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1. Introduction

Due to the complex interaction of its constituent materials, arising from their brittleness and staggered geometric arrangement,
masonry as a composite material is often characterised by pronounced orthotropy, both in elasticity and strength [20]. This orthotropy
is particularly important in the study of earthquake induced damage and collapse mechanisms of large masonry structural elements
[23]. Accurate prediction of the force capacity of masonry elements, therefore, relies not only on the careful mechanical character-
isation of its comprising materials, but also on modelling their interaction at the material scale [32].

Finite element (FE) analysis of masonry structures can assume different levels of detail for the representation of the mechanical
features and potential failure modes of the material. For example, in a macro-modelling approach the material may be treated as an
isotropic [7] or orthotropic [26] continuum. The large number of material parameters in need of characterisation for the execution of
these simulations has led to the development of experimental frameworks [12], empirical approaches [11] and numerically-driven
calibration methods [16] for determining these parameters. While both approaches have been successfully used for nonlinear anal-
ysis [8,21,28], it is the latter that provides a truer representation of the mechanical properties of masonry. Continuum modelling can
be very attractive due to the geometrical simplicity of the resulting models and the reduced computational costs, especially for
modelling large structures. However, orthotropic models must still rely on complex experiments, well-founded assumptions or
ancillary computations for actually determining the orthotropic properties of the continuum.

Stemming from the inherent attractiveness of continuum modelling and the need for deriving macroscopic orthotropy from ma-
terials that are themselves often isotropic, constitutive approaches have been developed for taking into account the interaction of
potential failure modes in regularly bonded masonry through a phenomenological or analytical rather than a detailed micro-
mechanical approach [27,29]. While very promising, this approach does not directly provide comprehensive information on the
stresses and strains in the material components comprising the masonry composite.
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Meso-modelling, meaning the simulation of the masonry joints with interface elements connecting continuum units, is an approach
that allows the direct representation of the masonry geometric bond and only relies on the mechanical characterisation of the con-
stituent materials [18,25]. Orthotropy arises directly from the geometric interlocking of the units without any assumptions regarding
material properties of the masonry or of its components. Additionally, tensile failure of the units can be considered through the in-
clusion of interface elements across their mid-length. Overall, this approach is well suited to capturing the behaviour of masonry as it is
affected by its geometric bond, be it regular or irregular. However, the geometric representation of the units is not exact, numerical
integration of non-linear interface elements is often unstable and the approach does not easily allow complex biaxial interaction of
stresses to be introduced in the failure criterion for the units.

Further increasing the level of detail, micro-modelling directly incorporates separate geometric representations of the units and the
mortar, with or without the use of nonlinear interfaces between the material phases, into the continuum model [11,14]. This approach
allows the direct simulation of all potential failure types that can arise in the units, mortar and the unit-mortar interface. However, the
computational cost can be very high due to the fineness of the mesh required for attaining the desired level of geometric detail. Further,
interpretation of the results is often cumbersome due to the amount of results data produced. It is thus not common practice to use this
approach for nonlinear analysis of full structures.

In response to the high computational cost of FE micro-modelling, one may resort to micro-mechanical approaches for the solution
of simple linear [5,10,31,33] and nonlinear [13,30,34] elasticity problems. Bespoke solutions for different types of masonry geometric
bonds can be produced and solved with reduced computational effort, even for nonlinear analysis. In turn, these models provide a solid
basis for two-scale analysis of larger structures.

In this paper it is attempted to combine micro-mechanical methods for modelling the interaction of the material phases in the
masonry composite with nonlinear constitutive laws for tension, compression and shear in the context of FE macro-modelling, thus
achieving comprehensive results in terms of stress, strain and damage distribution in the units and the joints while maintaining the
computational cost at a low level.

The proposed model is based on the analysis of a masonry periodic unit cell for the determination of the stress and strain distri-
bution in the units and joints. These stresses and strains are used for evaluating the damage to the units and joints through the adoption
of nonlinear constitutive laws. Finally, the cells are employed for driving a two-scale analysis of masonry structures. A series of
experimental tests on scaled masonry walls subjected to in-plane shear under different levels of vertical pre-compression is used for
evaluating the accuracy of the model in terms of predicted peak force and failure mode.

2. Analysis of masonry periodic unit cell

A masonry periodic unit cell is the smallest repeating geometrical entity representative of the geometric pattern of a masonry
structure. Such geometric patterns are commonplace in regularly bonded brick masonry walls and include running, English and
Flemish bonding patterns, to mention some of the most common. Such patterns are also encountered in cut stone masonry, but are far
less common due to the higher cost of obtaining and cutting the material. The derivation of a running bond quarter cell is shown in
Fig. 1, from the wall geometry, to the identification of the repeating pattern to, finally, the cell from geometrical symmetry of the
bonding pattern. The adoption of a quarter vs a full cell as the basis of the homogenisation scheme, which can lead to alternating
normal microscopic stresses in neighbouring components under pure shear macroscopic loading due to the antisymmetry of shear
loads [35], is justified in the model validation subsection. The figure also illustrates the orientation of the masonry panel compared to
the adopted Cartesian coordinate system: x for the horizontal direction and y for the vertical.

Regular bonding patterns in masonry panels produce simply identifiable geometric components in the cell, all with a rectangular
shape. Each rectangle can be clearly associated with a material phase, either unit or mortar. This simple derivation of the rectangles
composing the cell lends itself well to the adoption of a method-of-cells approach [1] for the analysis of the masonry composite
material. The resulting rectangular components in a running bond cell and their naming convention is shown in Fig. 2. These com-
ponents are: the head joints (h), two components for the units (u; and uy), the cross joints (c) and the bed joints (b), arranged in
horizontal rows and vertical columns. The dimensions are also indicated in the figure, with I,, being the thickness of the head joint, [,
the length of the unit, hy,, the thickness of the bed joint and h, the height of the unit.

The model for the analysis of the cell is based on the running bond model presented in a previous work [10]. A modification is

— H‘

Fig. 1. Derivation of running bond periodic unit cell from running bond wall to repeating pattern to cell derived from symmetry of the pattern.




A. Drougkas Engineering Failure Analysis 141 (2022) 106704

lm/2 lu/2—lm/2 lm/2
A
h u, u, hu/2
X
c b c \ hm
A
u, u h hy/2
. A

Fig. 2. Naming convention and dimensions for rectangular components of the running bond periodic unit cell.

introduced in the model developed in the present work. A plane stress condition is here assumed, meaning that out-of-plane stresses are
disregarded in the analysis. Due to the present work’s aim at modelling shear walls rather than pure compression of masonry wallettes,
as was the goal in the previous work, modelling the additional confinement of the mortar by out-of-plane stresses was not deemed
critical.

The analysis of the cell is based on simple analytical expressions for describing the interaction of the components in terms of stress
equilibrium and strain conformity, further assuming that each component has constant stress and strain. These analytical expressions
introduce the advantages of very low computational cost and simple interpretation of the interaction of the components. For the
formulation of the system of analytical expressions, stress ¢ and strain ¢ components are noted using a subscript indicating the direction
and a superscript indicating the component, while a lack of superscript corresponds to the cell, or macro, stress and strain.

Horizontal stress equilibrium is taken at the left edge and at a vertical cross-section across the centre of the cell:

hll hll
Oulhn + 1) = 055 + 0L+ 0L
Oox (i +hy) = 4Ll + 6ol (€]

Vertical stress equilibrium is taken at the top edge and at a horizontal cross-section at the centre of the cell:
c lm + lu _ O'h lm + o lu lm i o [m
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One normal stress assumption is made in the horizontal direction between the two unit components:

o =o" 3)

xx

Shear stress equilibrium is taken at the left edge of the cell, across a vertical cross-section across the centre of the cell and at the top
edge of the cell:

hl{ hL(
Ouy (1) = 657+ 0 + 045
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One shear stress assumption is made between the head joint and adjoining unit component:

oy =0, ®

Deformation conformity in the horizontal direction is assumed between the two rows of components. Normal strains along xx are
assumed to contribute to the horizontal deformation of the components. Shear strains in xy are also assumed to contribute to the
horizontal deformation. This contribution is assumed to be equal to the shear strain multiplied by half the height of the component
[10]. The contribution of the shear deformation, especially related to the deformation of the bed joint, provides the necessary
reduction of stiffness of the cell in the horizontal direction, without which the cell becomes exceedingly stiff as the comparative
stiffness of the mortar compared to that of the unit is reduced. Thus, the lack of normal-shear coupling [2] in the presence of
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horizontally interlocking units, which is detrimental to the accuracy of homogenisation schemes proposed for masonry structures
based on matrix-inclusion micromechanics [15], is addressed. Based on this assumption, deformation conformity in the horizontal
direction reads:

[} L I} h Lo h
B Tm i u m uyp _m h U U u C b u m C b m
Euy Teu (E - 3) Feant (*’»’ eyt ‘°’X-¢'> % fudn e (5 - 7) + (2% + 6*’-") 2 ©)
Deformation conformity in the vertical direction is assumed between the columns of components. Shear deformation is disregarded

in the vertical direction. As such, the conformity reads:

hl‘ c u; hl‘ u
eff).? + &) b + ey}%j =€+ ei‘,hm 7)
Two assumptions are made regarding the normal strains in the horizontal direction:
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and two in the vertical direction:
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The cell strains are equal to:
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Finally, the isotropic Hooke’s law in plane stress is applied to all components under normal and shear stress:

k
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where the superscript k refers to any of the cell components and its assigned Young’s modulus EX and Poisson’s ratio t*. This last
equation can in principle be replaced with an orthotropic elasticity equation in the case of units with clearly characterised orthotropic
properties.

For any given known cell strains (exx, €y, €xy), the above expressions constitute a linear system of equations, with component
stresses and strains and cell stresses as unknowns. This system can be solved to determine all unknown values with minimal
computational cost for determining the stress and strain at all rectangular components of the cell, and of the cell itself, as a function of
the cell strain.

3. Damage model for cell components

The rectangular components comprising the cell can fail in compression or tension. Additionally, the unit-mortar interface may fail
in tension or shear. Knowing the strains, and therefore the effective stresses, in the components, these failure types can be evaluated for
calculating the loss of stiffness in the components themselves and, consequently, in the cell.

A damage mechanics approach is adopted for calculating the reduction of stiffness due to compression, tension and shear. The
effective stresses, which are proportional to the strains as per eq. (11), are multiplied with integrity variables, ranging from 1 for an
intact material to O for a fully damaged material, in order to calculate the actual stresses.

For compression a combination of a bilinear hardening and an exponential softening curve is adopted. As such, the integrity
variable in compression IX for each cell component k as a function of the strain ¢ is equal to:
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where f* is the compressive strength of the component (negative), o, is the effective stress and e., & and & being the proportional limit
strain, peak strain and ultimate strain in compression respectively. These are equal to:

k
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where G* is the compressive fracture energy and h is the bandwidth.
For tension a linear behaviour up to peak stress is assumed, followed by an exponential softening curve. Consequently, the integrity
variable in tension I¥ for each cell component k is equal to:

1 0<e<é
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where f* is the tensile strength of the component (positive) and & and & being the peak strain and ultimate strain in tension
respectively. These are equal to:
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where G is the tensile fracture energy.
Similarly as for tension, a linear behaviour is assumed up to peak stress, followed by an exponential softening curve for shear
strength f,. As such, the shear strength as a function of the strain is:
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where fX) is the initial shear strength of the component (positive) and £} and & being the peak strain and ultimate strain for the shear
strength respectively. These are equal to:

o= 1 ;rkz/‘ «
el = ]% a7
where G is the tensile fracture energy. For the friction coefficient u the constitutive relation reads:
Ho 0<lel <¢
ule) = ot (g —yo)}]:;() —f.(e)) 2 < e (18)

where py and iy are the initial and residual values of the friction coefficient respectively. Finally, the integrity variable in shear IK can
be calculated as:
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where o, is the compressive stress acting normal to the shearing surface (negative for compression, disregarded for tension) and &, is
the peak strain in shear, calculated as:

14

e AT e

The stress—strain curves resulting from the constitutive relations adopted are illustrated in Fig. 3.
4. Calculation process for nonlinear analysis

The method described for the analysis of the cell is combined with the damage models for the cell components and implemented as
a plane stress nonlinear constitutive model for the FEniCS finite element platform [3]. The modelling approach essentially comprises a
serial two-scale analysis of a masonry panel. The interaction of the cell components is modelled in the micro-scale for deriving the
stresses in the cell, or the macro-scale.

In keeping with the failure mechanisms encountered in regularly bonded masonry walls, the integrity variables for reducing the
stiffness of the components are evaluated in prescribed directions only. As such:

a) head joints are checked for tensile and compressive damage in x

b) units are checked for tensile damage in x and for compressive damage in y

¢) cross joints are checked for tensile and compressive damage in y

d) bed joints are checked for tensile damage in x, tensile and compressive damage in y and for shear damage in xy

The evaluation of the integrity variables in orthogonal directions is equivalent to an orthotropic Rankine failure criterion. This
approach reduces computational complexity and produces more easily interpreted numerical results. The stiffness reduction is applied
in an isotropic fashion, meaning that the integrity variables reduce the stiffness of each components in all directions, and it is irre-
versible, meaning that reduction of the strain does not lead to an increase in the integrity. The integrity variables are multiplied with
the stress components in eq. (1), (2), (3), (4) and (5) for calculating the actual stress. Thus damage is not expressed on the macro-scale
of the masonry but only on the micro-scale of the components.

The bandwidths h used in the constitutive laws (egs. (13), (15) and (17)) are dependent on the dimension d of the component in the
direction of damage evaluation, the total dimension of the periodic unit cell D in the direction being evaluated (Fig. 2) and on the
characteristic element length [, namely the square root of the element surface area:

d

h :Bl (21)

The values for d are:

a) I /2 for the head joints in tension and compression in x

b) units u; and uy in tension in x are assigned (L,/2 — ,/2) and L,,/2 respectively, while in compression in y they are both assigned
hy/2

c) cross joints are assigned hy, /2 in tension and compression in y

d) bed joints are assigned (I,/2 — I,/2) in tension in x, h;,/2 in tension and compression in y and (I,/2 — l,,/2) in shear in xy.

a) scl‘J gé b) c)
s TAC I N —
77777777 ﬁ fvo o, <0
3 |
—OnlR
fe g el

Fig. 3. Stress-strain curves in a) compression, b) tension and c) shear (under zero normal stress and under compression).
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5. Model validation
5.1. Elastic analysis

Firstly, the elastic properties of the cell as predicted by the proposed model are compared against a FE micro-model benchmark. The
FE analyses were executed in plane stress models of a periodic unit cell with imposed periodic boundary conditions [10]. The material
and geometric properties used for the investigation are shown in Table 1. All parameters were kept constant apart from the Young’s
modulus of the mortar E,,, which was given a wide spectrum of values, ranging from 100 % to 0.1 % of the Young’s modulus of the unit
E,. This range is intended to cover a wide range of stiffness ratios between units and mortar in order to achieve a comprehensive
validation of the proposed homogenisation scheme. The lower limit of the investigated range is not representative of the elastic
properties of any real undamaged mortar. Nevertheless, yielding of mortar in compression can result in a substantial reduction of
stiffness. Therefore, even results using this low value have a bearing on masonry analysis.

The comparison of the results is shown in Fig. 4. The proportional reduction of the vertical Young’s E,, modulus is nearly identical
to that of the shear modulus E,,. This is expected due to the predominating influence of the deformation of the continuous bed joint in
both vertical and shear deformation. Conversely, the reduction of the horizontal Young’s modulus E,, is slower owing to the inter-
locking of the units. The proposed model reproduces in-plane Young’s and shear moduli as calculated through FE analysis with
excellent accuracy. The in-plane Poisson’s ratios are very well approximated for a great part of the investigated range, with the
proposed model slightly underestimating these parameters for a ratio of E, /E, greater than 50. However, at that point the Poisson’s
ratios of the masonry are so low (~0.030) that the lateral deformation becomes insignificant. Overall, the accuracy of the proposed
model in reproducing the results obtained from a FE benchmark is very high and is achieved with comparatively much reduced
computational cost and ease of modelling. Further, the proposed model can provide easily interpretable results on the mean elastic
stresses and strains in the components of the cell.

An additional verification of the stiffness results for the cell is executed through variation of the unit height h,. The reference value
for the value for the Young’s modulus of mortar was used (Table 1). The comparison of the model with the FE benchmark are presented
in Fig. 5. The horizontal and vertical Young’s moduli are predicted with excellent accuracy throughout the investigated range. The
shear modulus is overestimated for a unit length-to-height ratio (I, /h,) lower than 2, which is rare in brick masonry and uncommon in
stone masonry built in running bond. The Poisson’s ratios are slightly underestimated for the entire investigated range.

The stresses developed in the cell according to the homogenisation scheme are compared to the results obtained from the analysis
using the reference values (Table 1). For executing the comparison, the stresses and strains in each FE subdomain corresponding to the
masonry component were averaged. The comparison of the stresses is summarised in Table 2 and that of the strains in Table 3. The
majority of the stress and strain components for each cell loading direction are calculated by the analytical model with very good
accuracy, especially in the case of horizontal or vertical loading. A number of components, such as the vertical and shear stresses
during horizontal loading of the cell, are not predicted with good accuracy. Further, the model assumes zero normal stresses and strains
in all components during shear loading of the cell. However, these values of the component microscopic stresses and strains as pre-
dicted by the FE model, are very low relative to the macroscopic stresses and strains, thus rendering their influence on the macroscopic
behaviour of the cell practically negligible. Further, it is demonstrated that the problem of alternating normal microscopic stresses in
neighbouring components under the quarter cell assumption is of minor practical consequence.

The numerical efficiency of the model for FE computation is evaluated through a comparison of the results obtained from a linear
elastic analysis of a masonry solid wall subjected to in-plane shear at the top equal to 1 N/mm? using the proposed homogenisation
scheme and a FE micro-model. The wall was four units in length and 16 courses in height. The reference properties (Table 1) were
assigned to the units and mortar. The homogenised model was composed of 426 triangular elements while the micro-model was
composed of 8498 triangular elements. The number of elements in the micro-model is primarily dictated by the need to define separate
mesh regions in the mortar joints, leading to a locally very fine mesh. The mesh for the homogenisation model was created in an
average of 0.004 sec, whereas the micro-model required an average of 5.791 sec. The micro-model yielded a displacement of 0.3305
mm with an average analysis time of 0.137 sec, whereas the homogenisation model yielded a total displacement at the centre-top equal
to 0.3382 mm (2.3 % overestimation) with an average analysis time of 0.024 sec (470 % improvement). The deformed shape and
maximum principal strains obtained from the two models are presented in Fig. 6. The macroscopic maximum principal strains obtained
from the homogenised model are equally suitable for indicating the locations of strain concertation as the strains obtained from the far
more detailed micro-model.

Table 1
Material and geometric properties for validation of elastic property prediction. Reference values in parentheses.
Units Young’s modulus E, 20,000 N/mm?
Poisson’s ratio Vu 0.15 N/mm?
Length Ly 210 mm
Height hy 26 — 420 (52) mm
Mortar Young’s modulus En 20 - 20,000 (2000) N/mm?
Poisson’s ratio Um 0.15 N/mm?
Head joint thickness In 10 mm
Bed joint thickness hp 10 mm
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Fig. 4. Comparison of elastic properties predicted through finite element analysis and the proposed model for varying mortar stiffness: a) Young’s
and shear moduli, b) Poisson’s ratios.
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Fig. 5. Comparison of elastic properties predicted through finite element analysis and the proposed model for varying unit dimension ratios: a)
Young’s and shear moduli, b) Poisson’s ratios.

Table 2
Comparison of elastic stresses predicted through finite element analysis and the proposed model. E’ij-l: ratio of analytical over FE component stress in ij
for cell loading in ki. Percentages in parentheses indicate the ratio of the component microscopic stress over the macroscopic cell stress.

o G G o oy 4 [ [l oy
Unit 1.076 (108.8 %) 0.884 (-0.5 %) 1.363 (3.6 %) 1.076 (-2.4 %)  1.023 (102.2 %) 0.617 (0.0 %) 0.000 (1.8 %) 0.000 (2.8 %) 0.993 (100.7 %)

Bed joint  0.422 (32.4 %) 0.595 (-0.8 %) 1.426 (5.4 %) 1.198 (11.00 %) 0.994 (101.0 %) 0.181 (0.0 %) 0.000 (3.5 %) 0.000 (5.6 %) 1.002 (99.5 %)
Head joint 0.926 (94.7 %) 2.290 (5.0 %) 0.831 (0.8 %) 1.374 (-1.4 %) 0.256 (35.6 %) 0.031 (-0.4 %) 0.000 (-0.4 %) 0.000 (-3.0 %) 1.167 (85.8 %)
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Table 3
Comparison of elastic strains predicted through finite element analysis and the proposed model. Eg»l: ratio of analytical over FE component strain in ij
for cell loading in kI. Percentages in parentheses indicate the ratio of the component microscopic strain over the macroscopic cell strain.

= B 5 & A 3 & E 3
Unit 0.873 (83.7 %) 0.925 (-12.3 %) 1.040 (7.6 %) 0.991 (-7.2 %) 0.843 (49.1 %) 0.014 (0.2 %) 0.000 (0.3 %) 0.000 (0.6 %) 0.791 (23.0 %)

Bed joint  0.422 (32.5 %) 0.642 (-20.6 %) 1.923 (35.8 %) 0.605 (-12.2 %) 1.039 (373.0 %) 0.195 (0.0 %) 0.000 (3.0 %) 0.000 (8.0 %) 1.036 (175.4 %)
Head joint 0.926 (94.7 %) 0.248 (-45.6 %) 0.886 (5.2 %) 0.560 (-24.1 %) 0.323 (127.7 %) 0.046 (1.36 %) 0.000 (0.4 %) 0.000 (-6.0 %) 1.188 (153.5 %)

0.0025
0.0020
0.0015
-
w
0.0010

— 0.0005

— 0.0000

Fig. 6. Comparison of maximum principal strains obtained from a) micro-model, b) homogenisation model.

5.2. Nonlinear analysis

Secondly, the proposed model is validated in nonlinear analysis against the experimental results of [14,17]. These experiments
involve quarter-scale masonry solid and perforated walls in running bond subjected to in-plane shear under varying levels of evenly
distributed vertical stress. The walls were constructed using specially manufactured scaled bricks and a mortar with appropriately
reduced aggregate size. The materials were extensively characterised through mechanical testing. The geometric and material
properties of the units and mortar are presented in Table 4. The head joints were assigned the tensile properties of the unit-mortar
interface in the x direction. The bed joints were assigned the tensile properties of the mortar in the x direction, the tensile proper-
ties of the unit-mortar interface in the y direction and the shear properties of the unit-mortar interface in the xy plane.

Table 4
Geometric and mechanical properties of units, mortar and unit mortar interface.

Units Length L, 72.5 mm
Height hy 12.5 mm
Width ty 35.0 mm
Young’s modulus E, 4080 N/mm?
Poisson’s ratio Uy 0.15 —
Compressive strength Sfeu —45.57 N/mm?
Tensile strength S 3.59 N /mm2
Compressive fracture energy (™ 45.57 N/mm
Tensile fracture energy Gu 0.120 N/mm

Mortar Head joint thickness In 2.5 mm
Bed joint thickness hpn 2.5 mm
Young’s modulus E, 3500 N/mm?
Poisson’s ratio Um 0.20 -
Compressive strength fem —7.44 N/mm?
Tensile strength fm 1.05 N/mm?
Compressive fracture energy Gem 7.44 N/mm
Tensile fracture energy Gum 0.111 N/mm

Unit-mortar interface Tensile strength fi 0.18 N/mm?
Tensile fracture energy Gii 0.013 N/mm
Initial shear strength fro 0.25 N/mm?
Initial friction coefficient Ho 0.815 -
Residual friction coefficient Hr 0.770 -
Tensile fracture energy Gyi 0.013 N/mm
Shear fracture energy Gyi 0.300 N/mm




A. Drougkas Engineering Failure Analysis 141 (2022) 106704

Two series of walls were tested in this campaign, one involving relatively squat masonry solid walls and one involving perforated
walls with one window opening. The masonry was constructed with the bricks laid on a horizontal template on their stretcher faces and
the mortar poured between the units. All walls were topped with a concrete beam for uniform load distribution. No lintels were
provided in the perforated walls. All walls were tested in a cantilever configuration by allowing the top beam to rotate freely. Both
series of walls were tested under varying levels of vertical stress, kept constant throughout each test, with a single repetition for each
level of stress. The horizontal load was applied through an actuator pushing monotonically on one end of the top beam. The general
layout of the walls is shown in Fig. 7. The in-plane shear load was applied from left to right.

The FE models of the solid and perforated walls consisted of 426 and 535 nodes and 780 and 958 triangular plane stress elements
respectively. The top beam was assigned linear elastic properties and was, thus, not allowed to develop damage. The displacements at
the base of the wall were constrained. In the present implementation of the model, a force-controlled nonlinear analysis of the masonry
walls is performed. A constant vertical compressive stress is applied at the top while a shear stress is applied at the same location,
increasing in magnitude for each load step.

The comparison of the experimental and numerical results in terms of peak shear stress under the different levels of vertical stress
are presented in Table 5. The same results are further illustrated in Fig. 8 through normal-shear stress interaction diagrams. Overall,
the agreement between the experimental and numerical results is good, particularly in the case of the perforated walls. In the case of
the solid walls the numerical results appear to slightly overestimate the effective friction coefficient at the level of the structure [19].
This could be due to a higher friction coefficient in the bed joints or higher tensile strength of the head joints assumed in the numerical
models compared to the actual values in the experimental specimens.

The comparison of the experimental and numerical force-displacement graphs is shown in Fig. 9. There is good agreement between
experiments and numerical results in terms of initial stiffness for all experiments. The numerical models featured a more gradual
degradation of the stiffness between the initial elastic part of the response and the peak compared to the experimental results. The
cause of this discrepancy is not clear but is potentially linked to sliding of the base joint noted in the experiments or inaccurate
simulation of the actual boundary conditions of the experiment.

The results of the model are compared with the experiments in terms of obtained failure mode. Tensile damage in the masonry is
presented in terms of maximum principal strain ¢; exceeding a threshold value. This threshold value is determined such as the resulting
displacement is equal to 0.1mm, which is the minimum crack width clearly detectable with the naked eye under normal conditions
[24]. This is also an empirical limit for the assessment of soil-structure interaction damage below which cracking is deemed to be
negligible [6]. Conversely, compressive damage is presented in terms of the integrity variable of the bed joint in compression I, as this
is the main component of the cell failing in compression. The damage was recorded in the experiments by a single photograph at the
end of the test. This simple approach for documenting damage is rudimentary and prone to subjectivity compared to the more recent
trend of performing this task with digital image correlation [4,22], but can still provide useful information. Single crack lines running
through joints are typically associated with tensile failure or slipping of the unit-mortar interface. Conversely, closely formed crack
networks running through joints and units alike, as are often encountered near the compressed toe and the middle of the piers, are
typically associated with compressive damage when vertical or biaxial failure when diagonal. The combined presentation of maximum
principal strain and compression integrity variable allows for a simple and unambiguous interpretation and quantification of the
numerical results and their comparison with qualitative experimental findings.

The results for the solid walls are presented in Fig. 10. Wall 2N20 presents a clear rocking behaviour, with a mostly horizontal crack
at the base. This response is reproduced by the model, with the formation of a compressive failure zone visible at the compressed tow.
Walls 3N40 and 4N50 exhibit similar response, with the formation of more diagonal tensile cracks and compressive damage at the
compressed toe and closer to the point of application of horizontal load. The numerical model still predicts the formation of a hori-
zontal crack at the base for the 3N40 and 4N50 cases, while the experimental results do not clearly indicate such damage. Overall, the
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Fig. 7. Layout of tested panels: solid and perforated walls. Dimensions in mm.
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Table 5
Summary of experimental and numerical results on solid and perforated walls subjected to in-plane shear.
Series Specimen Vertical stress ¢ (N/mm?) Experimental peak shear stress 7ey,(N/mm?) Numerical peak shear stress 7y, (N/mm?)
Solid walls 2N20 1.942 1.119 1.175
3N40 3.894 1.887 2.128
4N50 4.764 2.105 2.501
Perforated walls 1v7 0.645 0.416 0.450
2V13 1.132 0.649 0.716
3val 1.858 1.119 1.114
4V30 2.540 1.116 1.359
5v38 3.236 1.498 1.544
T T T T
25 o Solid, experimental O
O  Solid, numerical
Perforated, experimental o °
2.0 Perforated, numerical 4
[
—
(9]
:
~ 1.5 ’ .
Z
<
g
< 3
1.0 - —
0.5 -~ —
| | | |
1 2 3 4

o (N/mm?)

Fig. 8. Comparison of normal stress-peak shear stress interaction for experimental and numerical results.
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Fig. 9. Comparison of experimental (solid lines) and numerical (dotted lines) force-displacement graphs: a) solid walls, b) perforated walls.
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Fig. 10. Comparison of experimental damage pattern with maximum computationally-derived maximum principal strain ¢; and integrity variable
of bed joint in compression I in solid walls.

proposed model captures the main features of the experimentally derived failure patterns.

The results for the perforated walls are presented in Fig. 11. Overall, the formation of compressed struts on either side of the
window are more clearly distinguishable from the developed compressive damage compared to the solid wall cases. Similarly, the
opening also results in clearer formation of diagonal cracks. The main discrepancy between experiment and simulation is found in wall
1V7, where a purely rocking mode crack was documented in the test whereas additional diagonal cracks were obtained numerically. A
further difference, in wall 3V21, is the formation of the rocking crack at the base of the left region of the lower spandrel in the model
whereas these cracks are formed mostly at the top and base of the piers in the experiment. Apart from these differences, the
computationally derived strains and integrity variables in compression can clearly interpret and quantify the damage while being in
general agreement with the experimentally obtained failure patterns.

Overall, the model is capable of producing diagonal failure patterns typically encountered in masonry shear walls, especially those
with openings, despite the orthotropic evaluation of the failure criteria for the individual components.

A sensitivity analysis was performed focused on the influence of the mortar and unit-mortar interface properties on the response of
the 3V21 wall. The properties investigated are the tensile strength of the interface f;;, the compressive strength of mortar f,,, the initial
friction coefficient of the interface y, and the initial shear strength of the interface f,o. These are the primary material parameters
influencing the formation of bed joint tensile cracks, compressive strut hinges and the shear sliding at the bed joints. The results in
terms of peak shear stress 7,,,,x are presented in Fig. 12a. The hat operator indicates the normalisation of the material properties used
and peak shear stress obtained from the analysis with the reference properties and results. Overall, variation of the normalised
properties in the [0.5, 1.5] range resulted in a variation of the peak stress by less than 4 %, indicating the dependence of the response of
shear walls more on boundary conditions and geometric layout rather than on material properties. The obtained force-displacement
graphs for the variation of y, are presented in Fig. 12b. While the peak shear stress was only marginally affected, the degradation of the
stiffness following the elastic part of the response occurred more quickly for a reduced y,. Therefore, while the peak shear stress is not
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Fig. 12. Results of material parameter sensitivity analysis: a) normalised peak shear stress 7,.x, b) force-displacement graph.

very sensitive to material parameter change, certain details of the response can be affected by global or even local variations in
material properties.

The obtained failure modes for wall 3V21 for a variation of the interface tensile strength f; are presented in Fig. 13. An increase in
the tensile strength, while not significantly affecting the peak shear stress, causes a shift from a biaxial failure mode in the piers and
spandrels to a failure mode dominated by rocking of the piers [9]. This shift leads to a clearer formation of mostly horizontal cracks at

the base and top of the piers for )A‘n- =1.50.

Finally, a mesh sensitivity analysis was performed on the 3V21 case for evaluating the influence of the number of elements (1) on
the response of the homogenised model compared to the reference case (n, = 958). The results are illustrated in Fig. 14. The initial
parts of the graphs are identical up to about 10 kN, corresponding to roughly 83 % of the peak force. Increasing n.; generally results in a
small reduction in the peak force, equal to 5.8 % for n,, = 8362. Therefore, it is concluded that the response in terms of predicted peak
force is relatively insensitive to mesh element size.
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Il I Il I
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Fig. 13. Effect of interface tensile strength f;; on obtained failure mode: a) experimental, b) fn- =0.50, ¢) fﬂ- =0.75,d) ]A‘ﬂ- =1.00, e) ]A‘n- = 1.25,f)

fa = 1.50.

14



A. Drougkas Engineering Failure Analysis 141 (2022) 106704

15 T T T T
12 -
z [ |
Y
5
= 6 H -
— neg =253
3 net =958
— ne = 3748
— ne = 8362
0 | | | |
0 2 4 6 8 10

Displacement (mm)

Fig. 14. Results of mesh sensitivity analysis: influence of number of elements (n) on force-displacement curves.

6. Conclusions

A nonlinear constitutive model for running bond masonry is proposed. This model is based on the micro-mechanical analysis of
periodic unit cells using simple stress equilibrium and strain conformity between the components of the cell. The result is a low-cost
approach for deriving stress, strain and damage in the components of the cell (units, bed joints, head joints) from the macroscopic
strain in the cell. The model is implemented in a finite element context for simulating experimental tests on masonry shear walls.

The model provides highly accurate results in terms of predicting the orthotropic elastic properties of the masonry cell. Further, it is
accurate in predicting the shear strength of solid and perforated walls under vertical stress. It is capable of generating failure modes
very close to those observed in experiments and provides readily quantifiable results for damage. The model’s capacity for providing
quantifiable results on stress, strain and damage in the components of the cell from a finite element macro-model allows the simple
interpretation of complex damage patterns and failure modes in large panel structures.

Future work based on this model firstly includes the development of bespoke solutions for other common masonry typologies, such
as Flemish bond walls or regularly bonded pillar structures, the background for which has been developed in previous work. Secondly,
the micro-mechanical approach allows the modelling of mechanical intervention methods, such as plain and reinforced repointing or
externally bonded reinforcement. Finally, expansion of the approach to account for out-of-plane effects will allow the analysis of panels
in combined in-plane and out-of-plane shear.
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