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ABSTRACT :

Vulnerability of masonry structures to seismic @t has been proved with the experience of lahazake:
A great number of these structures in Iran aredegdial buildings, hospitals and schools dneir damagin
will cause death of so many people. So, today seiswaluation and strengthening of masonry stresar
very crucial. Coating the walls with reinforced coete layer is a common technique of retrofitting masont
buildings in Iranbut there is not any design guideline for thatthiis study, firstly the elastic properties of t
and retrofitted masonry wall that are used in line@aluation procedures are derived through a deee
homogenization method. This approximate homagion method is very simple to use for any kiridonc
pattern and the solution will be in clokem, and also shows very good results in agreemgtit the
homogenization procedures the other authors usedon@lly, the continuum vyield surfaces of éan
retrofitted masonry are derived that are used donfuting the strength of continuum media in angation.

KEYWORDS: homogenization, masonry structures, seismic ligirgf, seismic evaluation
1.INTRODUCTION

More than 70 percent of the strus in Iran are masonry structures and most aofi #re residential building
hospitals and schools and occupy so many peopleltdien. The experience of past earthquakes hasr
that a great number of masonry structures are ralbte to seismic dions so that moderate to stn
earthquakes can devastate them resulting in madeath of people and extensive losses. This vubilgyais
mostly because of the following reasonsSdme of these structures were constructed in attiatethere we
not any seismic code availableS&me were constructed when the seismic codes hadpmdlished but th
were not designed and constructed according tacdlde, and Jome of the structures were designed
constructed according to the seismic codd, lircause of the complexity and lack of informatam the
behavior of the masonry structures, the code'slaggns were not accurate enough. In General, bejbmir
vulnerability of these structures can be associatéti both the particular configuiah of this type c
structures and the mechanical properties of the@nmgs

There are a large number of methods of retrofittmgsonry structures that are intended to improes
in-plane and out-of-plane performance. Some coiwealt methods are surface treatment (Ferrocemdnt [1
FRP layer, Shotcrete layer [2]), grout and epoygdtion [3], external reinforcement [dhd confining mason
walls and post-tensioning [5Pne of the most popular methods used in Iransfigngthening the masol
structures is coating the walls with reinforced coterkayers but because of the lack of experimenta
analytical information on this method, rehabilitetiprocedures are being done based on empiricgijadts.

Seismic evaluation and strengthening omag structures firstly need modeling them with analytica
computer software. Modeling of masonry structuras be done in macro or micro phase. Micro mod
represents brick, mortar and bi-mortar interface separately and the Young moduhesPdsson coefficier
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and if the analysis is nonlinear, the inelasticperties are taken into account. In fact this isifacdlt task
because the model should include the behavioriok land mortar correctly and also miamwdeling proce:
and analysis fathe analytical model in a micro phase, takest @idime that make this approach not usabl
a complete structure. Although this method is namreurate than the other methods, it is much maperesivi
in terms of computational costs and the cgroesling high number of degrees of freedom limits
applicability. Therefore, micro modeling is necegse better understanding the local behavior oEomay
structures. A large number of micro-models wereettgyed by researches such as Page [6] and Louféhco
Another modeling approach is maar@deling. In macro modeling there is not any digton between bric
mortar and bricknortar interface and masonry is modeled as anojgimtror anisotropic homogenc
continuum medium. It doesn’t take ¢ laf time for modeling and analyzing such modeld &nan acceptak
approach for modeling complete structures; seekapgpos et al. [8], Mistler et al. [9].

For numerical modeling of masonry components, esreinuum medium in the elastic range, thechanic:
continuum elastic properties are needed. Theseepiep can be achieved through homogenization igobs
The homogenization theory for periodic media allosesivation of global behavior of masonry from

behavior of the constituent matds (brick and mortar). In other words homogenaatis the technique

describing the composite behavior of masonry imgernf average stresses and strains. Homogeni
techniques can be approached from two main direstzalled experimental homeagization and analytic
homogenization. Experimental homogenization needsni@ny costly tests and the obtained results aviéeli
to the tests conditions [10Analytical homogenizations have been used by manloas in different fran
works (elastic, plastic, limit states and) .and with a variety of methods like single stepnogenization [11)]
two-step homogenization and engineering method} 4hd in most cases only plane behavior in a tv
dimensional framework is considered.

This paper presésm a new three dimensional homogenization methosedeaon energy concepts. *
advantages of this method are simplicity to usiemanumber of calculations and closem solution that ce
be used in the modeling of masonry walls for linekastic analyis. The proposed method shows very ¢
results in agreement with other homogenization puth

2.HOMOGENIZATION OF UNREINFORCED MAONRY

Masonry is a composite material consisting brickl amortar and usually its components are arranges
periodic way. In this section a basic cell that hgseriodic pattern in the whole wall is selectéid, 1, and th
average stresses and strains will be computed fhenbasic cell and will be extended to the wholesona
wall. The developed homogenization techmdn this paper is based on the strain energh@htper elast
materials. In hyper elastic materials there islatimn between total energy and stress and steasots:

o
aij = aeij (21)

where o, is the stress in the i-th plane and to the j-tleation of the basic cell, is the total volumetric stra

energy of the basic cell ang; is the strain in the i-th plane and to the j-trediion of the basic cell. In this

method of homogenization it is correctly assumed the components of masonry are hyper elasticorang
to equation (2.1 if we compute the total strain energy of theibasll in terms of average stresses and si
and then substitute it in equation (2.the average stresses of the cell in terms oftlegage strains will |
obtained and then the elasticity tensor can beradla
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Figure 1 Selecting the Basic Cell

Volumetric energy can be calculated by the summatiche volumetric energy of each constituentodiews:

UExVE =UPxvP +u ™M xy ™M 4y M2 xy M2 (2.2)

where U™ is the total volumetric strain energy,™ is the total volume of the basic cell ° is the tote
strain energy of bricksV is the total bricks volumelJ ™ is the total strain energy of horizontal mo

V™ is the horizontal mortar volumd) ™ is the total strain energy of vertical mortar and ™ is the
volume of vertical mortar joint.
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Figure 2 The dimensions of the basic cell's camestits
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The strain energy in hyper elastic materials candbeulated as follows:

1
uij :EUUGU (23)

Where Uij :Cijk| e”
Substituting in equation (2.3) results in:

1 1 1
Uj =758 = Cij & &k ~ u=EeTCe (2.4)

whereC is the elasticity tensor ars the strain tensor.

Having calculated the strain energy of each compbaed set them in equation (2.8)e total strain energy
the basic cell will be obtained in terms of theasts of the masonry components. In order to cateutas
strains of masonry components in terofisaverage strains, the basic cell should be stdijeto compressit
along the axes x, y and z and shear in the xznglyya planes (axes are shown in Figa@yl then the relati
between average strains and masonry componenitsssivdl be obtainedHaving calculated the strain ene
in terms of average strains, the elasticity tertdothe homogenized medium can be calculated byguitie
equation (2.1) and also the elastic propertiestvalbbtained by inverting the elasticity tensor:

eq — X ESI = X ESY = X 2.5
1 aBc-F2 % 4ac-E2 P 4pB-D? (2:5)

Gyl = 05G,G/§ = 05H,G54 = 05l (2.6)
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Vel = 2DC-EF ea- 2DC -EF vea- 2EB-DF ca- 2EB-DF vsa= 2AF - DE vea= 2AF - DE @2.7)
4BC-F? 4BC-E? 4BC-F? 4AB-D? 4AB-D? 4AC - E?

In which:
x = 2x[ A(4BC - F2) - D°C + DEF - E°B]

A= #(Cﬂb 1V + CoamVit + Crame” #Vimp), B = #(Cﬂb 12V + Craran” F3Vimg * Cuam 15 Vin2)
C= #(C_L:Ibvb +CramVimt + CiamaVmg), D = #(Qm f1f2Vh + CrominfoVir + Cromanty f2Vimp)

E= ViE (Crao Vb + CromVimn + Croma"fVimp), F = ViE (Craw f2Vb + CromiNfVin + Croma f2Vimo)

G= VLE (Go F3Vp + G 5 Vi + Ginp Vi) H = ViE (GoVoNs 2 + Vg + GmVima2°)

2
| = V_E Gy f32Vb + Gmln§ f32Vm1 +Gnp f32Vm2)

n=1to ¢ - b+tv £ = a+tf _n1b+tV fo= a+tf G _ b+tv
1 2T asnt 2 b+t | C atn
VE E

T na-2)" " 2av0)

Gy’ ngb+t,

C.Ll:/] +2,quL2 :/]’/]

Whereb, t,, a andt; are defined in Fig. Z; is the average strain agi‘ is the strain of the componekiof
masonry,E, accounts for elastic modulus of bridkm is the elastic modulus of mort#s, is the brick shei
modulus andsy, is the mortar shear modulus. It is assumed thaglémstic properties of horizontal and vert
mortar are the same, but considering differentielpsoperties for each other does not affect tadgenizatio
procedure.

3.VERIFICATION OF THE RESULTS

Lourenco and Zucchini [10] had used a mianeechanical model for the homogenization of masomith
considering the actual deformations of the basicase including the additional internal deformaticmode
with regard to the standard two step hommigation procedure and they showed how good theiehis ir
agreement with finite element results. In thisisegtto check the accuracy of the adopted procedieeresuli
are compared with Lourenco and Zucchini's [10] hgerdzation model.
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Figure 3 Comparison between shear and Young's tusedii the proposed model and Lourenco model

The very good agreement between proposed moddla@m@nco and Zucchini’s [10] model is obvious imy.Fi
3 and this indicates that how ofuthis simple and applicable proposed procedur&dmogenization of bric
masonry is accurate. Also, as said before, ther aiblgantage of this technique is that the resukésik
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close-form and the proposed relations can simplydsel to evaluate ¢helastic properties of the homogen
masonry wall and modeling it as a continuum medium.

Also the accuracy of the results of the proposeaddgenization procedure will be checked through rting
of some structural walls with a finite element safte, each one with two different approaches. The
approach is modeling in a micro phase and the skoogr is macro modeling the wall by using the cantir
properties of the wall computed by the proposeaticts.

In the first example, a brick masonry wall simplypported at the bottom with the length of 22 and heigl
of 209 cm has been modeled in macro and micro phaseopening is also placed in the middle of the
with the dimensions of 104x71 cm. The thicknesshef wall is kept 10 cm. Ithe micro model the brick
dimensions are 200x100x50 mm and the thickneskeofriortar joint is assumed to be 1 ¢rhe mechanic
properties of the brick and mortar used in the rfindeare summarized in Table While the continuui
mechanical properties calculated with proposediogla are summarized in Table 2.

Table 1 Mechanical elastic properties of brick arattar
Brick Mortar

Young's Modulus(kg/cm2) 100000 10000
Poison Ratio 0.15 0.15

Table 2 Mechanical elastic orthotropic propertiee@mogenized material

Ex(eq) 62599 Gxy(eq) 17480
Ey(eq) 41880 Gxzleq) 35675
Ez(eq) 82835 Gyz(eq) 17480

The wall is subjected to an plane load applied at the top of the wall. The defxd shape of the micro mo
wall is shown in Fig. 4The displacement of the top right corner node efviall in the micro and macro mo
is shown in Table 3. The good agreement of thdtsesiithe macro model with the micro model is @ws

Force Application ————— Ux=0.0824

Figure 4 The deformed shape of the micro model uimdplane load

Table 3 The in-plane displacement of the URM wall
In-plane Node Displacement
Macro-model 0.081
Micro-model 0.082

In the second example, a 104x8® masonry panel has been subjected to out oé ptading with differer
conditions of supporting at 4 sides. Tableamprises the displacement of the central poirthefmicro an
macro model of the wall for all cases of supportypes.

Table 4 The out-of-plane displacement of the URM wa
Supporting Macro-model Micro-model
4-sides 0.0067 0.0064
Bottom & Top sides 0.0143 0.0149
Left & Right Sides 0.015 0.0168
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4. HOMOGENIZATION OF RETROFITTED MASONRY WITH REINFO RCED CONCRETE LAYER

In this section the elastic properties of retrefitmasonry will be derived througtetproposed homogenizat
method. The basic cell selected for the homogebpizgirocess is shown in Fig. Bhe calculations have be
done in such a way that the thickness of the wadl eoncrete layer are inserted in the relations smdhi
proposed relations can be used for any thicknedseot.

Concrete Layer |
Masonry Wall

Figure 5 The basic cell of retrofitted masonry

The masonry is assumed as a continuum orthotropteral and the concrete layer is assumed isotram
the calculations is dorléke the previous section. The calculated elastapprties of the retrofitted wall are
follows:

eq _ X ESd = X eq _ X 4.1
B = 2ec-F2 ™2 " aac-£2' ™8 " 2aB-D? (4.1)
5 = 05G,G;§ = 05H,G53 = 05l (4.2)
Vel = 2DC - EF el 2DC - EF vea- 2EB- DF e = 2EB-DF e 2AF—DE’V§(24 _ 2AF-DE (4.3)
4BC-F? 4AC-E? 4BC-F? 4AB-D? 4AB-D? AAC-E?
In which:
x = 2x[ A(4BC - F2) - D°C + DEF - E°B]
1 1 2.2 2
A= 1+ Cryte),B = ————(Compty + Crict),C = ————— (Canyty N2 F2 + Cy it f
2+ (Crawtw + Cracte) Z(tm"'tc)( 22wt + Crcle) 2(tm+tc)( santw f3 + Crigte f3)

_ 1 1 1
D= oy (Crantw *+ Crocte), E = oy (NgfCrantw + f2Ciocte), F = ) (Mg FaCoautw + faCiocte)

2 2 5
C ™ g G PO =GRS (nisti&Crantu * 150k F = (tm +1) (NZ512Goaut + T285ctc)

- E f. = tm + ke - G - G
Nz = 13 = M3 = iMo3 =
Ens Mgt +1c Gras Gmos

Where E; is the concrete Young’s modulug,;; is the masonry Young’s modulus in z directidp,is the
thickness of the masonry watl,is the thickness of the concrete lay@y,is the concrete shear modul @, is
the masonry shear modulus in xy directi@s,, is the masonry shear modulus in xz direction @l is the
masonry shear modulus in yz direction.

5.STRUCTURAL COMPARISONS OF RETROFITTED MASONRY

In this section a retrofitted masonry wall is madklith macro and micro approaches and has begecser
to in-plane and out-of-plane loads. The displacémenthe wall in each condition are shown in Tablor
in-plane loading and in Table 6 for outjoine loading. It should be noted that the applaats in thi
example are not the same as the examples in thiersdcand the results are not comparalilés clear the
under the same condition of supporting and loadihg, displacements of the retrofitted wall will brict
smaller than the bare wall.
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Table 5 The in-plane displacements of the retegfitivall
In-plane Node Displacement
Macro-model 0.001
Micro-model 0.001
(without opening)

In-plane Node Displacement
Macro-model 0.0108
Micro-model 0.0111
(with opening)

Table 6 The out of plane displacements of the figied wall

Out-of-plane Node Displacement

Supporting Macro-model Micro-model
4-sides 0.0474 0.0476
Bottom & Top sides 0.0703 0.0714
Left & Right Sides 0.1015 0.1057

(without opening)

Out-of-plane Node Displacement
Supporting Macro-model Micro-model
Bottom & Top sides 0.1968 0.1988
(with opening)

It is obvious how the good agreement is betweenrésalts of the micro-model and macnmdel in bot
in-plane and out-of-plane loading and this indisdtew much good the develabhomogenization method ¢
predict the linear behavior of retrofitted masonry.

6.HOMOGENIZED YEILD SURFACES

Derivation of failure surfaces of brittle materigisch as masonry is a very difficult task and this object of
long-time debate amongsearchers even for simple loading conditions. Thgse of this section is 1
derivation of yield surfaces of the homogenized etodlhese surfaces distinguish the linear behaeigion o
the homogenized masonry. For this reason, conseglethe assuptions made for developing |1
homogenization method, if a back analysis is dtdmestresses of each masonry component can be teginip
terms of homogenized material stresses (averagesss). Then, the yield surface is defined by tilesses i
which any of the components reaches its failure @it&oth brick and mortar are assumed isotropicirence
and Zucchini [10Jused the classic von Mises criterion for the corsgimn behavior and the Rankine crite
to describe the tensile behavior cAsonry components. Because the masonry is a fradtimaterial and usil
independent pressure criteria does not produceptatde results, in this study a MoBrulomb criterion as
pressure dependent failure criterion is used.

Fig. 7 shows the resuliy yield surfaces of homogenized bare and retedfithasonry in a case that
principle stresses coincide with material axes twhiappen in the absence of shear stresses. Tioéitred
masonry is layered with a concrete layer with edhigkness tanasonry wall. The inner surface that is fori
by the intersection of the yield surfaces of thenponents is the yield surface of homogenized mgsditme
assumed parameters are as follows:

fop =100, fyy = 4, fom = 34, fyy = 2,% = 04Uy =0 = 02
b
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Figure 6 yield surface of homogenized masonry(lafdg retrofitted masonry(right)

Retrofitting the masonry with concrete layer hademi the yield surface of the material and alsoeiased tr
strength of material in both x and y direction.

6.CONCLUSIONS

Linear seismic evaluation of masonry buildings needs aitalymodeling of them firstly. This task cannot
done unless the elastic properties of the masamrk@own. This paper presents a new approximataoded
homogenization of masonry that helps compyithe elastic properties of the masonry throughpttoperties «
its components. This method is simple and appleédn all bond patterns of brick masonry walls émelresu
are in close-form. A basic cell of brick masonryliws homogenized with # proposed method in the ela
range. Then the masonry wall retrofitted with ceterlayer has been homogenized and the relatiar
computing the elastic properties have been deri#aklly, the anisotropic failure surfaces of bdmeck
masonry andetrofitted brick masonry with concrete layer hdogen extracted and the noticeable increa
the strength after retrofitting is shown.
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