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1. Introduction

1.1. Background

Unreinforced masonry buildings are common in many seismic prone countries. In most cases they were built before the devel-
opment of comprehensive research and the proposal of rational engineering procedures for their design. The careful observation of
damages and collapses produced by recent earthquakes [1] has shown that the collapse mechanisms most prone to activate are
normally the out-of-plane failures of walls, mainly due to the presence of insufficient connection between elements and lack of rigid
horizontal diaphragms. Once such drawbacks are overcome by the introduction of appropriate devices, the shear walls provide to the
building substantial stiffness and resistance against lateral forces [2]. For this reason, numerous research studies have been devoted
to the interpretation of the in-plane failure modes observed in the experimental tests of these structural members. The comprehensive
experimental programs available in the literature present both empirical and analytical approaches for the derivation of the strength
of masonry shear walls [3–5]. Currently, the advent of sophisticated numerical approaches has produced different strategies for the
simulation of the behavior of masonry structures [6,7]. In this context, it is considered that approaches combining both experimental
and numerical studies are necessary in order to consolidate the existing knowledge and to obtain a better understanding of the
complex behavior of masonry shear walls.

The numerical analysis of masonry walls subjected to in-plane shear is a problem often addressed using finite element macro-
models. This simplified approach is made necessary by the often insufficient characterization of the mechanical properties of the
constituent materials and the need to mitigate computational cost and geometric complexity. Analytical expressions may also be
employed for the determination of the maximum shear capacity of the walls. Simplified micro-models introduce an added layer of
detail, but may be ill-suited for cases in which sufficiently high levels of compressive forces are developed as to influence the apparent
compressive strength of the mortar in the bed joints. Such high compressive stresses may indeed be developed in the diagonal
compressive strut of masonry panels under in-plane shear. Detailed micro-modeling allows for a more in-depth analysis of the failure
mode observed in shear walls under varying levels of vertical pre-stress and different boundary conditions.

The current state of the art on the numerical simulation of masonry walls subjected to in-plane shear using detailed micro-
modeling methods is very limited. Macro-models and simplified micro-models are far more common, but are faced with a different set
of modeling uncertainties and assumptions necessary to be made for carrying out numerical analyses: the determination of the
properties of masonry on a macro-scale, meaning the scale of the masonry composite, rather than on the scale of the individual
materials.
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1.2. Objectives

The aim of the paper is twofold. Firstly, to present an experimental campaign on the in-plane strength capacity of brick masonry
walls, conducted on quarter scale composite specimens. Additional results on the uniaxial compression of masonry wallettes are also
included in the investigation. Secondly, to assess the ability of detailed micro-modeling approach to numerically simulate the ex-
periments by comparing the numerical predictions with the experimental results.

The detailed micro-modeling approach is adopted as a strategy for numerical simulation, in which each masonry unit, the mortar
joints and the unit-mortar interfaces are individually modeled. The micro-modeling approach is investigated according to different
geometrical conditions, including 2D models in plane stress and plane strain and 3D models. In addition, a limited digression in the
modeling approach is made in order to investigate the compression of masonry using meso-models, consisting of detailed micro-
models with perfect bond between the units and the mortar. The detailed micro-models do not rely on the experimental or empirical
determination of the properties of the masonry composite, but rather on that of the constituent materials, which is far easier to
accomplish, particularly in the case of existing structures.

2. Experimental campaign

2.1. Overview

In the present research, a series of in-plane shear tests on fifteen scale walls under different levels of vertical stress, was considered
[8,9]. The walls were composed of solid clay bricks and cement mortar arranged in single leaf running bond. The tests were carried
out at the Technical University of Catalonia (UPC).

The bricks were scaled to 1:4 of the full brick dimensions and the mortar was produced using Cemex M-80 mortar with adjusted
granulometry for the removal of the larger aggregates. As such, the bricks measured 72.5× 35.0× 12.5mm3 and the joints were
2.5mm thick. The walls were capped using a stiff reinforced concrete beam. The vertical pre-compression and the horizontal load
were applied on this beam. The experimental setup for the shear tests is shown in Fig. 1. The figure illustrates the positioning of the
vertical and horizontal presses as well as the LVDTs for measuring vertical and horizontal deformation, the former attached directly
to the wall and the latter measuring the movement of the beam.

A number of different geometrical layouts were tested, all based on single leaf running bond masonry walls, shown in Fig. 2. The
basic wall, consisting of sixteen courses in height and four units in length, was subjected to the widest range of vertical pre-com-
pression levels. The remaining typologies were derived from the basic wall by varying the height and length of the structure. These
walls were subjected to a single value of vertical stress level. Finally, a wall type with an opening was tested under six levels of
vertical stress.

In addition to the different geometrical typologies tested, the basic wall typology was tested under different boundary conditions.

Notation

ft tensile strength
fflex flexural strength
h height of sample
fc compressive strength
fc,vert compressive strength in vertical direction
fc,horz compressive strength in the horizontal direction
E Young's modulus

Evert Young's modulus in the vertical direction
Ehorz Young's modulus in the horizontal direction
ν Poisson's ratio
c cohesion
φ friction angle
σn applied normal stress
τmax peak shear stress
H wall height
L wall length

(a) (b)

Fig. 1. Experimental setup for in-plane testing of wallettes under vertical pre-stress: (a) main series and (b) walls with opening.
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One series of tests was performed allowing full freedom of movement to the top bounding beam and one series with a beam restrained
against rotation but left free to move vertically. The rest of the walls, including the walls with openings, were tested with free top
bounding beams.

A single wall was tested for each value of vertical stress in the main series (free and constrained beam), two walls for each of the
alternative dimension walls and one for each level of vertical stress for the walls with openings. Despite the use of a single data point
for each vertical stress level for most of the series, the continuity of the data sets alleviates the risk of outlying results.

2.2. Constituent materials

2.2.1. 1:4 scale units
The units were solid clay bricks, measuring 72.5×35.0×12.5 mm3 in dimension. Rather than being produced by cutting full

(a)

(c)

(e)
(f)

(d)

(b)

Fig. 2. Geometric layout of walls tested in shear: (a) basic wall, (b) & (c) with variation in height, (d) & (e) with variation in length and (f) wall with
opening.
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scale units to the desired dimensions, they were fabricated through the use of the same clayey paste used in the construction of
regular clay bricks.

The compressive strength of the unit samples was determined through compression of the bricks in a direction perpendicular to
the unit bed. The tests were carried out according to the relevant EN standard for the testing of masonry units [10]. This includes the
application of a correction factor for the decrease of the apparent compressive strength of the unit due to the ratio of height to width.

Brick samples were also subjected to three-point bending tests. The tensile strength (ft) is derived from the experimentally de-
termined flexural strength (fflex) through use of the equation proposed by the Model Code 2010 for concrete samples [11]:

= ⋅
+ ⋅

f h
h

f0.06
1 0.06t flex

0.7

0.7 (1)

The resulting tensile strength for the clay units is roughly equal to 10% the value of the compressive strength, which is a value
compatible with empirical evidence.

The Poisson's ratios of the units were not directly measured, but were rather given nominal values.

2.2.2. Micro-Mortar
The mortar for the joints was especially designed to accommodate its placement in the thin joints. It is based on a Cemex M-80

mortar with an adjusted granulometry in order to remove the largest aggregates which could not be accommodated on the very thin
mortar joints. Based on the elected scale factor, the resulting thickness of the mortar joints is 2.5 mm. The achieved mean compressive
strength of the samples was satisfactorily close to the desired 8.00 N/mm2.

The mortar samples were produced and tested in three-point bending and compression according to the EN standard for masonry
mortar testing [12]. The tensile strength of the samples was determined as per the clay unit samples.

Similarly to the case of the units, the Poisson's ratio was not directly measured.

2.3. Small assemblies and wallettes

2.3.1. Masonry samples in shear
Small masonry samples, in 1:4 scale, were used for the determination of the properties of the unit-mortar interface in shear and

direct tension. For the frictional parameters shear tests were carried out on masonry wallettes subjected to shear under varying levels
of normal stress [9], taking into account to the relevant EN standard [13], whereas the last parameter was determined through direct
tension tests on couplets [14]. The fracture energy was not measured directly but was rather assumed according to semi-empirical
rules and the study of the available inventory of experimental results [15].

2.3.2. Masonry samples in compression
Small masonry samples, in 1:4 scale and arranged in both running and stack bond configuration, were tested in compression [8].

The stack bond prisms were tested in the direction perpendicular to the bed joints, whereas the running bond wallettes were tested in
the directions both parallel and perpendicular to the bed joints. For all tests the relevant EN standard was consulted and followed
[16].

The influence of the existence of head joints in the behavior of masonry is apparent in the difference between the compressive
strength of the running bond wallettes and the stack bond prism in vertical compression. Additionally, the horizontal compressive
strength of the running bond wallette was higher than the one in the vertical direction. This fact reveals a good compaction of the
mortar in the head joints, to a degree that is often not achieved in brick masonry.

The results of the mechanical characterization campaign for the scaled materials are presented in Table 1. These were the
parameters that were used for the numerical analysis of the wallettes in compression and the walls in shear.

2.4. Quarter scale walls under in-plane shear

All experimental results are summarized in Table 2. The table provides the maximum average shear stress (τmax) corresponding to
each applied average compression stress (σn). The results include the Young's modulus (Evert) of the walls as measured during the

Table 1
Summary of mechanical properties of materials and small masonry assemblages. Values in italics were not experimentally determined.

fc [N/mm2] fflex [N/mm2] ft [N/mm2] E [N/mm2] v [−]

Units 35.0 15.2 3.95 4080 0.15
Mortar 8.34 3.08 1.36 3500 0.20
Prism vertical 20.2 – – –
Wallette vertical 15.2 – – 4370 –
Wallette horizontal 16.9 – – – –

ft c φ
[N/mm2] [N/mm2] [−]

Unit-mortar Interface 0.55 0.42 390
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application of the vertical stress and the maximum shear for vertical stresses higher than 1.0 N/mm2. Of note is the wide dispersion of
the results of the vertical Young's modulus of the walls within each series. The overall average is 36% higher than the Young's
modulus measured in the wallette tests, but with a high coefficient of variation of 45%. The difference in the Young's modulus for
different levels of applied stress could be attributable to the compaction of the bed joints under the effect of vertical stress. For higher
levels the wall stiffens due to this compaction, while for the highest levels the drop in stiffness could be attributable to the beginning
of hardening in compression.

Examples of the experimentally derived failure modes are shown in Fig. 3. In the main series of walls for an increase in the vertical
stress level the failure mode shifted from a rocking mode dominated by opening of a flexural interface crack, to a shear sliding mode
and finally to a diagonal cracking mode accompanied by crushing of the compressed toe.

The results of the walls with differing dimensions present a few interesting points for comparison with the main series of results. A
decrease in height results in a small increase in maximum shear. A decrease in length, however, results in a significant decrease of the
maximum shear stress.

The walls with the openings tended to produce a slightly lower maximum shear stress than the main series of walls with a free
beam for the same value of vertical stress.

3. Numerical modeling

3.1. Overview

The numerical modeling effort primarily focuses on the simulation of the quarter scale wall models subjected to in-plane loading
under varying levels of vertical pre-stress. A complementary set of analyses were carried out in order to simulate the tests on wallettes
subjected to compression.

3.2. Modeling approach

For the finite element simulation of the experiments, a detailed micro-modeling approach is adopted. In this approach, the
different constituent parts of the masonry composite are modeled individually: the units, the mortar and the unit-mortar interface.
This approach is accompanied by a set of distinct advantages and disadvantages. Among the advantages one may include the direct
anticipation of all expected failure modes that may arise in masonry under complex loading: tensile failure in the unit-mortar
interface or in the units, shear sliding in the unit mortar interface, compressive failure of the mortar under multi-axial stress etc.

Table 2
Experimental results of quarter scale walls subjected to in-plane shear under vertical pre-stress.

Main series – free beam Main series – restrained beam

Sample H L σn τmax Evert Sample H L σn τmax Evert

[mm] [N/mm2] [mm] [N/mm2]

F_9_V_5 250 300 0.895 0.538 5246 C_3_V_2 250 300 0.286 0.251 4077
F_12_V_6 1.190 0.646 4143 C_6_V_4 0.571 0.427 4580
F_15_V18 1.486 0.850 3666 C_9_V_5 0.895 0.518 4854
F_20_V_10 1.933 1.028 4769 C_15_V_9 1.486 0.941 3891
F_25_V_12 2.381 1.180 6515 C_25_V_16 2.381 1.544 8759
F_28_V_14 2.681 1.363 9346 C_31_V_17 2.981 1.705 9801
F_31_V_15 2.981 1.461 10,239 C_40_V_18 3.867 1.774 10,734
F_35_V_15 3.333 1.454 10,874 C_50_V_20 4.762 2.031 9198
F_40_V_17 3.867 1.635 8707 C_62_V_27 5.952 2.584 4715
F_45_V_18 4.286 1.722 5277 C_75_V_36 7.143 3.482 5270
F_50_V_18 4.762 1.737 4643 C_90_V_31 8.571 3.106 3281
F_56_V_23 5.357 2.249 4538 C_95_V_30 9.048 2.864 2836
F_62_V_20 5.952 1.969 3020 C_105_V_24 10.000 2.333 2434
F_95_V_18 9.048 1.737 – C_115_V_7 10.952 0.716 –

Walls with alternate dimensions Wall with opening

Sample H L σn τmax Sample H L σn τmax

[mm] [N/mm2] [mm] [N/mm2]
D_21_V_12 195 300 2.000 1.163 W_1_V_7 270 338 0.645 0.416
D_21_V_11 135 300 1.111 W_2_V_13 1.132 0.649
D_15_V_5 250 225 0.732 W_3_V_21 1.858 1.119
D_10_V_2 250 150 0.544 W_4_V_30 2.540 1.116

W_5_V_38 4.036 1.498
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Additionally, it allows for a complete geometric representation of the physical object being modeled, introducing the least amount of
geometric simplification or abstraction. Finally, the required input data consists of individual component properties (such as the
compressive strength of bricks and masonry). Therefore, tests on large-size composite samples (such as triplets or wallets), which are
more difficult to carry out, especially in the case of existing masonry, are not necessary. Among the disadvantages are the complexity
of the geometry of the models and the significant computational cost compared to, for example, macro-modeling approaches. The
DIANA FEA program was employed for the computations [17].

For the three dimensional meshes 20-node brick elements and 16-node interface elements were used. The plane models were
created using 8-node continuum elements and 6-node interface elements.

The continuum elements were assigned nonlinear elastic properties. For the simulation of yielding in tension and compression a
total strain crack modeling approach was adopted [18] using exponential softening in tension and parabolic hardening with ideally
plastic post-peak behavior in compression [19]. The behavior of the mortar under biaxial or triaxial compression is governed by the
Hsieh-Ting-Chen failure criterion [20]. The failure criterion reads:

= + + + −f C J
f

C
J
f

C
f
f

C I
f

1 2 3 4 1
c c

c

c c

2
2

2 1 1

(2)

where I1 and J2 are the stress invariants, fc is the uniaxial compressive strength, fc1 is the maximum principal stress. The confinement
afforded on the mortar in the joints by the units may result in a significant increase of its apparent compressive strength. The failure
surface was defined according to the numerical parameters used for concrete under multi-axial stress: (a) a tensile strength equal to
0.10 times the uniaxial compressive strength, (b) a biaxial compressive strength of 1.15 times the uniaxial compressive strength, and
(c) a compressive strength equal to 4.20 times the uniaxial compressive strength, under biaxial pressure equal to 0.80 times the
uniaxial compressive strength. The interfaces were prescribed a Mohr-Coulomb failure criterion in shear, combined with a Rankine
criterion in tension.

(a)

(c)

(b)

Fig. 4. Finite element meshes for compression test simulation: (a) stack bond prism, (b) running bond wallette and (c) periodic unit cell. Symmetry
planes in (a) and (b) indicated by tinted lines.
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3.3. Compression test analyses

The masonry composites of running bond wallettes and stack bond prisms were modeled and subjected to uniaxial compression.
In addition to the use of full finite element models for the simulation of the compression tests on the running bond wallettes, models
of the periodic unit cell of the masonry were additionally elaborated, imposing the appropriate periodic boundary conditions, and
subjected to the same load.

The FE meshes used for the preliminary analyses on the compressive strength of masonry are shown in Fig. 4. For the prism model
3402 solid elements were used, for the wallette 20,886 solid and 3582 interface elements and for the cell 3120 solid and 672 interface
elements. The compressive loads were applied as uniform displacements at the compressed face of the model. Planes of symmetry
were considered wherever possible in order to minimize the size of the models and the expended computational effort. For the cell
model displacement conformity conditions were applied at the edges of the cell in order to ensure uniform displacement of the faces.

The numerical results for the prism and wallettes subjected to uniaxial compression are presented in Table 3. In terms of the
predicted Young's modulus of masonry, the full wallettes and the cells give very similar results. As expected, no difference was
registered in the Young's modulus of masonry due to interface nonlinearities. The prism in vertical compression has the highest
strength, followed by the wallette in vertical compression and, finally, the wallette in horizontal compression. The influence of the
interface nonlinearities on the compressive strength of the wallettes is stronger in the horizontal direction, where a 10% drop in the
compressive strength was registered when they are taken into account. For the cell models a 13% drop in the compressive strength
was registered in the vertical direction. Despite this relatively small effect on the compressive strength of masonry, interface non-
linearities should always be taken into account when investigating the behavior of masonry in tension and shear.

In general, the FE models give a good approximation of the experimentally derived compressive strength and Young's modulus.
The cell models give results similar to the full wallettes. The computational cost for an analysis using the wallette model is sig-
nificantly higher than for the cell model due to the smaller number of elements of the latter. Therefore, the analysis of masonry walls
using cell models for the determination of their compressive strength can be seen as an efficient alternative to full wallette model
simulations for the determination of the in-plane failure envelope of the masonry composite.

3.4. Shear test analyses

The finite element meshes of the shear walls are shown in Fig. 5. The face of each masonry unit was divided to 32× 6 elements.
All mortar joints have 2 elements across their thickness. Both two-dimensional models (plane strain and plane stress) and three-
dimensional ones were used to describe the walls. In the case of the three-dimensional models, 6 elements were used across the
thickness of the walls. For the main series of walls 101,304 brick elements were used for the units and the mortar and 26,892
interface elements for the unit/mortar interfaces in the three-dimensional models. Since the plane stress and plane strain models used
the same overall arrangement of finite elements, 16,884 surface and 4482 interface elements were used in both cases.

The vertical load is applied as a uniform stress at the top of the walls, kept constant throughout the analysis. The horizontal load is
applied as a uniform displacement at the top, monotonically increasing.

3.5. Plane vs. three-dimensional modeling

As shown in Fig. 6, the three-dimensional models are able to reproduce the experimental results fairly accurately. In the case of
the unrestrained wall there is nearly complete coincidence of experimental and numerical results for the entire range. In the case of
the restrained walls, the radical change of trend in the experimental results for a vertical stress higher than 7.5 N/mm2 was not
registered, although a slight change of trend was indeed noticed for a vertical stress load higher than 8.5 N/mm2.

The parametric investigation in the main series of walls consists in examining the effect of different stress and strain conditions on
the obtained results. While, from a geometrical point of view, plane stress or plane strain modeling may seem initially acceptable as
an alternative to three-dimensional modeling, the results may vary greatly between the various approaches as a result of the sub-
stantial difference in the confinement of the mortar under compression which they afford [15]. This is especially important for walls
under in-plane shear for higher levels of vertical pre-stress or a restriction of the rotation of the upper bound of the wall, due to the
response being dominated by the formation of the diagonal compressive strut.

The plane stress model, although giving adequate results for low levels of vertical stress, failed to accurately predict the maximum
shear for the greatest part of the vertical stress range: the numerical values in this case were greatly underestimated. The low
confinement afforded on the mortar by the units in the plane stress models did not allow for a vertical pre-stress higher than the

Table 3
Analysis results on wallettes in compression. Percentile difference from average experimental values in parentheses.

Model fc,vert [N/mm2] Evert [N/mm2] fc,horz [N/mm2] Ehorz [N/mm2]

Prism Meso-Model 18.90 (6.48%) 3982 – –
Wallette Meso-Model 16.21 (6.43%) 3917 (10.37%) 16.92 (0.42%) 3966

Micro-Model 16.08 (5.58%) 3917 (10.37%) 15.33 (9.02%) 3966
Unit Cell Meso-Model 16.9 (10.97%) 3982 (8.88%) 15.26 (9.44%) 3928

Micro-Model 14.74 (3.22%) 3982 (8.88%) 14.91 (11.51%) 3928
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uniaxial strength of the mortar to be applied on the walls. The plane strain model, however, provided very adequate results, with
values very near those given by the three-dimensional model. For the highest range of the spectrum of vertical pre-stress, the plane
strain model tended to slightly overestimate the maximum shear, while the three-dimensional model slightly underestimated it.

It has been already shown that plane strain models tend to provide values for the compressive strength of masonry higher than
those of three-dimensional models, while plane stress models usually underestimate it [21]. Three-dimensional models normally
provide results between the two plane approaches. In the case of the shear wall experiments here considered, the plane stress models
again underestimate the experimental value of the maximum shear. The near coincidence of the results provided by the three-
dimensional and plane strain models indicates that in micro-modeling of shear walls the confinement effects in mortar under
compression are critical but are not the only decisive factor for correctly predicting the shear capacity of masonry walls.

Overall, unlike the case of masonry under uniaxial compression, plane strain modeling proves practically equal to three-

(a)

(c)

(e)
(f)

(b)

(d)

Fig. 5. Finite element meshes for in plane shear test simulation: (a) basic wall, (b) & (c) with variation in height, (d) & (e) with variation in length
and (f) wall with opening.
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dimensional modeling for the purpose of predicting the capacity of walls in shear, while simultaneously being advantageous in terms
of computational efficiency. Plane stress is an adequate choice for a very limited range of the spectrum of vertical stress levels in this
particular sample of cases.

Fig. 7a shows the comparison of the maximum shear between the four walls with alternative dimensions and their numerical
simulation. The agreement is very satisfactory in two of the cases, while some divergence is found for the remaining two. However,
the trend of the variation of the maximum shear with the average compression level is correctly reproduced. Fig. 7b shows the
comparison of the experimental and numerical results for the series of walls with openings. The maximum shear predicted by the
finite element model is generally in agreement with the experimental results, although the numerical model tends to underestimate
the value for higher vertical compression levels.

Examining the shear stress/displacement graphs of the main series, a change in the ductility of the response of the walls is noted.
For low levels of vertical stress, in which the failure is dominated by a rocking mode, the response is highly ductile. As the vertical
stress increases there is a noted drop in ductility. This change of ductility is shown in Fig. 8, where for low levels of vertical stress the
shear reaches a long plateau, whereas brittle behavior is noted for higher levels of vertical stress.

The shift in failure mode is also evident in the deformation and damage patterns obtained numerically for the same series of
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Fig. 6. Interaction diagrams and comparison of experimental with numerical results for series of main walls: (a) with free rotating top beam for
different modeling assumptions and (b) with restrained top.
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Fig. 7. Comparison of experimental with numerical results: (a) walls with alternate dimensions and (b) walls with opening for varying levels of
vertical pre-stress.
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results. In Fig. 9a, the rocking failure mode is clearly shown by the opening of the bed joint interface at the lower-most course,
accompanied by opening of the head joints at the compressed diagonal of the wall, particularly at mid height. Fig. 9b shows some
opening of the bed joint interface in the same location. However, shear sliding and cracking are additionally appearing across the
compressed diagonal, along with crushing of the compressed foot. In Fig. 9c there is no opening of the bed joint interface and
significant cracking takes place at the compressed foot, accompanied by yielding in compression.

3.6. Comparison with closed form expressions

The experimental and the finite element analysis results, focusing on the series of walls with unrestrained top, will be compared to
the results obtained from closed form expressions and modern masonry design rules. These expressions, proposed for the solution of
the same problem, rely on the determination of different material parameters for the masonry composite: its shear, tensile and
compressive behavior.

A model based on the Mohr-Coulomb criterion for shear under applied normal stress is proposed by the EN standard for masonry
design [22]. The maximum shear is equal to

= + ⋅τ c σ0.4 nmax (3)

where c is the initial shear strength and σn the applied normal stress, taking compressive values as positive. In this standard a value of
0.2 N/mm2 may be prescribed for the initial shear strength for this masonry typology, which is not very different from the value of
0.25 N/mm2 determined experimentally. The 0.4 value in the equation corresponds to the tangent of the friction angle as proposed in
the standard for masonry in general, which is very different from the value of 0.81 determined in the experiments. While this
expression accounts for only a shearing type failure of the wall, bending failure being taken into account through other expressions in
the standard, it is included in this study in order to underline the phasing out of shearing failure under higher compressive loads.

A flexural model for masonry in shear, based on in-plane equilibrium of the shear wall and assuming a plastic distribution of
compressive stresses in the compressed toe, has also been formulated, proposed by the Italian Ministry of Infrastructure and Transport
[23]. According to this model the maximum shear is equal to

⎜ ⎟= ⎛
⎝

− ⎞
⎠

τ σ L
H

σ
f2

1
0.85

n n

c
max

(4)

where fc is the compressive strength of masonry, H is the height of shear wall and L is its length. In this case the compressive strength
of masonry will be taken as equal to the average of the compressive strength determined in the running bond wallettes in the vertical
and horizontal direction: 16.05 N/mm2.

Finally, a model using the tensile strength of the masonry composite has been proposed by Turnšek & Cacovic [4]. It assumes the
formation of diagonal cracks in the masonry wall. The dimensions of the wall are not taken into account in the expression. According
to this model the maximum shear is equal to
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Fig. 8. Numerically derived shear stress-displacement graphs for main series of walls.
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= +τ f σ
f

1t
n

t
max

(5)

In this study the tensile strength of masonry ft will be taken as equal to the tensile strength of the unit/mortar interface. This value
corresponds to 3.4% of the compressive strength of the masonry composite. This assumption is deemed reasonable in light of to the
predominantly flexural response of the walls with an unrestrained top, which results in the opening of the bed joints.

The comparison of all the experiments and analysis approaches is shown in Fig. 10. According to the interaction diagram of
applied normal stress vs. maximum shear it becomes apparent that the finite element models produce the most accurate results.
Among the three analytical expressions studied the flexural model based on compressive strength produces the most accurate results,
being behind in terms of accuracy only to the finite element model. However, due to the formulation used in the model, the shear
strength of the wall for zero vertical load is zero as well. The EN standard expression, though based on a nominal friction angle and a
prescribed cohesion based on the masonry typology, produces good results in the range of vertical stress between 0.5 and 3.0 N/mm2.
Its orientation as a design code makes it reasonably accurate in its intended spectrum of application: vertical stresses higher than
3.0 N/mm2 are unlikely to arise in masonry walls under shear loading. However, its results diverge for higher levels of vertical stress.
Finally, the model based on the tensile strength of masonry does not produce consistently satisfactory results for any part of the
experimental range. Despite using a low value for the tensile strength (that of the unit/mortar interface) the model overestimates the
maximum shear for a range of vertical stress between 0.0 and 3.0 N/mm2.

Of the three analytical models investigated the one based on the compressive strength of masonry appears to provide the best
overall results. This fact highlights the importance of properly modeling and taking into account the compressive strength of masonry
in shear walls. Three-dimensional micro-models have already been proven to achieve good results in this regard, hence their good
performance in simulating this series of experiments.

4. Conclusions

The analysis of masonry walls subjected to in-plane shear was attempted using detailed micro-models. The resulting maximum
shear was for the most part accurately predicted by the models for a wide range of vertical pre-stress levels and different geometrical
layouts.

The numerical analysis results proved far more accurate compared to closed form expressions and design guidelines. While the
latter group of methods for predicting the maximum resisting force of shear walls provided good results for low levels of vertical pre-
stress, the numerical approach provided more consistently accurate predictions.

The three-dimensional models produced results very similar to the plane strain approach, whereas the plane stress approach
greatly underestimated the experimentally derived maximum shear. The equal adequacy of the first two approaches makes plane
strain an attractive choice for the analysis of shear walls using detailed micro-modeling as its computational cost is significantly lower
than the cost of full three-dimensional analysis.

The observations concerning the influence of the out-of-plane stresses in masonry under in-plane loading, highlighted by the
inadequacy of plane stress models to accurately predict the maximum shear obtained in the experiments, are critical concerning the
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numerical simulation of such problems. The simulation of the confined mortar in the joints is shown to be important not only in the
simulation of masonry under pure compression but under in-plane shear as well, particularly in the case of high levels of vertical
loads.

Concerning the prediction of the compressive strength of masonry using micro-models, significant agreement was found between
the results obtained from the analysis of full wallettes and periodic unit cells, in addition to the results being in good agreement with
the experimental findings. The latter models have a much lower computational cost and may serve as an efficient alternative to full
wall models for the determination of the failure envelope of masonry wall structures. Finally, the influence of the nonlinearities of the
unit/mortar interface on the compressive strength of masonry was investigated using finite element micro-models and meso-models.
Only a small to moderate drop in the predicted compressive strength was found when considering interface nonlinearities, thus
rendering their inclusion in such models of limited value.
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