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Abstract

Urban areas with a significant number of buildings designed without earthquake resistant
concepts may undergo high losses following major earthquakes. However, an adequate de-
sign is the direct result of a comprehensive knowledge of the seismic hazard. In Italy, for ex-
ample, the seismic zonation was completed in recent years, thus a significant number of
buildings lack adequate lateral capacity. For this reason, preventive assessment of their vul-
nerability and expected damage is crucial.

This paper presents the vulnerability assessment of two reinforced concrete buildings de-
signed for gravity loads and representative of the Pescara Province in the Abruzzi Region
(Central Italy). Geometrical and structural characteristics of the buildings are initially de-
rived from an existing database based on structured interviews with local technicians. The
two buildings are then modeled using a simulated design approach following two different
buildings codes. Nonlinear dynamic analyses are carried out in order to derive a suite of fra-
gility curves for different damage states. These curves may be used to predict the expected
damage following earthquakes of increasing intensities and plan mitigation strategies.
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1 INTRODUCTION

The European Union is actively trying to enhance the understanding of disaster risk by lay-
ing out a shared approach for loss assessments [1]. Italy committed to this effort by develop-
ing a National Risk Assessment (NRA) [2] which considered all potential disaster risks.
Among potential risks, seismic risk induces the second highest loss of lives, especially in the
Euro-Mediterranean Region.

A commonly agreed definition of seismic risk is the combination of hazard (H), vulnerabil-
ity (H) and exposure (E) [3], see Eq. 1:

R=H V-E (1)

Hazard relates to the probability of occurrence of an earthquake of a specified intensity in a
defined period of time. Vulnerability relates to the potential damage undergone by the asset
under assessment (e.g., a building) in the occurrence of the earthquake. Exposure relates to
the potential losses (e.g., economic and social) caused by the building’s damage.

Among the three aspects of Eq. 1, the vulnerability definition has proven to be the most
challenging task, as it requires not only an extensive knowledge of all buildings under as-
sessment, but also a detailed evaluation of their seismic response. The complexity of the task
is further increased when dealing with large scale assessments. For these reasons, the concept
of “minimal fragility portfolio” has been recently developed [4—6], which focuses on defining
a reasonable number of buildings typologies that are representative of the whole built envi-
ronment. By focusing on the derivation of fragility curves (which relates the probability of
exceeding pre-defined damage states for increasing intensities [7]) only for these typologies,
the time needed to perform large scale assessments is significantly reduced while keeping a
sufficient level of accuracy.

In this paper, an existing database for Italian residential buildings is used to define two re-
inforced concrete (RC) building typologies that are representative of the Pescara province,
Central Italy. These buildings have been modeled using a simulated design approach [8] in
order to perform non-linear dynamic analyses (NLDAs). Outputs of these analyses have been
used to derive a suite of fragility curves for defined damage states.

2 CASE STUDY DEFINITION

The Abruzzo Region, Central Italy, is among the areas with the highest seismic risk in Italy,
as showed by the extensive losses in the aftermath of the L’ Aquila 2009 [9] and Central Italy
2016-2017 [10] earthquakes.
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Figure 1. (left) Map of Italy with Abruzzo Region and Province of Pescara highlighted and (right) number of RC
buildings in Italy per different construction periods.
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In the Abruzzo Region, the Province of Pescara spreads from the coast to the inner moun-
tain areas, see Figure la, with the highest population density in the former. The coastal area
has been fully included in the seismic zonation in 2003 [11] while the majority of RC build-
ings in Italy has been built between 1961 and 1980 (source: Census data [12]). For this reason,
RC buildings in Pescara were designed considering only gravity loads (GLD) thus making
them prone to damage even in the occurrence of earthquakes with moderate intensity.

To collect information on RC buildings in the Pescara Province, the database provided by
the CARTIS project [13] has been used. The CARTIS project has been collecting data on the
geometrical and structural features of residential buildings in Italy since 2014. The data col-
lection is performed by filling a structured form through interviews with local technicians.
The experience and knowledge of the technician ensure that collected data are accurate.

CARTIS data are freely accessible through the pgAdmin platform
(https://www.pgadmin.org/). For RC buildings, the parameters provided in Table 1 are availa-
ble.

Parameter

Main resisting system
Number of stories
Construction period
Seismic joints
Unidirectional frames
Ground floor infill walls
Soft story upper floors
Presence of SAP slabs (or similar)
Regularity in plan
Regularity in elevation
Roof material

Roof spread

Structural strengthening

Table 1. Parameters available in the CARTIS database for RC buildings (in bold, those used for the relevant ty-
pologies definition).

Parameters of Table 1 in bold have been used to determine the most relevant typologies for
the Pescara Province, whose characteristics are listed in Table 2.

D Main resisting No. of Construction Design Unidirectional Ground floor Regularity
system Stories Period Type frame infill walls in plan
Frames with exposed Reoular
A beams and non- 4-6 1946-1960  GLD Yes suiat Regular
sturdy infill walls configuration
Frames with exposed Regular
B beams and non- 4-6 1971-1980  GLD Yes . Regular
configuration

sturdy infill walls

Table 2. Characteristics of relevant RC building typologies for the Pescara Province based on CARTIS data.
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3 MODELING APPROACH

3.1 Design codes, geometry, loads and material properties definition

To model the buildings listed in Table 2, a simulated design approach [8] has been used.
Following this approach, the design loads, material properties, and construction details have
been determined based on the codes in use at the time of the construction. More specifically,
R.D.L. 1939 [14] and D.M. ’72 [15] have been used for RC typologies A and B, respectively.
In addition, as both typologies were designed for gravity loads and the only load combination
used is the sum of dead (G) and live (Q) loads. This design type does not change for increas-
ing number of stories, the focus has been put on the six-story buildings. The 4 and 5-story
buildings have been subsequently derived by taking the upper 4 and 5 stories, respectively.

At first, the buildings’ layout is assumed, as no geometrical information was provided by
the CARTIS data. The assumed plan layout is derived by existing studies that analyzed build-
ings of the same period [14,15] and is shown in Figure 2. In the inner frames, beams are pre-
sent only in the X direction, thus making the Y direction less resistant to lateral forces. Each
story is 3 m height, for a total height of 18 m.
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Figure 2. Assumed plan layout (dotted, the bond-beams in the Y direction).

As for the design loads, the R.D.L. 1939 does not provide any value, therefore they had to
be assumed based on the experience. On the other hand, the D.M. *72 refers to another code
for the definition of G and Q [16]. Design loads for Building A and B are assumed equal and
are listed in Table 3, divided between story levels 1-5 and 6 (i.e., roof), infills and stairs.

Story 1-5  Story 6 Infills Stairs

Load type [KN/m?] [KN/m?] [KN/m] [KN/m?]
G 6.4 6.1 5.5 5.3
Q 2 ! : .

Table 3. Assumed design loads.

The material properties for the concrete and the steel reinforcement are assumed based on
the codes provision and are listed in Table 4 and Table 5, respectively.
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Concrete
Building A Building B
R’bk 250  [kg/em?] R 250  [kg/cm?]
Gc 77.8  [kg/em?] o 85 [kg/cm?]
Tho 4 [kg/cm?]  Tho 5.3 [kg/cm?]
Thl 14 [kg/cm?] b 16.9  [kg/cm?]

Table 4. Assumed material properties for concrete.

Building Steel Reinforcement
A Longitudinal (carbon) Transversal (mild)
oy [kg/em’] 2000 oy [kg/cm’] 1400
Longitudinal (FeB44K) Transversal (FeB32K)
oy [kg/em’] 2600 oy [kg/cm’] 1600

Table 5. Assumed material properties for steel reinforcement.

B

R’vk, Oc, o0, and Tvo are the concrete compressive strength, permissible stress, and shear
strength without/with reinforcement, respectively. oy is the steel permissible stress at the
yielding of longitudinal and transversal reinforcement. Mild and carbon steel are associated to
carbon percentages of 0.15-0.25% and 0.4-0.6%, respectively.

3.2  Finite element modeling

The vulnerability analysis of Building A and B is performed through a Finite Element
Method (FEM) approach. The FEM modeling has been performed in OpenSees [17] using the
pre/post processor STKO [18], as shown in Figure 3.

Figure 3. Graphical user interface of STKO.

Beams have been modeled as lumped plasticity elements combining a section based on so-
called “phenomenological” laws and two plastic hinges of finite length at both ends with fiber
section [19,20]. By combining these sections, it is possible to reduce the model complexity
while describing its behavior with high accuracy [21]. Assumed phenomenological laws are
different between the two buildings as they are based on the rebars type. Building A adopts
smooth rebars, therefore the phenomenological law proposed by Verderame et al. (2018) [22]
is assumed. On the other hand, Building B adopts corrugated bars, therefore the phenomeno-
logical law based on the Ibarra et al. (2005) [23] model with Haselton et al. (2008) [24] pre-
dictive equation is assumed.
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Columns have been modeled as fiber sections using the Concrete()1 [25] and Steel02 [26]
model for the RC and steel, respectively. The length of plastic hinges at both ends has been
determined based on modern code provisions [27].

To correctly evaluate the seismic behavior of existing buildings, different material proper-
ties than those listed in Table 4 and Table 5 are assumed, in order to consider the aging effect.
For the RC compressive strength, f., mean values provided by Masi et al. (2014) [28] have
been used, which derived from a large scale in situ survey. For the steel yielding strength, f,,
values provided by the open-access software Stil (http://www.reluis.it/index.php?option=com
_content&view=arti-cle&id=199&Itemid=136&lang=it) have been used [29]. In addition, the
elastic modulus, Es, of Building A has been modified to consider the bond-slip that may occur
with smooth bars. Assumed values for the structural modeling are listed in Table 6.

Building Concrete Steel
A fe 18 [MPa] f, 350 [MPa] E; 175000 [MPa]
B fe 20 [MPa] f, 470 [MPa] Es; 206000 [MPa]

Table 6. Assumed values for the concrete and steel in the structural modeling.

Infills and stairs have not been modelled but have been considered only as loads.
4 VULNERABILITY ANALYSIS

4.1 Seismic input

The ground motions selection is crucial when performing NLDAs as they must be repre-
sentative of the seismic hazard in the area under assessment [30] and the number must be suf-
ficient to capture all possible damage states. In this paper, the ground motion selection
proposed by Paolucci et al. (2020) [31] has been used. This selection includes 125 unscaled
input motions have been determined for soil category A (rock) using the L’Aquila hazard
spectra (Abruzzo Region, close to the Pescara Province) as target.

4.2 Engineering Demand Parameter and Damage states

The maximum insterstory drift ratio (IDR) in both horizontal directions is assumed as En-
gineering Demand Parameter (EDP) to determine the building’s damage. Damage is classified
according to the European Macroseismic Scale EMS-98 [32] and varies from DO (no damage)
to D5 (destruction or complete collapse). IDR values are associated to EMS-98 damage states
by using the ranges proposed by Masi et al. (2015, 2021) [33,34] for medium and high-rise (>
3 stories) GLD RC buildings, that are listed in Table 7.

Damage State IDR (%)
DO (none) <0.1

D1 (slight) 0.1-0.25
D2 (moderate) 0.25-0.5
D3 (substantial to heavy) 0.5-1.0
D4 (very heavy) 1.0-2.5
D5 (destruction) >2.5

Table 7. Assumed relationships between IDR values and EMS-98 damage states.
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4.3 Fragility curves definition

Selected ground motions have been applied on both horizontal directions thus obtaining
250 PGA-IDR values, which relate the maximum Peak Ground Acceleration of the considered
ground motion to the maximum IDR among all story levels. Then, fragility curves are derived
using the formulation proposed by FEMA 2018 [35], see Eq. 2.

o 5,)
P(Dk|PGA) = @ ‘In| — k=1,..5 )
D.DKk PGAp,
where P(Dk|PGA) is the probability of exceeding the k-th damage state, Dk, given a PGA
value, @ is the Gaussian cumulative distribution function, B prand PGAp, are the logarith-
mic standard deviation and median value, respectively.

Obtained fragility curves for Building A and B are shown in Figure 4. As previously men-
tioned, 4 and 5-story buildings have been derived by the 6-story by taking the four and five
upper stories, respectively.
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Figure 4. (clockwise) Fragility curves for 4-story, 5-story and 6-story Building A (designed with R.D.L. 1939)
and Building B (designed according to D.M. *72).

Observing the graph, it is possible to note that fragility curves of the 4 and 5-story build-
ings do not significantly differ, while the 6-story buildings is significantly less vulnerable.
This is possibly due to the fact that 4-story and 5-story buildings are both considered as “me-
dium-rise”, while the 6-story building is included in the “high-rise” category [36]. Then,
Building B is consistently less vulnerable then Building A, thus noting how the evolution of
codes is associated to an increase in the seismic performance.
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S SUMMARY AND CONCLUSIONS

This paper has presented the vulnerability analysis of two RC building typologies that are
representative of the built environment in the Pescara Province, Central Italy. Main character-
istics of the typologies have been derived by an existing database of Italian residential build-
ings. Then, buildings have been modeled through a simulated design approach, also
considering the aging effects.

A suite of ground motion records has been used to perform NLDAs whose outputs were
used to derive fragility curves for five damage states. Obtained fragility curves show medium-
rise buildings have a higher fragility than high rise ones. Finally, the evolution of the building
code is associated to an increase in the seismic performance.
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