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Abstract. In the last fifty years, a significant number of earthquakes that caused great economic losses and casualties have
been recorded. In particular, in the last ten years, many seismic events occurred, and their medium magnitude caused great
damage to the existing reinforced concrete buildings. In this context, the optimization of retrofitting strategies has become
a crucial issue to evaluate the improvement of the probable seismic performance of the buildings in term of seismic risk
reduction and repair costs. This paper deals with the seismic vulnerability of an existing reinforced concrete building not
designed with the capacity design criterion. Different retrofitting strategies have been considered in order to evaluate more
effective solutions in terms of seismic risk mitigation. The non-linear pushover analysis has been performed to evaluate the
performance improvement of the building and compare the seismic behavior of the un-retrofitted and retrofitted building.
Moreover, the seismic risk classes, pre and post-structural interventions, have been evaluated following the simplified
methodology introduced with the Italian Ministerial Decree No 58/2017 about "Guidelines for seismic risk buildings
classification".

INTRODUCTION

Reinforced concrete structures built before the seismic site classification and the seismic prescription represent an
important part of the Italian building heritage [1]. Currently, it is estimated that 60% of the existing buildings in Italy
have been built in areas, which are not classified as seismic. Non-ductile reinforced concrete buildings have been
significantly spread in the worldwide and their crisis can determine serious economic losses [2, 3] and a great number
of casualties The structural strengthening can be reached by alternative strategies: among them, different approaches
have been considered, mostly concerning the improvement of the building strength, and/or altering stiffness or
increasing ductility, like steel braced frames, or jacketing technique to confine RC columns by Fiber Reinforced
Polymer (e.g. [4-8]). The design constraints, such as the performance objectives and the costs of the interventions,
affect the choice of the different retrofitting strategies. In this paper, a 2D model of a three-floor building with three
and five bays has been developed, by using SeismoStruct.

CASE STUDY BUILDING

An existing non-ductile RC frame building placed in Avezzano (AQ), designed for gravity loads only and
characterized by the absence of any seismic design criteria, has been analyzed. Specifically, it is a part of a school
complex built using the structural Italian guidelines of 1970s-1980s. The plan is rectangular in shape and has three
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bays (each of length 3.45 m) on the short side and ten (each of length 3.50 m) on the long side. The overall extension
is 10.35 m x 35.00 m, as shown in Fig. 1a. The structure spreads over four levels with different inter-floor height equal
to 3.30 m, 3.30 m, 3.80 m, 3.80 m, respectively, for a total height of 14.20 m, as shown in Fig. 1b.

Like typical structural features of that period, it is affected by the lack of structural seismic details and overall by
the absence of any Capacity Design (CD) principles. Taking into account these critical issues (due to poor structural
detailing), this building was strongly damaged from the L’Aquila’s earthquake (2009), showing a high seismic
vulnerability. The results of destructive and non-destructive tests, carried out simultaneously with the surveys, were
used to evaluate the mechanical properties of steel and concrete materials used in the building construction.
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FIGURE 1 Plan view, rectangular shape (a), bear frame front view, short side (b)

NUMERICAL MODEL AND RETROFITTING STRATEGIES

The numerical model, using distributed plasticity elements, has been developed for simplicity as a 2D frame in
SeismoStruct, as represented in Fig. 2b.

The evaluation of the seismic capacity was carried out through non-linear static analysis (Pushover Analysis). The
results were compared with the demand according to the N2 method, which allows to evaluate the performance point
for the different limit states. Generally, the results of this method are reasonably accurate, provided that the structure
oscillates predominantly in the first mode; it is clear that such results in the pushover analysis are conditioned by the
particular choice of forces distribution [9, 10], which in this case is proportional to the first modal shape.
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FIGURE 2 Bear Frame with shear beam crisis on first and second floors (a), FRP solution 1, seismic improvement (b), FRP
solution 2, seismic retrofitting (c)
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Taking into account the regulatory prescription, the aim was to conduct a multi-level check considering two limit
states, i.e., two performance targets. The seismic analyses have been carried out by using different checks like the
resistance and chord rotation criteria. The results from pushover analysis showed a clear shear crisis in the deep beams
located on the first and second floor, where the system demand is greater than the element capacity (Fig. 2a).

Once the seismic vulnerability has been identified, the next step was to define the appropriate retrofit strategy. The
case study building does not have seismic structural details, but due to their deep geometry, beams are the first
structural elements which exhibit a shear crisis. These selected components of the structural system are upgraded to
avoid the shear brittle mechanism. Following this way, two different strategies were chosen using FRP reinforcement
(e.g. [5, 6, 8]). In the first one, represented in Fig. 2b, one uniaxial FRP U-Shape layer was placed in the bottom part
of the beams (first and second floor). This strategy allows to increase the shear capacity of the beam involved elements
realizing a seismic improvement of the building vulnerability but, at the same time, it moves the brittle mechanism to
the beams of the upper levels. In the second one, represented in Fig. 2¢, two uniaxial FRP U-Shape layers were placed
in the bottom part of all beam, thus modifying the breaking mechanism from shear to flexural and realizing in this
way a seismic retrofitting.

SEISMIC RISK CLASSIFICATION

In terms of structural response, the case study building has been analyzed considering the “as-built” structure using
the proposed retrofit solutions. The goal of this work, in each context, was to evaluate the expected structural losses
both in terms of loss curves and Expected Annual Losses (EAL). There exist many methods in literature to evaluate
the EAL index and the loss curves, e.g., the FEMA P58, which considers the performance based probabilistic
assessment. In the present paper, the evaluation of the EAL index has been obtained by the simplified methodology
introduced with the Italian Ministerial Decree No 58/2017. More precisely, the loss curve and the relative EAL, i.e.
the area under the losses curve, can be estimated by defining the pairs of points (Ai, RCi), where A; = 1/T,.; is the
average annual frequency of exceedance (defined for i-th Limit State), Tic is the return capacity period and RC is the
Repair Cost (defined a priori using the macroseismic data). EAL index is evaluated using the following expression:

5
EAL = Z [A; — Ai—q] - [RC; + RC;_11/2 + M(C-LS) - RC(C-LS)
i
where the subscript i represents the i-th limit state, among those covered [11], reported in Fig. 3b. Here C-LS

denotes the Collapse Limit State. Moreover, it holds:

Trci/Trpi = (Sa (Ty)ci/Sa (Ty)pi)
Here Tip is the return period for the demand for each limit state; Sa (T;)c and Sa (T;)p; are the spectral
accelerations assessed with reference to the period T1, which have been used in order to evaluate demand and capacity
of the structure.
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FIGURE 3 Comparison between loss curves (a), (A, RC) values for each Limit State (b)

For each value of Tic, evaluated by Pushover results and N2 method, the value of A is determined. In addition to
this, according to macroseismic data, in the proposed simplified methodology, the Initial Damage Limit State (ID-LS)
and the Collapse Limit State (C-LS) are defined a priori. In this way, for the various structural elements, the sequence
of plastic hinges has been determined, in relation to the Operational Limit State (O-LS) and to the Life Safety Limit
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State (LS-LS), as required by the simplified approach adopted. Fig. 3a depicts the different loss curves for the case
study building and compare them with the reference one, which represents, in terms of EAL, the performance of a
new construction (see red dashed line in Figure 3a). The trends show that the as-built bear frame has the highest EAL
index equal to 5.5%. The seismic improvement solution reaches the building to an EAL index equal to 1.4% and
finally the seismic retrofitting reaches the building to an EAL index equal to 0.6%.

CONCLUSIONS

In this paper, a case study of a reinforced concrete building built around the 70s in the municipality of Avezzano
has been analyzed. As a consequence of L'Aquila earthquake in 2009, it suffered considerable structural damage on
the beam elements located on first and second floor. Seismic strengthening work was therefore necessary to mitigate
the vulnerability and the seismic risk of the structure. In the first instance, a pushover analysis was conducted,
assuming a forces distribution proportional to the first modal shape, to evaluate the structures capacity curve.
Subsequently, the N2 method was applied in order to combine the pushover analysis of the multidegree-of-freedom
model with the response spectrum analysis of an equivalent single-degree-of-freedom system. In conclusion, the loss
assessment has been evaluated on the “as-built” structure, which presented an EAL index equal to 5.5%. This high
vulnerability has made necessary a seismic improvement, enabled through the use of FRP technique. In this manner,
using one FRP layer in the bottom part of the beams (first and second floor), the structure was found to be improved,
reaching an EAL index equal to 1.4%. In addition to this, improving the structural performances, an additional FRP
layer on the beams belonging to the last two levels was applied. In this way the structure has been subjected to a
complete seismic retrofitting, reaching an EAL index equal to 0.6%.

The improvement obtained turns out to be so advantageous as to favor a funds request, made available by the
Italian state.
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