of both the bare frame and infilled frame configurations were developed
through Midas Gen software [28] to implement a series of non-linear time history anal-
yses. For the IF configuration a single-strut macro-model of the infills was implemented.
Due to the significant presence of openings, only five bays on each story were modelled
as infilled.

e A suite of 70 ground motion records was selected based on the procedure proposed by
Paolucci et al. [43], based on spectrum-similarity, instead of spectrum-compatibility, in
order to obtain a site-independent set.

e The selected ground motions were applied to both BF and IF models in the two main di-
rections and the maximum interstory drift ratio was recorded and chosen as demand pa-
rameter, related to the damage state of the structure. IDR thresholds to distinguish among
different damage states were assumed according to previous studies from the literature
[9,25].

e Results from NLTHA were plotted in terms of maximum IDR and the peak ground ac-
celeration of the ground motion that generated it. The statistical post-processing of result-
ing cloud plot provides the derivation of fragility curves (i.e., log-normal CDF of the
probability of exceedance) for five damage states from EMS 98 [46].

o This research contributes to the current knowledge of seismic risk of a relevant class of
structures (i.e., school buildings). This contribution will be part of a study that aims to
develop maps of seismic risk and damage scenario for Italian school asset, thanks to the
IRMA platform [54], specifically developed by Eucentre for this purpose.
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