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Abstract: Structural frames, constructed eitloérsteel or reinforced concrete (RC), are often infikdth
masonry panels. However, during the analysis of the strudtaraks, it has become common practice to
disregard the existence of infills because of the compleaxitgddeling This omission should not be allowed
because the two contributions (of infills and of frames) comeig each other in providing a so different
structural system. The use of different modeling assumptionsisagmlfy affects the capacity as well as the
inelastic demand and safety assessment. In specific, the adoptequivalent diagonal pin-jointed struts
leaves open the problem of the evaluation of the additional shezolumns and consequently of the choice
of a proper eccentricity for the diagonal strutsthis contextthis paper presents the results of a real case
study. The seismic performance of the RC structure ohaosés evaluated by using concentric equivalent
struts for modeling infills and the level of the additionalashen the columns is fixed as a rate of the axial
force on them in agreement to a strong correlationiobd after a numerical experimentatibtence, the
applicability of the correlation mentioned before is shownthedorm in which the results can be provided
is presentedThe characteristics of the new approach, first time appliedreal case, are highlighted by a
comparison between the performance obtainable with diffenedeling detail levels of the infills. Through
the paper, it is proved that the simplified evaluation efatditional shear demand produced by infills just
for the base columns is sufficient to warn that a simplifreodel disregarding infills or based on the use of
concentric struts for the infills may considerably overestirttedestructural capacity. Further, by the study of
a real case, the paper provides an overview of the modelopeudby the authors to obtain the capacity of

reinforced concrete framed structure for the practicaiegtns.
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1. Introduction

Building frames are usually infilled with masonry wallsaasatural consequence of the necessity of
separating the internal spaces from the external emaeat. Although masonry infills are not
designed as structural elements per lsg; tnteraction with the RC frames significantly influesc
the structural behavior @ building in terms of stiffness, strength and overall ditict During an
earthquake, infill walls may increase or not the laterahgaake load resistance significantimay
undergo a premature damage, developing diagonal tension andessimprfailures or oudf-plane
failures. The degree of lateral load resistance depemdseoamount of masonry infill walls used
and their direction and position within the structuregiiee effects are often associated with
irregularities in the distribution of infills in plan drelevation. This stiffness asymmetry may cause
torsion which magnifies the lateral displacement respaf the structure while the abrupt change
in stiffness in elevation may cauSft story” mechanisms (Figurel). Besides these mechanisms,
which involve the overall structural response, the infilframe interaction occurs also locally.
Infills, because of their high stiffness, attract a langewant of lateral force, that is transferred to the
surrounding frameg the proximity of the ends of RC beams and columnanesdditional shear
force. The further shear demand may be not supported lse thegions if adequate shear
reinforcement is not present, and may have esnsequence a brittle failure localized in most of
the cases in joints or the ends of columns (Fig)teDue to the design and methodological
complexity of masonry infitd RC framed structures, the numerical analysis forr thiguctural
assessment is necessary.

Over the last three decades, different computational nmadedirategies have been developed
aiming to address different levels of complexity. Amongrizeleling strategies, the most common
one is that of the macro-modeling approach, which congfdtse replacement of the infill by an

equivalent pinned strut made of the same material avidghéhe same thickness as the infill panel
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The macro-modelling approach is mainly used for the assessofe the stiffening and
strengthening effectg non-linear static or dynamic analyses (Holmes, 1961; Staffmith,
1966; Stafford Smith & Carter C, 1969, Mainstone, 1971,1974; P@pialeri, & Fossetti, 2003;
Saneinejad, & Hobbs, 1995; Asteris, Cavaleri L, Di Trapani & Sarhosis, 2015).In this
approach, the selection of a constitutive law for that sible to represent accurately the mechanical
behavior of the masonry wall is essentidlvailable models for the definition of a force
displacement curve for the strut are based on prelimimgogtheses about the modality of failure
of the infill — frame system (Bertoldi, Decanini, & Gavarini, 1993; Partagws, & Fardis, 1996;
Zarnié¢ R, & Gosti¢, 1997). In addition, for the assessment of the-dyramic seisesigonse of the
masonry infilledRC framed structures, several experimental studies (e.g. KlingnéBertero,
1978; Doudoumis, & Mitsopoulou, 1986; Cavaleri, Fossetti & Pd&pja2005; Kakaletsis, &
Karayannis, 2009; Cavaleri , Di Trapani, Macaluso, Papia,ofajénni, 2014; Cavaleri, & Di
Trapani, 2014; Lima et al., 2014; Madan et al., 2015; Himagh,e2015 have been undertaken and
simplified modeling rules have been identified in order to pteitie hysteretic behavior of the
structure. A radically different approach makes use of F&asmodels to simulate the mechanical
behavior of both infills andRC frames (e.g. Mehrabi, & Shing, 1997; Shing, & Mehrabi, 2002;
Asteris, 2003, Koutromanos, Stavridis, Shing, & Willam, 2Kdytromanos, & Shing, 2012)n
this case, infills are modeled generally by 2-D finite eldsiemaintaining the geometry as it is.
The surrounding frame is modeled by beam elements and afinteclements are used for the
interface frame-infill able to simulate the detachmenuaang between frame and infill during the
application of a lateral load. This choice surely reprss¢éhe most accurate solution, being the
closest to the actual physical system under investigatiomever, any analysis with this level of
refinement requiresa large computational effort. Focusing the attention on roxawdeling
approach it constitutes an attractive solution, despite fact that a conspicuous number of

uncertainties affect the identification of the equavdll geometrical and mechanical properties be
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attributed to the struts. Recent studies (®glsek, & Fajfar, 2008; Uva, Porco, & Fiore, 2012)
demonstrate that the resulting structural response (nm@@t@érmined by means of static pushover
analyses) may be sensitive to the imprecise or incadestification of some key parameters such
as equivalent strut width or panel strength. The majfiicdlties regarding the identification of
governing parameters are mainly related to:

e uncertainty in the identification of mechanical clweaistics of existing masonry due to the
variability of materials, differences in arrangemdsthniques and aging;

e uncertainty in the identification of actual ultimateesgth capacity of the masonry wall
panel including the influence of vertical loads, panélame effective contact lengths and
possible failure mechanisms;

e variability of equivalent properties depending on the asmict of the frame and on infilt
frame strength and stiffness ratios;

e contact issues between the infill and the frame whickrabtie transfer of shear force.
Further uncertainties arise when concentric braced avaodels are adopted, configuring the
impossibility to predict the additional shear demand at ths e RC beams and columns due to
the local interaction with infills. To circumvent thisrit, multiple strut macro-models have been
developed (e.g. Crisafulli, 1997; Chrysostomou, & Gergely, 200Dakhakhni, Elgaaly, &
Hamid, 2003). According to these models, the additional sfexaand is determined as result of a
non-concentric disposition of two or more equivalent tstriHowever, the calibration of an
adequate nonlinear constitutive law, which is needed fdr sfiut, determines new unknowns. An
alternative solution has been proposed by Cavaleri L, &@pani (2015) in which the use of
concentric single strutis maintained, determining shear demand in critical sectsre rate of the
axial load acting on themA similar approach is used by Celarec and Dolsec (2013) with a different
strategy in the estimation of the rate of the aoaté in the strut that contributes to the additional

shear in the critical frame member sectiddgferently from Celerac and Dolsec (2013) that use an
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iterative pushover analysis procedure, the determinafitdmecentity of the axial load transferred as
shear to each section is obtained by Cavaleri and Dpahia(2015) through the use of shear
distribution coefficients (found after an extended nucagm®experimentation on infilled frames with
different characteristics) that are analytically etated to the geometrical and mechanical features
of the infill — frame system. A review of the modeling strategiiebe adopted to model the infill-
frame interaction can be found in Di Trapani, MacaluSayaleri, & Papia (2015). As regards to
pushover based procedures for the assessment of infilleédraamumber of studieBdlsek, &
Fajfar, 2004; 2005; 2008) have proposed alternatives demand spdamtraged in the N2 method,
thg-also

the—potential-premature—shearfallure—of theframe. herotases (e.g. Martinelli et al. 2015)

simplified procedures have been proposed to adjust the relguritsng from the use of typical

demand spectra which are more proper for bare frame systé&ime needo accurately assess the
seismic behavior and structural capacity of existing glslis nowadays increasing so that several
local governments have required seismic assessmentildings which have strategic regional
roles (hospitals, barracks, city halls) or attract lazgevds (schools, universities). Unfortunately,
when investigating masonry infilled RC framed structures,dhoices made in the identification of
the structural models largely affect the outcomes winichany cases are also conflicting.

Although in the engineering profession large simplificatiares often required to overcome
really complex problems, engineers should be aware ofktlabitity bounds and the limits of the
tools they are utilizing, especially when they are calledexpress themselves on the safety of
buildings having a crucial importance in post-earthquake sosn&ignificant questions include
the following: What are the different outcomes to etpender the different modeling hypotheses?
Which is the reliability of the safety assessmentsierout by each of them? For the reasons
presented in the previous paragraphs, this paper discussestihe of different possible choices in

the identification of framed struts with masonry infidsd the relative impact on the resultant
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overall capacity in terms of strength, stiffness, dadtility. The interest is focused on the problem
of the evaluation of the additional shear on colummpeced by infills that may anticipate the
collapse and on how can be solved maintaining the lsimpproach of substituting infill by a
concentric diagonal strut. To this aim a case studlysisussed in which, first time, a) the procedure
proposed in Cavaleri, & Di Trapani (2015) is experimenbgdvhich strategy has to be used for its
applicationHts-applicability-is-tested and c) a stratlegyresenting the resulisprovided.

In order to highlight the approach presented a comparistmebe the results coming from
different assumptions is provided: a) neglecting of infdtentribution, b) concentric macro-
modeling and c) concentric macro-modeling with the prediciidocal interaction effects.

As a case study an existing three-storey RC buildingladfivith hollow clay block masonry wall
panels, has been studied. The building serves as a soiwbbs been built in Avezzano (ltaly) in
the 1950s. The building was recently subjectealstvuctural quick inspection and assessment of its
structural vulnerability du#o the high seismicity of the area, as reported in Cofaje&Cucchiara, &
Papia (2012)The structural model developed utilized SAP 2000 NL simulabegm elements
with lumped plasticity for beams and columns and a daiiagonal multi-linear plastic links for
the equivalents struts. The effect of the differenstuctural identification is discussed by
analyzing the results of the pushover curves obtained bgid@ying the results obtained from
different modeling approaches within the framework of tharidéghod whose applicability is better

explained in Section 4.

2. Description of the building and adopted mechanical parameters

The building under investigation is &C framed structure constructed in the 1950s. It is composed
of three stories and it is L-shaped. The first twoeham area of 520 fwhile the third one has an
area of 330 f The front face of the building has a span of 40 m. fidw's of the building have

been constructed as one-way ribbed concrete slabs. Rlas vif each level of the building are
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shown in Figure3. Specimens of steel smooth rebars (everywhere rebaes eainded by end
hook) and concrete cores were obtained from the buildimytested in the laboratory as per the
Italian code D.M. 14/01/2008 (2008 rom the experimental testing, it was found that theames
value of steel yielding stressqf is equal to 300 MPa (&0.015) while the average concrete peak
strength () is 15 MPa(C,=0.2). Considering the experimental results, for theyeis, a elastic-
perfectly plastic law was assumed for steel, with Younduhes (E) equal to 200.000 MPa and an
ultimate strain &) equal to 8%. Taking into account the low transversal reinfoeogématio of
concrete elements (stirrud@s8 with a 25 cm spacing for beams and columns), and conseqtigstly
low level of confinement, the constitutive relationshipaleped by Hognestad (1951) was adopted
to simulate the mechanical behavior of the concrete efstinuctural elements. The latter is
characterized by a parabolic branch ugdoequal to 0.002 followed by a linear softening branch
up to the ultimate straia., equal to 0.0035, corresponding to a strength reduction of -15%, Also
the Young modulus of concrete{ff was estimated according to the expression provided by the
Italian code as 22000.£f/10)*2 and found to be equal to 24830 MPa. Details of reinforcewient
beam and columns are reported in Taldlesxd2. The infill panels were made of clay bricks and
were 30 cm thick and 3.40 m highhe infills, made overall with the same masonry, have been
classified by four different typologies (T1, T2, T3, T4raaling to their aspect ratio (Tal8gand
considering thgresence of openings. Infills T1, T2, T4 are characterizeopeyings, further, the
label T1 was attributed to the infills having the smallest lemgttte the label T3 and T4 to infills
having the highest height. In order to not htn@many typologies infills having a length in a fixed
length range were considered belonging to the same cta§sable4 the elastic characteristics
(Young modulus E and rigidity modulus & ) of the infill masonry are inserted. The Young
modulus was obtained by the correlation available in takamt code between the strength of
masonry § and its Young modulus (& 1000 f). While the strengthxfwas obtained by the

correlation provided by the Italian code in form of tableh the strengths of bricks and mortar. In



186  this case, similar characteristics were obtained aloags/¢htical and the horizontal directions for
187  bricks (about 15 Mpa) while for the mortar a mean strenglil® dvipa was derived, hence the value
188  for Em inserted in Table 4 represents a value to be applied tovthditections above mentioned.
189  The value for G was estimated, as proposed by different codes (included)VM&3 0.4 of E.
190  Starting from the strength of bricks (15 Mpa) and of tavo(10 Mpa) used for the infills, it was
191 possible the estimation of the shear strengih by using a specific correlation provided by the

192 Italian code in form of table.

193

194 3. Definition of the mechanical nonlinearities

195 3.1 RC beams and columns

196 Beams and columns were modeled by means of lumped piasticges at their ends while the
197 joint panels were considered rigid. A momentotation rigid-plastic law was assigned to the
198 hinges. The interaction between axial force and bendioghents was taken into account. In
199  details, ultimate and yielding rotations,(and 8,) were calculated according to the expressions
200 reported by Italian Technical Code (2008) as functions ofrélspective ultimate and yielding
201  curvatures ¢ and ¢y). For the columns, strength values (i.e. RN{) were numerically calculated
202 by means of an ad hoc codeonsistently with the findings described in Campione, @avaDi
203  Trapani, Macaluso, & Scaduto (2016), the biaxial deformationcitgpaf the hinges was defined
204 by tracing specific P 6.y domains, whose 3D surfaces were determined calculatingatgtim
205 rotations associated with different axial load levetgl @ending directions. The relationship
206 between ultimate rotations in biaxial bendiry X 6.y) and those along principal ax&dx, Goy)

207 have been described by Eq. (1):
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o Y (6.
(GUVXJ +[ﬁ} -1  @=07+075(n-01)  01<n<05 (1)

uo,x uo,y

wherea depends on the dimensionless axial lod@alajanni, Cucchiara, & Papia, 2012).
At this stage the issue of the shear strength obélaen-column joints has been disregarded, that is
the over strength of them has been considered wsgrent to the end of columns with the intention
to treat the problerm a following study
3.2 Equivalent struts
The equivalent strut macro-modelling approach was chosemitese the contribution of the infill
wall panel. The mechanical parameters for the masonilis infe shown in Tab 4. The typical
axial force— axial displacement relationship for the sisutepresented in Figuee

The initial stiffness Kwas determineds suggestedh Cavaleri, Fossetti, &Papia (2005) by
the following expression:

E tw
K1= (:j (2)

where & is the Young modulus of masonry panel along the direatiovhich the diagonal (having
length d) lies while t and w are the actual thickness of the infill and ébaivalent strut width
respectively. Once the peak strengtttédculated (the details of how it was calculated eported
at the end of this section), the yielding strengtld&termined as a function of the parametdyy
Eq. (3):

F, = oF, (3)

As reported by Cavaleri and Di Trapani (2014) the parametange from 0.4 to 0.6. An
average value of 0.5 was considered in this study. Theest#flkk and the slope of the softening
branch were determined by calculating the specific axiplatiements of the struts associated to
the reaching of fixed limit inter-storey drifts. The follmg limits were assumed for peak inter-

storey drifts (B):
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D, =0.15% (infills with openings);
4)
D, = 0.30% (infills without openings)
The slope of the softening branch was determined by setktied fatio between ultimate

drifts (at zero strength of infill, [) and peak drifts as follows:

gu _ 80 (infills with openings ):

2

(5)

B“ =10.0 (infills without openings)

2

Values reported in Egs. (4-5) are in the same order gihiale as those suggestiey
Dolsek, & Fajfar (2008) andUva, Porco, & Fiore (2012), except for solid infills for whislghtly
larger values are adopted considering the experimentalggselsented in Cavaleri, & Di Trapani
(2014) Based on the geometry of the infill-frame syst@ngure5), the equivalent strut widths (w)
calculated using the procedure proposed by Papia, Caaleossetti (2003):

c 1
ATV ©®

where c and £ depend on Poisson’s ratio vy Of the infill along the diagonal direction and are

evaluated by the following expressions:

c=0.249-0.0116v +0.567v,” -
S = 0.146-0.0073v, +0.126v,°

The coefficient z depends on the aspect ratio of thd anfdl is equal to.0D in the case of
square infills {/h=1). The coefficientc depends on the magnitude of the vertical loads acting on

the columns and varies from0Olto 1.5. The coefficienk is calculated according to the procedure

reported by Campione, Cavaleri, Macaluso, Amato, & Di Traf20i5). Finally, the parametgr

is evaluated as:

10
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(8)

= — +-—=
Ei Alv 4 AN

ﬂ*_iﬁ[he 1&(}
where Eis the Young modulus of the concrete frame, apdfl A, the areas of the cross-sections
of columns and beams.

The Young modulus and Poisson’s ratio (Eq and vq) along the diagonal direction have been
obtained by the procedure reported in Cavaleri, Papiardpahi, Macaluso, Colajanni (2014h&
stiffness reduction due to the presence of the openings wadddcusing the expression in Papia,
Cavaleri, & Fossetti (2003\vhere the reduction factorr €1), is determined by the following
expression

r=124-17a, (9)
and «, being:

a,=0,1"7 (10)

which represents the ratio between the horizontal leafithe openings , and the length of the

panel /. If openings are not present, the coefficient r is equal.tdhe peak strength of the
equivalent strut Fwas determined as a function of the shear strengtheopanels and the infill-
frame contact surface. To account for the presence aipgérings, the coefficient r walso used

asastrength reduction factor. The peak strength was then deestrby the following expression:
F,=rof, It (11)

® being a further reduction factor used to consider the majtwence of the infill-frame

detachment length for infills characterized by high valugb®fispect ratio/h as follows:

1 (¢/h<1)
® =11.25-0.25(¢/h) (1<¢/h<2) (12)
0.75 (¢/h>2)

11
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In Eq. (11) §om is the masonry shear strength at zero compressi@nshidar strength is modified
by the coefficientw taking implicitly into account the possible failure mecharsif infills (local

at the corners, global with diagonal cracks). In fdet, failure mechanism is strongly affected by
the characteristics of the detachment between frardeirdil during lateral loading to which

explicitly is connected the parameters

Results from the identification procedure for the edeiva strut constitutive laws are
summarized in Tdb 5. For the different cases and typologies considered, diee-drift curves

adopted are shown in Figuée

3.3 Structural model overall features

A numerical model has been developed by SAP 2000 NL. The &@Gbers have been modeled

using 1D beams with lumped plasticity hinges at their eRds.the equivalent struts, the multi-

linear plastic link elements were used. The foreedisplacement relationships previously
determined and shown in Tlatb were assigned to theelements. The floors were considered as
rigid diaphragms. In order to maintain the simplicitytbé model also when the attention was
focused on the structural shear capacity, shear hingesnetriaserted in the model because it
would request the use of eccentric struts for the infillswéier, the possibility to evaluate the

additional shear demand, and/or the possibility to knovhefas collapse may anticipate flexural

collapse because of infills, was guaranteed by the procedurgbddsm the next sections. An

overall view of the structural model is shown in Figdre

4. Analysis method

The N2 method, introduced by Fajfar (2000) and providedtandard procedure in Eurocode 8
(2004) and in the Italian Technical Code (2008) was used foiirthefahis study. The validity of

this approach for infilled frame structures is discusseeéimaiter.

12
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The capacity curve of the structure was determined imposimgrionotonically increasing profiles

of lateral forces. The first one was proportioteathe product of the first modal shage and the

diagonal matrix of the storey masskts A second distribution consisted of the force profile
proportional to the storey massékhe bilinear base shear against top displacement Y

capacity curves of the SDOF systems equivalent to the Mbx@Fwere obtained after dividing
both base shear and top displacement of the pushoves ¢which was cut off to an ultimate

strength not lesser than the 85% of the peak strengtt)ddirst participation factorl{).

The stiffness kassociated to each SDOF system response and the relatsdi Pewas

calculated in agreement to the rules of the N2 method as

. F *
K=o T zzn,/% (13)

wherem* is the mass of the equivalent SDOF syst€&(nand d, are respectively the yielding force
and the corresponding displacement.

The capacity curve (identified by the SDOF bilinear equivatnie) and the demand
(identified by the demand spectrum) were compared in AD Iget®n-displacement) format

(Figure8) after the normalization of the yielding force by thassimas follow:

S,=— (14)

The reduction factorsR; associated to each SDOF system, representing for a Givéme

ratio between the elastic spectral acceleration denfmedlly required) & and the yielding

spectral acceleration,3vere calculated as follows:

(15)

13



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

Also, the ductilty demandws was determined by setting R,--T relationship and

substituting the quantitie®, and T previously calculated. The,R+T relationships used in N2

procedure refers to Miranda & Bertero (1994) and are sholewbe

,ur:(Rﬂ—l)TI_—chl (T<T.) (16)

t =R, (T=T;) (17)

In the original form the N2 method provides the evaluatibrthe constant ductility demand
inelastic spectrum by the use of the above-mentiof®du-T relationship to be applied to the
elastic spectrum. The relationship in question derives flenobservation of the response of SDOF
elastic-plastic systems without a reduction in strengtthe plastic stage. Unfortunately, several
systems cannot be assimilated to an elastic-plastic SP8&ENs like this because thestrength
undergoes a not negligible reduction in the post peak stdgece the Ru-T relationship
mentioned above is not suitable for the evaluation of itteastic demand spectrum and,
consequently, for the evaluation of the displacement demgppropriate R-x-T relationships for
the case of systems that reduce the strength in thécpéesge have been obtained by Dolsek and
Fajfar (2004). The shape of these relationships, obtainedifferent reductions of the ultimate
strength,is shown in Fig. 9 and compared with the-RT relationship used by the N2 method in
the original form

However, if the capacity of a system is limited to thegestan which a negligible reduction of
strength occurs, then the,-R-T relationship by Miranda and Bertero (1994) becomes mane th
suitable for the calculation of the performance point.

In the case here discussed, a comparison of the chspént capacity withhat given by the

demand inelastic spectrum obtained the/R relationship by Miranda and Bertero (1994) is

14



321  possible because the displacement capacity itself id ikan ultimate strength not lesser than the
322 85% of the peak strength. This strategy is normally suggesttet lmyirrent codes.
323 The components of the inelastic demand spectryn&{Sor the requested ductility, were

324 determined by means of the following relationships (Vidagfdf, & Fishinger, 1994).

2

S(T) . T
S(u T)=—2e"21 S (u,T)=yu S(T 18
a(ﬂr ) Rﬂ(#r ,T) d(lu ) u 47[2 ( ) ( )
325 In Eq. (1§ only x4 is fixed. The reduction factor,Raries with the period T according to the

326  previously defined Ru-T relationship. The performance poinPR) individuating the target

327 displacement of the SDOF equivalent system was finalbulzed as:

T S(T)
"47° R

s

d =S,(u.T )=pu (19)

328 In order to obtain the target displacement of the struciuhas to be multiplied by the first modal

329 participation factor as provided by tN2 method.

330 5. Assessment of thelocal shear transfer from infill-frame to beams and columns

331 The additional shear force transferred by the panetset@nds of beams and columns in presence
332  of lateral loads is generally not easy to estimate. ligrreason, many authors neglect this effect
333 (e.g. Fiore et al. 2012; Lagaros, Naziris and Papadrakakis 201€ekDend Fajfar 2001, Kreslin
334 and Fajfar 2010). Nevertheless, the issue of the shaan acbduced by infills on the surrounding
335 frame cannot be ignored having as consequence a noniyaingerassessment of the structural
336 capacity. Actually, the estimation of the additiona¢ahproduced by the infills is entrusted to the
337 introduction of eccentric struts whose calibrationas $o simple (e.g. Crisafulli 1997) and request

338 models with a high level of uncertainty.
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The idea developed in this paper is that the modeling ofsirsiibuld be done by concentric struts
because of the simplicity of this approaélurther, the additional shear produced by infills in the

surrounding frame elements should be calculated by #ispttategy

The focus of this study specifically regards the evaluaifdhe actual shear transfer to columns, in
particularin the base columns, which have also to support the maxiewehdf shearThrough the
paper, it is shown that a shear capacity not suffi@antbe simply highlighted by the evaluation of
the shear demand in the base columns disregarding thBoadldishear demand in the upper
columns and in the beams. This is consistent with plgied approach to evaluate if the additional
shear demand produced by infills may be a problem. Thessstigit concentric model has been
adopted taking advantage of the procedure provided by CadalBi Trapani (2015) for the
evaluation of the actual shear action in criticatises. The latter makes use of specific correlation
coefficients used to determine the rate of axial forcéhenequivalent strut that is transferred as
shear in frame nodal regian3his correlation has been found by a numerical expetahen
campaign carried out on single infiled frames under latéwatls modeled by using the
micromodelling and the macromodelling approaches. The forppmpach has allowed to evaluate
the rate of shear transferred from the infills to the@inding frame members while the latter has
allowed to evaluate the axial force in the equivalenitsin this experimentation, a very high
number of single infilled frames has been anadlzarying the characteristics of frame and infill
(weak frame with strong infill, strong frame with weak infihd so on). As a result of the numerical

experimentation, a parameter characterizing the sinfjlied frame has been found.

In details, the single infilled frame is identified by fherameteny defined as follows:

l// = j’*{ vam (20)
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360 where & is the beam height to column height ratio whileis a parametedepending on the
361 geometrical and mechanical characteristics of thelsrdihd the surrounding frame, that is already

362 defined by Eq. (8).

363 The parametery is relatedto the “shear distribution coefficieritsdefining the ratioa=Vv/N

364 between the actual shear V on the end cross-sectiotie dfame elements and the axial load N
365 acting on the strutThe cross-sections mentioned before have been lamathdthe acronyms,
366 BNW, BNW, BSE, CSE in agreement with the scheme iedart Figure 10. In particular, the shear

367 distribution coefficients for the column base sedif¢a...) are correlated to the parameterby

368 means of the following relationshipsa function of the aspect ratih.

Oose =1.037°% (1/h=1) (21)
Uese = 108y (¢ /h=2) (22)
369 The actual shear demand on the column base crossnseistiherefore calculated as:
Vese = %cseN (23)
370 The range of values of the parametege can be observed in Figure 11.
371 The following steps have been therefore undertaken fqruble over analysis:
372 a) ldentify the equivalents strut andcoefficients for each typology of infill (T1 to T4);
373 b) Identify acse coefficients for each typology of infill (T1 to T4);
374 c) Undertake pushover analysis calculating step by step thel abka demand by Eq. (23
375 and
376 d) Compare at each step cross sections shear capacity aadddem

377 6. Assessment of the seismic capacity

378 6.1 General assumptions
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infills—on—frame-—members. The effect of different typeEsstructural models for the case study
structure has been discussed in order to highlight not oatyattmodeling neglecting the infills is
not appropriate, but also that a modeling considering infilledaivalent concentric struts lead to a
strongly not reliable assessment of the safety leAtslo, it is shown that the simplicity of the
approach based on concentric struts can be maintaiagordper strategy for the assessment of the
additional shear is adopted. Finally, how to apply a nevestydor the assessment of the additional
shear based on a correlation with the axial forcearetfuivalent strut is shown.
The static pushover analysis (in X and Y direction) and\theassessment method has been used.
In particular, the following cases were anagand compared:

e BF: Noinfills (Bare frames)

e |F: Inclusion of infills by concentric equivalent struts {ims case the model is not able to

make the additional shear on columns produced by infills)
e |F + Local: Inclusion of infills by concentric equivalestruts with the application of an
additional new strategy for the evaluation of local slaetipn

The near collapse (NC) limit state, corresponding to a 14@8syreturn period (0.359 g) has
been considered asreference point (this is consistent with the fact that huilding under study
serves as a schoolfhe spectral parameters are shown inl§#&b These have been considered
based on the seismicity of the area and the subsqiepies. The near collaps&€) elastic
response spectrum is reported in Figl2en the acceleration versus displacement (AD) format.
6.2 Dynamic characterization
A modal analysis has been performed for both BF and Iéfetao Comparing the results from the

BF and IF analysis, a reduction of approximately -75% op#r@ds of each mode has been found
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(Figure 13(a)) for the IF case, as result of the significant etifig effect exerted by the masonry
wall panels. The reduction of periods is consistent withfact that an infill may increment the
initial stiffness of a frame of over 15 times that mea growing of the stiffness-mass ratio of over
15 times and a reduction of 75% of the period. As regards tevkeof stiffness increment, the
experimental campaign carried out by Cavaleri et al (200%)féled frames characterized by clay
tile masonry infills shows that this increment is pblesibare frame 17000 N/mm, infilled frame
245.000 N/mm).

On the other hand, the participating mass ratios in fuedéal modes in the X and Y directions
found to increase for the IF model (Fig(b)). Such trend reflectaregular distribution of infills in
plan and elevatianin the current case, the increase of the participatirggsnratios was
approximately +50% in both directions.

6.3 Pushover analysis (IF and BF models)

The pushover analyses performed in X and Y directions éafatrand uniform distributions (Figure
14), revealed substantial differences in the structural respéor the BF and IF cases. In Figl#e
the curve ends represent the near collapse limit stateel or more cross sections, corresponding to
ther ultimate rotation capacity. Only the responses of tifiled structure along the Y direction
exibitheda non negligible reduction of strength in the post peak stBgdetails, in the case of
modal distribution of the forces, the ultimate strengsisociated with the ultimate cross section
rotation capacity was lesser than the 85% of the peakgstravhile in the case of uniform
distribution of the forces the ultimate strength reacted90% of the peak strength. Due to the
presence of the infills, the increase in stiffness was +7@0&te X direction and +500% in the Y
direction. A simultaneous increase of overall strerfotithe order of +100%) was also recognized
due to the presence of the infills. Despite the developroédarge base shear, a significant
reduction of the displacement at the top of the struoiae observed (-45% on average). Local

ultimate rotations occurreat the base of columns, which suffered a significant de@&d variation
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due to the overturning action generated by the presences @gtinvalent struts and significantly
affecting their ultimate deformation capacity.
Also, the collapse mechanisms were significantly diffefentthe IF and BF cases studied. The
presence of the infills induced concentration of structdeahage on the lower floors and in
particular on the ground floor. This can be observedhftbe drift demand diagrams reported in
Figure 15 for all the force profiles considered. The pushovelysea on the BF model showed a
different distribution of the damage that generally insesawith the height. This is due to the
reduction of lateral stiffness from the second to theltfioor as it is evident in particular from the
pushover analyses carried out in X direction where a ldageage (approximately 3%) at the top
inter-storey was observed

The seismic performance assessment of the models @apbdgormed in the acceleration-
displacement diagram by the standard N2 procedhingt, the equivalent SDOF bilinear responses
were determined (Figure 16) by the parameters included in TabtethisTaim the pushover curve
of the infilled structure obtained under a modal distrdubf the forces (the only one characterized
by a ultimate strength lesser than the 85% of the peakgsijewas stopped to a value of the
ultimate strength of the 85% of the peak strength (s&egle marker in Figure 15-a). In this way
the equivalent bilinear response was made consistent withsthef the Ru-T relationship by
Miranda and Bertero (1994) for the determination of the stielademand spectrum and the
performace point. The bilinear responses (capacity) were compartdt inelastic demand spectra

associated each time to the specific vallgs,, and T (Figure 17).

From the results of the analyses it was found thathierbare frame (BF) model, a lack of
deformation capacityvas noticeable along Y direction for both modal and uniform prsfi@en the
other hand, the inclusion of the infills by means of dguivalent struts (IF model) resedt
favorably in any case providing positive outcomes for al [dading conditions considered. This

result seems to be apparently conflicting with the rednatibthe overall deformation capacity
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recognized for the infilled structure big, however, consistent because of the lower target
displacement required by the inelastic demand spectriamessiit of the large increase of strength

and stiffness of the system-

6.4 Effects of the infill-frame local shear interaction in pushover anglysid.ocal model)

With reference to the procedure described in Sectionebtetbults of the pushover analysis for IF
model have been processed in order to determine the abeel demanded to the column base
cross sections (IF+Local model). This allowed comparingshiear demand on columns at different
steps and their capacity within the same diagram. Th& é&irapproach permitted to identify the
step, and then the displacement, at whainkeventual shear failure of columns occurred, localizing
this event on the overall capacity curve. The shearilaision coefficients used to convert the axial
force acting on the equivalent struts into shear demamy Usq. (23), have been calculated
according to the expressions provided in Cavaleri & Dpara (2015) for the four infilled frame
typologies (T1 to T4) recognized and reported inl@8b

The shear capacity of the columnss)(Ylas been determined according to the following

expression provided by the Italian technical code (2008):
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VR = VRc + VRS (24)

in which v, andv_ are respectively the contribution to the strength givethbyconcrete and by

the transversal reinforcement. The concrete contabus evaluated as:

1/3
chz{o.lssk(lOOplfcm) +o.15<ycp} bd with  k=1+ /zdﬂ)sz (25)
Ve

where b and d are the base and the effective heighe @irtiss section,y, is a safety factor (here

assigned equal to 11 is the ratio between the total longitudinal reinforeatmand the product b
d andogp is the average compression stress on the columa,chdulated as the ratio between the

axial force and the area of the cross section. Tdmeswersal reinforcement contributitas been

obtained using the expression:
V., =09 f idcotge (26)
Rs " ym |

in which A /i is the transversal reinforcement area per unit leagthcot@ is assumed to be equal
to 1 in the hypothesis of an inclination of 45° of the cete resisting strut. The geometrical
features of the ground level columns are reported ifeTab

The actual distribution of the shear strength demasgl fdund by the IF+Local procedure
has been represented for each of the ground floor columnerins of base shear against the
pushover loading steps (Figudd). Within the same diagram, the shear capacity curvéhef
columns W superimposed. The variability of both the demand and capewityes at each step
dependon the damage state reached by the system and on the ssioprievel acting on each
column (ocp) accordingly

From the intersection of the curvebe loading step at which the shear demand equals the

capacity and consequently the associated displacemensmanckng to the first shear failure event
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has been determineBrom Figurel8, the shear demans exceeds the capacity in several cases for
the columns which are adjacent to the infills. The samecinnot be observed in Figures 19 and
20 where the shear demand referred to the models IF anesBles lower than the shear capacity.
As regards to the model IF+local, the overcoming of beaiscapacity of the base columns occurs
at really early displacements and before the achievepfaiie maximum base shear capacity (-50
to -40%) detected by the IF model (Fig@&®. Thus, failure of the system initiates in the pseudo-
elastic phase of the capacity curve in correspondencebafse shear level greater than the one
associated with the bare frame but followed supposedly Bally limited deformation capacity
and load carrying capacity drop. The IF+Local model, bydéfnition, is able to predict the
overcoming of the shear capacity but not how the systartves beyond this point. Despite this
limitation, that can be overcame only by the implememmtatof shear non-linear hinges
appropriately calibrated, the use of IF+Local model pesrbai detect if and where the presence of
the infills may affect the structural response of theaesyswith the occurrence of potential shear
failures giving an important warning in all the cases in wrsbkar critical elements surround
masonry infills.

It is true that pushover analysis is a tool that losesdhwlex dynamic phenomenon in terms of
general degrading and hysteretic behaviour but it gives infamabout the structural capacity
without the need to fix the dynamical parameters (cyclicsldar the materials, for the cross-
sections, etc,) to which the response is strongly sensititde risk of much higher errors.
Obviously, the possibility to carry out reliable dynamic arialygmain a primary goal of the

seismic engineering as also prove the new orientaitiothe literature (e.gdolsek 2012, 2016).

7. Conclusions

In the paper the assessment of the capacity of theefta.c. structure of a real school facility is

discussedThe aim of the work was to show
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a) the need to not neglect the demand of shear producedillsyasfoften done when a macro-
modelling approach for the infills is used

b) the possibility to evaluate in a simple way the addéticchear on columns produced by infills
even if concentric struts are used thanks to a cowaldtetween equivalent strut axial force and
additional shear on columns,

c) the applicability in the practice of the correlatalyove mentioned,

d) to prove that the shear collapse can occur even breaching of the flexural strength,

e) to prove that, in the frame of the simplified approagchreorder to obtain a warning about the not
sufficient shear capacity, focusing the attention @ndtnucture base columns and disregarding the
additional shear demand in the upper columns and in tmasbey be a solution.

Different modelling approaches were used for the structure istiqune namely: (a) bare frame
model (BF model); (b) frames with concentric strutstfee infills (IF model); and (c) frames with
concentric struts for the infills with prediction of Edshear action (IF+Local model).

The N2 method was used for the assessment of the salucapacity. The analyses highlighted
that 1) the presence of the infill masonry walls (modeledabgoncentric equivalent strut) as
expected increases the overall strength and stiffoéshe system and decreases displacement
capacity because of the anticipated achievement of timeatdt rotation of column cross-sections
caused by the strong axial load variation arising;

2) the use of concentric struts fails in the assedsai¢he safety level because the additional shear
demand on columns due to infills is not provided;

3) concentric struts can provide more realistic assedsnaaly in the cases in which the columns
of the RC frames have an adequate shear strengthwetbe shear failures may occur and the

actual capacity can be appraised only by implementing shedasiic response at column ends;
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4) the additional shear in the columns may produce a steslugtion of the capacity as in the case
discussed here so to make absolutely unrealistic the ewalwdtthe structural capacity when the
modeling of infills is done by concentric struts;

5) this result is often not be expected as the factriaaty authors disregard the additional shear
when they use concentric struts in the assessmeitrtucture capacity proves;

6) the hypothesis of concentric equivalent strut, véampke from the modeling point of views,
however, possible if a strategy for the evaluation ogifditional shear on columns is coupled;

7) a simple but strong correlation between the additishear demand and the strut axial force
given in an analytical form, obtained after a numer@gqlerimentation on a very high number of
infilled frame types is available and usable for the practical applicationkatshere presented;

8) the above correlation all@gl, maintaining the model simplicity, to recognize a capaaftthe
structure, different from that obtainable in general using concentric struts, without any
complication in the analyses;

9) for the aim to obtain a warning about an insufficidn@as capacity, as here proved, the attention
may be focused on the additional shear demand to tledodsmns disregarding the additional
shear demand to the upper columns and the beams, this beingtesunwith an approach

simplified to the problem.
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