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Abstract. The simple quasi analytical holonomic homogenaratipproach for the non-linear analysis of in-plloeged masonry
presented in Part 1 is here implemented at a snaldevel and validated. For such implementateiRigid Body and Spring Mass
model (RBSM) is adopted, relying into a numerical elbidg constituted by rigid elements interconnedtgchomogenized inelastic
normal and shear springs placed at the interfaetgden adjoining elements. Such approach is alswkras HRBSM. The inherit
advantage is that it is not necessary to solve molgenization problem at each load step in each Gaot, and a direct
implementation into a commercial software by meafren external user supplied subroutine is stréagivard.

In order to have an insight into the capabilitiésh® present approach to reasonably reproduce rmasehavior at a structural
level, non-linear static analyses are conducteda ahear wall, for which experimental and numeriata are available in the
technical literature. Quite accurate results ataiobd with a very limited computational effort.
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INTRODUCTION

In the first Part of this paper, a simplified horeagzation two-step model was proposed for the nmgal structural
analysis of masonry walls in-plane loaded [1]-[Bhe first step was discussed in detail. It reli@® ia mechanical
model application at the meso-scale, where a recadaemblage of bricks and mortar forming a Reptatge
Element of Volume REV was substituted by means miaroscopic equivalent material through a so dalempatible
identification procedure. The unit cell was roughheshed by means of 24 triangular elastic plaresstelements
(bricks) and interfaces (mortar). For interfacesthba piecewise linear and an exponential law fdigmdentical to an
improved version of the Xu-Needleman law were immated is a non-commercial code. The limited jotetssile
strength and the post-peak softening in both tenaimd compression, eventually characterized byuplow between
normal and shear stresses were suitable accoumtede procedure allows for a consistent charaetion of the
macroscopic masonry behavior by means of a rigopooisedure that suitably reproduce the orthotrdpgpgmaterial
axes, softening in tension and compression anttittiemnal behavior under shear and coupled shearfression stress
states. Here the second step is discussed ingjetdiich relies into the structural implementatafrthe homogenized
in-plane stress-strain behavior found in the presistep. The procedure allows a realistic analysintire masonry
walls in-plane loaded in the non-linear static mngithout the need of adopting cumbersome distiistretizations of
blocks and mortar at a structural level (micro-ngetbal approach) or the utilization of macroscapimdels where the
characterization of the mechanical properties megucostly experimental campaigns and should beated case by
case. The structural implementation is obtainedhingsentire walls through rigid infinitely resistaguadrilateral
elements [4]-[6] interconnected by non-linear ifdees. Mechanical properties of the interfacesoatained by means
of the aforementioned homogenization proceduremrFaianechanistic point of view, each interface betwadjoining
elements can be thought as constituted by two riosprangs placed at the corners and a shear spriagconnecting
opposite nodes of the interface. The discretizatdypically inspired by that proposed by Kawaj {dr isotropic non
linear continua, but rigorously accounts for thifedent strength exhibited by masonry along makevi@s both in the
linear and non-linear range and the quite marké@siog behavior. The structural implementatiomiirely handled
within the commercial software Abaqus [7]. The impkntation into a robust commercial code securesstoess of
the algorithm when dealing with non-linear statialgses, especially in the softening branch angrésence of many
finite elements, as well as a straightforward galieation of the model to the non linear dynamicga
A benchmark on a shear wall tested experimentallTad Zurich some decades ago [8] is reported telan insight
into the capabilities of the procedure proposedwal as comparisons with the outcome provided hyreviously
presented macroscopic model [9] are also discuasgetail.



THE NUMERICAL MODEL

The homogenized mechanical properties deduced tisgngodel presented in Part 1 are implementedaomanercial
FE code to simulate the behavior of entire paneldoufailure. The aim is to show that the presentets can be
adopted by practitioners for the analysis of lasgale structures, for which the classical microraeatal approach
requires unpractical computational cost, whereasngon commercial codes have implemented only isatropacro-
models. The simulations, carried out using Abadlisdeal with a variety of masonry panels subjedtedifferent load
conditions for which experimental data are avaéahlliterature, as well as numerical results paedi by other authors.
For the sake of conciseness, here only one exaimpéported and the reader is referred to [10laf@omprehensive
discussion on other benchmarks. The homogenizedssstrain relationship to be used at structurad! leequires an
identification of the spring elastic properties,arder to make the rigid-spring assemblage modeipatible with the
orthotropic continuum. Classically (see Kawai [dF the general framework and recent applicatiomsnfasonry by
Casolo & Milani [5][6]) such match is achieved imetlinear elastic range by energy equivalence.uketonsider two
rectangular rigid elements linked with a homogeiizgerface, having geometric properties a§liGURE 1. Let us
denote the dimensions of the rigid elements withdhd “H”, respectively for the length and the Haigand the out of
plane thickness with “t”. The thickness of the ifaees is identified with “th”. Under the applicati to the mechanical

system of a normal displacemedit the strain of the homogenized material 4= 0 /(2L +th), whereas the

deformation of the springs i§ = d/th. The volumetric strain energies of the homogenied rigid-spring models
are:
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Where E,, is masonry homogenized elastic modulus along tivedntal direction, E ., is the elastic modulus of

(1)

normal springs within the rigid elements and springss structural model and is the volume of the mechanical
system inFlGURE 1-b.
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FIGURE 1: Springs identification: a- axial springs, b-sheairgy.

Equating the two energies, we obtain the elastiduhe of the axial (horizontal normal) springs as:
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Using the same procedure it is possible to defimgyHor vertical normal springs as:
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The determination of g, follows an analogous procedure, $¢&URE 1-b, allowing an estimation of Gxy as follows.
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RESULTS

The simulations presented refer to a masonry spaael tested by Ganz and Thirlimann [8] at ETH &urgome
decades ago. The experimental campaign, whichws awnmonly used to benchmark new numerical modelhé
field of masonry modeling, was carried out with thien of better understanding the structural behragiothree
geometrically identical masonry panels under theldioed action of different vertical pre-compressi@nd shear.
Three different series of shear panels with alntfestsame geometry but under different loading dentl, labeled as
W1, W2 and W3 were tested. Here, only shear parieté§ults are taken into consideration for the sdl@nciseness.
The walls have in-plane dimensions equal to 360082@nf (width x height), se€l GURE 2. Hollow clay bricks of
dimensions equal to 300x200x150 frwere used, whereas the thickness of the joirasssmed equal to 10 mm. Two
stiff masonry flanges are present in correspondeficertical edges and a thick heavy concrete phate put on the
top, to properly apply and distribute the desiredical pre-compression load, variable dependinthersample tested,
FIGURE 2-a. WP1 and WP2 are subjected, prior the applicatibthe horizontal load, to a distributed verticaép
compression equal respectively to 0.61 and 1.91,Miareas a concentrated eccentric load equal2dkX2s applied
on the top edge of panel WP3. The width of thedémis equal to a single brick and their out-ofapldhickness is
equal to 600 mm for WP1 and WP2 and 840 mm for WHi utilization of hollow bricks makes convenighe
utilization at a structural level of the homogenizstress strain relationships depictedRFFGURE 3, appearing
reasonably in agreement with those used in thenteghliterature to numerically reproduce the preéssxperimental
studies. Experimental evidences shown that during first phase of application of the horizontal osed
displacement, diagonal cracks started to occur wityipical stepped pattern, while at the end oftésts the collapse
mechanism is characterized by the formation ofutakhinges on both flanges. All panels, but esgdciWP2 which
has a high pre-compression level, exhibited a g¢lab@erimental ductile behavior, sded GURE 2-b where
experimental curves and numerical results are septed. The panel is discretized by means of b fadfined mesh
constituted by 210 rigid elements (dimensions etuab0x190 mm2)i-1 GURE 4.

Congrete slab ,_¢=840 mm Concentrated load 422 kN

— I —— - 600
SN 1 N IS I N NV N
500t

Precompression load 1.91 MPa Concrete slab - <" >
< ivdivil vl vllvilvd vl vl vy = e >
\ i | » WP Z 400 | -

SN 1) N S Y N 1 =7 //
e L .

Precompression load 0.61 MPa Concrete slab 8 300 ’ Point C

T H HQ HQ HQ HOH QH QHI QH O| OH .5 EQOO _
[ T T T T T T T 1T [ — — — Experimental
T T T T T T T T T T T 100 f Lourenco (1996)||
I I O I I WPl P t model
I | H H H H H | H H H H H H H H V H V | l H W 2600 o ‘ ‘ _resent mode
I T T T T T T T T T T 10 0 2 4 6 8 10
T “ “ ! “ ! . ” “ | “ | “ | “ | | ! T Horizontal displacement § [mm]
—+ 1 [ | I [ [ [ [ [ | WP2
L=3600 mm Flanges
-a -b

FIGURE 2: ETHZ shear walls, experimental setup (-a) anddatisplacement results (-b) for WP2 test

As already pointed out, ifl GURE 2-b global force-displacement curves obtained numiyiGae compared with
experimental ones and those provided by Lourentwifh a macroscopic orthotropic elasto-plastic mlod\s can be
noted, rather satisfactory agreement is found. B¥enextremely ductile behavior of the specimensnee well
reproduced by the proposed approach.

Deformed shapes at the end of the numerical simua&tpoint C inFIGURE 2-b) and resultant crack patterns are
summarized inFIGURE 3. The deformed shape of the panel at the end okithelations exhibits some common
features with experimented ones, as for instaneddtmation of a well-defined plastic hinge near base of the right
flange and localization of crushing, i.e. compresdailure, in the lower right part of the sheadlyplus the formation
of a diagonal strut. As a matter of fact, evern# typical stepped cracks experienced during thdithg history cannot
be reproduced by any homogenization approach, ¢fermded shape obtained at the end of the simuktaearly
shows the formation of a shear band running orlthgonal compressed strut.



A visible rotation of the concrete slab is also tlwomoting, with the formation of a clear region engbing tensile
failure, spreading considerably thanks to the comnibieffect of pre-compression and concrete slahtioot The
compressed toe on the right, indeed, exhibits bigkss values, compensated by the tensile strggsrepreading. A
mixed shear-crushing failure is also clearly visilslear the lower right flange, showing several Igirities with
experimental evidences.
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FIGURE 3: ETHZ shear walls, homogenized stress strain relstipps adopted at a structural level. —a: horidatesile stress behavior. —
b: vertical tensile stress behavior. —c: sheasstbehavior. —d: compression behavior.
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FIGURE 3: ETHZ shear panel WP2, deformed shapes at progeessposed horizontal deformation and correspondamgage
patterns at the end of the simulations.
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