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Abstract

Assessing the seismic vulnerability of existing buildings is a fundamental step in order to define
mitigation programs in prone earthquake areas. In Italy, in 2019 the National Department of
Civil Protection supported an ongoing research project involving its “Center of Competence”
on seismic risk, ReLUIS (Network of University Laboratories for Earthquake Engineering),
with the cooperation of Eucentre (European Centre for Training and Research in Earthquake
Engineering) to update the 2018 version of the National Risk Assessment. In this context, new
fragility curves are being derived by using different approaches, whose results will be properly
combined. In the paper, the purposely set up methodology for deriving analytical fragility
curves through Non-Linear Dynamic Analyses (NLDAs) has been described. Further, results
relevant to some Italian Reinforced Concrete (RC) building types have been shortly presented
and analyzed, emphasizing the role of some key parameters affecting seismic vulnerability such
as design level and infill arrangement.

Keywords: RC existing buildings, seismic vulnerability assessment, non-linear dynamic anal-
yses, fragility curves

ISSN:2623-3347 © 2021 The Authors. Published by Eccomas Proceedia.
Peer-review under responsibility of the organizing committee of COMPDYN 2021.
doi: 10.7712/120121.8704.19325

3176



A. Masi, V. Manfredi, G. Nicodemo, A. Digrisolo

1 INTRODUCTION

Past earthquakes have clearly pointed out the high level of seismic risk in Italy. According
to the 2018 National Risk Assessment (NRA) [1, 2] released by the Department of Civil Pro-
tection (DPC), seismic risk mainly depends on the high vulnerability of the existing building
stock, which was mostly built before the seismic classification of large part of the Italian terri-
tory and, consequently, without seismic rules. Seismic risk analyses in the 2018 NRA were
carried out through the “Italian Risk MAps” (IRMA) platform [3], by combining the results
obtained by different research units (RUs) belonging to two “Centers of Competence” of DPC,
such as ReLUIS (Network of University Laboratories for Earthquake Engineering) and Eucen-
tre (European Centre for Training and Research in Earthquake Engineering). These results are
mostly based on the empirical information reported in the Da.D.O. (Database of Observed Dam-
age) database [4] collecting damage data relevant to the most damaging Italian earthquakes
occurred in the last fifty years. Within the ongoing 2019-2021 DPC-ReLUIS research project,
the Work Package WP4 “Seismic Risk Maps - MARS” aims at preparing an updated version
of the 2018 NRA by considering additional vulnerability models [5]. Specifically, in order to
overcome the limited amount of observational damage data, in particular for Reinforced Con-
crete (RC) buildings, new sets of fragility curves (FCs) are being derived by using different
approaches whose results will be properly combined [5]. In the present paper, the methodology
for deriving analytical FCs especially for RC buildings through Non-Linear Dynamic Analyses
(NLDAs) has been briefly described. Subsequently, the results for some RC building types have
been analyzed in order to highlight the role of some key parameters affecting seismic vulnera-
bility such as design level (i.e., gravity load design and earthquake resistant design) and infill
arrangement (i.e., infills regularly arranged along the height and pilotis configuration).

2 METHODOLOGY

In the MARS research activity, a cloud-like approach has been adopted for deriving analyt-
ical Fragility Curves (FCs) through Non-Linear Dynamic Analyses (NLDAs). The methodol-
ogy is based on ten main steps, as follows:

1. Identification of building classes
Selection of building types
Simulated design of building types
Modelling
Selection of Intensity Measure
Selection of representative ground-motion records
Non-linear dynamic analyses
Definition of relationship “structural response - damage level”

00N U R W

Treatment of fragility curves dispersion
10 Generation of analytical fragility curves

In order to identify building classes and typologies (steps 1-2), the knowledge of the attrib-
utes mainly affecting seismic vulnerability and its distribution over a building stock are crucial
aspects in large-scale vulnerability studies [6, 7]. In this context, several sources of information
are available in Italy (e.g., ISTAT census data [8], post-earthquake inspections [9], interview-
based surveys [10]), each one characterized by different quality and accuracy of data. Accord-
ing to the 2011 ISTAT census of population and houses [8], the Italian building stock amounts
to about 12 million buildings, most of them are masonry structures (more than 7 million) while
about 4 million are RC ones. Due to the large number of masonry structures, almost half of the
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Italian buildings have 2 storeys (i.e., low-rise type) while, for taller buildings, RC resisting
frame structures were generally adopted. In terms of construction period, masonry buildings
were mostly built up to the end of the 1970s while RC buildings became the structural type
mainly adopted in Italy after the 1970s. Due to the low percentage of the Italian territory clas-
sified as seismic until 1980 (about 25%), most of the existing residential buildings were de-
signed only for gravity loads. In case of seismic design, moderate lateral forces (i.e., equal to
either 7% or 10% of the “seismic weight”) without anti-seismic criteria were used. Generally,
both materials’ quality and design practice have growth over time. Similarly, as a result of the
increasing attention to thermal and sound insulation requirements, different types of infills can
be found, as reported in [11].
Summarizing the previous remarks, analytical FCs for Italian RC buildings have been de-
rived by considering the following parameters (Figure 1):
e period of construction, three periods: *50s, *70s and ‘90s (consistent with the ranges 1946-
70, 1971-90 and >1991 defined by ISTAT 2011);
o design level, two types: GLD buildings (i.c., designed only for gravity loads) and ERD
buildings (i.e., earthquake resistant design);
e number of storeys, three types: Low-rise (i.e., 1-2 storeys, Figure 2a,d), Mid-rise (i.e., 3-5
storeys, Figure 2b,e) and High-rise (>6 storeys, Figure 2c,e);
¢ infill arrangement, three types: Regularly Infilled-frame (IF); Pilotis-frame (PF) and Bare
frame (BF).
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Figure 1: RC building types (from Masi et al. [5])

According to the above reported parameters, some building prototypes have been selected
and detailed by means of the simulated design [12] carried out by taking into account the code
in force, the quality of the typical materials and the design practice of the period. The selected
structural layout is regular in-plan with different dimensions for low rise (Figure 2a,d) and
mid/high rise (Figure 2b,c,e) types. For the ‘50s and ‘70s building types (both GLD and ERD
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types), lateral load resisting frames (i.e., having rigid beams) are present only along the X di-
rection and on the exterior frames. On the contrary, the ‘90s types show two frames (with flex-
ible internal beams) along the two orthogonal in-plan directions. For all the considered building
types, infills are double layers with empty cavity having different effective thickness (from 20
to 28 cm, ranging from ‘50s to ‘90s types) values and consistency (i.e., solid and hollow clay
bricks).

Structural analyses have been performed by using the finite element code OpenSees [13]. A
macro-modelling based on lumped plasticity has been adopted according to Ricci et al. [14].
Specifically, at both ends of each structural member, a bending moment-rotation (M-0) rela-
tionship has been defined by adopting the Ibarra, Medina and Krawinkler model [15]. When a
brittle failure is predicted (e.g., this typically occurs in the short columns of the staircase struc-
ture), the above-mentioned M-0 relationship has been appropriately modified considering a
bending moment value calculated as a function of the ultimate shear capacity according to the
Sezen model [16]. On the basis of the mechanical properties of the constituent materials typi-
cally found in real buildings of the period under consideration [17, 18], mean strength values
have been assumed in evaluating the structural capacity. Infill panels have been modelled by
using an equivalent diagonal whose mechanical properties has been assumed according to [11,
19].

d) e)

Figure 2: 3D view of 2 storey (a), 4 storey (b) and 6 storey (c), and in-plane layout of 2 storey (d), 4 storey and 6
storey (f) types (from Masi et al. [5])
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A special attention has been paid to the selection of representative ground motion records
for Non-Linear Dynamic Analyses (NLDAs). Specifically, a large set of real signals consistent
with the Italian seismic hazard for soil condition consistent with A/B categories according to
DM 17/01/2018 [20] has been selected and considered in terms of Peak Ground Acceleration
(PGA). Although more effective Intensity Measures (IMs) could have chosen (e.g., [21]), PGA
represents the best compromise between a good correlation with the non-linear seismic re-
sponse and practical constraints (i.e., data available from the Italian hazard map and standards
of the IRMA platform). The considered signals with increasing intensity levels allow to reach
all the EMS-98 damage levels [22] with an adequate number of data. Note that, for higher in-
tensity levels (i.e., PGA values higher than 0.5-0.6g), a spectral matching procedure of real
recorded motions has been adopted [23].

According to the lognormal cumulative distribution functions employed to define FCs, the
standard deviation of the natural logarithm of the considered IM has been used to describe the
total variability associated with a given damage level. In this framework, the overall uncertainty
(Brot) has been computed by considering three main sources of uncertainty, i.e., seismic de-
mand (Bp), inter/intra building capacity (Bc) and damage thresholds’ definition (Bps), and com-
bined through a square root sum-of-the-squares (SRSS) rule, as follows:

Bror =\/ﬁ]§+ﬂg+ﬂgs (D

Since Bp is directly evaluated from NLDAs as a function of the selected ground motion records,
for the other sources of uncertainty (i.e., fc and Bps), suitable (deterministic) values from liter-
ature (e.g., [24]) and consistent with the Italian context have been considered.

In order to derive analytical FCs, the maximum interstorey drift (IDR) value along the height
has been considered as earthquake demand parameter (EDP). From each NLDA, IDR value
along the two in-plan directions has been evaluated and referred to the corresponding PGA
value. For IDR value falling into a given damage level as defined according to a suitable rela-
tionship between damage levels and interstorey drift values, the median and the logarithmic
standard deviation of the PGA value have been evaluated. An example of the relationship
adopted for GLD building types is shown in Table 1 [21].

DO D2 D3
5“.53 Eﬂ.i‘_t *w-" e
EMS-98 e i : 3o
definition SD = null SD = null SD = slight SD = moderate SD = heavy Destruction
NSD = null NSD = slight NSD =moderate | NSD=heavy | NSD = very heavy estructio
Interstorey
drift (%) <0.1 0.1-0.25 0.25-0.5 0.5-1.0 1.02.5 >2.5

Table 1: Relationship between damage levels and interstorey drift values adopted for mid- and high-rise GLD
buildings (from Masi et al. [21])

Finally, the FC related to a given damage level has been obtained by applying the well-
known expression [24]:

P(Dk|PGA) = q>[ L (224 )] k=1,...,5 @)
Bp,pk

PGApy

where P(Dk|PGA) is the probability of exceedance of the k-th damage level Dk given a PGA
value, @ is the standard normal (Gaussian) cumulative distribution function, Bp,px and PGApy
denote the logarithmic standard deviation and median values, respectively. Note that Pp pk
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accounts for only the record-to-record variability as obtained from the NLDAs. In order to con-
sider all sources of uncertainty, the values related to fc and Bps have to be added according to
expression (1). Finally, in order to avoid unrealistic shapes of FCs (e.g., the intersection of the
curves relevant to different damage levels), for each building type, Brot value has been evalu-
ated as the mean of the results from each damage level.

3 ANALYSIS OF RESULTS

On the basis of the proposed methodology, fragility curves (FCs) for all the typological clas-
ses described previously have been derived. For sake of brevity, in the present paper only the
FCs for the four-storey (4s) building type designed according to the 1970’s standards have been
shown. Results have been analyzed in order to highlight the role of some parameters such as
infill arrangement and design level on seismic fragility. FCs related to the considered parame-
ters (i.e., GLD and ERD design levels, presence/arrangement of infills according to BF, IF and
PF configurations) are shown in Figure 3, as follows:

e GLD-BF in Figure 3a;
e ERD-BF in Figure 3b;
e GLD-IF in Figure 3c;
e ERD-IF in Figure 3d;
e GLD-PF in Figure 3e;
e ERD-PF in Figure 3f.

In the same figure, results in terms of median value of PGA (denoted as 0 and corresponding
to the previously described PGApy) and dispersion (B, corresponding to the overall uncertainty
Brot described above) for each damage level are reported. First of all, 3 values are in the range
0.58-0.67, with higher values for GLD types and lower ones for ERD. Further, for these latter
types, similar values equal to about 0.58 are found. As for 0 values, the first damage level (D1)
is reached at about 0.1g, irrespective of both design level and infill configuration, while greater
differences are found for higher damage levels. In order to emphasize the role of the design
level, Figure 4 shows a comparison in terms 0 values evaluated for each damage level. As
expected, ERD types show better performance than GLD ones, especially for higher damage
levels. Specifically, for IF configuration (Figure 4b), 6 value related to D5 (global collapse) is
0.96g for ERD and 0.69¢g (about -30%) for GLD. It is worth noting that, for lower damage levels
(i.e., up to D3), similar 0 values are obtained for both ERD and GLD. This result mainly de-
pends on two factors, that are 1) no infill damage prevention design was required by the code
considered for ERD types, thus providing a similar lateral stiffness value between ERD and
GLD, ii) the same type of infills was adopted for both ERD and GLD types. These aspects are
also confirmed from the results obtained for BF type, for which similar 0 values are found up
to D2. The better performance of ERD with respect to GLD is even more emphasized in case
of PF configuration. Indeed, the PGA median value at D5 evaluated for ERD type is approxi-
mately two times higher than for GLD type (0.86g and 0.45g, respectively for ERD and GLD).
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Figure 3: Fragility curves for the considered building types: GLD-BF (a); ERD-BF (b); GLD-IF (c), ERD-
IF (d), GLD-PF (e), ERD-PF (f)

In order to highlight the role of infills on seismic performance, a comparison in terms of
PGA median value by varying presence/arrangement of infills is shown in Figure 5a, for GLD
type, and Figure 5b for ERD one. In general, IF types have better performance than PF ones,
while intermediate results are found for BF. For GLD types, infills regularly arranged remark-
ably increase 0 values, especially for higher damage levels. On the contrary, for all damage
levels, lower differences between IF and PF are found in case of ERD types. For example, for
D5 evaluated for GLD, 6 value is equal to 0.69¢g for IF and 0.45g (about -35%) for PF. In case
of ERD, 6 value related to IF is 0.96g while it is equal to 0.86g (about -10%) for PF.
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Figure 4: Comparison in terms of design level (GLD
vs ERD) for BF (a), IF (b) and PF (c) configurations

It is also noteworthy that, for higher damage levels, IF and BF types show similar seismic
performance. Specifically, 0 values evaluated at collapse (D5) are equal to 0.69g and 0.66g for
GLD-IF and GLD-BF, respectively, and 0.96g and 0.95g for ERD-IF and ERD-BF. To this
purpose, it should be recalled that infills are very brittle components whose contribution to the

lateral capacity of buildings decreases at higher IDR values associated with D4 and D5 damage
levels.

D1 D2 D3 Dd D5
Damage level Damage level
a) b)

Figure 5: Comparison in terms of presence/arrangement of infills for GLD (a) and ERD (b) building types
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4 FINAL REMARKS

Within the Work Package WP4-MARS of the 2019-2021 DPC-ReLUIS research project,
one of the main goals is to enrich the vulnerability models adopted in the 2018 National Risk
Assessment by deriving additional fragility curves (FCs) from different approaches. In this con-
text, a large set of analytical FCs through non-linear dynamic analyses has been obtained by
considering some prototypes representative of the Italian building stock. Four main parameters
have been considered to identify building classes, that are: (i) period of construction (three
periods: ’50s, *70s and ‘90s), (ii) design level (two levels: gravity load design, GLD, and earth-
quake resistant design, ERD), (ii1) number of storeys (three heights: Low-rise, Mid-rise and
High-rise), and (iv) infill arrangement (three configurations: Regularly Infilled-frame, IF, Pi-
lotis-frame, PF, and Bare frame, BF).

In the paper, after a short description of the methodology, analytical FCs for the 4-storey RC
building types designed according to 1970’s standards have been analyzed in order to highlight
the role of some parameters affecting seismic vulnerability, and specifically design level and
infill arrangement.

As expected, although the ‘70s ERD types were poorly designed for lateral loads, significant
differences (about 30%) in terms of PGA median values at collapse (D5) have been found be-
tween ERD and GLD types. On the contrary, similar performance has been found for the lower
damage levels according to the EMS-98 classification (i.e., D1 and D2). This latter result mainly
depends on two factors, that are: (i) no infill damage prevention design was required by the
code considered for the ‘70s ERD types, thus providing a similar lateral stiffness value between
ERD and GLD, (i1) the same type of infills was adopted for both ERD and GLD types in the
“70s.

The presence of infills regularly arranged improves seismic performance, especially for
buildings designed only for gravity loads (GLD type). As an example, for D5 damage level,
PGA median value is equal to 0.69g for IF types, and 0.45g for PF ones, with a reduction around
35%. On the contrary, lower differences (about 10%) have been found in case of ERD types.
The comparison between IF and BF types shows that the infill contribution to the lateral capac-
ity of buildings is more appreciable for lower damage levels while, due to the brittle behaviour
of infills, it becomes negligible at collapse.
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