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Abstract

Two dimensional nonlinear finite element analysisdd on experimental test data has
been carried out to model deformation charactesstuch as load-displacement
envelope diagrams and failure modes of historimalesmasonry shear walls subjected
to combined axial compression and lateral shestity. An experimental research
work was carried out on three different types stdrical stone masonry shear walls
that can be considered representative of ancieneshasonry constructions. Those
three types of masonry are: i) sawn dry-stack grstione masonry without bonding
mortar, ii) irregular stone masonry with bondingrtag, and iii) rubble masonry with
irregular bonding mortar thickness. Plasticity ttygoased micro modelling techniques
has been used to carry out the analysis. The stoteewere modelled using an eight
node continuum plane stress elements with full Gategration. The joints and unit-
joint interfaces were modelled using a six nod® zkickness line interface elements
with Lobatto integration. This paper outlines tx@erimental research work, details of
numerical modelling carried out and report the nucaélateral load-displacement
diagrams and failure modes. The numerical anafgsiglts were compared with the
experimental test results and good agreement waslfo
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modes, Interface elements.

1. Introduction
Stone masonry is the most ancient, durable, andspig@ad building method devised by
mankind. Stone structures built without mortar r@tythe skill of the craftsmen and the

forces of gravity and frictional resistance. Stbias been a successful building medium
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throughout the ages and around the world because wfiique range of benefits. The
structures are remarkably durable and, if corresdlsigned, can be made earthquake
resistant. They resist fire, water, and insect dgnm@he mason needs a minimum of
tools; the work is easily repaired; the materiakigdily available and is recyclable. Dry
stone masonry, aesthetically, complements and eebahe landscape. Archaeologists
have determined that the Chinese built dry storrades at least 10,000 years ago. In
Britain, ancient tribes built dry stone shelterstjafter the last ice age, 8,000 years ago.
High quality stone tools recently found in Europe 2.2 million years old. The
technique of dry stacking in construction has exish Africa for thousands of years.
The Egyptian pyramids and the Zimbabwe ruins, dtalagf ancient Shona Kingdom
around 400AD, are good examples. In addition tonéhglect and destruction of historic
structures, the craft is handicapped due to ladkdinical information and skilled
preservation personnel. Construction and engingelata that professionals need are
scarce and, if recorded at all, are difficult todte.

A large part of historical buildings are built witlh sawn dry-stack or dry-stone
masonry without bonding mortar; ii) irregular stanasonry with bonding mortar; iii)
rubble masonry with irregular bonding mortar thieks; iv) a combination of the three
techniques. When bonding mortar is used, it is lhslaw strength. In addition,
masonry with mortar joints can experience a sigaiit loss of mortar due to combined
chemical, physical and mechanical degrading. Dubkdq@artial or total disappearance
of mortar, the behaviour of these constructionstban become similar to those made
of dry joint masonry.

The primary function of masonry elements is to anstertical gravity load. However,
structural masonry elements are required to witltstmbined shear, flexure and
compressive stresses under earthquake or wincclmabinations consisting of lateral

as well as vertical loads. Only few experimentalits are available on the behaviour

of stone masonry walls, e.g. Chiostrini and VigridB92) addressed strength properties
and Tomaze¥i (1999) reported tests on strengthening and impneve: of the seismic

performance of stone masonry walls. More recef@tyradi et al. (2003) carried out an



experimental study on the strength properties abtileaf roughly cut stone walls by
means of in-situ diagonal compression and sheapoession tests.

A comprehensive experimental and numerical studgistorical dry stone masonry
walls has been reported by Lourenco et al. (20DEBplacement controlled
experimental study for masonry walls under combic@apression and shear loading
was done for monotonic loading. Based on the nadtproperties obtained from the
experimental tests, numerical analysis was caoigdo model the monotonic load-
displacement diagrams using non-linear finite elesieSimilar numerical modelling
using rigid blocks limit analysis and discrete edghanalysis has been carried out by
Azevedo et al. (2000) and Ordufia and Lourenco (R@@3wvever, these studies were
limited to regular (sawn) dry stack mortarless starasonry only. A detailed literature
survey on numerical modelling of monuments andhisal constructions including

structure and component level are presented byengoar(2002) and Lemos (2007).

A research program was carried out by Vasconc@@85) at University of Minho to
experimentally evaluate the in-plane seismic pentorce of ancient stone masonry
without and with bonding mortar of low tensile stgéh to simulate the existing ancient
stone masonry structures. Monotonic and reverselitdgading tests with three
different pre-compression loading (low, moderaté haigh) were performed to
investigate the strength, deformation capacitydddesplacement hysteresis response,
stiffness characterization and failure modes. Tate dbtained from this experimental
research has been used as a base for the presastical analysis. The objective of the
analysis carried out here was limited to modeltimg peak load points of reversed
cyclic hysteresis diagrams, or the so-called loagtdcement envelope diagram, and
failure modes of three different types of ancigohe masonry subjected to three
different axial pre-compression loads.

Masonry is highly anisotropic due to the preserfadistrete sets of horizontal and
vertical mortar joints. Lourenco (1996a), Saadeghvand Mehta (1993), Papa (2001)
have divided models for masonry into two categomesro and macro. Figure 1 shows

details of micro and macro modelling techniqueguFeé 1b shows a detailed micro-



modelling where joints are represented by mortatinaum elements and
discontinuum interface elements. Figure 1c shompklied micro-modelling where
joints are represented by discontinuum elemengsiréild shows macro-modelling
where joints are smeared out in the continuumhénniicro-modelling techniques, it is
possible to model the unit-mortar interface andtargoint which is responsible for
most cracking as well as slip. Young’'s modulussBoi’s ratio, inelastic properties of
both unit and mortar are taken into account innth@o-modelling. The interface
represents a potential crack/slip plane with dunsitifiness to avoid interpenetration of
the continuum. Due to the zero thickness of therfate elements, the geometry of the
unit has to be expanded to include the thicknesieojoint. In the macro-modelling

technique, mortar is smeared out in the interfaement and in the unit.

In micro models, masonry units and mortar are sgplyrdiscretised using continuum
or discrete elements, whereas in the macro motal kmown as equivalent material
model), masonry is modelled as a single materialgusverage properties of masonry.
Page (1978) made an attempt to use a micro-modeldsonry structures assuming
units as elastic continuum elements bonded witrfiate elements. Arya and Hegemier
(1978) proposed a von Mises strain softening mtmedompression with a tension cut-
off for the units. Joints were modelled using ifdee elements with softening on both
the cohesion and friction angle. The collapse loigigined from their model shows
good agreement with experimental results from stwedls testing. Ghosh et al. (1994)
concluded that macro modelling could predict thimeations satisfactorily at low
stress levels and inadequately at higher stresdsl@vhen extensive stress redistribution
occurs. Pande et al. (1990) categorically statatirttacro modelling would not
accurately predict the stress distribution witlia tinits and mortar. In micro

modelling, two approaches are followed in finiteraknt analyses. In the first, both the
units and the mortar joints are discretised bygismntinuum finite elements, whereas
in the second approach interface elements aretasaddel the behaviour of mortar
joints. Several researchers (Papa (2001), LouranddRots (1997), Shing and Cao
(1997)) have reported that the interface elemesesl in heterogeneous models
reproduce essentially the interaction between tijoiaing masonry units, and further

degrees of freedom are not required to be intradluce



For masonry walls subjected to either vertical loaty or a combined shear and
vertical loading, 2-D analyses are found effectiy@oducing stress results that are
close to those produced by 3-D analyses. DhanasekiaXiao (2001) proposed a
special 2D element and validated its results uaiB® model of masonry prisms. To
determine the internal stress distribution in umiegiced masonry, Page (1978)
modelled joints as linkage elements in conjunctath units as plane stress continuum
elements. Dhanasekar et al. (1985) proposed a mamdel for solid masonry, which
was capable of reproducing the effects of matewalinearity and progressive local
failure. To determine the internal stress distidouin masonry panels under
concentrated loading, Ali and Page (1988) modahedmasonry units and mortar joints
separately. They used four-noded quadrilateral eteswith refined mesh in
concentrated load regions to allow redistributibsteesses. Khattab and Drysdale
(1994) also formulated a homogeneous model of nrgseith considerations of mortar
joints as planes of weakness.

Lourenco and Rots (1997) modelled masonry unitoaginuum elements while mortar
joints and potential cracks in units were represgiais zero-thickness interface
elements. Interface elements were modelled withpancodel to include all possible
failure mechanisms of masonry structures. The Wolg failure mechanisms (Figure 2)
are considered; a) cracking in the joint (Figurg Basliding along bed or head joints at
low values of normal stress (Figure 2b), c¢) Craglohthe units in direct tension
(Figure 2c), d) diagonal tension cracking of thésuat values of normal stress
sufficient to develop friction in the joints (Figu2d) and e) Splitting of the units in
tension as a result of mortar dilatancy at higluealof normal stress (Figure 2e). This
model has been used successfully to reproduceothplete path of the load-
displacement diagram for standard masonry andtdcked sawn masonry. An
extension for cyclic loading using bounding surfatasticity is given in Oliveira and
Lourenco (2004). The novelty of the present papan the application of the micro-

model to simulate the response of rubble masonry.

2. Outline of Experimental Research Program
The experimental research work was carried out &scdncelos (2005) in the Structural

Engineering Laboratory at the University of Minl@&yimaraes, Portugal. Test walls



were made of locally available two mica and medgrain granite stone. A ready-mix
mortar made of naturally hydrated lime and aggesgat granular size between 0.1 and
0.2 mm was used to bond the units. The seven deyage compressive strength of
mortar was 3 N/mfwhich was considered to be close to the strenigthootar found

in ancient building constructions.

The main object of the experimental research waak @ evaluate the in-plane seismic
performance of stone masonry shear walls founesareat masonry structures. Table 1
and Figure 3 and shows the three different typesxpérimental masonry test walls
with description and dimensions respectively; THp®awn dry-stone or dry-stack
mortarless stone masonry (Figure 3a). This wak ty@as to represent historical
masonry constructions where there is no bondingnahbetween stone units or where
most part of the bonding material of low strengéimighed due to physical and
mechanical weathering effect. Type Il) Irregular& masonry with bonding mortar
(Figure 3b) can be representative of large stoaekitonstruction, possibly in wealthier
housing and monumental buildings, and Type I1l) Babmasonry with irregular
bonding mortar joint thickness (Figure 3c), carrdy@esentative of vernacular
buildings and historical city centres houses. Isecaf type | masonry test specimen, all
the units were mechanically sawn to achieve a smstface. Dimension of the sawn
stone used in type | masonry was 200 mm (lengtt§xmm (height) x 200 mm
(width). Type Il masonry consisted of hand-cutgular shaped units and low strength
head and bed joint bonding mortar. The size ofrtiegular stone used in type II
masonry was approximately 1.3 times larger thars#ven stone used in type |
masonry. Type Il masonry composed of mixed stariebfferent shape, size and
texture and low strength mortar. The thicknesdldheee types of walls was 200 mm
and single wythe. Considering the capacity of tgséquipments available in the
laboratory, the dimension of model masonry testsmaés fixed as 1000 mm (length)
x1200 mm (height) x 200 mm (width) and the heighlieingth ratio was 1.2.

Figure 4a and 4b shows the experimental test sardpoading history respectively.
Monotonic and reversed lateral cyclic tests were@@ out with three distinct axial pre-

compression load levels including low, 100 kd$<0.5N/mnf), moderate, 175 kN



(00=0.875N/mnd) and high, 250 kNd,=1.25N/mnd. The base of the walls was fixed to
the test floor and the first course of the wall \wasizontally supported using a special
arrangement consists of steel plates, angles,dmadtnuts. To test the experimental test
set-up, a monotonic load test on Type | masonrymade. The preliminary test was
carried out by increasing the load steadily umtillure of the wall. From the preliminary
test results, a load-displacement curve was estaalifor Type I. After the successful
completion of the monotonic test, the reversed&tyclic load tests were carried out
of all three types of masonry according to pre+tediload history presented in Figure
4b.

Construction of all three types of test walls wasi@rmed manually by the same mason
to ensure uniform workmanship. For easy transportand to avoid local damage
during transit, test walls were built on thick $teeam. Construction of type | masonry
wall was easier and straight forward. Horizontal &artical alignments of the wall

were checked using plumb during the constructioeach course. As there is no curing
involved, the wall was ready to test immediatekgiathe construction. Type Il and IlI
masonry test walls were constructed using low gtitebonding mortar, cured for 7
days under damped condition and tested. Beforetremti®on, the units were soaked in
water to avoid absorption of water from the modaring construction and shrinkage
during curing. A total number of twenty four wallave been tested including ten type |
walls, seven type Il walls and seven type Il wallable 2 shows the total number of

walls tested in each masonry type and under diitearial pre-compression loading.

Axial pre-compression loading was applied by usingertical actuator with a

maximum capacity of 250kN. Through a set of raflepports, a deep and stiff beam
was used to distribute vertical load from the aituto a thick steel beam (similar to the
base beam) that was erected on top the wall aftestiuction. The axial pre-
compression load (either 100 or 175 or 250 kN) kegst constant throughout the test
using an independent dedicated oil pressure sy3teentop thick stiff steel beam was
also used to apply the shear lateral load fromhthvezontal actuator as shown in Figure
4a. The purpose of the steel rollers placed betweedeep beam and top beam, was to
allow the wall to displace horizontally during thpplication of lateral shear load. Care



was taken to avoid possible out-of-plane movemeétess wall during the lateral load
application. After applying the desired axial pmavpression load, the lateral load was
applied in terms of controlled displacement atrdte of 10Qum/s. Deformation of the
walls was measured using needle type Linearly W&iBifferential Transducers
(LVDTs) mounted on different critical regions, Frgda, and on both sides of the wall.
The monotonic load test was done for type | masonty. Reversed cyclic shear

loading test was carried out for all the masonpety

Here, it is noted that the experimental envelowesiion reversed cyclic test will be
assumed as representative of quasi static mondtmading. It is certain that the
envelopes for the former do not exactly coincidéhuhe later. The authors are not
aware of specific papers addressing this issuadgtgnificant differences are expected
in terms of peak load, as energy dissipation irhtysteretic behaviour of shear walls
seems to be mostly related to compressive failndel@ge drifts. In Oliveira and
Lourenco (2004), for a severely compressed and m&¢rc wall, a difference of about
10% was found in terms of peak load, while comganmnotonic response versus
cyclic envelop. For the masonry type | above (raglikawn dry stone masonry) of the
present experimental campaign, similar results vierad for monotonic and reversed

cyclic loading tests, Vasconcelos (2005).

3. Finite Element Analysis of Stone Masonry

The data obtained from the ancient stone masoregrshall test carried out by
Vasconcelos (2005) has been used as a base forethent finite element modelling.
Prior to the testing of model masonry walls, meatertests such as compression,
tension and shear tests were done on stone unitamooibes, prisms made out of
mortarless dry-stone, irregular stone with bodirggtar and rubble stone with bonding
mortar. These tests on materials were done tordeterthe elastic, inelastic and
strength parameters required for the present felement modelling. Average
compressive strength, tensile strength and Youmggules of stone was 69.2 N/fim
2.8 N/mnfand 20200 N/mfArespectively. Average compressive strength of moves
3.0 N/mnf.



3.1 Mesh Generation and Element Selection

For type 1 (dry-stack stone masonry), the finiemednt mesh was generated using a
FORTRAN program developed by Lourenco (1996b). fbiflewing input data was
required to generate a mesh for regular masonrg\sath as type I; i) whether
potential vertical cracks in the middle of the grate to be included in the model, ii)
whether a masonry joint is to be included in th#dio of the model, iii) whether a
masonry joint is to be included in the top of thed®l, iv) whether each course contains
an integer number of units, v) whether the firgtt{®m) course starts with a full unit or
half unit, vi) the number of masonry courses inrt@el, vii) the number of complete
units per course, viii) the number of divisionsife elements) per unit in the x
direction, ix) the number of divisions (finite elents) per unit in the glirection, x) the
width of the units (plus ¥z of thickness of the naojjbint), xi) the height of the units
(plus %2 of thickness of the mortar joint), xii) thalf of a thin fake joint thickness for
joints, only for visual or identification purposésdgure 5a shows division of units in x
and y directions, interface around the unit ane fddickness of joints. Figure 5b shows

a possible potential crack at the middle of thaetonit.

As the experimental test results showed no crackisa unit, potential cracks in the
units were not considered in the entire modellirglwfor all three types of masonry.
The FORTRAN programme cannot be used for type lll@s it has complex irregular
units of different texture and size. For type Idldi masonry, the nodal points were
calculated using a special image scanning softaadeMicrosoft Excel, and the rest of
the meshing procedure is same as that of the Typesonry.

The units were modelled using eight node quadrahisoparametric continuum plane
stress elements, CQ16M (Figure 6a), with quadnaterpolation and full Gauss
integration. The joints were modelled using a sidenand zero thickness line interface
elements, CL12I (Figure 6b) with Lobatto integrati&igure 6¢ shows the unit and

interface element assemblage.



3.2. Material Properties (Strength, Elastic and I nelastic Parameters)

The average Young’'s modulus of dry-stone prisms 14890 N/mm (based on test
results of four prisms built with four course digcked stones). Young’'s modulus of
large walls is usually different from the Young'®dulus measured in small test
specimens. This phenomenon has been found andedgxy Lourencgo (1996a). Micro-
modelling approach based on interface finite eldmegguires two distinct stiffnesses,
namely, the stiffness of the stone units and tifilmass of the joints. Once the stiffness
of the stone units is known, the stiffness of thiats can be calculated from the
experimental axial pre-compression load-displaceroerve of the walls. Normal joint
stiffness (K, joing Was calculated using the following formulatiomposed by Lourenco
(1996a) in which the wall is consider as a serfdsvo springs in vertical direction, one

representing the stone and the other represeitegint.

Kn, joint = 1/(h(1/Bvai — 1/Estond) 1)

where
Kn, joint = Normal joint stiffness
h = Height of stone (150 mm)
Ewvar = Young’s modulus of wall

Estone = Young’s modulus of stone

The tangential stiffness ¢Koiny Was calculated directly from the normal stiffnessng
the theory of elasticity as follows, Lourenco (1896

Ks, joint = Kn,joint/ 2(1+) (2)
where
Ks, joint= Normal joint stiffness
Y = Poisson’s ratio (0.2)
The following inelastic properties of unit-mortaterface were taken in to account

Lourenco & Rots [1997]): i) tensile criteriofi(tensile strength) an@'; (fracture
( ¢ g
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energy for Mode-I); ii) friction criterionc (cohesion), tap (tangent of the friction
angle), tarp (tangent of the dilatancy angle) and Mode-Il fuaetenergy;'; i) cap
criterion:f. (compressive strength) andG (compressive fracture energy). The
inelastic parameters required for the analysis w&teacted from Vasconcelos (2005),
when available, or followed the recommendationggiin Lourenco (1996a). Table 3
and 4 presents elastic and inelastic paramete@nAgote that the elastic stiffness of
the interfaces was adjusted from the measured iexpetal results, becoming clear that
the stiffness decreases consistently from TypeTifee 111, due to the increasing
thickness of the joint and irregular shape of thiesu The equations that govern the
inelastic behaviour of masonry are given in detallourenco and Rots (1997), where it
is assumed exponential softening for tension andtiear, followed by parabolic

hardening, parabolic softening and exponentiaksarfiy in compression, see Figure 7.

3.3 FEM Analysis Procedure

Firstly (step-1), the desired total vertical premgoession load (either 100 kN or 175 kN
or 250 kN) was dived in to small steps and graguaplied on the top surface of stiff
steel beam (Figure 8Jhen the horizontal load in terms of incrementaphcement
was applied in small steps at the top right coaiehe steel beam (step-2). For a good
insight into the stress distribution at differentiaontal load increment, the horizontal
displacement was increased gradually to 2.5 mmm, ih& mm, then to 10 mm and
lastly until the failure/ collapse, which providéee behaviour of each critical region
(Figure 8) of the walls, in addition to the ovemddiformation characteristics. The
vertical and horizontal loads were applied in sratdps to achieve a converged
solution, particularly in the case of dry stone arayg, which features no tensile

strength or cohesion.

3.4 FEM Analysis Results

Results of the nonlinear finite element analysisengost processed and are presented in
this section. Axial pre-compression load, lateledas load and material properties are
the main parameters that significantly influendeel behaviour of the shear walls. Load

flow in the whole body of the wall at differentéaal displacement levels, failure modes
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and state of load and displacement in critical saate presented in the following

sections.

3.4.1 Modes of Failure

Heel, toe, centre and local point of applicatioroafd on the shear wall are the critical
regions (Figure 8). Failure in these regions maaagtrolled the overall behaviour of
the shear walls. Walls failed due to either flexareacking or toe crushing or tensile
cracking at the heel followed by shear failure gltime diagonal. Combination of two or
more failures has also occurred at critical loagleAt lower pre-compression levels
(100 kN), walls usually failed due to a progresdiegural mechanism characterised by
heel cracking followed by rocking and toe crushiimgespective of masonry types, axial
pre-compression stress significantly influencedtileaviour of the shear walls. A
small increase in vertical load provided the walith a larger strength due to the
improvement of bond resistance mechanisms betvageingnd masonry units. A
substantial increase of axial stress changes tleefanode of the wall from flexure to

shear.

Figures 9, 10 and 11 present the deformed shapthamdinimum principal
(compressive) stresses of Type I, Il and Il maganodels respectively under different
lateral displacement, and axial pre-compressioditmg. Lower axial pre-compression
load caused flexural or rocking failures and higher-compression load caused
rocking, toe crushing, crushing at region of lopglecation and diagonal shear failures
along the diagonal direction. Flexural crackingha bed joints occurs when the tensile
stress on a horizontal mortar joint exceeds the aitine bond strength of that mortar
joint and the frictional stress between the maatadt the units. Rocking mode of failure
occurs due to overturning caused by either lowllefraxial load and/or weak tensile
bond strength of mortar joints dominated. Diagatedar failure occurs when the
diagonal tensile stress resulting from the compoesshear state exceeds the splitting

tensile strength of masonry.

Figure 9 details the progress of cracking and teldigion of compressive stresses upon

loading, which leads to a series of struts defimgthe geometry and stone

12



arrangement. For a good insight into the strestsiblition at different horizontal load
increment, the horizontal displacement was inciégsadually to 2.5 mm, then to 5
mm, then t010 mm and until the failure/ collapshjol provided the behaviour of the
critical regions at different magnitude of appliedds. When the applied displacement
is 2.5 mm, a larger number of diagonal compressings are clearly formed and the
whole wall is still mostly structurally sound. Asetdisplacement increased from 2.5
mm to 5 mm and then to 10 mm etc, the number ofpcession struts reduced and
diagonal cracking started to occur. A complete olfeg crack propagates and the failure
mode is mostly controlled by shear, together wottalized rocking of the cracked stone
pieces in the compressed toe region of the walk @grees reasonably well with the

failure mechanisms observed in experimental teses Figure 9.

The failure of Type I, irregular masonry is notdifferent from Type |, sawn masonry,
even if the orientation of the diagonal crack #edent and more shear failure is

apparent, see Figure 10.

The deformed shape of original mesh of Type Ilblie masonry is shown in Figure
11a. Unexpectedly, the model failed in sliding @@weak plane at about mid-height,
at very low level applied lateral load. This clgaridicates that failure is influenced by
the irregular internal arrangement and unrealrgtsults can be obtained. To avoid the
sliding failure, a shear key along the weak plaas provided by adding an extra corner
to a four corner stone unit at middle of the welanp/ path, and the original mesh was
modified. The modified mesh was subsequently usedl ianalyses. Moreover, as the
internal structure is not symmetric, the resules@novided from Left to Right loading
(L-R) and Right to Left loading (R-L). The deformgldapes at collapse for the
modified mesh are shown in Figure 11b. Under dgffiéipre-compression levels, the
failure occurred in the modified Type Ill mesh @t 150 different from the Type | and Ii
masonry particularly at higher level of axial pi@sgression load, including a diagonal
shear crack and toe crushing. Certainly that a nthfference is that not really stepped

cracks are found, being the crack mostly straight.
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3.4.2 Load-Displacement Curves

From the experimental cyclic hysteresis curvespeek load points were used to
establish experimental load-displacement envelopess. These experimental curves
are compared with numerical results, and presantEdjure 12a-c, 13 and 14 for Type
[, Illand 1l masonry respectively. As mentionedsiction 2, monotonic tests were
performed for Type | (regular/ sawn) masonry oiilye load-displacement envelope
curve obtained under monotonic loading was supergea@ with the envelope curves of
cyclic loading and presented in Figure 12 d-f. As be seen from the Figure 12d-f,
these two (monotonic and cyclic) curves follow ékaa same path until the
appearance of first crack at about 60-80% of faiload. After the appearance of crack
in ascending zone, these two curves still folloas same path with little difference that
can be neglected. After reaching close to failtirese two curves stabilize and follow
exactly the same path again with increasing digohent and almost constant load
level. Similar finding has been reported by Serghand Sinha (2002) for masonry
subjected to monotonic and cyclic loading. Forrds of the case (Type Il and 1ll), it
was assumed that the peak points of cyclic hyssecesves approximately coincides

the monotonic envelope curve.

Envelope curves of Type | masonry exhibited thiéfere@nt rages and trends: an initial
linear portion with a high rate stiffness (whictdisectly proportional to the applied

axial pre-compression load) followed by a transitoon-linear portion and, finally a
relatively approximate linear portion with sloweaidf increase in load and faster rate of
increase in displacement. The similar trends caselea in the case of type Il and I
masonry except for the sudden load drops occunrdéiakei ascending branch of the
curves due to movements or sliding of stones.aliyjt the curves exhibited large
stiffness with linear behaviour up to about 30%haf respective peak load. As the
lateral load increases, stiffness degradation tpke. A good correspondence between
numerical and experimental load-displacement cuinassbeen found for Type | and

Type Il masonry.

In case of Type lll, due to irregular and randorseasbly of units with different size

and texture, the load-displacement response wastiserto the direction of lateral load.

14



This leads to a significant scatter of the resaifid less good agreement in the results,
particularly for the case of higher precompressiril, the asymmetry of the results
can be replicated by the numerical results, seer€ifj4. Possibly, better agreement
could be obtained by fine tuning the adopted sludjlee units for each test, but this is
outside the scope of this paper.

Finally, it is noted that the model of Lourenco dats (1997) is not capable of
reproducing adequately the crack closure and caraased for reversed cyclic
loading. The cyclic loading model available, Olrgeand Lourenco (2004), requires
significant additional data and experiences sewengergence difficulties upon a large
number of cycles or large displacements, beingrtbeotonic model much more robust.
The combination of dry stacked masonry, which rexpuvery small steps due to lack of
tensile strength and cohesion, with cyclic loacmakes the analysis process unwieldy.
Therefore, no attempt is made here to replicateyhbc results of the experimental

testing program. It seems that more robust materaalels are needed for this purpose.

4. Discussion and Conclusions

Masonry is a material which exhibits distinct direnal properties due to the mortar
joints which act as planes of weakness. Large numiiafluence factors, such as
anisotropy of units, dimension of units, joint widtnaterial properties of the units and
mortar, arrangement of bed as well as head jomdsjaality of workmanship, make the
simulation of masonry difficult. The main objectigéthe present finite element
modelling work was to evaluate analytically theplane seismic performance of three
different types of stone masonry shear walls foumrahcient masonry structures in
Europe particularly in north of Portugal: Type Bv dry-stone or dry-stack mortarless
stone masonry, Type Il) Irregular stone masonrp\widnding mortar, and Type IlI)
Rubble masonry with irregular bonding mortar jdimtkness.

A plasticity theory based micro modelling technig/iras been employed to carry out
the analysis. The analysis results showed thagihee patterns and load-deformation
response of the shear walls are highly influengethb by axial pre-compression and

material properties. The strength of masonry et for type I, Il and Il but the
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behaviour remain almost same particularly undendmgxial pre-compression (175 kN
and 250 kN). Lower axial pre-compression load edutexural or rocking failures and
higher pre-compression load caused rocking, toghong and diagonal shear failures
along the diagonal direction. The predicted nunaif@ilure modes are in good
correspondence with the experimental failure mo@ks.numerical and experimental
load-displacement diagrams are compared and pessehigood correspondence
between numerical and experimental response hasfbeed for all the cases of pre-

compression level.
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Table 1: Type of experimental test walls

Stone Masonry Wall Type

Description

Type |: Dry-stack sawn

Type IlI: Irregular

Type lll: Rubble

Sawn stone assembledge
without bonding mortar

Irregular stone assembledge
with bonding mortar

Rubble stone assembledge
with bonding mortar

Table 2: Details of stone masonry test specimen amrial pre-compression

No. of Masonry Walls Tested Axial Pre-Compression | Normal Stress
Typel | Typell | Typelll Level (kN) (N/mm?)
4 2 2 100 (Low) 0.50
3 3 2 175 (Moderate) 0.875
3 2 3 250 (High) 1.25
Table 3: Elastic Properties
Unit Joint (Stiffness)
Young's Modulus, E | Poison’s Ratio, Normal, K, Tangential, K
(N/mn) u (N/mn) (N/mn)
8.0 (Type I) 3.33 (Type I)
20200 0.2 3.5 (Type 1) 1.575 (Type 1)
2.0 (Type 1) 0.9 (Type 1)

Table 4: Inelastic Properties, Vasconcelos (2005)

Tension Shear Compression

fi G G fe G5
Type | (mn?) | (wmnd) | € 1B R N ime?) | (nme?) | (vimn?)
| zero not applicable] zerd 0.65| O | notapplicable] 37.0 25.0
lland Ill | 0.05 0.01 | 0.1 0.4 0.1 6.1 9.0
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Unit (brick.
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Head joint Unit Mortar
Bed S, 4 —
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a) Masonry sample b) Micro-modelling
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—\ Composite
A] i
c) Simplified micro-modelling d) Macro-modelling

Figure 1: Micro and macro modelling techniques

------------------
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a) Tensile cracking in joint b) Jostip c) Direct tensile cracking in unit
vy b LoLLLy
o L (¢
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tTT e 1 A A N
d) Diagonal tensile cracking in the unit e) Crushing of masonry

Figure 2: Failure mechanism for masonry
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1200 mm

1000 mm
a) Dry stack sawn masonry

1200 mm

| 1000 mm |
b) Irregular masonry with bonding mortar joints

1200 mm

| 1000 mm
¢) Rubble masonry

Figure 3: Details of experimental test specimens
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Figure 4: Experimental test set-up and load history
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Figure 5: Mesh generation for swan (regular) dry-sick stone masonry
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a) Eight nodes continuum plane stress elementajfor units

b) Six node zero thickness line interface elemériii) for joints
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Figure 6: Two dimensional elements for units and jmts
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Figure 7: Inelastic behaviour of interface model ad validation with experiments,
Lourenco and Rots (1997)
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Figure 8: Critical regions in masonry shear wall
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i) At 2.5 mm lateral displacement ii) At 5 mm lakdisplacement

iii) At 10 mm lateral displacement iv) At 30 mméaal displacement

a) Deformation progress of Type I, Sawn masonry uddérkN
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i) Numerical i) Experimental

b) Incremental deformed mesh at collapse (175 kiM)experimental failure

i) Experimental

c) Incremental deformed mesh at collapse (250 kid)experimental failure

Figure 9: Deformation progress of type I, Sawn masuoy
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i) Experimental failure

Figure 10: Deformed shape of Type I, Irregular masnry at collapse

30



iii) Experimental failure mode

a) Deformed shape of original mesh
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| . |

Loading at top left corner (L-R) Loading at tophigorner (R-L)

Experimental failure modes

i) Axial pre-compression = 100 kN
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Loading at top left corner (L-R) Loading at tophigorner (R-L)

Experimental failure modes

i) Axial pre-compression = 175 kN
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Loading at top left corner (L-R) Loading at tophigorner (R-L)

iii) Axial pre-compression = 250 kN

b) Deformed shape of modified mesh

Figure 11: Deformed shape of original and modifiednesh of Type Ill, Rubble
masonry
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Figure 12: Load-displacement envelope curves of Typl, Sawn stone masonry
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Figure 13: Load-displacement envelope curves of Typll, Irregular stone masonry
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Figure 14: Load-displacement envelope curves of Typlll, Rubble stone masonry
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