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Abstract The influence of masonry infills on the in-planenbeiour of RC framed structures is a
central topic in the seismic evaluation and rettiofy of existing buildings. Many models in the
literature use an equivalent strut member in otdeepresent the infill but, among the parameters
influencing the equivalent strut behaviour, theeeffof vertical loads acting on the frames is
recognized but not quantified. Nevertheless a e@ribad causes a non negligible variation in the
in-plane behaviour of infilled frames by influengithe effective volume of the infill. This resuits

a change in the stiffness and strength of the systdis paper presents an equivalent diagonal pin-
jointed strut model taking into account the stiffeneffect of vertical loads on the infill in the
initial state. The in-plane stiffness of a rangendifled frames was evaluated using a finite elate
model of the frame-infill system and the cross4secof the strut equivalent to the infill was
obtained for different levels of vertical loading bnposing the equivalence between the frame
containing the infill and the frame containing thagonal strut. In this way a law for identifyirget
equivalent strut width depending on the geometracal mechanical characteristics of the infilled

frame was generalized to consider the influenceveitcal loads for use in the practical



applications. The strategy presented, limited ®oifiitial stiffness of infilled frames, is prepavet

to the definition of complete non-linear cyclic laor the equivalent strut.
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1. Introduction

Infills, although considered non-structural membeamdically modify the in-plane RC frame
response under in-plane lateral load. The fadtas the in-plane stiffness of the frame, due to the
presence of the infill, can increase up to ten sim#ile the frame strength can grow up to four
times, as found by many authors (e.g. Stafford $h#68; Cavaleri et al. 2005). Moreover, the
interaction between infill and frame may or may & beneficial to the performance of the
structure under a seismic load: while in some c#seglobal performance could improve, several
debates (e.g. NCEER 1994) and experiences in rezamihquakes have demonstrated that an
otherwise well-designed structure could collapse thulow seismic excitation if infills are not

uniformly distributed, both horizontally and vesilty.

The in-plane stiffness and strength of an infilfeme are affected by several variables such as the
geometrical and mechanical properties of the iafill frame members, details of frame members,
frame-infill stiffness ratio, out-of-plane infilloading (here not considered), workmanship and

construction techniques and vertical loads transfefrom the frame to the infill.

One of the approaches for simulating the in-plarilekence of infill consists in replacing the infill
itself with one or more equivalent struts madehef same material as the infill (macro-modelling),
see original works by Asteris (2003), Cavaleri &agia (2003), Crisafulli and Carr (2007), Zhai et
al. (2011), Chrysostomou and Asteris (2012) anieveworks by Moghaddam and Dowling 1987,
Asteris et al. (2011). Macro-modelling may be adageous for a number of reasons and especially
for design purposes. Moreover, it avoids the cormpartal effort required by the solid/plane finite

element modelling of infills (micromodelling).

The micro-modelling approach has been widely usdte literature (e.g. Koutromanos et al. 2011;
Manos et al. 2011, 2012; Shing and Stavridis 2@&K4eris and Cotsovos 2012; Asteris et al. 2012,
2013). It provides detailed information on the staual response, for example on local effects on
frame members; however, especially in non-lineaesait requires long computational time and
calibration of many parameters. Hence the macroieg@oach may be an advantage, but at the
same time the importance of the micro model apgragaot under discussion.



A complete definition of the equivalent strut modebuires (a) fixing the initial axial elastic
properties (Young modulus and cross-section), (dave for the variation of the mechanical
properties during cyclic loading, (c) the axiaksigth envelope. The evaluation of the initial etast
properties has a key role for the definition of thelic law. For example, Klingner and Bertero
(1978), after fixing the thickness and initial élasnodulus of the equivalent strut equal to thoke
the infill, evaluated the width w of the equivalesttut by means of the following expressions
(Mainstone 1974):
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In Eq. 1E; andE; are respectively the elastic diagonal modulusefinfill and the elastic modulus
of the concretel. is the moment of inertia of the column cross-sectsee Fig.1 for description of
symbols.

Similarly to those of Klingner and Bertero, the loaydaws proposed by Doudoumis e Mitsopoulou
(1986) and by Panagiatakos and Fardis (1996) depeilde definition of the initial stiffness of the
equivalent strut (elastic loading curve of the rsith envelope). The same approach was followed
for the definition of the strut cyclic laws propdsley Cavaleri et al. (2005) (Fig. 2) and by Caualer
and Di Trapani (2014) (Fig. 3). As shown in the kgomentioned before, identification of the initial
axial stiffness of the equivalent strut is thetfggep for the definition of a complete cyclic Idov
the strut itself under axial loading.

The approach for the identification of the strutlthiused in Eq. 1 is not the only one.

For example, Durrani and Luo (1994), on the bakih® experimental work of Mainstone (1974),

proposed the following analytical relation:
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and |, is the moment of inertia of the beam cross-sedBee Fig. 1 for description of symbols).

Flanagan and Bennet (1999, 2001) based on thageduh number of full-scale clay infilled steel
frames tested under in-plane loading proposedatuate the width of the strut;, as

T
CA cosf (4)

C being an empirical constant varying with the laAg drift displacement used as an indicator of
the limit state of the infill.

A further model for the identification of the widtif the equivalent strut taking into account the
Poisson’s ratio of the infill material was propodsdPapia et al. (2003) and is explained in thd nex
section.

Identification of the in-plane stiffness of an lldd frame is addressed by the actual codes; for
example FEMA 356 (2000), in agreement with thetstw adopted by the authors mentioned
above, suggests the formula proposed by Mainstége k). Eurocode 8 (2004) confirms the need
to take the infill into account but does not suggespecific model and refers the designer to
specialised literature.

As for the effect of vertical loads it is recogrdzthat it modifies the behaviour of infilled frames
under in-plane lateral loading. In micro-models tload influence is taken into account by
modelling the frame-infill contact area: see FigOh the other hand in a macro-model the vertical
load transferred from frame to infill can only bakén into account by calibrating the strut
mechanical response for different levels of veltioading. However, few authors have quantified
this influence.

In (1968) Stafford Smith investigated the influemmée uniformly distributed vertical load imposed

on the upper beam of a single storey-single bagl stame in-plane stiffness and observed a
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considerable increase in the in-plane lateralrggs and strength of the structure. More recently,
Valiasis and Stylianides (1989), studying RC framdgled with brick masonry walls, observed
that the presence of a compressive axial load erctftumns considerably improved the in-plane
lateral strength of the system. Based on thesdtseStafford Smith and Valiasis considered the
vertical load effect to be conservative and didta&e it into account among the variables affecting
the evaluation of the cross-section of the equivakrut. Similar experimental and numerical
results were obtained by Manos et al.

(2012), Stylianidis (2012), Valiasis and Styliars@989) and Valiasis et al. (1993).

However, while the conclusion that the verticaldadfect is conservative can be valid for a single
frame, this may not be true for multi-bay, mulitgty frames with non-uniform load distribution
since the different stiffness and strength of alsirframe may cause torsional and soft-storey
effects.

In this paper, a correlation taking into accoumt Yertical load influence on the initial stiffnesfsa
strut equivalent to an infill is proposed. This wantegrates the research described in two previous
papers: in Papia et al. (2003) a family of cun@asestimating the width of the equivalent strut in
the absence of vertical loads is provided and ipidPat al. (2004) the mechanism governing the
influence of vertical loads on the infilled framesponse is analysed. In this paper a family of
curves obtained for rectangular infills is presdntiegether with the curves proposed by Amato et
al. (2008, 2009) for square infills.

In the next sections the procedure used to obkearcorrelation between infill and equivalent strut
is described. This procedure couples an analytelallation of the frame-infill system components
with a finite element micro-modelling of the inédl frame system as a whole. The FE model
provides the response of a series of infilled frarnader horizontal and vertical loads by using
contact surface elements governed by the Coulomtiofi law to model the transmission of the

compressive stresses from the frame to the infill.
6



2. Strategy for the equivalent strut width identification

The cross-section of the pin-jointed strut equinate an infill of a single storey-single bay it
frame can be identified by imposing the initiaffsiess of the system in Fig. 1a to be equal to the
initial stiffness of the equivalent braced framd-ig. 1b. It should be noted that these schemes do
not exactly represent a generic frame of a franeattsire: the lower beam is assumed to be rigid
and thus the bottom ends of the columns in Ficarélfully restrained.

This assumption is in agreement with the conclusmimmany authors (Mainstone 1971, 1974;
Stafford Smith and Carter 1969) showing that thetrdoution of infill to the in-plane lateral
stiffness of a frame can be obtained by studyiregsttheme in Fig. 2b as an alternative to the
scheme in Fig. 2a.

Denoting as .Di the stiffness of the actual systEm. 1a) solved by the Finite Element Method
(micro-modelling approach) and as Di the stiffnesgesponding to the simplified analytical model

(Fig. 1b), their equivalence can be written as
D, -5, (5)
When this equivalence is imposed, assuming th&nkis of the strut to be the same of the infill

and the Young’s modulus to be equal to the diagetsdtic modulus of the infill, the widtiv of

the strut can be calculated.

3. Stiffness of the frame-strut equivalent system

The in-plane stiffnes®, of the scheme in Fig. 1-b, equivalent to the schemiig. 1-a, can be
evaluated with good approximation as the sum ohtimizontal forcesD, and D, to be applied to

the schemes in Fig. 3-b and Fig. 3-c, (obtainethasdecomposition of the scheme in Fig.1-a) to

produce a displacemeni =1 at the beam middle span:

D, =D, +D, (6)



For the scheme in Fig. 3-b the in-plane stiffnegscan be calculated as follows

D. = ky cOS* @
y =
1+ﬁsenz¢9+lk—dcoszﬁ (7)
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ky , k. andk, being the axial stiffness of the diagonal strotumns and beam respectively:
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In Eq. 8 E; and E; are the Young's modulus of the infill along thexgibnal direction and the

Young’'s modulus of the concrete used for the fratiefhe thickness of the infilla, and A, are

the column and beam cross-sectional areas; the #defines the diagonal direction of the strut
andh and/ are the height and length of the frame, see Fig. 1

In regard to the Young's modulus of the infill agpthe diagonal direction it should be observed
that since the masonry shows an orthotropic bebavibe mechanical characteristics of the
equivalent strut can be estimated by combininghtasonry elastic moduli along the horizontal and
vertical directions as suggested in Jones 197%yausing the simplified approach discussed by
Cavaleri et al. 2014 on the basis of the experialestudies reported in Cavaleri et al. 2012.

The in-plane stiffness of the frani®; in Fig. 3-c, in the case of columns having the sanoss-

section, can be evaluated as follows

-1
= '
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C

I. and1, being the moments of inertia of the column andbsactions respectively. In the case of

columns with different cross-sections the mean evafithe axial stiffness of the columns can be

used.



4. Infilled frame stiffness by therefined FE model

For the evaluation of the in-plane lateral stiffndsy means of the micro-model approach, the
ADINA software was used. Both the frame and thdlimfere modelled using plane stress solid
elements having four nodes each. The nodes atathe dif the columns were fully restrained while
three degrees of freedom were assigned to allttier ones. The infill and the frame were modelled
by means of elastic homogenous and isotropic naddehaving elastic modulus Ed and E f and
Poisson’s ratiod andv f respectively.

The frame-infill interaction was modelled by 2D tact surface elements (Bathe and Bouzinov
1997). Each interface element is composed of twiamb surfaces, a contactor and a target surface,
which may come into contact during the loading pesc No tensile strength is associated with the
joint and this makes it possible to model the detaent between frame and infill. Because the
interaction between frame and infill is strictlypgmdent on the length of the contact zone, which is
influenced by the vertical load, this kind of fimielement allows evaluation of the system in-plane
lateral stiffness .Di in relation to the verticahd.

With regard to the frame-infill contact surfacegtialue to assign to the Coulomb friction
coefficient has been debated in the literature @daet al. 2011, 2012; Stylianidis 2012; Valiasis
and Stylianides 1989; Valiasis et al. 1993). Howgiresome cases it is accepted that a variation in
friction coefficient does not modify the overallsgonse of an infilled frame (e.g. Asteris 2008;
Fiore et al. 2012) while in other cases it is cdased basic (e.qg.

Saneinejad andHobbs 1995). Certainly a variatioririction between frame and infill, whose
realistic characterization is not simple, thougmdy leave the overall response unchanged, it can
modify the local response, leading to a reductiothie stresses normal to the frame-infill contact

surface. This also produces a reduction in thersdtezsses on the members.



For the case analyzed here, considering that valtilse Coulomb friction coefficient generally
lower than 0.6 can be found in the literature fadelling the frame-infill interface, the value 0.45
was set, being the average of the values mostdretyuencountered.

The numerical analysis was carried out for difféerealues of mechanical and geometrical
properties of the system and for four vertical |dadels. For each analysis the in-plane lateral
stiffness .Di of the system was calculated as #ti® between the applied horizontal load and the
average beam displacement. The horizontal andcaéforces acting on the frame were applied on
the initial and final sections of the beam at meddepth, while the vertical load was concentrated

on the top nodes of the beam-column joints, as showig. 7.

5. Equivalent strut cross-section

By substituting the value dD, obtained from Eq. 6 in Eq. 5, one obtains

D, =Dy + Dy (10)
Further, by substituting Eq.7 in Eq.10 the ratid d can be expressed as a function of the in-plane
stiffness D, of an infilled frame given by the refined FE mogeéviously described and the bare

frame stiffnessD; given in Eq. 9:

wo D, - by [1_5‘_Df(h'_2+lﬁﬁ (11)
d Ejtcosé k. (% 4k

In Eq. 10Dx is the in-plane stiffness of a bare frame underaesumption of non-negligible axial

deformation. With regard t®, different experimental and numerical investigati¢gese Cavaleri et

al 2005, Cavaleri and Di Trapani 2014, Manos et28l11, Manos et al. 2012, Valiasis and
Stylianides 1989) have shown that the infilled feadeflected shape is flexural.
In agreement with the most widespread tendencierliterature the ratio between the strut width

and the strut length is expressed as a functi@enpzframeteil” which takes into account the elastic
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and geometrical features of the systeyfdl = f (1) . This function must also take into account the

influence of verticals load.

6. Dimensionlessinfilled frame parameter A*

The definition of a parameter that defines theoraw/d to be adopted for the identification of a
strut equivalent to an infill, can be obtained bypbsing that the differenc§i —D; on the right

hand of Eq. 11 is the infill in-plane stiffness.

Once the Poisson ratig, the vertical load=, and aspect ratié/ h are fixed, the in-plane stiffness
of an infill can be calculated using the totalfatiss from the finite element simulatid® as

D, =D, -D, =¢E,t (12)
where ¢ depends on the unknown extension of the framé-gdntact regions influenced by the

above quantities. On the other hand, setting

. _E th(h® 1A 7
A=—d- | 4=t
E At(ﬁ'z 4Abh'J (13)
EqQ. 11 can be written in the form
w. 1 = 14
d cos8 y*-A (14)

Eq.14 shows that, for assigned values’of, vy and F, (on whichyg depends) a family of curves

w/d=f(A) can be defined. In order to obtain these curvesumber of infilled frames
characterized by different values of the quantitiest define the parametdi were analysed using
the micro-modelling procedure previously descridadhis study two different values of the aspect
ratio #/h, namely 1 and 1.5, and two different values of Bwmsson’s ratiosyy = 0.15 and

V4 = 0.25, were investigated. The analyses were tegdar four dimensionless vertical load levels:
& =0,5=0.00016& = 0.00032¢, = 0.00080¢, being defined as

11
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Ac being the cross section area of the coluRrthe Young modulus of the concrete constituting the

frame and-, the total vertical load acting on the frame.

7. Resultsand design curves
The analysis of the FE simulations shows that tlaené-infill contact surface grows with the
vertical load magnitude and that for high leveVeftical load the mechanical behaviour of the infil

switches from that of a strut element to that plate, see Fig. 8. As a consequence for a fixed

the frame in-plane stiffness and thus the strukedisionless widtl/d grows as a function of, .

In Figs. 9-12 the results of the numerical analysd@srms of ratiav/d versus the parameter are
plotted for the different infill Poisson’s ratio érdifferent levels of vertical load. These results
confirm that the close dependence of the struthwidt the paramet@r, previously shown in Papia
et al. (2003) holds in the presence of verticadlloa

In order to obtain a useful design tool, tivel values were fitted by the analytical expression

proposed in Cavaleri et al. (2005)

V_V =k ¢

d ()I* ),8 (16)
¢ =0.249- 0.0116/, + 0.56% (17)
[ =0.146+ 0.007%, + 0.126,> (18)

k beinga coefficient that was not characterized in thevaboted work and that takes the effect of
vertical load into account. Fd&=1 (no vertical load acting) the function (16) assurigs form

proposed in (Papia et al. 2003).
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The numerical investigation carried out in this kwa@howed quite a linear dependence of the
coefficient k on vertical load and axial strains of the columf#is relationship can be
approximated by the following expression

k =;[1+ (181" + 200%]

0.75+ 0.252 (19)

In Figs. 9-12 the analytical curves provided by .Elfs19) have been plotted. The numerical vs
model comparison shows a good agreement for batfanmgular and square infills. For sake of
completeness the comparison already discussedpia Baal (2003), between the results of the FE
analyses and the analytical curves provided by Bds19) when no vertical load is transferred to
the infills, is shown in Fig. 10.

In Figs. 14 and 15 the families of analytical curedtained for different Poisson’s ratio and aspect
ratio are plotted together. As it can be obsenyededquivalent strut widttv/d increases when the
level of vertical load grows. Moreover the Poissoratio has a stiffening effect on the in-plane

response of the infilled frame.

8. Conclusions

In this paper the mechanical behaviour of infilfemmes under in-plane loading has been discussed
and an analytical law taking into account the ieflce of vertical load on the characteristics of the
pin-jointed diagonal strut equivalent to an iniillproposed.

A numerical investigation on infilled frames havingjfferent geometric and mechanical
characteristics has been carried out and the seshitiwed the stiffening effect of the vertical load
transferred from the frame to the infill. The ars&y, carried out using a FE model in which frame
and infill are modelled as linear shell elementd #me frame-infill interface with link elements

working in compression only, have shown that thiacdement of the contact surface between frame

13



and infill, produced by in-plane loading, decreaa#®n vertical load are transferred to the infill.
This produces a stiffening of the structural system

The study focuses on the initial undamaged stifnesa frame-infill system, which is of key
importance for the correct definition of the cyclesponse under seismic loading. This slope
influences the strength envelope, in particularsiope of the linear branches of the envelope.

For given infill thickness and material, the chaesization of the initial stiffness of the equivale
strut depends only on the identification of theustwidth. The dimensionless width/d, in this
work is given as a function of a synthetic paramsefe*), depending on the mechanical parameters
of frame and infill. A family ofw/d vs A* curves, each one depending on the infill Poissaatio
and level of mean axial strain produced by theie@rtioad on the frame columns, has been
obtained.

It has also been shown that as the parandta@ncreases the corresponding valuesmdd can be
described by a power law depending on the levedediical load transferred from the frame to the
infill.

These curves provide an effective tool for takinig iaccount the contribution of infills to the gidb
structural stiffness. They allow a quick evaluatmithe contribution of the infill to the in-plane
stiffness of the generic frame of a framed strietand can be used in any commercial structural
analysis software when a simplified approach far pinediction of the response is preferred to a
detailed micro-modelling.

Obviously the identification of the initial charadstics of the equivalent strut also needs the
identification of the further parameters able téirdiea complete non-linear law for the strut. le th
case of the Pivot model described by Cavaleri an@irBpani (2014) three further parameters - one
for the degradation of stiffness and two for theersgth envelope, are sufficient to characterize

completely the equivalent strut for seismic analysi
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Fig.4. Variation of frame-infill interaction due tertical load
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Fig.5 Infilled frame under horizontal load: (a) reaheme, (b) simplified scheme.
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Fig. 10 Results of the FEM analyses and compamgtnthe proposed analytical curves: square

infills; vg=0.25
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