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ABSTRACT: A large number of research studies have been devoted to the modelling and analysis of infilled Reinforced Concrete
(RC) framed buildings under seismic actions; it is well known that infills play a significant role in the overall structural perfor-
mance. The present work reports the results of the nonlinear static assessment performed on a masonry infilled RC frame building
retrofitted with dissipative braces, located in the area struck by the 2016 Central Italy seismic sequence. The building is an interest-
ing case study because it is equipped with dissipative braces and with a monitoring system; the monitoring system recorded the
building response to the seismic sequence and consequently the evolution of the structural response with the progressive deteriora-
tion of the infill. Numerical analyses were performed by using nonlinear 3D models, considering both the bare and the infilled
frame, in order to appraise the interaction of the infills with the RC elements and the dissipative contribution offered by the dissipa-
tive bracing system; an alternative retrofitting approach, finalized to prevent non-structural damage, according to the Bergami-Nuti
procedure is finally proposed.
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1 SCOPE OF THE WORK

The aim of this work is to discuss the seismic response of De Gasperi Battaglia School building located in
Norcia (Umbria, Italy), an existing masonry infilled Reinforced Concrete (RC) frame building equipped with
dissipative braces.

In the paper the building history and characteristics are provided. The structure, equipped with a monitor-
ing system, was retrofitted few years before the seismic events happened in 2016; a complete survey of the
building was performed and an additional system of dissipative braces were installed to obtain a seismic retro-
fitting according to the Italian technical code NTC 2008. The seismic events of 2016 Central Italy sequence
struck the building and in particular two major events: 24 August 2016 (Ea), at 3:36 (magnitude Mw 6.0) with
epicenter located along the Valle del Tronto, between the municipalities of Accumoli (R1) and Arquata del
Tronto (AP), and 30 October 2016 (Eo), the strongest event (magnitude Mw 6.5), with epicenter between the
municipalities of Norcia and Preci (a near field event for the case study). In the paper is discussed and ana-
lyzed how the infill contribution strongly influenced the seismic performance of the building during the seis-
mic sequence and, therefore, how this “variable” can compromise the design hypothesis: dynamic response,
modal analysis, displacements and therefore the dissipative braces contribution (dissipative braces are com-
monly designed neglecting the infills in the analyses. An alternative approach for the design of the dissipative
braces is finally proposed.

2 INTRODUCTION

A great part of the existing structures built in Italy is composed by masonry infilled RC frames that have
been designed without considering seismic induced actions and seismic criteria for strength and ductility de-
sign; the inadequate safety level can be ascribed to the poor constructive detailing, the simplified design ap-
proach (e.g. lack of a real tridimensional framing system or any design of beam-column joints) and of course
to structural deterioration. In this context the contribution of the infills to the global and local seismic re-
sponse of the building, hence, assumes a fundamental role considering that the design of the reinforced con-
crete frame buildings (RCF) is usually performed without considering the infills and, as previously discussed,
it was intrinsically defective. The influence of the infill walls can be, however, very different, depending on
their mechanical features, geometrical configuration and spatial distribution within the building. The scientific
community is still working on this issue at many levels. After seismic events that have occurred in the last 10
years in Italy, the observation of the damage patterns revealed that the performance of RCF buildings was
significantly influenced by the presence of infill walls. Two categories of buildings can be distinguished:
modern buildings designed following a specific seismic code and existing buildings designed only to resist to



gravity loads. In both cases, the structural response of RCF may be positively or negatively conditioned by
the non-structural masonry infills.

In literature this specific issue has been discussed widely discussed in Bergami et al. (2013-2017) also pro-
posing solution for the infill modelling and the dissipative bracing design.

In this paper, with the aim of appraising the influence of the infill panels over the global response under the
seismic actions, the case study of an existing school building in Norcia is discussed; the building is equipped
with a monitoring system that recorded the Central Italy seismic sequence of 2016. In particular the effective-
ness of the dissipative bracing system design to retrofit the building will be analyzed considering the contribu-
tion offered by the infills during the seismic sequence.

3 DESCRIPTION OF THE BUILDING

3.1 General description of the structure

The building chosen as a case study is school building located in a high seismic risk area (Norcia, Province
of Perugia, Central Italy). The school building was built in the '60s (at that time, the in force seismic codes
were the Law No. 64 of 02.02.1974, and the Ministerial Decree 03/03/1975, which nowadays have been com-
pletely overcome); compatibly with the calculation methodologies of the time, the structure was designed by
analyzing 2D frames schematizing the reinforced concrete frames arranged in the transverse direction of the
building. The building was originally an aggregate, designed considering three separate blocks aligned longi-
tudinally, that has been solidarized into a single body in the years following the construction. Although not
explicitly required by the legislation of the time, the designer also took into account the seismic action by ap-
plying an horizontal acceleration of 0.07 g dimensioning the frames.

After the Central Italy earthquake 1997 (Umbria-Marche) that severely damage it, was widely investigated
and studied:

— destructive and non-destructive investigations
— a monitoring system was installed so the building was equipped with 11 accelerometers (5 monoaxial, 5 bi-
axial and 1 free triaxial field) for a total of 18 channels of recording.

In decade 2003-2013 a structural retrofitting was designed and realized with the insertion of some dissipa-
tive braces. The devices are BRAD® (buckling restrained braces) type 14/40-b produced by Fip Industriale
spa (Italy).

The building consists of a basement (level -1), a ground floor (level 0), two additional floors (level 1 and
2) and a not practicable attic (level 3) and the main structure consists in a set of reinforced concrete frames
with masonry infill, arranged in two main directions
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Figure 1. Main fagade of the building
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Figure 2. Typical transversal frame of the building structure with dissipative braces
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Figure 3. Typical longitudinal frame of the building structure with dissipative braces

With regard to the masonry infill panels, a complete review and classification was performed, identifying the
constructive features, materials and recurrent dimensions. The characteristics of the infills (typology, geome-
try and position) have been defined for all the eight types of infill identified (four type external walls and four
type of internal partitions — Figure 4-7). The mechanical parameters of the infills have been derived according
to other studies on similar materials (Bergami et al., 2016) and are summarized in Table 1 and 2.

From a structural survey the mechanical parameters reported in Table 3 have been determined.

Figure 4. Transversal fagades: layout of the masonry walls
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Figure 5. Longitudinal facades: layout of the masonry walls
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Figure 6. Masonry walls of the external frames: walls of the first interstorey (a), walls of the higher levels (b). Dimensions in meters
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Figure 7. Masonry walls realized in the internal frames: type 1 (a), type 2 (b). Dimensions in meters [m]
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According to the design report the rebars are classified as FeB38k (Italian Technical Code D.M. 1996).

Table 1. Masonry - external layer [Mpa]
Masonry type 1 (external layer) — data from literature

fv 7.93 Average vertical comp. strength
fh 3.09 Average horizontal comp. strength
Ev 10167.0 Elastic modulus - vertical

En 4888.0 Average vertical comp. strength

Table 2. Masonry - internal layer
Masonry type 2 (internal layer) — data from literature

fv 1.9 Average vertical comp. strength
fh 3.11 Average horizontal comp. strength
E, 4804.25 Elastic modulus - vertical

En 432550 Average vertical comp. strength

Table 3. Structural materials
Concrete
fon  26.63 MPa  Average compression strength
of the concrete
Ec 22000 MPa Elastic modulus of the con-

crete
Rebars
fym 374 MPa  Average yelding stress of re-
bar

Es 210000 MPa Elastic modulus of rebar

3.2 Dissipative bracing system

The dissipative braces installed in the building have ben characterized according to the data provided by the
manufacturer (Fip industriale spa; Table 4); the verification tests performed on the devices installed have been
also provided allowing a detailed characterization of the devices in the numerical model developed for this
study.

Table 4. Dissipative braces: main characteristics

Fi 119 kN Yelding force — bilinear cycle

Ko 60 kKN/mm  Stiffness of the first branch of the bilin-
ear cycle

Faz 129 kN Average force @ cycle 3 and displace-
ment dod

doa  *20 mm Design displacement

Fes 140 kN Compression force @ cycle 3 and dis-

placement dbq

Figure 8. Dissipative device BRAD 14/40-b installed in the building

3.3 Monitoring system

As previously mentioned, the building was equipped with 11 accelerometers (5 monoaxial, 5 biaxial and 1 tri-
axial free field) for a total of 18 recording channels distributed as described in Figure 8.
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Figure 9. Layout of the monitoring system / Schema del Sistema di monitoraggio.

The monitoring system registered the building response to the whole seismic sequence of central Italy (2016-
2017) and therefore also the main seismic events, 24th August 2016 and 30th October 2019, selected in this
work as case study.

4 THE SEISMIC RESPONSE OF THE BUILDING

As previously mentioned, the building is equipped with a monitoring system that was able to record the
building response to the 2016 sequence that struck the town where the school is located; the response spectra
of both the seismic events considered, compared with the response spectra used to design the seismic retrofit-
ting of the school, are plotted in Figure 10. As shown in this figure, both the seismic events are very intense
for the periods lower than 0,4s. As can be observed, the events are comparable only if the x direction is con-
sidered; the Eo as similar components (it is a near field event) whereas the Ea is strongly oriented along x and
the y component is strongly lower. Comparing the design elastic spectra and the event spectra, one can ob-
serve that both the earthquakes, and in particular Eo , have been intense if the SLV spectra (elastic spectra for
the life safety limit state) is considered as a capacity indicator of the building and SLC spectra (elastic spectra
for the collapse prevent limit state) is considered as a capacity indicator for the dissipative devices.
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Figure 10. Response spectra of the seismic events considered compared with the response spectra used to design the retrofitted
building (according to the Italian technical code, NTC 2008) for both the collapse prevent (SLC) and life safety (SLV)

In the cited range of periods (T<0,4s), the Eo has been intense for both the direction (x and y) whereas the
Ea only for the y component, therefore along the x directions minor damage are expected (in particular for the
infills oriented along the longitudinal direction. Therefore the modal response of the building is a very rele-
vant parameter because only for periods higher than 0,4s the design procedure performed for the retrofitting;
the evolution of modal properties during the seismic sequence is therefore fundamental. Is indeed well known
that, during a seismic sequence, the structural and non-structural elements are damaged and, consequently, the
stiffness of the framing structure and the stiffening contribution of the infills can decrease.

This considerations have been confirmed by a numerical study of the data available from the monitoring
system and a damage survey.

Indeed, the analysis of the response to Ea and Eo demonstrate that, within the sequence of seismic events,
the building changed its dynamic response, and in particular the fundamental period of the structure, due to a
double effect: cracking of the elements in c.a. and progressive deterioration of the infill.

The relevance of the contribution offered by the infill was found by analyzing the records of two events of
the seismic sequence: Ea (24 August 2016) and Eo (30 October 2016).



The most intense event, for the School was, certainly, Eo which had its epicenter precisely in that area (it
can be classified as a near fault event).

In line with what observed in the previous paragraph, performing an FFT analysis the dynamic response of
the building and the main period of the structure were identified (Figure 11 and 12).

The building is characterized by natural periods that, analyzing the first earthquake (august 24th) and the
strongest earthquake (October 30th) evolved from 0.38s to 0.57s in the long. direction and from 0.27s to 1.07s
in the tansv. direction.

The findings confirm the loss of stiffness of the building and in particular an evolution of the most signifi-
cant damage in the transv. direction were the Ea was more intense.
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Figure 11. FFT analysis: evaluation of the fundamental period for the two main seismic events considered — transverse (y) direction

The accelerations recorded by the free field sensor and by all the other sensors installed inside the building
have been analysed and in particular the data (displacements and accelerations) along longitudinal (x) and
transversal (y) direction. Comparing data registered from the instruments disposed at the same level, but in
opposite sides of the plan, a negligible torsional effect has been observed for the Ea whereas a more relevant
for Eo.
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Figure 12. FFT analysis: evaluation of the fundamental period for the two main seismic events considered — long. (x) direction

Therefore, according to FFT results (Figure 11 and 12) it is reasonable to assume that the building, which
subsequently have been stuck by the seismic sequence that preceded the Eo event, has progressively reduced
its horizontal stiffness (more significantly in the y direction).

Adopting as damage parameter the drift and in particular:

— Interstorey drift = 0.1% selected as indicator for structural and non structural damage;
— Interstorey drift = 0.3% selected as indicator for severe damage)

The evolution of the damage state has been identified.

In the Ea (Figure 13) the structure was damaged ( a drift of 0.1% is reached in all the storey and, only for
the y direction, at the first level a soft storey mechanism was activated (drift of 0.65%).

With the Eo event (Figure 14), the response is simlar for both the directions; the range of displacements is
wider and therefore the interstorey drift, as a consequence of the progressive stiffness reduction (according to



the damage state previously discussed). With the Eo the non structural damage is more relevant and the
contribution offered becomes negligible.

The numerical analyses previously discussed are confirmed by the damage survey performed after the two
seismic events. In Figure 15-17 the damage state of the infill walls is shown.
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Figure 13. Interstorey drift evaluated processing the monitored data: seismic events of 2016/08/24 (direction x and y)
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Figure 14. Interstorey drift evaluated processing the monitored data: seismic events of 2016/10/30 (direction x and y)

After the Eo many infill panels were severely damaged and, in some cases, expelled out of the framing
plane. Therefore the interaction infill-frame was still active after the Ea but was substantially eliminated
during the Eo. Therefore, according to what observed and derived from the data analysis, the building
response evolved from the reponse of a masonry infilled frame to the response of a bare frame. This evolution

is relevant and, if not considered during the design phase, can invalidate the design bases compromising the
performance attended.



Figure 16. Damage state on the external infill after Ea (left) and Eo (right)

Figure 17. Damage state on the internal infill after Ea (up) and Eo (bottom)

5 NUMERICAL MODELLING

A numerical model of the building has been realized using ‘SAP2000° (Computer &Structures Inc., 2010)

considering different configurations:

a) bare frame — the RC frame only that is the structural system considered by the designer of the retrofitting
system with dissipative braces;

b) infilled frame — that is the real structural system existing before the retrofitting project;

c) retrofitted building — that is the building existing during the seismic events;

d) retrofitted building designed according to an alternative procedure (Bergami et al., 2013) in order to prevent
damages on the infills.

In the numerical model the nonlinearity are concentrated in elements extremities: the plastic hinges (in the

numerical model fibre hinges were used). These plastic hinges represent points where the nonlinear material

deformation occurs, being situated through elements’ extremities because of higher bending forces. In the ge-

neric section, the stress and strain states are obtained by integrating the axial response of all the fibres of the



section. Section are characterized by unconfined concrete (concrete cover), confined concrete (concrete area
comprised within the transversal reinforcements) and steel.

In order to model masonry infill as an equivalent strut, a global modelling approach was used: the approach
consist in replacing, in order to simulate infill-structure interaction, the wall with a strut.

Pin jointed struts have been used defining the nonlinear behaviour of the infill materials; the strut elements
has tension limit set to zero and zero mass and wigth (the infill has been incorporated as equivalent distributed
load on the beams). In SAP 2000 the strut element is defined by means of a non-linear link element character-
ized by a user defined load-deformation diagram that describes the non-linear behavior of infill specifically
defined for the masonry of the case study.

5.1 Infills: modelling

The characterization of the nonlinear behavior of infills is critical; in particular to simulate the post-peak be-
haviour of the building response to seismic action. Therefore the definition of the constitutive model (load-
displacement and stress-strain curves) represents an important phase to gain the real structural behaviour. The
model adopted in this work is a curve, proposed by Combescure (1996), consisting of 4 branches (Figure 18)
to be calibrated, as suggested by the author, on the basis of experimental data or a literature review.

E 4

Max loax d Crushing
Fw . .

Collapse
Stiff decrese Strength softening

Fev| ¢

Cracking
Fu . o

Uncracked behavior

e w wuv uv

Figure 18. Strut constitutive law (Combescure 1996)

with compression strength and diagonal elastic modulus defined as follow:

F.o=f.t, b, (1)
The cracking load of the infill has been assumed as the 50% of the maximum load and therefore:
F

F,=—X 2

ed 2 ( )
Displacement in correspondence with the first crack may be defined as:

F
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The second branch of the curve has an inclination equivalent to the stiffness of the infill, therefore the hori-
zontal displacement value for which the peak load is obtained is given by:

fW
§W9 = E dW (4)

weo

with:
dw length of the diagonal strut
and, according to Combescure (1996):
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5.2 Dissipative braces: modelling and design

The building has been modeled considering both the existing configuration (Retrofitted building) or an al-
ternative solution in which the dissipative braces have been re-designed according to a different procedure:
the Bergami-Nuti procedure.

The Bergami-Nuti procedure is a pushover based method and, in this case, the use of a multimodal incre-
mental analysis named IMPA (Bergami, 2017) was selected being the building irregular and therefore sensi-
tive to higher modes. Appling the procedure, differently from other approaches, the presence of the infills has
been considered and therefore the infilled frame has been adopted has representative of the structure to be ret-
rofitted. Defining the performance target, with this procedure it is possible to impose a displacement limit that
will avoid damage on both RC elements and masonry panels. Therefore the target displacement has been se-
lected adopting the following parameters: reducing the top displacement to control, in all storey, the intersto-
rey drift under 0.2%. In both the numerical model, the retrofitted build. and the alternative retrofitted build.
The dissipative braces have been modelled according to the real characteristics of existing or selected devices.
Therefore the constitutive link to be attributed to the non-linear link elements with which they were modeled
was reconstructed. It should be noted that the dissipative brace consists of two elements in series: the dissipa-
tive device and a metal profile used to connect the device to the structural frame. It is therefore necessary that
the numerical model holds against the serial behavior of these two elements.

5.3 Seismic vulnerability

The numerical model has been used to assess the seismic vulnerability of the building considering two
different configurations fr the existing building (before the retrofitting) and for the retrofitted building (as it is
or according to the Bergami-Nuti design procedure for dissipative braces)

For brevity, only few results are shown in Figure 19; the capacity curves derived performing a pushover
analysis on each building model demontrate how relevant is the contribution offered by the infill in terms of
stiffness and base shear and that, according to the Bergami-Nuti procedure an optimized bracing system can
be derived obtaing the same performances, in terms of global behaviour, but preserving the integrity of the
infills: the deformed shape is regularizedand therefore the sam top displcement is reached with a regular
distribution at all levels and without overpassing the damage limit.

The real experience, according to the design approach adopted for the existing retrofitting system,
demonstrated that the damage on the infill can compromise the funtionality anc it is a relvan risk for life
(pannel collapse).
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Figure 19. Non-linear static analysis (longitudinal direction): comparison of the configurations considered in terms of capacity
curves and demand estimation (D) for each limit state considered
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