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ABSTRACT :

The influence of masonry infills on framed struesirbehaviour is a central topic in the seismé&sigr
procedures and in the hazard evaluation of exidtiniglings.

Many models use equivalent strut elements in otdeepresent the infill but among the several paten
influencing the interaction between frame and irffidl tevel of vertical loads is hardly consideredvéléheles:
neglecting this effect may produce inaccurdmcause the axial deformations of the loaded cwduical
produce non-negligible variation in tledntact region between infill and surrounding fearmfluencing th
seismic response of the infilled frame. It can lgaseen observed that, when this regions exters jrtfill
behaviour switches from that of a strut elemerth&one of a plate-shell.

An equivalent diagonal pijpinted strut model, able to represent the stifigreffect of the infill in presence
vertical loads, is given in this paper.

By a numerical experimentation based on a FEM elisation of the frame-infill system, thetdaal stiffness ¢
some infilled frames is evaluated; then the ideasgsection of the strut equivalent to the infill istaimed fo
different levels of vertical loads by imposing teguivalence between the frame containing the iafidl thi
frame containing the diagonal strut. This way arelation available in the literaturgetween a parame
depending on the characteristics of the infillednfe and the equivalent strut width is generalizeck ko
consider the vertical load presence. This dati@n is provided in an analytical approximatedniool
immediate use in the practical applications.

KEYWORDS: Infilled frames,equivalent diagonal pin-jointed strut model, vaatioads influence.

1. INTRODUCTION

Infill panels, though considered non-structuradically modify the frames response under laterad®The
lateral stiffness can become ten times higher &edstrength can increase four times if comparet wie
conventionally designed ones in which the preseficike infill is not considered.he interaction between in'
and frame may or may not be beneficial to the perémce of the striigre under seismic loads; especially
stiffness growth can improve the global performabag if the infill panels are not uniformly hadntally
and/or vertically distributed it can also anticgdlhe structure collapse as numerous debatesxpatiences
recent earthquakes have demonstrated.

The stiffness and strength variations in an irdillmesh are due to several variables likk®rgetrical an
mechanical properties of infill and frame membéitails of frame members, frame-infill stifss ratio and tl
technique used for making the infill. But an othreportant factor, usually neglected, is the levielartical loac
transferred from the frame to the infill. In theadysis of the infilled frames, referring to tmeacromode
approach, consisting of replacitige infill panel with an equivalent strut madetloé same material of the inf
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very few authors have studied the influence of tkeical loads. n 1968 Stafford Smith investigated
influence of a uniformly distributed vertical lo&mposed on the upper beam of a single stimgle bay ste
frame on the lateral stiffness and the lateralstasce of the infilled frame itselhe found a consideral
increase in the lateral stiffness and lateral giitenf the structure. More recentWaliasis (1989), studying F
frames infilled with brick masonry walls, observbat the presence of a compressive axial load @calumn
considerably improves the lateral strength of thetesn inveSgated. In spite of their conclusions, Staf
Smith and Valiasis have not inserted the effectgenfical loads in the criteripostulated for the evaluation
the cross-section of the equivalent strut, bec#lusg considered this effect to be conservatiVevertheles:
while this conclusion can be valid for a single me$ infilled frame,it may not be conservative for a m
complex framed structure with a non-uniform disitibn of infills.

In spite of the conclusions of the above authoixs @nsome others interested in the problem, conisigehe
effect of vertical loads may be basic as it wae glsinted out in NCEER (1994). For this reasorthia presel
paper, a general tool is obtained for modellingetlastic behaviouof the infill by an equivalent strut havin
cross-section widthw evaluated taking into account the vertical lodthance. This work is connected to t
previous papers. In the first one Papia et al. @ovide a family of curves for estimating thedthi of the
equivalent strut in absence of vertical loads.Ha second oneRapia et al. (2004) analyze the mecha
governing the variation in behaviour of the franséicture in relation with the variation in the tieal load.

The present equivalent strut model calibration &lenby a micromodel approach procedure. The friafiie-
system is modelled by a refined FEM discretizatimaler fixed horizontal load and fdifferent vertical loa
levels. The regions in which frame and infill tremiscompressive stress to each other are modblfecbntac
surface elements governed by the Coulomb frictaam In the next sections the details of the above guor
are discussed.

2. IDENTIFICATION OF THE EQUIVALENT PIN-JOINTED STRUT
Referring to a single infilled mesh, the identifica of the section of the equivalent painted strut can

performed by imposing the condition that the ihig&ffness of the actual system in Figals equal to tt
initial stiffness of the equivalent braced framd-ig. 1-b.

a) b)
Figure 1 Infilled mesh under horizontal load: (a)at system; (b) simplified model.

Note that in both schemes the bases of the collemasconstrainedHence these schemes do not ex
represent a generic mesh of a framed structure bechadewer beam is assumed to be rigid. Neverthellis
assumption is in agreement with the conclusionsmarfly experimental tests, showing that the flexstiffhes:
of the beam does not influence the lateral stifnafsthe infilled mesh (Mainstone 1971, 1974, fraf Smitt
and Carter 1969).

Denoting a®, be the stiffness of the actual system solved leyRimite Element Method and®, the on
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corresponding to the simplified model, the equimakecondition can be written as

D -D

(2.1)

When this equivalence is imposed, assuming the yoonodulus and the thickness of the strut to beséimee &
for the infill, the width w of the strut can be determined, it being the amlknown quantity.

It can be observed that the results which will beven later have beeobtained by considering the panel ir
of elastic homogenous andirpic material affected by the Young modulus eatierived from compressi
diagonal tests or correlated to that derived frotompression load acting orthogonally to the beut jdirectior
by using an adequate reduction coefficient (JoSg&)L

3.LATERAL STIFFNESS OF THE EQUIVALENT BRACED FRAME
The lateral stiffness of the scheme in Fig. 1-liegent to the scheme in Fig.al-can be evaluated with g¢

approximation by imposing the condition that theizumtal forces to be applied to the schemes in Fg anc
Fig. 2-c produce unitary displacement of the p&iint the middle span of the beam.

[ FI3, F3 o F3 P P3P i |5
h' —_— —’—
A ! f 2 f : 4 )
a) b) c)

Figure 2 Decomposition of the macromodel

It can be easily found that the following valu®, of lateral stiffness is obtained for the schemEim 2-b:

D. = ky cos @
e
Ki sorpg+ 1 Ka (3.1)
1+ 9 serfd+= 9 cos g
K 4 Ky
where the following equivalencies hold:
E ,tw Ei A Ei A
ky =——; = ; = 3.2
S L (3.2)

In Egn. 3.2k, , k. and k, are the axial stiffnesses of the diagonal strlithe columns and of the bee
respectively; E;, E; are the Young modulus of the infill along the dingl drection and the Young modu

of the frame materialt is the thickness of the infill;A, and A, are the cross-section areas of theicwi:

and of the beam@ defines the diagonal direction as specified beffinally, h' and ¢ are the height ai
the length of the frame in agreement with Fig. e Tateral stiffnessD; of the frame in Fig. 2-can be simp

evaluated using the expression:
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-1
E | '
D, =24—_¢ 1—1.5[3:&%+2J (3.3)
Cc

h|3

where I, and I, are the moments of inertia of columns and beartiosecrespectively. Hence the glo
stiffness D; of the simplified scheme constituting the braagdnfe in Fig. 2-a can be assumed to be

Di =Dg + Ds (3.4)

4. LATERAL STIFFNESSOF THE INFILLED FRAME BY A MICROMODEL APPROACH

For the evaluation of the lateral stiffness by nseahthe micromodel approach, the FEM program ADINA
been used. Both the frame and the infill have kseretizated by plane stress solid elementénigagach fol
nodes. The nodes at the bases of the columns fegrefhlly constrained while two degrees of freedwame
been assigned to all the other nodes. The infilepand the frame have been modeltlsdmeans of elas
homogeneous and isotropic materials having elastiduli E;, E; and Poisson ratioy,, v; respectively.

l l vertical and
[ | TTTTH ] horizontal forces
P2 15 ) 4 9 =+
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Figure 3 Finite element discretization of the iefil frame mesh

The frame-infill interaction has been modelleyl axisymmetric 2D contact surface elements. Eabérfac
element is composed tWo contact surfaces that may come into contaghduhe loading process. One of
two contact surfaces in the pair is selected tthbe'contactor surface” and the other one the dasyrface’
Two main features of these elements are that thikeesaf the contactor surface cannot penetrate theet
surface and that no tensile strength is associatédthe joint. This way modelling the detachmd&etwee!
frame and infill is possible. Because the inteactietween the frame and the infill paisestrictly linked to th
length of the contact zone, and this length isurficed by the vertical load level, this kind of FEMment

allows the evaluation of the system lateral st#d, in relation with the vertical load. Thentact algorithr
used for the contact surface element is the cansfranction method by K. J. Bathe et al. (1997).

The numerical analysis has been carried out féerdifit values of mechanical and geometrical pitggseof thi
system and, what is more important, for variousieairload levels. From each analysis the latetifihess D,
of the system can be calculated as ratio between ajpplied horizoral load and the beam aver
displacements. The horizontal forces actinglanframe are applied on the initial and finaltegcof the beai
at middle depth, while the vertical load is concated on the beamwslumn joints. Fig. 3 shows a typical Fl
discretization of the infilled frame mesh.
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5. EQUIVALENT STRUT CROSS-SECTION

By substituting the value oD, obtained from Eqn. 3.4 into Eqn. 2.1, one obtains
D, =Dy + Dy (5.1)

Further, by substituting Egn. 3.1 into Egn. 5.1 thwé d ratio proves to be expressed by

D. - (1 _D-D (h_j +1 ﬁ}j (5.2)
k. (07 4Kk

By evaluating the “exact” lateral stiffness of thestem D, through the FEM model previously stgibed, an
the bare frame stiffnes®; (Eqn. 3.3), thev/d value can be obtained by means of Eqn. Bt bare fran
stiffness D; canbe evaluated once the geometrical featit® frame elements and the mechanical

characteristics of the materials are known. If pnecedure is repeated several times for diffesdastic an
geometrcal values, a correspondence between the actuadrdsaof the generic infilled frame and
characteristics of the equivalent strut can be doun

Since the procedure is based on the two columnmdadiie same cross-section andentation, when th
condition is not verified, average values of momenirafrtia and area of the columns have to be asdigqn
order to obtain a structurally symmetrical idediesne like the one considered in thegweed approach. In t
case the level of approximation in the results loarconsidered of the sameder as that achievable by ot
models available in the literature.

Once the investigation described before is concudee direct evaluation of the widtiv of the strut, it
agreement with the most widespread tendencies énlithrature, requires the definition of a paramr

A depending on the elastic and the geometrical featafeshe system in such a way that a func
w/d = f(A) can be defined. This function must take the infaee of verticals loads into accourin

conclusion, the numerical investigation carried loytmeans of an “exact” model must give the pubsi of
defining a direct relation between the infilledrfra and its loading condition and the eqléwa braced fram
with a strong reduction in the computational effortpractical use in the structural analysis.

6. THE PARAMETER X’

The definition of a parameter that, concisely ariith \ood reliability, univocally defines the ratiav/ d to be
adopted for the simplified model, can be obtaingéhiposing the condition that the differend® — D, on the

right side of Egn. 5.2 is the true lateral stiffn@d the infill parl, obtainable from the true load condition or
panel itself.

Once the Poisson ratio, the vertical loads levdlthe ¢/ h ratio are fixed, the lateral stiffnes§the infill car
be approximately written as

D, -Df =Dy = Egt (6.1)

where ¢ depends on the unknown extension of the framd-gdfintact regions. On the other hand, setting
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coEath(h® 1A 7
g T E, Ab[fz+4pbh‘J (6-2)

and considering Eqgn. 6.1, Eqn. 5.2 can be writtethe form

wo_1 1 6.3
d cose y'-A (6-3)

Eqgn. 6.3 shows that, for assigned values/gh, vy and R, (on which ¢ depends) a curvav/d = f(A)
can be searched. In order to obtain this curvégreifit infilled frames models have been analyzgthe “exact
procedure, considering different values of the tethat define the parametet . In this first study the aspe
ratio //h has been assumed to be equal to 1, while tworelftevalues of the Poisson ratiog = 0.15,anc
V4 = 0.25 have been considered. Once the frame-Byfitem has been fixede analysis has been carried
for four adimensional vertical loads levels; = 0, &, = 0.00016, &, = 0.00032, &, = 0.00080where the use¢
symbol stands for

K
2AE

(6.4)

&y

A; andE being the section area and Young modulus of thenuo andF, the total vertical load acting on-
frame.

Once the values of the stiffnes|§i have been computed by means ofexact” numerical analysis, the vali
of w/d are obtained by Eqn. 5.2, for fixed, . The resultsonfirm the close dependence of the strut widt
the parameterd” also in the presence of vertical load as previosisbwn in Papia et al. (2003).

They also show that when the vertical load and eguently the axial strain of the columimereases, tt
frame-infill contact length (Fig. 4) grows too, nifythg the mechanical behaviowf the whole system, t
panel switching from a strut element behaviour tolege one. The lateral stiffness of the whole systersc

enhanced. In other words for a fixed the strut width ratiow/ d grows as F, increases.

W " ll 1

[]
[

fN
T

a) b)

Figure 4 Deformed mesh under horizontal forceviar different vertical load levels: variation of the
infill-frame contact area

In order to obtain a useful design tool, the' d values obtained by the numerical investigation hiagel
fitted by the analytical expressions proposed iwab=i et al. (2005)
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iv =k c

d (/]*)B (6.5)
¢ =0.249-0.0116v + 0.567v? (6.6)
£ =0.146+0.0073v +0.126 v* (6.7)

where k is a coefficient taking the effect of vertical étsainto account. Fdt=1 (no vertical load acting) tl
function fits very well the results of the numetlioavestigation shown in Papia et al. (2003). Oma t¢ither han
the numerical investigation carried out in this lwbas shown quite a linear dependence of the caaitik or
the vertical load and axial strains of the colunewvel, which can be approached by the expression

k=1+(181+ 20Qs, (6.8)

Fig. 5 shows the comparison between the resulairedst by the numerical analysis and thelydital curve:
provided by Egs. 6.5 and 6.8.
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Figure 5 Comparison between results obtained bytingerical analysis and the analytical curves

For practical applications, Eqn. Glows the evaluation of the contribution of théli to the lateral stiffness
the generic mesh of a framed structure with a lomputational effort.

6. CONCLUSIONS

In this paper the mechanical behaviour of singteest- single bay infilled meshes Hasen discussed and
analytical procedure available in the literaturetfte identification of a pipeinted strut equivalent to the in
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has been generalized to take the influence ofoaditbads into account.

In details a numerical investigation on infilled shes has proved that also in firesence of vertical load it
possible a strong correlation between the dimensibrnhe equivalent diagonal strut model aadsingl
parameter which depends on the characteristidseofystem. Moreover the numerical results cantteltoy ¢

law derived by the one proposed by Papia et a03R@singa multiplier which is a linear function of 1
vertical load acting on the system. A family ofves has so been obtained for different values xicad load.
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