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Abstract

The seismic assessment and retrofit of non-conforming Reinforced Concrete (RC) buildings still
represent a challenge for researchers and practitioners worldwide due to several aspects. On one
hand, low standards RC buildings typically present some failure typologies very different from newly
designed buildings, and such failure modes should be properly modelled for a reliable seismic
performance assessment. On the other hand, retrofitting strategies should be chosen carefully looking
both at safety at collapse and at seismic capacity at less severe performance levels, considering non-
structural components as well. Masonry infills, typically defined as non-structural components
despite their structural role, significantly affect the seismic behavior of existing RC buildings,
especially at low-medium intensity measures. Therefore, when the seismic performance of as-built or
retrofitted RC buildings is assessed, their contribution should be considered. In this work, a
preliminary analysis of two 4-storey low-standard RC buildings, different for design typology, is
presented, based on static nonlinear analyses. First, case-study buildings, representative of Italian
pre-70 residential buildings, have been assessed in their “bare” configuration (without infills), as
common in design practice, in a code-based approach (according to Italian code). Based on the as-
built assessment outcomes, their retrofit has been designed by means of two main strategies: (1) the
complete resolution of all the shear failures (in columns or joints), if any, (2) the reduction of the
displacement demand by means of RC column jacketing, when necessary, along with the resolution
of shear failures (as for the previous strategy). Then, both the as-built and retrofitted building
configurations have been modelled and analysed explicitly considering the presence of infills and
shear-critical elements. Fragility curves have been obtained at different Damage States according to
European Macroseismic Scale EMS-98, considering record-to-record variability, and compared to
each other. Remarks about the choice among strengthening strategies are carried out, based on these
outcomes and on a preliminary estimation of the expected mean annual losses for the investigated
buildings.
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1. INTRODUCTION

The seismic assessment and retrofit of non-conforming Reinforced Concrete (RC) buildings still
represent a challenge for researchers and practitioners worldwide, due to several aspects.
On one hand, low standards RC buildings typically present some failure typologies very different
from newly designed buildings [1]-[2], and such failure modes should be properly modelled for a
reliable seismic performance assessment. In existing buildings, columns can likely suffer shear
damage under seismic actions, due to the very poor concrete quality or the insufficient stirrups
mechanical percentage, leading to reduced lateral displacement capacity, especially if shear failures
are expected to occur before the member yielding ([1], [3]-[6]). Additionally, beam-column joints
typically in low-standard buildings have been not designed at all and totally lack of stirrups. This
means that shear failures in those connections could occur before the yielding of the adjacent
members, thus limiting the overall ductility capacity of the whole building [7].
On the other hand, retrofitting strategies should be chosen carefully to comply with current codes,
preventing the structural collapses (e.g. [1]). Nevertheless, in addition, a proper retrofit should also
guarantee an reduction in expected annual seismic losses (e.g. [8]-[11]). To this end, the retrofit
design should look at collapse safety and at seismic capacity at less severe performance levels as well.
Especially at less severe performance levels, i.e. at more frequent seismic events, non-structural
components must be considered. Among them, masonry infills, typically defined as non-structural
components despite their structural role, significantly affect seismic performance and relevant losses
in existing RC buildings, both as-built and retrofitted, as recently demonstrated by ([12]-[14]).
Therefore, when seismic performance of retrofitted RC buildings is assessed, their contribution
should be properly considered in numerical modelling and in damage and loss assessment.
In this work, a preliminary analysis of two case-study low-standard RC buildings, different for design
typology, is presented, based on static nonlinear analyses. The investigated case-study structures are
4-storey buildings representative of Italian pre-70 residential buildings, designed for gravility loads
only (GLD) or according to obsolete seismic design (OSD).
First, they have been assessed in their “bare” configuration (without infills), as typical in design
practice. In such a first-step-assessment only nonlinear flexural response of beams and columns has
been modelled, whereas columns/joints shear failures have been detected in post-processing, based
on the current Italian code [15].
Then, based on the as-built assessment outcomes, the retrofit phase has been designed by means of
two alternative strategies:
1. Strategy “A”: the complete resolution of all the shear failures (in columns or joints), if any
(by means, for example, of localised steel cages, pre-stressed steel strips or wrapping with
Fiber Reinforced Polymers (FRP) fabrics);
2. Strategy “B”’: the reduction of the displacement demand by means of RC column jacketings,
when necessary, along with the resolution of shear failures (as for the previous strategy).
These two strategies represent two boundary conditions for the retrofitted buildings since in strategy
“A” no modification in the lateral stifness is produced, whereas strategy “B”, the most invasive one,
necessarily leads to a higher lateral stiffness of the building.
Lastly, both the as-built and retrofitted building configurations have been modelled and re-analysed
explicitly considering the presence of infills, and, in the case of as-built configurations, potential shear
failures in columns/beams and joints. SPO analyses has been carried out and Incremental Dynamic
Analyses (IDAs) curves have been derived by means of SPO2IDA tool [16]. Fragility curves have
been finally obtained at different Damage States (DSs) according to European Macroseismic Scale
EMS-98 [17], considering record-to-record variability, and compared to each other. Remarks about
the choice of the stregnthening strategies are carried out, based on these oucomes and on a preliminar
estimation of the expected mean annual losses for the investiagated buildings.
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2. CASE-STUDY BUILDINGS

In this work, two residential RC buildings are investigated as case-study structures. They have the
same floorplan (see Figure 1a), symmetric in both directions. 4 meters length bays are present in both
directions, except than the central bay, which has a length equal to 3 meters. The interstory height is
3 m. In both cases, in the transverse direction, only two (external) frames are present, as typical for
pre-70 existing buildings in Italy.

X
z Longitudinal exterior frame x

Transverse frame

X

(a) (b)

Figure 1: Plan view of the case-study buildings and column labels (a) (measures in centimetres); 3D view (b)

The two buildings differ to each other for the design typology. One building has been designed to
sustain gravity loads only, as typical in Italy before *70 in most of the country. It will be referred to
as Gravity Loads Designed (GLD) buildings. The other building has been designed according to an
Obsolete Seismic Design (OSD) in force in Italy until the beginning of 70 and adopted for the (few)
sites classified as seismic zone in that time period, as described later. Therefore, the investigated
buildings are representative of the Italian building stock related to the same time period (between *50
and the very beginning of ‘70) but located in different sites (with different seismic hazard at the year
of construction), as explained in section 2.1.

2.1 Location and seismic hazard

Both the considered buildings are in medium-high seismic hazard sites in Italy. The GLD building
is located at Morra de Sanctis, in the Southern of Italy. Such location has been classified as a seismic-
prone site only after the well-known Irpinia earthquake (1980) and, therefore, all the buildings
realized before *80 have been designed to sustain gravity loads only.

The OSD building is assumed to be located in L’Aquila city (Abbruzi region, Italy), which has been
classified as seismic-prone starting from the very beginning of the last century, and, thus, the major
part of its existing RC buildings has been designed to take into account seismic actions, according to
seismic prescriptions as obsolete as their age of construction.

Figure 2a shows the location of these two sites on the current seismic Italian hazard map by the
National Institute of Geophysics and Vulcanology (INGV) in terms of expected ground acceleration
with a 10% probability of exceedance in 50 years. Additionally, Figure 2b reports a comparison
between the pseudo-accelerations (Sa(T)) of the two selected sites at different return period (Tr)
corresponding to four limit states according to Eurocode 8-part 1 [18] and Italian code [15]
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(Immediate Occupancy, Tr=30y; Damage Limitation, Tr=50y; Life-Safety, Tr=475y; Near Collapse,
Tr=975y).

In both cases, it is assumed soil type “C” and soil topography “T2” [18] for the definition of the local
seismic amplification effects.
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Figure 2: Buildings locations on the current hazard map by the National Institute of Geophysics and Vulcanology
(INGV) (a); comparisons among pseudo-acceleration (Sa(T)) spectra at different return periods (Tr) (b)

2.2 Simulated design

The moment resisting frames (MRFs) system for both the buildings is characterized by 2D
resisting frames in the longitudinal (X) direction, whereas, in the transverse (Z) direction, MRFs are
present only along the exterior perimeter. Floors are 20 cm thick, with 4 cm RC slab. As shown in
Figure 1a, the floor weight is sustained by the longitudinal frames only. Infills differ between the two
directions for the openings presence: the opening percentage ranges from 0 to 15% of the infill total
area, as qualitative shown in Figure 1b. An infill weight (per panel unit surface) equal to 2.00 kN/m?
and 2.36 kN/m? for longitudinal and transverse direction, respectively, is assumed for exterior frames.
“Maximum allowable stress method” is adopted for the “simulated design” of these buildings [19].
Since all the buildings were “located” in the same time period, the design mechanical properties of
reinforcing steel and concrete are identical for all the buildings. Maximum allowable concrete
strength was assumed equal to 5 MPa or 6 MPa, for purely compressive loads or bending actions,
respectively (according to [21]). A maximum allowable strength equal to 140 MPa has been adopted
for reinforcing bars [21] in the hypothesis that steel typology “AQ42” was used, as typical in the
reference time period in Italy [20]. It is worth noting that plain bars were used as reinforcement
typology, as typical in pre-*70 RC buildings in Italy ([20], [22]).

Additionally, infill panels are supposed to be identical for both the analysed buildings, and in
particular made up of hollow clay bricks assembled with mortar: the presence of two coupled leaves
is assumed, with 120 mm and 80 mm thickness, respectively, as typical in Italian and Mediterranean
area in the reference time period [23].

GLD buildings have been designed to sustain gravity loads only and to comply code prescriptions
about minimum amount of longitudinal and transverse reinforcement as defined by the Italian R.D.
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[21]. On the contrary, OSD buildings are designed to sustain horizontal loads, too, the latter defined
according to obsolete seismic codes in force in the reference time period ([24]-[25]), which allowed
modelling the seismic actions as horizontal equivalent forces constant along the building height. The
design horizontal acceleration was equal to 0.07 times the gravity acceleration ([24]-[25]).
Additionally, the total design base shear is divided among resisting frames proportionally to the
vertical loads supported by each of them, as typical for the reference time period. This means that
transverse frames should support very low lateral actions, whereas longitudinal interior frames should
sustain the highest horizontal loads. As a result, transverse frames are almost identical between GLD
and OSD buildings; whereas, longitudinal frames generally result in a higher reinforcement amount,
especially at the lowest stories (where columns have the highest longitudinal reinforcement
percentage). The reinforcement percentage values of the first-floor columns significantly decrease at
the upper stories (varying around about 0.7%). Stirrups with 250 mm maximum spacing and 8§ mm
diameter have been used in the beams; stirrups with 140 mm spacing and 6 mm diameter have been
used in the columns (in agreement with prescriptions by [21]). All the beams resulted in a 30x50 cm?
cross-section, whereas column sections vary from a minimum of 30x30 cm? (for most of the columns)
to a maximum of 30x40 cm? (for central columns). Rectangular columns are always oriented in the
longitudinal direction. Further details can be found in [26].

2.3 Material properties

Lastly, a key issue for the complete assessment and modelling of the case-study structures is the
definition of the strength values used for concrete, steel and infills.
As far as the as-built buildings is concerned, mean values of concrete compressive strength (fc) and
reinforcing yielding strength (fy) have been assumed equal to 20.0 MPa and 322.4 MPa, respectively,
according to suggestions by [27] and [20] for the adopted steel typology and the reference time period.
Infill panels are characterized by a diagonal compressive strength (tcr) equal to 0.27 MPa and a Young
modulus (parallel to the holes) of 3000 MPa. Such values are based on a subset of data collected in
[28] on weak Italian infills characterised by horizontally placed hollow clay bricks with a void
percentage of about 60%, as typical of the investigated case-study buildings. It is worth noting that
the definition of infill mechanical properties is a complex issue, since they are characterised by a very
high variability and they significantly depend on brick typology and strength, mortar mechanical
properties, bricks void percentage, bricks compressive strength. Therefore, a further extension of the
present work should explicitly consider the possible variability of the key infill mechanical properties
and their effect on structural response (e.g. [29]).

3. CODE-BASED ASSESSMENT AND DESIGN OF RETROFIT

This section shows the first-step seismic assessment of the two case-study buildings, performed
according to the current Italian code [15]. A “Normal Knowledge Level” (KL2) ([15], [30]) has been
assumed; therefore, according to [15], the mean values of the mechanical properties of existing
materials used in the capacity calculation have been divided by a confidence factor equal to 1.20.
Two performance levels have been analysed for this code-based assessment: “Damage Limitation”
(DL) and “Life Safety” (LS) limit states, corresponding to seismic actions with a return period of 50
and 475 years, respectively ([15], [30]). The building’s capacity at DL limit state is assumed to be
achieved when for the first time an inter-story drift ratio (IDR) equal to 0.5% is achieved. The LS
limit state is reached when for the first time a member achieves a chord-rotation equal to 3/4 of the
ultimate rotation (6u) (flexural failure) or when a shear failure arises (in beams, columns, or joints),
as explained in this section. Demand-to-capacity peak ground acceleration (PGA) ratio for each
considered limit state represents the building’s safety index (SI) at that limit state. Thus, the design
of retrofit has been carried out based on this index, as explained in detail in the next sub-sections.
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3.1 Modelling assumptions

The seismic response of the investigated case-study buildings has been numerically reproduced in
OpenSees platform [31] and analysed by means of nonlinear static pushover (SPO) analyses in N2
framework [32], according to the modelling assumptions explained herein. In particular, a lumped
plasticity approach has been used for RC members by means of zero-length elements in OpenSees
located at the ends of each beam/column element in series with elastic BeamColumn elements (see
Figure 3).

First of all, for this code-based assessment and the relevant design of retrofit intervention, the
buildings have been modelled as “bare frames”, namely, infills are not included in the numerical
models, unless in the definition of masses and loads, as usual in common practice approaches.
Additionally, the “code-based” numerical models only reproduce the nonlinear flexural response of
the RC members; therefore, static pushover curves are derived in the hypothesis that all the elements
are “ductile” members.

For elements with plain bars, the flexural (bending moment, M — versus — chord rotation, 0) response
of beams and columns has been modelled by means of the (quadri-linear) proposal by [22], calibrated
for RC elements reinforced with plain bars, and implemented in the adopted software with a Zero-
Length Elements (Figure 3) characterised by the Pinching4 uniaxial material. The four-point
envelope represents: the yielding point (“y”), the capping point (“cap”), the softening branches’
intersection (“int”), the zero-strength condition (““0”). Such material has been slightly modified by
adding an additional point corresponding to the first cracking (“cr”) point (Figure 3).

Lastly, floors are assumed to be stiff in their own plane.

Elastic BeamColumn
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Figure 3: Schematic view of the modelling adopted for each bay in a code-based approach

In this code-based assessment phase, ductile members reach their capacity at the LS Limit State [18]
when their chord rotation demand reaches % of the ultimate chord rotation capacity (6u), the latter
assessed according to the proposal by [33], as suggested by the Eurocode 8 [18] and the Italian
prescriptions [34].
Nevertheless only the flexural response is modelled, as explained before, eventual shear failures in
columns/beams or joints have been detected by means of a post-processing of the static pushover
results, as common in practice. To this end, the Italian code-prescriptions have been adopted, so that:
- joint shear failure occurs when its principal compressive stress, pc, overcomes 0.5 times the
concrete compressive strength, fc, or if the principal tensile stress, pt, overcomes 0.3 times the
square root of fc [34], based on suggestions by [35] and limiting the joint failure to its shear
cracking (each further strength mechanism beyond the shear cracking is neglected by this code);
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- columns/beams shear failure occurs when the demand shear load overcomes the shear strength,
the latter evaluated according to the model by [36] as suggested by the Eurocode 8 [18] and [34],
and thus depending on the inelastic displacement demand.

3.2 As-built assessment according to Italian (D.M. 2018) code

SPO analyses have been performed separately in longitudinal (X) and transverse (Z) directions.

Two lateral load patterns have been used: (i) (pseudo-)“Uniform” pattern, proportional to the storey
mass distribution, and (ii) “Modal” pattern, proportional to the first-mode deformed shape in the
considered direction, according to Italian prescriptions [15].
Figure 4 shows the resulting SPO curves in terms of top displacement (Atwp) - versus - base shear,
along with the achievement of the first joint cracking, the first shear failure in RC members, the first
“ductile” failure (chord rotation demand reaches 3/4 6u), and the capacity point at the DL limit state,
for GLD and OSD case-study buildings. SPO curves of OSD building generally present in the
longitudinal direction higher base shear values and displacement capacity with respect to GLD
building; conversely, SPO curves in the transverse direction are quite similar to each other, mainly
due to the very low difference in geometry and reinforcement amount in that direction (as a
consequence of the simulated design, as explained in section 2). A global collapse mechanism is
observed in the transverse direction for both the case-study buildings and for both the lateral load
patterns; whereas local mechanisms are observed in the longitudinal direction. In particular, for the
GLD building local first- and second-floor mechanisms are observed applying respectively the
“Uniform” and the “Modal” distributions; for OSLD building a second- and third-floor mechanism
are observed.

%103 x103

SPO Curve - Uniform X
— — — - SPO Curve - Modal X
SPO Curve - Uniform Z
— — — - SPO Curve - Modal Z

1% joint failure
1% shear failure
131 3/4 91]

st
1 lDR[).S%

m e ¢

base shear (N)
base shear (N)

(b)
Figure 4: Static Pushover curves for (a) GLD and (b) OSD case-study buildings

Starting from each SPO curve (SPC), the capacity curve (CC) of the equivalent single-degree-of-
freedom (SDOF) system [32] can be obtained dividing the abscissa and ordinates of SPO curve by
the first modal participation factor in the considered direction (see Figure 5a). The CC has been bi-
linearized using an equal-energy approach (according to [15]) thus obtaining an Elastic-Perfectly-
Plastic (EPP) curve (whose first elastic branch is characterised by an “effective” period, Tefr). The
EPP curve is, then, represented in the Acceleration-Displacement Response Spectrum (ADRS)
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domain, where also the demand spectrum at the considered limit state can be reported (see Figure
5b).
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Figure 5: Example of the seismic assessment procedure: from the SPO curve to EPP capacity curve (a); from the EPP
capacity curve to the capacity spectrum (b)

In order to obtain the “capacity spectrum” for a given capacity point, the elastic capacity point (i.e.,
CeL s for the as-built configuration) should be detected starting from the corresponding inelastic
capacity point (Cv*s™ 1) using the equal displacement rule, modified for short period systems by
[37]. In particular, in case of long or intermediate effective period of the equivalent SDOF (Tef2Te),
the elastic and the inelastic displacements (i.e., the abscissas of CL?! and Cin*$*"! points) match
each other, whereas the ordinate of CEL*s™ ! point can be graphically obtained by intersecting the
vertical line through Civ*™ i with the elastic branch of the bi-linearization. The resulting spectrum
passing by Ce® ! is the capacity spectrum at the considered limit state, to be compared with the
demand spectrum at the analysed limit state. In particular, the demand-to-capacity ratio in terms of
PGA is defined herein as the building’s safety index (SI), based on which the design of retrofit has
been carried out.

In Figure 6 the above-explained seismic assessment procedure is shown for the (i) DL limit state, and
the (i1) LS limit states (at the achievement of the first ductile failure (DF)), for GLD and OSD case-
study buildings, separately in longitudinal (X) and transverse (Z) directions.

Quite low SI values have been obtained at DL limit state, especially in the Z direction, being SIbLLs
equal to 0.63 and 0.50, for GLD and OSLD buildings, respectively.

For both the buildings and in both directions, the safety index at LS limit state (SILsLs,pF) is quite
high, if only ductile failures are considered (especially for the OSLD case-study building).
Nevertheless, when shear failures are considered, too, at LS limit state, the SIs values significantly
decrease, as reported in Table 1, which shows also the resulting Sls in terms of PGA at the first joint
cracking and at the first shear failure in RC beams/columns for each direction and for both case-study
buildings. Note that, for the first joint failure, in both directions the same SI is observed, being the
corresponding capacity return periods less than 30 years for both the main directions. Thus, for both
directions, the same “minimum” code-based [15] spectum has been considered as capacity spectrum
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(Tr=30y). Based on these outcomes, the retrofit of the two case-study buildings has been designed

by means of two main strategies, as explained in the next sub-section.
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Figure 6: Seismic assessment with reference to Damage Limitation (DL) and Life Safety (LS) limit states for (a; c)

S 4 (mm)
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GLD and (b; d) OSD case-study buildings

GLD OSD
X direction Z direction X direction Z direction
1t IDR=0.5% 0.77 0.63 0.73 0.50
1% joint failure 0.34 0.34 0.19 0.19
1%t shear failure 0.62 0.52 0.43 0.47
1%t ductile failure 0.87 0.93 0.93 0.96

3.3 Design of retrofit

Table 1: SIs summary
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The main aim of the design of the retrofit strategies is to increase the SI towards/beyond the unity,
by adopting one of the available retrofitting techniques or also combining them. Mainly, these
techniques are based on strategies which involve the reduction of the seismic demand or/and the
increase of the building’s capacity. In this work, two main strategies for the retrofit’s design have
been considered:

(A) the complete resolution of all the shear failures (in columns or joints) only, by means, for
example, of localised wrapping with Fiber Reinforced Polymers strips, steel cages, or pre-
stressed steel strips;

(B) the reduction of the displacement demand at DL limit state by means of RC column jacketings,
when necessary, along with the resolution of shear failures (as for the strategy A).

Strategy “A” aims at the resolution of all the shear failures, both in joints and shear-critical columns,
by means localised interventions. According to this strategy (see Figure 7a), any shear failure in the
post-retrofit phase is solved, so that the seismic capacity moves from the first shear failure of joint -
the minimum one in the as-built configuration - (at JA®'in Figure 7a) to the first ductile failure (at
CivAs™Y - This strategy does not reduce the seismic displacement demand (being Ter st
=TerR°M), but only increases the shear capacity and, in tune, the deformation capacity of the
retrofitted members. As a result, the final SI of the building is not higher or equal to the unity, but it
corresponds to the first ductile failure capacity (which in these cases is always beyond the 80%,
namely already “acceptable” according to current codes [15]). Such strategy could be pursued by
means of FRP fabrics, steel cages or pre-stressed steel strips. However, note that the exact definition
of the tecnique and the material properties to be used to apply this strategy is beyond the scope of this
work.

Conversely, strategy “B” is based on the decrease of the seismic demand of the entire structure by
means of the increase of building’s stiffness. In Figure 7b, the retrofit strategy “B” is graphically
shown, starting from the elastic demand point in the as-built condition (De.**""). This point belongs
to the demand spectrum at the considered limit state and can be detected considering the effective
period of the equivalent SDOF (Ter®"). The corresponding inelastic demand (D) can be
found though the equal displacement rule. Therefore, to achieve SI equal to one, the retrofit
intervention should be able to move the inelastic demand from DSl to CvA3™ilt reducing the
effective period of the equivalent SDOF. This strategy may be implemented by using the RC
jacketing, making an additional concrete layer outside the perimeter of the existing members, and
introducing additional longitudinal and transversal reinforcements. For both the buildings, RC
column jacketing are designed by assuming as Cin*s"!t the capacity at DL limit state, instead than
the first ductile failure at LS limit state. It is worth noting that in a code-based approach, the safety
check at DL limit state is not mandatory [15], but in this study it has been analysed to create an upper
bound for the lateral stiffness that can be reached for these buildings. For both the buildings, the
retrofit’s designed involved the columns belong to the MRFs along the exterior perimeter in Z
direction (see Figure 8). The concrete overlay of the four-sided jacket is at least 100 mm, to guarantee
a sufficient cover for the new reinforcement. In particular, all the jacketed columns resulted in a 50x60
cm? cross-section (starting from the original 30x30 cm?) for GLD building and in a 50x70 ¢cm? cross-
section (starting from 30x30 cm for the corner’s columns and 40x30 cm for the remaining ones) for
OSD building. The jacket's concrete class and the reinforcement steel type is C25/30 (fek= 25 MPa;
fem=33 MPa), and B450C (fyk=450, fym=500 MPa) respectively [18]. The longitudinal reinforcement
is 1218 and 12020 (i.e., about 1% of the new cross-section area) for GLD and OSLD buildings,
respectively. Additionally, stirrups with 140 mm spacing and 8 mm diameter have been used in both
buildings; they were designed to guarantee a ductile behaviour for these new columns.
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Figure 7: Strategies “A” (a) and “B” (b) for buildings’ retrofit in the ADRS domain.

These retrofit solutions allow to increase the safety indexes.

If Strategy “A” is applied, SI at LS limit state increases from 0.34 to 0.87 for the GLD building, and
from 0.19 to 0.93 for the OSD building (see Table 1); the re-analysis of the retrofit buildings is not
necessary since no modification in mass and stiffness are expected to occur if this strategy is applied
[38]. Additionally, DL limit state safety check does not change at all, obviously.

On the contrary, if Strategy “B” is applied, the retrofitted buildings should be re-modelled and re-
analysed to prove its effectiveness. In this case, for member with deformed bars, namely only for
columns interested by RC jacketing in the retrofitted buildings, the nonlinear flexural response has
been modelled by means of the proposal by [39]. Note that, for sake of simplicity, and according to
Italian code [15], it is assumed that the “new” jacketed” sections are made up of the new steel and
concrete only, and that the whole new section will sustain the total axial load (including gravity loads
already present in the as-built phase). The “shape” of the moment-rotation relationship of the
nonlinear response used for these elements is similar to that already described for members with plain
bars, except than for the softening phase, as shown in Figure 3. It is worth noting, however, that an
important difference exists between the models used herein for members with plain bars and with
deformed bars: the model by [22] proposes a monotonic backbone that already reproduces the
envelope of the cyclic response of columns subjected to cyclic lateral loading; on the contrary, the
monotonic curve provided by [39]’s model does not account for any cyclic degradation, and some
degrading rules have been suggested explicitly depending on the case-specific loading history. Such
a discrepancy should be necessarily solved in future works, if a comparison based on static pushover
curves has to be performed. With these modelling hypotheses, Figure 9 (a,b) shows the Sls in Z
direction (the direction that conditioned the design of retrofit) for the buildings retrofitted by means
of the Strategy “B”, highlighting a great reduction in the effective period of the equivalent SDOF,

and resulting in ST . very close to the unity for both the buildings.
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Figure 8: RC jacketing defined according to Strategy “B”
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Figure 9: Seismic assessment with reference to Damage Limitation (DL) limit state for as-built and retrofitted (a) GLD
and (b) OSD buildings

4. RE-ASSESSMENT OF AS-BUILT AND RETROFITTED BUILDINGS: ASSUMPTIONS

After the code-based assessment of the as-built buildings and the design of their retrofit, a re-
assessment of these buildings has been performed, as explained in this section. This further phase of
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assessment is aimed at the evaluation of the “real” seismic capacity of the as-built and retrofitted
buildings, explicitly considering the infills contribution, the beam-column joints nonlinear behaviour,
and the limited displacement capacity of columns potentially subjected to shear failures (see section
4.1). To this end, damage states definition according to EMS-98 macro-seismic scale [17] has been
adopted instead than code-conforming limit states (see section 4.2).

4.1 Modelling assumption

A lumped plasticity approach has been used for RC members by means of zero-length elements in
OpenSees located at the ends of each beam/column element in series with elastic BeamColumn
elements (see Figure 10), as for the “code-based assessment” phase.

For member with plain bars, the flexural (bending moment, M — versus — chord rotation, 6) response
of beams and columns has been modelled by means of the (quadri-linear) proposal by [22], as already
explained in section 3.1. In addition, for the as-built buildings, a pre-classification of each RC member
has been performed to a-priori identify its failure mode (i.e., flexural element, F; flexure-shear
element, FS; purely-shear element, S), by comparing plastic shear load and shear strength, the latter
calculated according to [5]’s shear strength model. When FS or S elements were detected, the relevant
flexural moment-chord rotation relationship shown in Figure 10 has been modified, according to [2],
by limiting the element deformation capacity according to [6]’s proposal for shear critical RC
columns. For the GLD-building, only some interior columns at lower stories resulted to be FS-
elements. In the case of OSD-building, almost all columns at the first floor (except than column
belonging to the exterior transverse frames) resulted FS-elements. In the retrofitted buildings for both
the adopted possible strategies (“A” and “B”), it is assumed that the shear failures of these elements
have been solved, with a proper technique (e.g., by mean of localized steel cages or FRP fabrics), so
that the shear strength of each element becomes higher than its plastic shear load. In such a hypothesis,
all the elements in the retrofitted buildings have been assumed as “ductile” (“F” failure mode) with
their relevant displacement capacity.

For members with deformed bars, namely for columns interested by RC jacketing (in the case of
Strategy “B”), the nonlinear flexural response is modelled by means of the proposal by [39], as
commented in section 3.1. Since model by [39] is used only for RC jacketed members, no further
modifications are needed to account for any eventual shear failures. In fact, for each jacketed element,
a proper number of stirrups can be used to prevent shear failures and ensure its ductile behavior.
Nonlinear response of beam-column joints has been modelled, too (see Figure 10). A zero-length
rotational spring has been introduced in the numerical modelling at each beam-column centreline and
rigid offset spreading within the joint panel have been modelled at the ends of the beams/columns.
The joint moment (M;)- shear strain (yj) response depends on the joint typology. The model proposed
by [7] is adopted for exterior joints. For interior joints, the joint shear strain values proposed by [40]
and the joint shear strength proposed by [41] have been used. For further details, see [7]. As for shear
failures in columns, also for joints, it is assumed that, in the retrofitted buildings, the potential shear
failure of these elements will be completely solved by means of proper strategies (e.g., by means of
pre-stressed steel strips or FRP fabric in the joint core) in both the possible strategies (“A” and “B”),
so that the beam-column joints become simple elastic elements.

About infill panels, two diagonal (concentric) compressive-only resisting struts (one per loading
direction, as shown in Figure 10) have been implemented in each bay (with truss element of OpenSees
library). [28]’s (tri-linear) model has been adopted herein: the corresponding axial load-axial strain
(Nw-gw) response have been implemented with a Hysteretic uniaxial material (see Figure 10) for each
truss element. Additionally, [42]’s reduction coefficients of infill lateral strength and stiffness have
been used when openings are present.

Lastly, P-Delta effect are considered.

1287



Maria T. De Risi, Santa A. Scala, Carlo Del Gaudio, and Gerardo M. Verderame

Nw N Mj A M \ J Mj,max
ZeroLength Element Elastic B Col Hysteretic Y Pinching4
astic beam¢ otumn 0O uniaxial material M; er uniaxial material
(as-built only)
1 >

s
g ;
=
IS
QO [ > >
§ Ener Eumax Eyres Ey Yier iy ¥jmax Vires Y
N
Q
L M o M .
g Pinching4 A ModIMKPeakOriented
2 o . S .
= Meap uniaxial material Mcap uniaxial material

(F-elements) (F-elements)

M int M
ZeroLength Eleme Mo M
eroLength Element M, M
» ° »
> 9 ]
dcr 0\/ 0Cﬂp A Hint 00 Hcr 0\/ OCBP A 00
Plain bars Deformed bars

Figure 10: Schematic view of the modelling strategy adopted for each bay for the “real” assessment approach

4.2 Damage States definitions

A key issue for the assessment of the “real” seismic capacity is the definition of Damage States (DSs)
for the investigated buildings. Two aspects should be considered for these buildings, in agreement
with [17]’s definition Table 2), namely:

e the damage to infill panels, generally significantly affecting the relevant repair costs in the

aftermath of seismic events ([12]-[14]);

e the damage to RC components (beams/columns and joints).
Therefore, each DS can be achieved due to the achievement of a certain damage level in RC members
or in infill panels. The achievement of DS1, DS2, and DS3 due to infills is defined herein according
to [43], namely when the interstory drift ratio (IDR) reaches the median IDR capacity at each DS (see
Figure 11). In this study, the achievement of DS1, DS2, and, DS3 is also associated to the achievement
of the first cracking, the first yielding and the first peak load, respectively, in one element among
beams, columns and beam-column joints. However, damage to infills, from light cracking to severe
damage, generally condition the achievement of DS1 to DS3 in infilled RC buildings [44], as in the
present applications.

DS EMS-98 [17] Adopted in this study
. . . IDRinfins,ps1
DSI1 Negligible to slight damage min {RC beam/column/joint cracking

IDRinfins,ps2

DS2 Moderate damage min {RC beam/column/joint yielding/pre — peak

DS3 Substantially to heavy damage min{ IDRinis ps3
Y Y g RC beam/column/joint peak
RC beam/column zero-load or beam-column joint
bs4 Very heavy damage residual strenght
DS5 Collapse RC beam/column zero-load (if “FS”)

or Vbase:()

Table 2. Adopted DSs definition for infills and RC members and comparison with EMS-98 macro-seismic scale

DS4 and DS5 are achieved due to damage to RC members only, since, at those DSs, infill panels
should be already totally damaged. In this study, in agreement with [44], it is assumed that DS4 is
achieved when a beam or a column completely losses its lateral load capacity or a beam-column joint
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reaches its residual capacity. When this condition occurs in FS-elements, it is assumed that DSS5 also
occurs (contemporary to DS4), since, when a shear-critical element losses its lateral load capacity, it
is also characterized by the onset of its axial-load failure, which reasonably leads to the collapse of,
at least, a part of the building. DS5 is anyway reached when the building base shear becomes null. It
is worth noting that the definition of DS4 and DSS5 still deserves further investigations in future
research efforts.

DS1 DS3

Figure 11: Example of damage state evolution for a masonry infilled frame for the experimental test “DIST Unina”
performed at the University of Naples Federico II, adapted by [43].

5. RE-ASSESSMENT OF AS-BUILT AND RETROFITTED BUILDINGS: RESULTS

Based on the assumptions explained in section 4, in this section, the SPO curves of the as-built
and retrofitted buildings are shown (section 5.1), along with the simplified Incremental Dynamic
Analysis (IDA) curves obtained by means of SPO2IDA tool [16] in terms of spectral pseudo-
acceleration Sa(T) (section 5.2). Starting from Sa(T), and assuming the spectral shape suggested by
[15] for the Italian country, the corresponding PGA capacity values are obtained and fragility curves
in PGA at each DS are finally shown in section 5.3. A preliminary comparison among the as-built
and the retrofitted buildings is also performed in terms of Expected Annual Losses (EAL) (section
5.4).

5.1 SPO curves

SPO analyses have been performed for each case-study building separately in longitudinal (X) and

transverse (Z) direction. Two lateral load distributions have been applied, as already explained in
section 3. Resulting SPO curves — in terms of base shear versus Atwp - and their comparison are shown
in Figure 12, grouped depending on the design typology and loading direction, for the as-built and
the retrofitted buildings.
It can be noted that SPO curves related to the two as-built buildings are quite similar to each other,
even if, as expected, OSD presents higher base shear values and displacement capacity of GLD in the
longitudinal direction, as already highlighted in section 3. It can be noted that the “Uniform”
distribution leads to higher base shear values. Additionally, the most important comparison can be
performed by analysing the SPO curves related to the as-built conditions and Strategy “A” case. It
can be observed that the SPO curves do not significantly change when Strategy “A” is adopted, except
than (slightly) in the softening branch, since FS-elements in the as-built buildings (when involved in
the collapse mechanism) present a stiffer softening branch and a lower displacement capacity than
the “corresponding” F-elements in Strategy “A”. On the contrary, when RC jacketing are used,
obviously, the SPO curves significantly change, incrementing their base shear values and
displacement capacity. A very important increment in ductility capacity is also due to the global
collapse mechanisms that generally characterise these buildings when the Strategy “B” is adopted.
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Figure 12: Comparison of SPO curves

5.2 Simplified IDA curves

SPO curves are obviously related to a multi-degree-of-freedom (MDOF) system. SPO curve’
abscissa and ordinates can be divided by the first mode participation factor (I') of the building, in
each considered direction, to obtain the capacity curve (CC) of the equivalent SDOF system [32].
Then, each CC is multi-linearized to take in due account the strength and stiffness contribution of
infill panels. Nevertheless, a zero-strength residual branch is introduced, whereas the softening branch
is defined based on an energy-equivalent approach between the peak load and the zero-lateral load
point on the pushover curve. As a result, four-branch capacity curves are obtained for each analysed
building.

Starting from each quadri-linear CC, the related Incremental Dynamic Analysis (IDA) curve have
been derived thanks to the well-known SPO2IDA tool by [16], which provides the relationship
between the selected engineering demand parameter (edp) and the seismic hazard intensity measure
(IM). To apply the SPO2IDA tool, the CC should be first expressed in terms of ductility (1) — strength
reduction factor (R). The ductility p is derived as the ratio between CC abscissas and yielding
displacement. The factor R is the ratio between CC ordinates and yielding acceleration. SPO2IDA
tool finally provides the IDA in terms of edp (spectral displacement) versus /M (spectral acceleration).
Therefore, given a certain capacity edp, the corresponding 16™-, 50" and 84™- percentiles of
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capacity M can be obtained; alternatively, given a certain /M demand, the corresponding 16", 50%-
, and 84™- percentiles of demand edp can be derived. 50th-, 16™- and 84'"- percentile IDA curves also
allow quantifying the record-to-record variability, which will be used later for the definition of the
fragility curves “slope”.
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Figure 13: GLD-buildings: Multi-linearized CC, simplified IDA curves and capacity at each DS (only results for
“Modal” distribution are reported, for sake of brevity)

Figure 13 and Figure 14 shows the multi-linearized CCs (reported as spectral displacement, Sq, versus
spectral pseudo-acceleration, S, relationships) and the related (median, 16™ and 84" percentiles) IDA
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curves for the case-study buildings, along with the performance points related to the achievement, for

the first time, of DS1 to DS5 (as defined in section 4).
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Figure 14: OSD-buildings: Multi-linearized CC, simplified IDA curves and capacity at each DS (only results from
“Modal” distribution are reported, for sake of brevity)

It is worth noting that the achievement of DSi (with i=1, 2, 3) for infill panels is assumed to occur
when the IDR demand in a panel reaches its median capacity value at that DSi. Additionally, due to
the structural regularity of the case-study buildings and the same adopted capacity thresholds for all
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the panels (for sake of simplicity), the achievement of DSi “contemporary” (namely, at the same top
displacement level) occurs in all the panels in a storey, in a given direction.

It can be noted that, when Strategy “A” is applied, DS1-to-DS3 remain almost unchanged, whereas
displacement capacity at DS4 and DS5 can more significantly increase, especially when their
achievement in the as-built buildings was strongly conditioned by the achievement of a null lateral
load in shear-critical columns involved in the collapse mechanism.

On the contrary, when Strategy “B” is adopted, seismic capacity at all the DSs improves, above all at
DS4 and DSS5, but also at less severe DSs. This is mainly due to the increment of lateral stiffness
induced by the RC jacketing and to the design approach chosen for this strategy (since it was designed
to satisfy the DL limit state).

It is so clear that Strategy “A” and Strategy “B” create a range of minimum and maximum variation
of the seismic capacity for these buildings, especially for what concerns the first three DSs, strongly
influenced by the infill panels capacity.

5.3 Fragility curves

In this section, preliminary fragility curves have been obtained in terms of peak ground
acceleration (PGA). To this end, the seismic capacity in terms of Sa has been used for each case-
study, along with the spectral shape defined according to Italian code [[15]] for the sites of interest.
A single fragility curve (for each DS) has been reported here for each case-study since it represents
the minimum capacity between the two main directions and the two selected lateral load distributions
(Uniform or Modal). Minimum values of PGA capacities for each case-study are first shown in Table
3. Fragility curves are finally shown and compared to each other in Figure 15. Only record-to-record
(RtoR) variability is considered in this study. This is the reason why DS1 fragility curve is a “Z-
shaped” function, since DS1 generally belongs to the first (elastic) branch of the multi-linearized CC,
and no RtoR variability exists in this range of behavior. Further sources of variability should be
introduced in future works.

As-built Strategy “A” Strategy “B”
b N sl I ol el B BLCAXC B v
DS1 0 0.05 0 0.04 0.90 0 0.05 1.07
DS2 0.24 0.18 0.24 0.18 1.01 0.23 0.28 1.51
DS3 0.47 0.35 0.47 0.36 1.05 0.45 0.59 1.72
DS4 0.48 0.43 0.58 0.55 1.26 0.62 1.05 2.41
DS5 0.48 0.43 0.58 0.55 1.26 0.62 1.05 2.41
As-built Strategy “A” Strategy “B”
OSD PGA PGA Retrofitted/ PGA Retrofitted/
Proor (2 Proor (2 As-built Pror ) As-built
DS1 0 0.04 0 0.04 0.95 0 0.06 1.41
DS2 0.27 0.19 0.28 0.19 1.03 0.23 0.30 1.60
DS3 0.46 0.34 0.47 0.36 1.04 0.48 0.58 1.70
DS4 0.62 0.48 0.57 0.56 1.17 0.63 1.13 2.37
DS5 0.62 0.48 0.57 0.56 1.17 0.63 1.13 2.37

Table 3: Summary of median PGA capacity and logarithmic standard deviation due to record-to-record variability
(Breor) of fragility curves
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Figure 15: Comparisons among fragility curves: GLD (a,b) and OSD (c,d) buildings

The main outcomes from Table 3 and Figure 15 can be summarized as follows:

e When Strategy “A” is applied, the seismic capacity at DS1, DS2, and DS3 changes in terms
PGA capacity only slightly (generally very below the 10%);

e  When Strategy “A” is applied, slight changes at DS1 can be ascribable to the small differences
in the very first branch of the multi-linearized CC; on the contrary, variation in PGA capacity
at DS3 are generally due to some difference in the softening branches of the multi-linearized
CC;

e When Strategy “A” is applied, only PGA capacity at DS4 and DS5 is more significantly
affected; it can increase from +17% (OSD) to +26% (GLD), mostly due to the capability to
switch off column shear failures (when they resulted shear-critical elements in the as-built
buildings);
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e When Strategy “B” is applied, the maximum increment in PGA capacity at DS1 to DS3 can
be observed, due to the higher lateral stiffness produced by the columns RC jacketing and the
way these jacketings have been designed (namely, to satisfy the DL limit state, see section 3);

e When Strategy “B” is applied, the PGA capacity at DS4 and DSS5 increases significantly (more
than 100%) also thanks to the global collapse mechanism they produce.

A final comment is about the difference in terms of capacity increment assessment obtained in this
section and that obtained in a code-based approach (section 3). When safety check and retrofit design
are performed in code-based approach, the first joint failure significantly influences the seismic
capacity of the as-built building, limiting it to the first shear cracking in the joint panel in a force-
based approach. When shear-critical elements, like joints as well as columns, are analyzed in a
displacement-based approach, contrary to what the code prescribes, the assessment results are very
different, even in the as-built configurations. Additionally, infill panels are not accounted for in
typically code-conforming practice-oriented analyses. As a result, even if Strategy “A” leads to a
PGA capacity increment higher than 150% for GLD and 350% for OSD (from the first joint shear
failure to the first ductile failure) in a code-based approach (section 3), such a high increment cannot
be found when a displacement-based safety assessment is performed; in this latter case, the capacity
increment ascribable to Strategy “A” is more limited (around +20%), at least for the buildings
analysed in this work.

5.4 Preliminary estimation of EAL

A final comparison among the as-built and the retrofitted buildings is performed here in terms of
mean Expected Annual Losses (EAL), to emphasize the importance of the less severe damage states
— and thus of masonry infills which condition the achievement of those DSs - to the seismic loss
estimation. It is worth remembering that EAL represents the average amount of money (generally
expressed as a percentage of the total reconstruction cost) to be spent per year to repair damage due
to seismic events during the building lifetime.

First, for each DS, the expected seismic losses, expressed as a percentage of the total reconstruction
cost (%CR), should be defined. A clear association between %CR and limit states defined according
to Italian [15] and Eurocode 8 [18] can be found in [44] and in [46]. In this work, such an association
is preliminary based on a previous study by the Authors ([13]-[14]), which considered damage to
infills/partitions and services only for the same DSs adopted herein (in particular from DS1 to DS3).
Therefore, 4%, 15%, and 31% of the building reconstruction cost has been assumed here at DS1,
DS2, and DS3, respectively, only accounting for seismic losses due to infills/partitions and services
allocated in within. DSS5 is instead a physical collapse for the building and, therefore, it is associated
herein to 100% of the reconstruction cost.

Additionally, the mean annual frequency of exceeding a certain DS (A) can be obtained (as the inverse
of the capacity return period at that DS), thus obtaining all the information required to calculate the
EAL, as the area underneath the A-%CR curves (Figure 16). A maximum threshold for A (10%) has
been preserved in agreement with [46].

Resulting EAL values are finally reported in Table 4. It can be noted that the EAL related to the as-
built buildings and that related to the adoption of “Strategy A” are technically identical (about 3% of
reduction). This means that, when seismic capacity increment affects the most severe DSs only, no
benefits can be gained in terms of seismic losses. On the contrary, the increment in lateral stiffness
(produced by Strategy “B”) can reduce the EAL of about 20% for both the case-study buildings.
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Figure 16: Percentage of the Reconstruction Cost (%CR) depending on the mean annual frequency of exceedance each
DS (»)
EAL (%) GLD OSD
As-built 1.33 1.41
Strategy “A” 1.28 (-3%) 1.36 (-3%)
Strategy “B” 1.06 (-20%) 1.08 (-21%)

Table 4: Expected annual losses, EAL (in grey, its percentage variation with respect to the relevant as-built building).

6. CONCLUSIONS

A preliminary seismic analysis of two case-study low-standard RC buildings has been presented,
based on static nonlinear analyses. The investigated case-study structures are 4-storey buildings
representative of Italian pre-70 residential buildings, designed for gravity loads only (GLD) or
according to obsolete seismic design (OSD). First, they have been assessed in a code-based approach
according to the current Italian code [15], namely without infills (as typical in practice) and modelling
nonlinear flexural response of beams and columns only, whereas columns/joints shear failures have
been detected in post-processing (in a force-based safety check). Then, based on the as-built
assessment outcomes, the retrofit phase has been designed by means of two alternative strategies,
representing two boundary conditions for the lateral stiffness modification of the buildings:

1. Strategy “A”: the complete resolution of all the shear failures (in columns or joints), if any,

at Life Safety limit state;

2. Strategy “B”: the reduction of the displacement demand by means of RC column jacketings,

designed at the Damage Limitation limit state, along with the resolution of shear failures at
LS limit state.
Then, both the as-built and retrofitted building configurations have been modelled and analysed
explicitly considering the presence of infills and shear-critical elements, including beam-column
joints. Fragility curves have been obtained at different Damage States (DSs) according to European
Macroseismic Scale EMS-98, from DS1 to DS5, considering record-to-record variability, and
compared to each other. DSs from 1 to 3 were significantly affected by the infill presence; they were

always achieved due to the achievement of the relevant drift capacity in infill panels.
The following conclusions can be drawn:
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e when Strategy “A” is applied, the seismic capacity at DS1, DS2, and DS3 changes only
slightly (generally very below the 10% in terms PGA capacity);

e when Strategy “A” is applied, only seismic capacity at DS4-5 is more significantly affected;
PGA capacity at DS4 and DSS5 it can increase from +17% (OSD) to +26% (GLD), mostly due
to the capability to switch off column shear failures (when they resulted shear-critical
elements in the as-built buildings);

e when Strategy “B” is applied, the maximum increment in PGA capacity at DS1 to DS3 can
be observed, due to the higher lateral stiffness produced by the columns RC jacketing and the
way these jacketings have been designed (namely, to satisfy the DL limit state);

e when Strategy “B” is applied, the PGA capacity at DS4 and DSS increases significantly (more
than 100%) also thanks to the global collapse mechanism they produce;

e if mean Expected Annual Losses (EAL) are evaluated, it can be noted that, when seismic
capacity increment affects the most severe DSs only (as for Strategy “A”), no benefits can be
gained in terms of economic losses (only 3% reduction); on the contrary, the increment in
lateral stiffness produced by Strategy “B” can reduce the EAL of about 20% for both the case-
study buildings.

It is worth noting that the present study analyses only two case-studies in a static nonlinear analyses
approach and only considering record-to-record variability to obtain fragility curves. Other case-
studies and sources of variability should be considered in future works, also in the context of nonlinear
dynamic analyses. Additionally, the modelling strategies and DSs definition adopted herein will be
deeper investigated, both about a more detailed definition of DS4 and DSS5 (a topic still controversial
in the literature), and about the modelling of further key shear-critical phenomena (above all involving
beam-column joints), such as the joint axial load failure in as-built buildings (herein neglected).
Lastly, in this study, infill panels have been considered to be identical in the as-built and in retrofitted
buildings. Nevertheless, such an aspect could be modified in future works to consider the possibility
of a change in infill typology to address energy-efficiency requirements, at least when invasive
strategies (like Strategy “B”’) are implemented.
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