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Abstract

This paper presents a discussion on the behaviour of non-confined and confined
masonry walls with different types of horizontal reinforcement when subjected to in-
plane horizontal loads, using advanced numerical simulations. An isotropic continuum
nonlinear finite element macromodel, based on a smeared crack total strain-stress
models with scarce parameter input is used to represent previously tested masonry
walls. The masonry units, the mortar and the bonding interfaces between the units and
mortar have been lumped in continuum elements. The input data is based on
experimental results or inverse fitting, with a clearly identification and justification. The
results are presented and compared against experimental data, with an emphasis on

force-displacement curves and failure modes.
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1 INTRODUCTION

Due to its mechanical properties, durability and comfort masonry is an adequate
choice as a structural material, which can be used in a wide range of typologies, namely
arches, vaults or walls. Still, the use of masonry as a structural material became less and
less common since the widespread of reinforced concrete after the end of the nineteenth
century. In Portugal, particularly after the Second World War, the building sector was
characterized by a rapid evolution in construction methods towards the use of reinforced
concrete, which became the main structural system for new construction. Recent studies
[1] estimate that reinforced concrete is used in about 90% of the new buildings in
Portugal, while most European countries, e.g. Italy, Germany, the Netherlands or
Denmark, still adopt masonry as the main competitive system for housing (30 to 50%).
The European structural codes allow efficient design using different materials and the
increasing interest of the scientific and technical community allow to believe that
masonry will remain competitive and might increase competitiveness in countries that

have lost this tradition.

Walls represent the main resisting structural element in masonry buildings ensuring
resistance not only to vertical loading but also to wind or seismic loading, in earthquake
prone areas. Recent earthquakes have shown that non-engineered unreinforced masonry
systems, even if not so old, do not behave adequately for seismic loading, exhibiting
brittle response and damage [2]. This behaviour is mainly attributed to the low strength
of unreinforced masonry walls under tensile stresses induced by lateral loading, by
insufficient robustness of the units and inadequate connection between floors and walls.
The introduction of distributed reinforcement or confining elements improves

significantly the seismic performance of masonry elements, leading to higher lateral



resistance and ductility ([3], [4], [5], [6]). Confined masonry, in which masonry walls
are confined by vertical and horizontal reinforced concrete small elements (posts and
lintels), has shown very satisfactory behaviour during moderate and strong earthquakes
[7]. According to Tomazevi¢ and Klemenc [8] the confining elements prevent

disintegration and improve ductility.

In the last years, externally funded research projects have been carried out at
University of Minho, aiming at proposing different solutions for structural masonry
walls, able to be used in low to medium rise residential buildings. The solution detailed
here is based on lightweight concrete masonry walls with different typologies. Besides
unreinforced masonry walls, to be used in areas with low seismic hazard, light
horizontally reinforced masonry walls and confined masonry walls have been studied in

detail.

The masonry research carried out in the last decades, both experimentally and
numerically, has increased significantly the understanding of masonry as a composite
material. Still, the knowledge and code drafting on structural masonry is far less
consensual than reinforced concrete or steel. Even if it is possible to safely estimate the
lateral resistance standard masonry walls under in-plane loading based on design codes,
new solutions for masonry walls require their mechanical validation through
experimental testing. In the case of confined masonry and lightly bed joint reinforced
masonry, the available knowledge is moderate. Testing is expensive and takes time but
is the best way to provide the strength, the capacity to dissipate energy and the failure
modes of non-conventional solutions. Still, less expensive and less time consuming
alternatives for testing need to be used, if not to replace them, at least, to complement

them.



This article aims at demonstrating that reasonable results for masonry capacity can
be obtained using low parameter demanding, commercially available, constitutive
models. For this purpose, a series of lightweight concrete masonry walls tested under in-
plane cyclic loads are considered. The wall configurations tested range from
unreinforced-non-confined up to horizontally reinforced-confined masonry. An
overview of the experimental results is given first, with details and comparison between
the distinct typologies. Finally, the quality of the numerical results is assessed and the

shortcomings of using standard inelastic models are presented.

2 EXPERIMENTAL PROGRAM

The development of a structural masonry solution based on lightweight concrete
blocks existing in the Portuguese market motivated an experimental campaign, co-
sponsored by the block producer. The main goal was to define adequate a solution to be
used in low to medium rise residential buildings (typically up to 4 stories), in regions of
low to high seismicity in Portugal. Three different possibilities where conceived, based
on masonry systems mentioned in Eurocode 6 [9]: 1) unreinforced; 2) reinforced and; 3)
confined. The experimental program included tests to quantify the mechanical
properties of units and mortar, wallets and shear walls, allowing to obtain: 1) the
Young’s modulus and compressive strength of masonry units and wallets, perpendicular
to the bed joint; 2) the compressive strength of concrete and; 3) strength and ductility
parameters of shear walls subjected to horizontal in-plane cyclic loads. The shear walks
are subsequently used for comparison with numerical modelling and, therefore, are

briefly addressed in the next sections.



2.1 Wall configurations and mechanical properties

As stated above, the in-plane cyclic tests aimed at the assessment of the strength and
ductility properties of three distinct masonry wall systems (unreinforced, horizontally
reinforced and confined). According to Eurocode 8 [10], masonry walls should have
filled vertical joints when located in seismic regions. Still, this is complex for thick
masonry blocks and reduces productivity. Therefore, it is worth to discuss the relevance
of filling vertical joints, when bed joint reinforcement or confining elements exist. In
this context, six wall configurations were built, with a total of 16 walls. Table 1 briefly

details the several specimens tested.

Due to limitations in the laboratory, and in order to obtain representative masonry
wall panels, it was decided to use half scale masonry units resulting from the cutting of
real units to nominal dimensions of 200x143x100mm? (Fig. 1). These units only have
half the height of a full size unit, allowing a modularity in height of 100 mm. The tested
masonry wall panels were 1.0m height by 1.0m length (Fig. 2 a), resulting in a height to
length ratio of 1.0. The normalized compressive strength of the unit is 5.7N/mm?. The
mortar adopted for the wall construction was pre-mixed, with 10 N/mm? compressive
strength. It was decided to use this commercial mortar in order to comply with easier
quality control of the construction. The class selected (M10) is the one normally used in
Portugal. The wallets tested under compression perpendicular to the bead joint lead to
an average strength of 2.8 N/mm?. The concrete elements of the confining system were
built using a self-compacting concrete with a compressive strength, fem, of 31.5N/mm?.
The adopted cross sections are 143x75mm? (vertical elements) and 143x80mm?
(horizontal elements). The reinforcement consists of 4p6mm steel bars (fyk=400N/mm?)

with 4mm stirrups spaced at 75mm (fyk=400N/mm?). Bed joint reinforcement for



masonry is a truss type reinforcement with longitudinal bars of 5 mm diameter
(fye=550N/mm?). The configuration of the reinforcements of the confining elements is
shown in Fig. 2 b. In the confined walls with a connection between the masonry wall
and the confining elements (W2.6), the horizontal reinforcement is anchored to the
vertical reinforcements of the confining columns.

2.2 In-plane experimental setup

The shear walls were tested using the layout shown in Fig. 3. The base was fixed to
a rigid concrete floor in order to preclude any horizontal and vertical movement. The
top of the wall is allowed to rotate, even if an eccentric horizontal load is applied at mid
height. The eccentricity of this load aimed at preventing the predominance of flexural
failure modes, detected in preliminary tests. The connection between the vertical and
horizontal steel elements by which the horizontal load is applied was ensured through
welding. The horizontal load is applied by means of a servo controlled hydraulic
actuator with a double hinged connection to the reaction wall and to the vertical steel
column. The pre-compression load was applied by using a vertical actuator with a
maximum capacity of 250kN, being its reaction transferred to the strong floor by means
of flexible vertical steel cables. The tests were carried out with constant vertical stress
of about 0.9N/mm? corresponding to about 30% of the compressive strength of
masonry. A stiff beam was used for the distribution of the vertical load and a set of steel
rollers was also placed on the top, in order to allow relative displacements between the
wall and the vertical actuator. The tests were carried out under displacement control,
following the displacement history shown in Fig. 3.

2.3 Brief overview of the results from in-plane cyclic tests

In terms of crack patterns it was observed that in walls without bed joint

reinforcement (W2.1, W2.2 and W2.4), horizontal flexural cracking at the heel of the



walls prevailed for low levels of horizontal displacement. With increasing lateral
displacements, diagonal cracking suddenly developed, with a localized crack well
defined, see Fig. 4. The diagonal crack in the specimen with vertical joints filled
(W2.2) goes through units and mortar without a preferential path, a behaviour consistent
with a good connection between the two materials that indicates a reasonably

homogenous material.

In non-confined masonry specimens, W2.1, W2.2 and W2.3, the peak strength is
reached before the appearance of a diagonal crack. Crushing in the toe occurs for larger

displacements.

In the confined masonry walls, W2.4, W2.5 and W2.6, a shear crack is detected in
the concrete node between post and lintel, which leads to failure of the wall. It is clear
that when reinforcement is placed at bed joint, diagonal cracking is considerable more
distributed, and with smaller crack width. In this case, a rather ductile behaviour was
found, with low strength and stiffness degradation. The influence of bed joint
reinforcement is particularly relevant in case of confined masonry walls, see Fig. 4. The
enhancement of the lateral performance of confined masonry walls with anchored bed
joint reinforcements is revealed by the very well distributed cracking in the walls, with

small crack width and higher lateral resistance.

The influence of the confining elements is well observed through the force-
displacement diagrams shown in Fig. 5. There is an improvement of the lateral
behaviour in terms of dissipation of energy and deformation capacity (lateral drift
increases from 0.20% to 0.26%). The behaviour of unreinforced masonry walls is

practically linear until the maximum lateral resistance is reached, which reveals a



somewhat fragile behaviour, due to lack of robustness of the units. On the contrary,
confined (unreinforced) masonry walls exhibit considerable strength and stiffness
degradation after peak load, resulting in a more ductile response. In terms of lateral
resistance an increase of 17% was observed in confined (unreinforced) masonry wall
when compared to the unreinforced masonry walls. This result is in agreement with
Tena-Colunga et al. [7] and Tomazevi¢ and Klemenc [8]. The increase on the lateral
strength due to the addition of horizontal reinforcement in non-confined masonry, in
comparison to non-confined unreinforced masonry, is about 10%, while the lateral drift
increases from 0.20% to 0.41%. In confined masonry, when bed joint reinforcement is
considered, an increase on the lateral resistance of approximately 20% and 28% was
observed if the horizontal reinforcement is connected or not connected to the posts,
respectively. The increase on the lateral drift from confined (unreinforced) masonry
walls to confined bed joint reinforced masonry walls is about 0.19% (increase from
0.26% to 0.45%). It should be mentioned that the lateral drifts obtained for the confined
masonry walls are, on average, in agreement with the ones pointed out by Ruiz-Garcia

and Negrete [11], whom compiled the experimental results of several authors.

Finally, it should be mentioned that no significant differences were detected in the
force-displacement diagrams of non-confined unreinforced masonry walls with filled
and unfilled vertical joints. In terms of lateral strength, an increase of 10% was obtained
in specimens with filled vertical joints. Similar behaviour has been found for brick
masonry walls [12]. However, from diagonal compression tests carried out on square
concrete block masonry wallets, it appears that filling of vertical joints can increase the
shear and the tensile strength of masonry [13]. More details on the seismic performance

of the masonry walls can be found in Gouveia and Lourenco [14].



3 NUMERICAL MODELLING

The understanding of the behaviour of masonry walls under in-plane loading can be
significantly improved by numerical modelling. Modelling can be considered as
auxiliary to experimental analysis, allowing the assessment of masonry systems
behaviour when subjected to a wide range of conditions without the need of intensive

experimental work.

Different approaches have been used to model masonry walls through the finite
element method. The pioneer work of Lourenco [15] on the numerical strategies for
modelling of masonry structures makes a distinction between detailed micro, simplified
micro and macro numerical models. Detailed micro models consider masonry units,
mortar and the unit-mortar interface as individual elements with distinct properties.
Simplified micro models consider the mechanical characteristics of masonry units and
mortar lumped in the same element and the unit-mortar interface as a distinct element
with different properties. Macro models consider the masonry material as a continuum
(the distinct material components of masonry are lumped in a homogeneous material),
either with isotropic or anisotropic mechanical properties. When choosing the modelling
approach for a given structure, the level of detail, the available time and quality of
results should be balanced. Micro modelling is generally used when nonlinear features
of the unit-mortar interfaces are important and when distinct failure patterns are to be
captured. This approach has been used e.g. by Haach [5] for the numerical modelling of
reinforced concrete block masonry under in-plane loading and of concrete block
masonry beams under flexure and shear. The strong time demand for the analysis and

the need of detailed information about the mechanical properties required in the micro-



modelling led to the preference for macro analysis in the present work. Macro models
are usually adopted in engineering applications, e.g. [16].

3.1 Geometry, mesh, boundary and loading conditions

The numerical model proposed is a plane stress macro model. The geometry of the
walls considered is similar to the one used in the experimental tests (1.0 x 1.0 m?). A
regular mesh with the discretization indicated in Fig. 6 was used. Three different types
of finite elements were used to build the numerical models: 1) eight node continuum
plane stress element with a 3x3 Gauss integration points to simulate masonry, concrete
and steel beams; 2) six node interface elements with 3 Lobatto integration point to
simulate the welded joint between the vertical and horizontal steel beams and; 3)
bonded embedded reinforcement elements to simulate the reinforcement (in masonry, if
applicable) and in the reinforced concrete confining elements (in confined masonry, if
applicable). Even if other hypotheses have been considered, e.g. [17], the connection
between masonry and concrete in confined walls was considered monolithic in the
present work, as all tests carried out exhibited no separation. Note that the self-
compacting concrete cast against the porous units lead to an excellent bonding interface

between the two materials.

In terms of boundary conditions, the bottom of the walls was assumed as fully
constrained, while the steel beams on top are rigidly connected to the masonry and
concrete confining elements. The existence of a welded connection between the
horizontal and vertical steel beams has been modelled by using an interface element that

simulates the elastic connection between them.

Two types of loads representing the vertical compression and the envelope of the

horizontal cyclic force have been applied. The vertical compression was applied



uniformly to the top of the steel beams and the horizontal load was considered as
monotonic and was simulated by an explicit displacement applied with an eccentricity
similar to the experimental one. The self-weight of masonry has been disregarded since
its value is negligible, when compared to the vertical compression force. In the analysis
the vertical compression was first applied, after which the horizontal displacement was

gradually increased.

3.2 Material model used in numerical simulations

Five different materials are considered, if applicable to the respective wall: 1) steel
beams; 2) welded interface; 3) reinforcement; 4) masonry and; 5) concrete. The steel
beams and the interface that represents the weld are considered to behave linear
elastically, as no damage was observed in the steel parts. The rest of the materials are

considered with full nonlinear properties.

Masonry and concrete are considered to follow the same material model despite their
different behaviours. An isotropic smeared crack model, with a fixed crack orientation
and constant shear degradation has been chosen to represent both materials in the
nonlinear stage. The model directly relates the principal stress with principal strain
values computed for each load step in the element. The relation is made based on
constitutive laws that describe the behaviour of the material in tension, compression and

shear, before and after the appearance of cracks.

This model was selected to describe masonry mainly because of the limited data
required. Masonry is anisotropic and it would be more adequate to use an anisotropic

model, either continuum based as in [18] or mathematically homogenized as in [19] and



in [20]. Still, there is insufficient experimental information available and it is complex
to test the masonry developed in the direction parallel to the bed joints. It is noted that,
due to size of the lightweight aggregates, the units are only moderately perforated
(about 30%) and the ratio of effective area in both directions is comparable. This means
that the expected degree of anisotropy is low. Finally, it is noted that, particularly in the
case of filled vertical joints, the cracks obtained in the shear wall tests cross the units

and joints, further demonstrating a relatively homogeneous behaviour.

The Young’s modulus in the direction perpendicular to the bed joint was available
from tests but it was found that this value would lead to a very stiff response, as also
obtained by other authors. The Young modulus adopted in the numerical model was,
therefore, fitted to the experimental elastic stiffness observed in the in-plane tests, both

for the unreinforced and non-confined specimen.

Additional information on the fracture properties of masonry and concrete is
required, namely the tensile strength (ft), compressive strength (fc), tensile fracture
energy (Gi), compressive fracture energy (Gc) and the shear retention factor (f). The
compressive strength of masonry parallel to the bed joints (2.8 N/mm?) was known
from tests. The tensile strength of masonry has been determined indirectly, based on the
relation proposed by Tassios [21], and taking into account that unreinforced masonry

fails in shear by (eq. (1)):
Ho Aw[n %HJ eq. (1)

where H is the shear strength of unreinforced masonry obtained in experimental testing,

Aw is the horizontal cross section of the wall, and ft is the tensile strength of masonry



associated to the diagonal crack opening, oo is the average normal stress, calculated as
the ratio between the compressive load and the cross section of the wall, and b is the

shear stress distribution parameter accounting for the geometry of the wall (1.5).

The shear retention factor is considered equal to 0.1, which is prevents excessive
rotation of the principal stresses. The value adopted for the tensile fracture energy, Gr,
follows the values proposed by Lourengo [15] and for the compression fracture energy,
Gc, follows the recommendations given by Lourengo [22], see eq. (2), which is valid for

compressive values below 12N/mm?:

G, =d,xf, eq. (2)

where Gc is the compression fracture energy, du is the ductility factor, measured as the
ratio between the fracture energy and the strength (tensile or compressive), and fk is the
characteristic compressive strength of masonry. A value of 1.6mm for the ductility
factor has been used in this work, according to the value proposed in [22]. It is noted
that the uniaxial tests aiming at characterizing the fragility of masonry were
unsuccessful, indicating a rather brittle behaviour. It is known that there is limited
information on the compressive fracture energy of masonry and that this information
depends e.g. on the experimental set-up and boundary conditions. The values proposed,
according to the authors’ experience, provide reasonable results. This is confirmed by
the results obtained in the numerical analysis, even when toe crushing of the walls is

present.

For concrete, a value of the compressive strength of 31.5 N/mm? was obtained from
experimental tests. The fracture energy parameters of reinforced concrete were

determined based on the expressions presented in CEB-FIB [23], considering an



aggregate size of 8mm. Reinforcement steel has been considered to have an elastic-
perfectly plastic behaviour with a yield strength fsy of 550N/mm? for truss type masonry
reinforcement and of 400 N/mm? for the reinforcement of the concrete confining

elements.

The mechanical properties used for masonry, concrete and steel are summarized in
Table 2. The Young’s modulus of concrete and steel are based on CEB-FIP [23]
recommendations. The uniaxial constitutive laws used for masonry are shown in Fig. 7.
For concrete, similar laws are adopted, with the applicable strength and ductility. The
quasi-brittle behaviour of these materials in tension is given by a diagram composed of
a linear branch until the peak load and an exponential curve after peak. The compressive
behaviour has been described by a composed diagram with a linear branch until one
third of the peak load and a parabolic function starting from this point, until complete
failure. Shear stiffness degradation is considered by a constant shear stiffness
degradation. A thorough explanation about the material behaviour functions can be

found in [24] and [25].

Finally, the normal and shear stiffness, kn and ks, considered for the interface
elements representing the connection between the steel profiles for transmitting the
horizontal loading was 25N/mm? and 10e+07N/mm?, respectively. This means that no
sliding is allowed, whereas the normal stiffness was calibrated from the experimental
results.

3.3 Comparison between experimental and numerical models

In this section the comparison between the experimental and numerical results is
performed. The analysis is based on the experimental force-displacement monotonic

envelope and crack patterns, both for non-confined and confined masonry panels.



3.3.1 Non-confined and confined masonry walls

The comparison between the experimental and numerical results concerning the non-
confined unreinforced and lightly bed joint reinforced walls is presented in Fig. 8. Itis
observed that the proposed numerical model is capable of detecting the major features
of the experimental behaviour of these walls. Crack patterns and force-displacement
diagrams are well reproduced. Note that only one diagonal crack is detected by the
numerical simulation as only the monotonic load was considered in the model. As in the
experimental tests, also in the numerical models, flexural horizontal cracks develop at
early stages of lateral displacement, which are responsible for the beginning of the
nonlinear behaviour. In unreinforced masonry walls, the peak load is limited by the
development of a diagonal crack, after which a significant stiffness loss occurs. A good
agreement between the numerical and experimental peak load was achieved for non-
confined walls, being the average difference of the three walls about 6%. The influence
of the filling of the vertical joints (wall W2.2) is well captured in terms of peak load and
also on the increased brittleness of the post peak stage, as identified in the experimental
tests. The effect of the horizontal reinforcement (wall W2.3) is also well captured,
which provides a more distributed cracking and a smaller width of the localized
diagonal crack. As in the tests, a more ductile behaviour is also obtained in this
numerical analysis, with a longer tail of the post-peak branch. Still, the horizontal
reinforcement did not have a visible contribution for the lateral peak load, which was

also observed in the experimental response.

For confined masonry walls, the numerical models lead still to acceptable results for
the stiffness in the pre- and post-peak stages, even if with larger deviation than before,

see Fig. 9. Experimental and numerical peak loads are, on average, in good agreement



(8%), although obtained at somewhat different displacement levels. The crack pattern
follows the sequence identified in the experimental tests for all the specimens. The first
significant reduction in the stiffness occurs when a diagonal crack develops. The peak
load is reached with the yielding, due to flexure, of the reinforcement of the post in the
opposite side to the point of application of the load and at bottom corner of the walls.
The more brittle behaviour of walls W2.4 and W2.5 in the experimental tests is
associated to the development of shear cracks, which cannot be well described by the
coarse numerical models adopted, and justifies the considerably more ductile behaviour
found. As found in the non-confined masonry walls, also in the confined horizontally
reinforced masonry walls (W2.5 and W2.6) a more distributed and smaller crack width
is recorded. The different anchorage types between the masonry walls and the confining
elements provide different ductility, even if numerically this is largely overestimated.
The difference found can be possibly attributed to the perfect bond assumed for the

reinforcement.

4 CONCLUSIONS

This paper deals with the experimental and numerical validation of a masonry wall
system based on lightweight concrete masonry units, to be used in low to medium rise
residential buildings in seismic areas. A general overview of the main experimental
results of in-plane cyclic tests, using non-confined and confined masonry walls, was
provided and a detailed description of its numerical modelling was also given. The input
parameters for the material models have been determined from experimental tests and

from guidelines available in the literature.



From the experimental analysis it was concluded that: (a) in non-confined masonry
specimens the peak strength is attained before the appearance of a diagonal crack; (b)
the diagonal crack in the specimen with filled vertical joints goes through units and
mortar, without a preferential path, exhibiting a more fragile behaviour than the
unreinforced masonry with unfilled vertical joints; (c) confined (unreinforced) masonry
walls exhibit clearly an enhanced lateral behaviour with much higher dissipation of
energy and deformation capacity, and with a moderate increase on the lateral resistance;
(d) the addition of horizontal reinforcement leads to a more disperse and lower crack
width, as well as to a more ductile behaviour both in confined and non-confined
masonry walls; (e) the anchorage of horizontal reinforcement inside the tie columns

leads to higher strength and ductility of the wall.

Despite the level of simplification of the proposed isotropic macro-model, a
reasonable good agreement between experimental and numerical results for non-
confined masonry walls was achieved, namely with respect to crack patterns and
monotonic force-displacement envelopes. In the case of confined masonry the results
for pre- and post-peak stiffness are less accurate, although the crack pattern sequence
and the peak strength exhibit a good agreement. The interface between concrete and
masonry and the shear stiffness degradation law considered may be responsible for the
fair agreement and their influence should be investigated. In both cases, the stiffness,
peak load and the more distributed crack patterns in the presence of bed joint truss type

reinforcement are reasonably predicted.
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Table 1. Type and designation of specimens tested.

Table 2. Input material parameters for the numerical model.

Fig. 1 Geometry and shape of the lightweight concrete masonry units

Fig. 2. Geometry of non-confined and confined lightweight masonry walls;
(a) masonry specimens (dimensions in mm); (b) configuration of reinforcement for the

confining elements.

Fig. 3. Details from experimental tests: test setup and loading diagram

Fig. 4. Failure patterns; (a) wall W2.1; (b) wall W2.2; (c) wall W2.3; (d) wall W2.4;

(e) wall W2.5; (f) wall W2.6.

Fig. 5. Typical force-displacement diagrams; (a) non-confined (unreinforced)
masonry walls; (b) confined (unreinforced) masonry wall; (c) confined lightly bed

joint reinforced masonry walls.

Fig. 6. Geometry and mesh details of finite element models for (a) non-confined and
(b) confined masonry.

Fig. 7. Functions describing the behaviour of masonry in: a) tension and

compression; b) and shear degradation.

Fig. 8. Comparison between the experimental and numerical models in terms of
crack pattern (at final displacement) and force-displacement diagrams for non-confined
walls; (a) non-confined and unreinforced masonry wall with unfilled vertical joints

(W2.1); (b) non-confined and unreinforced masonry wall with filled vertical joints



(W2.2); (c) non-confined and horizontally reinforced masonry wall without vertical

joints unfilled (W2.3).

Fig. 9. Comparison between the experimental and numerical models in terms of
crack pattern (at maximum displacement) and force-displacement diagrams for confined
walls a) unreinforced wall with vertical joints unfilled (W2.4); b) horizontally
reinforced masonry with reinforcement anchored in the masonry, and with vertical
joints unfilled (W2.5); ¢) horizontally reinforced masonry with reinforcement anchored

in the concrete tie-columns, and with vertical joints unfilled (W2.6).






Figure Captions

Fig. 1. Geometry and shape of the lightweight concrete masonry units (dimensions
in cm).



(b)

Fig. 2. Geometry of non-confined and confined lightweight masonry walls;
(a) masonry specimens (dimensions in mm); (b) configuration of reinforcement for the
confining elements.



Fig. 3. Details from experimental tests: test setup and loading diagram.



(b)

) (©)

Fig. 4. Failure patterns; (a) wall W2.1; (b) wall W2.2; (c) wall W2.3; (d) wall W2.4;
(e) wall W2.5; (f) wall W2.6.
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Fig. 5. Typical force-displacement diagrams; (a) non-confined (unreinforced)
masonry walls; (b) confined (unreinforced) masonry wall; (c) confined lightly bed
joint reinforced masonry walls.
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Fig. 6. Geometry and mesh details of finite element models for (a) non-confined and
(b) confined masonry.
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Fig. 7. Functions describing the behaviour of masonry in: a) tension and
compression; b) and shear degradation.
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Fig. 8. Comparison between the experimental and numerical models in terms of
crack pattern (at final displacement) and force-displacement diagrams for non-confined
walls; (a) non-confined and unreinforced masonry wall with unfilled vertical joints
(W2.1); (b) non-confined and unreinforced masonry wall with filled vertical joints
(W2.2); (c) non-confined and horizontally reinforced masonry wall without vertical
joints unfilled (W2.3).
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Fig. 9. Comparison between the experimental and numerical models in terms of
crack pattern (at maximum displacement) and force-displacement diagrams for confined
walls a) unreinforced wall with vertical joints unfilled (W2.4); b) horizontally
reinforced masonry with reinforcement anchored in the masonry, and with vertical
joints unfilled (W2.5); c) horizontally reinforced masonry with reinforcement anchored
in the concrete tie-columns, and with vertical joints unfilled (W2.6).



Table 1. Type and designation of specimens tested.

Typology and designation of walls Mortar Horizontal ~ Confini
Bed Vertical reinforcem ng
joint  joint ent element
S
e Unreinforced with vertical joint
- W2.1
1 W e e e | unfilled
'8 Unreinforced with vertical joint
= W22
g filled
Qo
9
g Reinforced with vertical joint
£ w23 v
unfilled
Unreinforced W2.4 \
S Reinforced with reinforcement v anchored in the
—_— W2.5 J
0 s anchored in the masonry only masonry
Q Reinforced with reinforcement + anchored to
£
g anchored in the concrete tie W2.6 concrete tie \
Q

columns

columns




Table 2. Input material parameters for the numerical model.

E v fi Gt fe Ge y/j
Material
[N/mm?] [-1 [N/mm?] [N/mm] [N/mm?] [N/mm] [-1
Masonry 2500 0.13 0.40/0.50* 0.05 2.80 4.48 0.125
Concrete 31500 0.15 2.47 0.56 31.5 7.80 0.150
steel beams 200000 0.30 -

?value adopted for non-confined masonry wall with vertical joint filled.
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