
Computational Mechanics (2022) 69:865–890
https://doi.org/10.1007/s00466-021-02118-x

ORIG INAL PAPER

A two-level macroscale continuum description with embedded
discontinuities for nonlinear analysis of brick/block masonry

B. Pantò1 · L. Macorini1 · B. A. Izzuddin1

Received: 6 August 2021 / Accepted: 4 November 2021 / Published online: 3 January 2022
© The Author(s) 2022

Abstract
A great proportion of the existing architectural heritage, including historical and monumental constructions, is made of
brick/block masonry. This material shows a strong anisotropic behaviour resulting from the specific arrangement of units
and mortar joints, which renders the accurate simulation of the masonry response a complex task. In general, mesoscale
modelling approaches provide realistic predictions due to the explicit representation of the masonry bond characteristics.
However, these detailed models are very computationally demanding and mostly unsuitable for practical assessment of large
structures. Macroscale models are more efficient, but they require complex calibration procedures to evaluate model material
parameters. This paper presents an advanced continuum macroscale model based on a two-scale nonlinear description for
masonry material which requires only simple calibration at structural scale. A continuum strain field is considered at the
macroscale level, while a 3D distribution of embedded internal layers allows for the anisotropic mesoscale features at the
local level. A damage-plasticity constitutivemodel is employed tomechanically characterise each internal layer using different
material properties along the two main directions on the plane of the masonry panel and along its thickness. The accuracy of
the proposed macroscale model is assessed considering the response of structural walls previously tested under in-plane and
out-of-plane loading and modelled using the more refined mesoscale strategy. The results achieved confirm the significant
potential and the ability of the proposed macroscale description for brick/block masonry to provide accurate and efficient
response predictions under different monotonic and cyclic loading conditions.

Keywords Masonry structures · Structural assessment · Nonlinear analysis · Macroscale model · Multiscale approach ·
Nonlinear interfaces · Damage-plasticity · In-plane and out-of-plane cyclic loading

1 Introduction

Brick/block masonry represents one of the most ancient
building techniques, which is still used to build modern
structures due to the simple way of construction and low
material cost [1, 2]. Existing masonry structures, includ-
ing historical buildings, monuments and bridges, constitute
a high percentage of the architectural and cultural heritage
worldwide playing an important economic and social role.
To preserve these important assets, it is critical to employ
realistic numerical descriptions to predict the response under
different loading conditions, including extreme loadings like
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earthquakes, so as to direct the potential implementation of
strengthening measures to enhance the performance of defi-
cient structures.

Masonry shows a complex 3D anisotropic behaviour even
under low loading levels due to the heterogeneous nature of
thematerial. The responsebecomes evenmore complex in the
nonlinear field under higher loading due to the development
of damage and cracking. For these reasons, the numerical
simulation of the response of masonry structures up to col-
lapse still represents a challenging technical task [3–5].

The most popular approaches currently used to simu-
late the nonlinear behaviour of masonry are based upon
micro, meso or macroscale representations. In the first two
modelling strategies, masonry bond is explicitly represented
utilising separate descriptions for units and mortar joints,
and employing nonlinear interface elements to describe the
development and propagation of cracks. This methodology
is applied also for other quasi-brittle materials like concrete,
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and it is particularly suitable for regular masonries (e.g.
brick/block masonry) where the localization of the cracks
can be easily established a priori, as it generally follows
the directions of the mortar joints. In finite element (FE)
micromodels, masonry units and mortar joints are mod-
elled with separate nonlinear continuum elements and the
physical interfaces connecting the two main components are
described by nonlinear interface elements [6, 7] providing
a highly detailed representation of the masonry domain. In
FEmesoscalemodels [8–16], masonry joints andmortar-unit
physical interfaces are simulated by zero-thickness nonlin-
ear interface elements. The Distinct Element Method (DEM)
[17, 18] can be also used to develop masonry mesoscale
descriptions. In this case, the masonry units are modelled by
means of rigid or elastic solid elements, connected bydiscrete
multi-directional contact-links. Sophisticated procedures are
employed to identify contact, allowing the simulationof com-
plete detachment of parts of the structure. The advantage of
mesoscale FE and DEM models is to reduce the computa-
tional burden compared to detailed microscale models, while
maintaining an explicit representation of the masonry meso-
structure. Previous studies in the literature demonstrated the
ability ofmesoscale approaches to provide a realistic descrip-
tion of failure mechanisms of masonry components and
realistic 3D structures including buildings [19] and bridges
[20]. However, these models require a high computational
cost, thus they are unsuitable for practical assessments using
standard computational resources.

Continuous macroscale modelling approaches [21–24]
assume masonry as an equivalent homogeneous material.
They are not based upon an explicit description of masonry
bond which guarantees a drastic reduction of the compu-
tational cost. However, macroscale models generally entail
a high number of model material parameters which often
require sophisticated calibration procedures [25]. Multi-
layered models [23] represent a particular category of con-
tinuum macroscale models, where the average constitutive
relation is derived by considering masonry as a two-phase
material. In the main, they include an isotropic continuum
matrix and a set of aligned verticalweak inclusions represent-
ing mortar head joints which are combined with continuous
planes of weakness simulating mortar bed joints. In [24], a
simplified multi-layered masonry model neglecting the head
joint contribution is presented and applied to simulate the
in-plane shear behaviour of masonry panels.

Another class of efficient macromodels is represented by
hybrid discrete modelling strategies utilising rigid elements
and nonlinear links as rigid body springmodels (RBSM) [26,
27] and discrete macroelement models (DMEM) [28–30]. In
these numerical descriptions, as for continuous macromod-
els, masonry is considered as an equivalent homogeneous
material and the mesh is independent from the specific
arrangement of units and mortar joints. On the other hand,

discontinuities in the displacement field are modelled by
zero-thickness nonlinear springs whose nonlinear constitu-
tive relationships are determined following specific calibra-
tion procedures.

The efficiency of macroscale models and the ability of
detailed meso- and micro-scale models to accurately rep-
resent realistic cracking and failure modes of brick/block
masonry is combined in multi-scale formulations [31–35].
According to these strategies, the structural problem is anal-
ysed at two scales: at the structural-scale an equivalent
homogeneousmedium is considered,while at themicro-scale
the complex heterogeneousmasonrymicro-structure is taken
into account by solving the elasto-plastic problem on a rep-
resentative portion of the micro-structure. Online or offline
strategies are then adopted to connect the two scales of repre-
sentations. Furthermore, enhanced accuracy can be achieved
adopting improved continuum theories at the macroscale
based upon second-order or micropolar (Cosserat) mate-
rial models, where non-local homogenization or multi-scale
techniques are used to link micro/meso to macroscale. Such
numerical descriptions provide a more refined represen-
tation of the masonry micro-structure [36–38] describing
size/scale effects and allowing for the finite dimensions of
the masonry units and their potential relative rotations [39,
40].

In this paper, a novel simplified anisotropic continuum
macromodel allowing for the intrinsic 3D meso-structure
of masonry is presented. A two-scale approach is fol-
lowed, where a homogeneous continuum model describes
the masonry at the macroscale, while nonlinear embedded
distributed interfaces, referred to as Internal Layers (ILs),
represent the material at the meso-scale level. The ILs sim-
ulate the tensile (mode I), shear (model II) and crushing
(mode III) failure modes of masonry joints and units. The
advanced 3D damage-plasticity constitutive model for non-
linear interfaces presented in [41] is employed for the ILs.
It enables a realistic representation of stiffness and strength
degradation of mortar joints under cyclic loading. Objective
calibration procedures are established for thematerial param-
eters of the ILs which consider the mechanical properties of
masonry units, mortar joints and masonry bond characteris-
tics. The accuracy and efficiency of the proposed model are
investigated comparing the numerical results against exper-
imental data and detailed mesoscale simulations, focusing
on the nonlinear response up to collapse of masonry panels
subjected to in-plane and out-of-plane monotonic and cyclic
loadings.

2 Proposed two-level macroscale model

The proposed modelling strategy is based on a two-level
description of themasonry domain. A homogeneous 3D con-
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Fig. 1 Definition of the local layers: amasonry bond; bmacroscale FE discretization; c internal layers associated with the generic Gauss integration
point (p)

tinuum FE model with solid elements is considered at the
macroscopic level, whilst a 3D distribution of ILs describes
the masonry meso-structure at the local level. The ILs are
assumed orthogonal to each other, and their orientation is
established according to the main local material directions
based on the specific masonry bond. As a result, a triad
of mutual orthogonal ILs is associated to each integration
point within the domain of a solid element, as schematically
depicted in Fig. 1with reference to a generic inner integration
point p of a 20-noded solid element representing a portion of
a masonry panel. In the figure, (X,Y,Z) represents the global
reference system while (x,y,z) is the local reference system
identifying the orientation of the ILs.

Two distinct strain–stress fields are considered at the
macroscopic and local levels. The material constitutive rela-
tionships are defined at the local level linking the strain and
stress parameters of the ILs, while the macroscopic strains
allow for kinematic compatibility, and the macroscopic
stresses are calculated based on macroscopic equilibrium.

A two-scale approach, schematically illustrated in Fig. 2,
is followed at each integration point to transfer the response
parameters from the macroscopic to the local level and vice
versa. First, the macroscopic strains are evaluated from the
nodal displacements of the element, according to the chosen
shape functions. Subsequently, the local (internal) strains of
the three ILs are determined based on local kinematic com-
patibility conditions (Step 1 in Fig. 2). From the internal
strains, the local (internal) stresses of the three ILs are calcu-
lated by integrating the constitutive laws (Step 2 in Fig. 2).
Finally, local Cauchy equilibrium is imposed to obtain the
macroscopic stresses (Step 3 in Fig. 2). Due to the material
nonlinearity, the procedure is iterative. Thus, Step 1 repre-
sents an elastic prediction and Step 3 a plastic correction,
after which the residual internal unbalanced stresses required
in the next iteration are evaluated. As specified in the follow-
ing, the above iterative procedure is performed through a full
Newton–Raphson strategy.

In the proposed model, only the macroscopic strain field
is continuous, while the internal strain field is discontinuous
presentingweak discontinuities. Based on this consideration,
the prosed strategy can be classified as a FEM model with
embedded discontinuity (ED-FEM) [42], where the distance
between integration points represents the crack band width
(Fig. 2). Comparing the proposed strategy with a standard
mesoscale description [14], where nonlinear interface ele-
ments simulate the deformation and the failure of mortar
joints, the ILs can be seen as embedded distributed inter-
faces. Referring to the previous multilayered material model
developed by Pietruszczak and Niu [23], the ILs play the
role of inclusions andweak planes distributions, while allow-
ing for sophisticated nonlinear models and the description
of damage accumulation due to cyclic loadings, which are
not considered by standard multilayered material models
[23]. However, in the proposed strategy, the deformabil-
ity of the composite material comprising units and mortar
joints is concentrated at the ILs, differently from multilay-
ered models where an isotropic continuum matrix allows for
the deformability of the masonry units. Thus, the ILs must
be calibrated taking into account the stiffness characteristics
of both bricks/blocks and mortar joints (Sect. 3).

An important difference between the proposed two-scale
strategy and typical two-scale approaches [31–35] is related
to the use of the representative periodic cell allowing for
masonry bond, which is explicitly solved in standard multi-
scale strategies, but is considered only for the evaluation of
themechanical properties of the ILs in the proposed approach
(Sect. 3). This brings an important computational benefit
compared to online multiscale approaches, where a signifi-
cant computational effort is required to evaluate the nonlinear
response of the periodic cells at each integration point and
for each iteration of the nonlinear analysis solution proce-
dure.
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Fig. 2 Schematic representation of the proposed two-scale strategy

2.1 Kinematics and local equilibrium

The macroscopic strains at the element level include
six components, collected in the vector. ε �
[
εx εy εz γxy γxz γyz

]T
, and are associated with six stress

components, in the vector σ � [
σx σy σz τxy τxz τyz

]T
.

Both vectors are expressed in the local referent system (x,y,z)
indicated in Fig. 1.

At the local level, the deformation field is described by
nine components, collected in three vectors dk (k � x, y, z),
where the subscript k indicates the direction in the element
reference system normal to the layer �k . The corresponding
stress field at the local level is described by the three vec-
tors sk (k � x, y, z) where, as for the strains, the subscript
indicates the IL. In Eq. (1), the three vectors of local strains
are reported where, dk and dkh (k � x, y, z; h ��k � x, y, z)
are the normal strain and shear strain components along the
local direction h of�k , respectively. In Eq. (2), the three local
stress vectors are reported, where, as for the local strains, the
first index specifies the IL while the second (in the shear
components) designates the component direction. Figure 3
provides a schematic representation of the stress components
for each IL, referred to the elementary volume (δx, δy, δz) at
the generic Gauss integration point of the element.

The local stresses at each IL are obtained by integrating
the nonlinear constitutive law of the IL. It is worth noting that
the proposed methodology is independent from the consti-
tutive laws adopted. In the present study, the plastic-damage

constitutive law described in Sect. 3 is considered at the level
of IL.

dx �
⎡

⎣
dx
dxy
dxz

⎤

⎦;dy �
⎡

⎣
dy
dyx
dyz

⎤

⎦;dz �
⎡

⎣
dz
dzx
dzy

⎤

⎦ (1)

sx �
⎡

⎣
sx
sxy
sxz

⎤

⎦; sy �
⎡

⎣
sy
syx
syz

⎤

⎦; sz �
⎡

⎣
sz
szx
szx

⎤

⎦ (2)

Equation (3) provides the vector dint collecting the nine
components of the local strains to which it is convenient to

refer in the following. In the equation, dn � [
dx dy dz

]T

represents the normal strains, while dt1 � [
dxy dxz dyz

]T

and dt2 � [
dyx dzx dzy

]T
correspond to the shear strains.

Equation (4) reports the dual local stress components, in the
vector sint .

dint � [
dn dt1 dt2

]T
(3)

sint � [
sx sy sz sxy sxz syz syx szx szy

]T
(4)

The local kinematic compatibility condition, linking the
local deformations to the macroscopic deformations is
obtained considering the following rules: (i) the local nor-
mal strains are identical to the macroscopic normal strains
along the corresponding direction; (ii) each macroscopic
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Fig. 3 Internal stress components of the Sub-Local Layers (SLLs)

shear deformation is additively decomposed into the two ILs
acting on the same plane of the macroscopic deformation, as
schematically illustrated in Fig. 4. Specifically, the macro-
scopic shear strain in the coordinatedplaneh–k (γhk ) includes
the ILs �h and �k . According to these assumptions, six kine-
matics relations hold. Equation (5a) indicate the relations
linking the macroscopic normal strains to the local normal
strains (Eq. (5a)) and the macroscopic shear strains to the
local shear strains Eq. (5b)

εk � dk k � x, y, z (5a)

γkh � dkh + dhk k � x, y, z; h �� k � x, y, z (5b)

By imposing internal Cauchy equilibrium conditions,
three additional equilibrium equations, involving the local
shear stress components, can be written:

τxy � sxy � syx

τxz � sxz � szx

τyz � syz � szy

(6)

Denoting Dk � δsk/δdk (k � x, y, z) as the 3×3 tangent
stiffness matrix of the k-th IL, which can be obtained by
integrating the constitutive law of the IL, the increments of
the local shear stress can be expressed as:

δsxy � Dx,21δdx + Dx,22δdxy + Dx,23δdxz

δsxz � Dx,31δdx + Dx,32δdxy + Dx,33δdxz

δsyx � Dy,21δdy + Dy,22δγxy − Dy,22δdxy + Dy,23δdyz

δsyz � Dy,31δdy + Dy,32δγxy − Dy,32δdxy + Dy,33δdyz (7)

δsxz � Dz,21δdz + Dz,22δγxz − Dz,22δdxz

+ Dz,23δγyz − Dz,23δdyz

δszy � Dz,31δdz + Dz,32δγxz − Dz,32δdxz

+ Dz,33δγyz − Dz,33δdyz

Substituting Eqs. (5) in Eqs. (7) and enforcing the equi-
librium conditions of Eq. (6) in the variational form, the
following expressions linking the increment of the local
strains to the macroscopic strains are obtained:

δdt1 � −
(
A−1B

)
δε (8)

δdt2 � δγ − δdt1 �
([

03x3 I3x3
]
+ A−1B

)
δε (9)

where δγ � [
δγxy δγxz δγyz

]T
, 03x3 the 3x3 zero

matrix, I3x3 the 3x3 Identity matrix, and:

A �
⎡

⎣
Dx,22 + Dy,22 Dx,23 −Dy,23

Dx,32 Dx,33 + Dz,22 Dz,23

−Dy,32 Dz,32 Dy,33 + Dz,33

⎤

⎦ (10)

and:

B �
⎡

⎣
Dx,21 −Dy,21 0 −Dy,22 0 0
Dx,31 0 −Dz,21 0 −Dz,22 −Dz,23

0 Dy,31 −Dz,31 Dy,32 −Dz,32 −Dz,33

⎤

⎦

(11)

Finally, the variation of the local deformations, can be
written in terms of the variation of the macroscopic strains
as:

δdint �
⎡

⎣

[
I3x3 03x3

]

−A−1B[
03x3 I3x3

]
+ A−1B

⎤

⎦ · δε � C · δε (12)

where C is the 9×6 tangent kinematic compatibility
matrix allowing for Cauchy equilibrium, which thus depends
on the tangent stiffness matrices of the ILs.

From the compatibility relation in Eq. (12) and con-
sidering the 9×9 D matrix, obtained by assembling the
contributions of the three tangent stiffness matrices Dk (k
� x,y,z) of the ILs, the variation of the local stress results:

δsint � D · δdint � D · C · δε (13)

123



870 Computational Mechanics (2022) 69:865–890

Fig. 4 Shear-strain components
of the internal smeared-friction
planes

2.1.1 Internal Newton–Raphson iteration procedure

The solution of Eq. (6) is achieved through an iterative
Newton Raphson procedure, performed at the level of the
integration point. Indicating with a subscript i the values
at the generic i-th iteration, �εi � εi − εi−1 � 0 and
�dt1,i � dt1,i − dt1,i−1, Eq. (6) becomes:

Ri � Ri−1 + A�dt1,i + B�εi � 0 (14)

whereRi is the residual out-of-balance vector associatedwith
Eq. (6):

Ri �
⎡

⎣
sxy,i − syx,i
sxz,i − szx,i
syz,i − szy,i

⎤

⎦ (15)

Inverting Eq. (14), the current value γ1,i is evaluated from
the out-of-balance at the previous iteration:

dt1,i � dt1,0 − A−1B�εo(i � 1)
dt1,i � dt1,i−1 − A−1Ri−1(i >; 1)

)
(16)

with:

�εo � ε j − εo (17)

where ε j and εo represent the macroscale strains for the cur-
rent global structural equilibrium iteration j and at the end of
the previous incremental equilibrium step, respectively.

The internal shear strains can be calculated from the three
terms of Eq. (5b) as:

dt2,i �
⎡

⎣
γxy
γxz
γyz

⎤

⎦ − dt1,i (18)

Finally, Eq. (19) reports the vector of the internal strains,
which is used to perform the plastic corrector phase by inte-
grating the constitutive laws of the ILs and evaluating the
out-of-balance for the next iteration. Convergence at the
material integration point level is reached when the norm of
the out-of-balance vector is smaller than a prefixed tolerance,
|Ri | < toll.

dint,i � [
dn,i dt1,i dt2,i

]T
(19)

2.1.2 Tangent stiffness matrix andmacroscopic stresses

Considering the equivalence of virtual work principle at the
local and macroscopic levels:

δεT · σ � δdTint · sint � (C · δε)T · sint � δεT · CT sint
(20)

Since Eq. (20) should hold for any δεT , the macroscopic
stress is obtained as:

σ � CT · sint (21a)
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Or, in alternative, directly from Eq. (6):

σ � [
I6x6 06x3

] · sint (21b)

The 6×6 tangent stiffness matrix K at the macroscopic
level is determined by differentiating the macroscopic stress
given by Eq. (21a) with respect to the macroscopic strain.
Considering Eqs. (13) and (21b):

K � ∂σ/∂ε � ∂
[
CT sint

]
/∂ε � CT · D · C (22)

2.2 Model yield domain

In this section, the model yield domain is investigated in
the local and global stress spaces with reference to a simple
2D orthotropic material model to show how the mechanical
parameters and orientation of the ILs influence the material
ultimate behaviour.

In the following, a brick-masonry sample (Fig. 5a) belong-
ing to the XY plane of the global reference system and
subjected to a planar biaxial tension–compression stress pat-
tern is considered.

According to the proposed description, the response is
governed by the ILs Gx and Gy, (Fig. 5b) whose stress
components, according to Eq. (2), are respectively (sx , sxy)
and (sy, syx ). A shear Mohr–Coulomb yielding criterion∣
∣su,h

∣
∣ � ch + shηh (h � x, y) is assumed for each IL,

where τu,h is the ultimate tangential stress, ch is the cohe-
sion and ηh is the friction coefficient. Two strength limits
in tension ( ft,h) and compression ( fc,h) are also consid-
ered. The following parameters: ft,x � 0.1MPa; cx �
0.15MPa; fc,x � −2.0MPa; ηx � 0.5 are employed for
Gx, while the parameters of Gy are defined by the ratios
rt � ft,y/ ft,x , rc � fc,y/ fc,x and rη � ηy/ηx . The orienta-
tion of the material main directions is defined by the angle β

between the global X axes and the x axes of the local refer-
ence system.

The 3D yield domain in the local stress space sx-sy-sxy,
for different values of rt , rc and rη, is shown in Fig. 6. The
case characterised by unit r-ratio values (rt � rc � rη � 1)
is representative of an isotropic masonry such as irregular
masonry with a chaotic arrangement of units and mortar
joints. Conversely, values of r-ratios greater than 1, repre-
sent regular masonries with brick interlocking, where the
direction parallel to the bed joints is generally stronger
than the orthogonal ones. In Fig. 6, three different sources
of anisotropy are separately considered: different tensile
strength, compressive strength or friction coefficient. It is
possible to observe that the shape of the domain changes sig-
nificantly moving from the isotropic to anisotropic material.

In Fig. 7, the 2D yield domain in the space of the global
stress σx–σy (zero shear force stress) is shown considering

the same values of r-ratios displayed in Fig. 6. Moreover,
different masonry orientations are assumed by changing β

(ranging from0° to 60°). The domains are composed of linear
piecewise segments, where the singular points correspond
to the changing of the yield mechanism (tensile, shear or
compression) or the yield layer. In the case of β � 0°, failure
is associated to reaching the tensile or compressive strength
of the IL, and the yield domain reduces to the Rankine’s
domain. If β >0°, the plastic envelope encompasses four
edges in the case of isotropic tensile strength, rt � 1, and
six edges for different tensile strengths for the two layers
(rt > 1). The domains associated with β >0° are symmetric
with respect to the bisectors of the first and third quadrants.
Along these directions, failure is reached when the condi-
tions σX � σY � min

{
ft,x , ft,z

}
and σX � σY � max{

fc,x , fc,z
}

are met. In the case of isotropic material
(rt � rc � rη � 1), the domain for β � 45° contains those
associated with β � 30° and β � 60°. In contrast, for the case
of anisotropic masonry, the domains for β � 30° and β � 60°
provide higher strengths than those corresponding toβ�45°.

3 Constitutive model

As noted before, the proposed macroscale material descrip-
tion with embedded discontinuities can be used with any
constitutivemodel for the 2D nonlinear interfaces employing
different material properties and even different constitutive
laws for each material direction to take into account the
effects of the masonry bond. In the present study, the same
constitutive law is employed to represent all the ILs, for
which the material properties are calibrated according to the
procedure described in Sect. 4.

In the numerical simulations presented subsequently, the
cyclic damage-plasticity model proposed in [41] is adopted.
This model, which has been implemented in the FE code for
advanced nonlinear analysis ADAPTIC developed at Impe-
rial College London [43], has been extensively validated and
employed for detailed mesoscale simulations of masonry
components and structures [16, 20].

The material model for the 2D nonlinear interface
elements is based upon a multi-surface elasto-hardening
plasticity criterion which governs the evolution of plastic
deformations, coupled with an anisotropic damage tensor
which simulates strength and stiffness material degrada-
tion. According to [41], the elasto-plastic problem is solved
first, then the damage variables are updated according to
the current plastic work, which ensures a high level of
robustness during the iterative process [44]. The most impor-
tant mechanical aspects simulated by the model are: (i) the
softening behaviour in tension and shear, (ii) the stiffness
degradation depending on the level of damage, (iii) the recov-
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Fig. 5 a Elementary 2D domain
subjected to biaxial
tension–compression stress state
and b representation through
two Internal Layers

Fig. 6 Yielding domains in the
local stress space sx—sy—sxy

sy [Mpa] sx [Mpa]

sxy [Mpa]

sy (Mpa) sx [Mpa]

sxy [Mpa]

sy [Mpa] sx [Mpa] sy [Mpa] sx [Mpa]

sxy [Mpa]
sxy [Mpa]

ery of normal stiffness in compression and (iv) the permanent
(plastic) strains at zero stresses in presence of damage.

Appendix 1 provides a brief description of the adopted
constitutivemodel, so as to introduce themain characteristics
and parameters of themodel, where the full model details can
be found in [41].

4 Model calibration

One of the main merits of the proposed macroscale descrip-
tion is that it requires simple calibration of themodelmaterial
parameters. This section presents a simple procedure to cal-
ibrate the linear and nonlinear parameters of the ILs with
reference to regular brick/block masonry. The proposed cal-
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Fig. 7 2D yielding domains in
the global stress space σx–σy
(τXY � 0) for different values of
the r ratios and β angles

ibration strategy, as typical mesoscale descriptions [14, 41],
considers the main mechanical properties of bricks and mor-
tar joints, which can be evaluated from in-situ or laboratory
tests [45]. Figure 8 illustrates schematically the adopted
approach with reference to a generic 2D periodic masonry
cell (Fig. 8a) and its representation by the equivalent con-
tinuum macromodel through the ILs �x and �z simulating
the masonry mechanical behaviour along the local directions
parallel (x) and orthogonal (z) to the bed joints (Fig. 8b). In
this figure, Em and νm are the Young’s modulus and Pois-

son’s ratio of mortar; Eb and νb are the Young’s modulus and
Poisson’s ratio of bricks; hm is the average mortar thickness;
and b and h are the length and height of bricks.

The elastic normal (Enk) and shear (Etk) moduli of the
continuum model (k � x,z) are evaluated according to the
homogenisation theory adopted in [23] with the simplifi-
cation proposed in [24], neglecting the contribution of the
head joints in the initial elastic deformability and assuming
the same shear modulus for both the ILs. Equations (23 –
25) report the two equivalent normal moduli and the shear

Fig. 8 a Periodic masonry cell
and b macroscopic
homogenisation
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moduli. In the case of masonry arrangements with no brick
interlocking, typically employed in multi-ring masonry arch
bridges [20], the normal modulus Enx can be evaluated
according to Eq. (24) replacing the brick height h with the
brick base b.

Enx � μmEm + μbEb (23)

Enz �
[

μb

Eb
+

μm

Em
− μmμbEm Eb

Enx

(
νb

Eb
− νm

Em

)2
]−1

(24)

Etx � Etz � 2

[
2(1 + νb)μb

Eb
+
2(1 + νm)μm

Em

]−1

(25)

where μm � hm
(hm+h)

and μb � h
(hm+h)

.
The nonlinear parameters of the ILs associated with the

tensile and shear failure mechanism are evaluated from the
strength parameters for the mortar joints (in the following,
the same mechanical properties are assumed for the bed and
head joints) and for the bricks. Conversely, the compres-
sive strengths and the corresponding fracture energies, along
the direction parallel ( fcx ,Gcx ) and orthogonal ( fcz , Gcz)
to the bed joints, are assumed known form the literature or
based on experimental data. Hereafter, in accordance with
the mesoscale mechanical description reported in [41], the
tensile strength ( ft j ), cohesion (c j ), friction angle (φ j ) and
the corresponding values of tensile and shear fracture ener-
gies (Gt j ,Gsj ), are considered for the mortar joints, whilst
the tensile strength ( ftb), cohesion (cb), friction angle (φb)
and fracture energies (Gtb, Gsb) are assumed for the bricks.

Following a simple phenomenological approach, two dif-
ferent normal and shear failure modes are utilised to describe
the ultimate masonry behaviour along the directions normal
and parallel to the bed joints (Fig. 9). According to this rep-
resentation, the internal layer �z inherits the same strength
parameters of masonry joints, as reported in Eqs. (26), where
the subscript z indicates that these parameters refer to the
layer �z . To avoid mesh dependency of the solution in the

presence of softening behaviour, the specific tensile and shear
fracture energies in each direction of the solid elements are
obtained by normalising the corresponding fracture energy
values associated with mesoscale interfaces by the crack
bandwidth (hbw), which is assumed as the minimum value
between the element mesh size and the distance between
masonry joints in that direction.

ft z � ft j (26a)

cz � c j (26b)

φz � φ j (26c)

G(t,s)z � G(t,s)/hbw,z (26d)

Strength and degradation characteristics of the Internal
Layer �x are evaluated by imposing an equilibrium equiv-
alence between the heterogeneous, mesoscale model and
the continuum model considering the failure mechanisms
showed in Fig. 9. This results in the following expressions:

ft x � min
{
ft j + rbc j ; ft jμm + ftbμb

}
(27a)

Gtx �
{
(Gt j + rbGsj ) 1

hbw,x
i f ft x � ft j + rbc j

(Gt jμm + Gtbμm) 1
hbw,x

i f ft x � ft jμm + ftbμb

(27b)

where rb � b/2h represents the masonry bond shape ratio
(rb � 0 should be considered for running bond masonry).

cx � c jμm + cbμb (27c)

φx � φ jμm + φbμm (27d)

Gsx � (Gsjμm + Gsbμm)
1

hbw,x
(27e)

Fig. 9 Simplified normal and
shear failure modes a orthogonal
and b parallel to the bed joints
considered to calibrate the
strength parameters of the ILs
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Fig. 10 Numerical simulations of small brick-mortar samples: capacity curves of the a tensile and b shear tests; shear stress distributions [MPa] at
the peak load of the shear test with normal compression 0.5 MPa predicted by the c mesoscale and d macroscale models

In particular, Eqs. (27) are used for elements loaded in-
plane. In the case of elements loaded out-of-plane, these
nonlinear parameters in the x local direction are assumed
equal to the nonlinear shear parameters of the joints.

4.1 Numerical simulation of brick-to-brick mortar
joints

The ability of the proposed model to simulate the response
of masonry joints is validated here by simulating the experi-
mental tests performed byVan der Pluijm [47] on small-scale
masonry specimens composed of two 100×50×50 mm3

(length×hight×width) bricks connected by a 15 mm mor-
tar layer.Monotonic tensile tests and shear testswith different
compression levelswere performed. The specimen responses
are numerically simulated by the proposed macromodel with
a single 20-noded finite element and by a mesoscale model
composed of two 20-noded elastic elements, representing
the bricks, connected by a 16-noded zero-thickness interface
element [14] with the nonlinear material model in [41].

The mechanical parameters of the joint employed in the
analyses are assumed according to the experimental tests
[46, 47] and numerical simulations presented in literature
[6, 8]. In particular, the Young’s moduli for bricks Eb �
16700 MPa and mortar Em � 2970 MPa with Poisson’s
ratio 0.15 are employed in the analyses. The tensile strength

ft � 0.30MPa and fracture energy Gt � 0.012 N/mm are
assumed to simulate the Mode I failure mechanism. Cohe-
sion c � 0.87MPa, initial and residual friction factors
tan φ � 1.01 and fracture energyGs � 0.13p+0.058 N/mm
[8] are considered to represent the Mode II (shear) failure
mechanism, where p � 0.1–0.5–1.0 MPa is the compres-
sion acting orthogonal to the mortar joint. The normal (kn)
and shear (ks) stiffnesses of the interface and the moduli
(En , Et ) of the continuum macromodel are evaluated com-
bining in series the elastic stiffness of bricks and the mortar
joint, resulting in: Kn � 198 N/mm3, Ks � 86 N/mm3,
En � 8080 MPa and Et � 7026 MPa.

The responses obtained by the proposed macro model are
compared to those provided by the mesoscale model and the
experimental observations. The results are shown in terms of
average tensile stress Fn/A versus the normal displacement
un (Fig. 10a) and average shear stress Fs/A versus the slip us
(Fig. 10b), where Fn and Fs are the applied external traction
and shear forces, and A is the transverse area of the brick.
Both the tensile and shear responses of the proposed model
are in a good agreement with the numerical predictions of the
mesoscale model and the experimental observations, where
the largest differences are observed in terms of peak-shear
strength. More specifically, the macromodel predicts slightly
lower shear capacities and smother responses than those pre-
dicted by the mesoscale model and experimental findings.
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Fig. 11 Mesoscale and macroscale cyclic responses of a basic brick-masonry sample under a tensile, b shear and c bending actions

These differences can be attributed to different internal dis-
tributions of the shear stresses predicted by the two models,
where the deformed shapes and shear stresses at the peak-
load of the shear test with compression p � 0.5 MPa are
shown in Fig. 10c. In themacromodel, the peak shear stresses
are concentrated along the diagonal of the element, while
a uniform stress distribution is obtained by the mesoscale
model due to the presence of the bricks.

After the peak-load, the shear capacity curves obtained
by the macromodel converge towards those obtained by the
mesoscale model. It is observed that both models overesti-
mate the experimental residual shear strength, which can be
ascribed mainly to the simplified assumption of a constant
friction factor. However, the overall level of approximation
guaranteed by the numerical predictions is satisfactory and
suitable for engineering applications.

A numerical validation, aimed at demonstrating the abil-
ity of the proposed model to simulate the cyclic behaviour
of masonry joints, is presented hereafter. Three load condi-
tions, namely, unidirectional tension, shear and pure bending
moment, are applied to the same specimen considered in the
monotonic simulations discussed before.

The responses of the proposed model, compared to those
obtained by the mesoscale model, are depicted in Fig. 11. In
particular, Fig. 11a and b show the numerical responses under
tension, whilst Fig. 11c displays the numerical prediction
under bending moment in terms of M/W versus the relative
rotation φ of the opposite sections of the specimen, whereM
is the external appliedmoment, andW is the flexural stiffness
of the brick transverse section. The comparisons in Fig. 11
confirm a good agreement between the mesoscale model and
the proposedmacromodel, which provides accurate response
predictions of masonry joints subjected to cyclic loading
allowing for (i) axial/flexural strength and stiffness degrada-
tion (Fig. 11a and c), (ii) stiffness recovery in compression
after closure of tensile cracks (Fig. 11a) and (iii) shear fric-
tional mechanism (Fig. 11b) after degradation of cohesion.

5 Numerical examples

In this section, the accuracy and potential of the pro-
posed continuum macro modelling strategy for brick/block
masonry are evaluated based on the response of masonry
walls under monotonic and cyclic in-plane and out-of-plane
loading. The numerical results obtained by the developed
material model implemented in ADAPTIC [43] are com-
pared against the outcome of previous experimental tests and
numerical results obtained using detailed mesoscale models.

5.1 In-planemonotonic tests

In this section, the experimental tests carried out by Vermelt-
foort and Raijmakers [48] are simulated. The physical exper-
iments were performed on single-leaf solid-brick masonry
panels 990 mm width, 1000 mm height and 98 mm thick,
indicated as specimens J4D, J5D and J7D in [48]. The brick
dimensions are 204×98×50mm3 whereas the bed and head
mortar joints are 12.5 mm thick. All the specimens were
preloaded first with a vertical pressure pv. Subsequently, an
in-plane horizontal force F was applied at the top of the
panels with increasing magnitude up to collapse (Fig. 12).
A pressure pv � 0.3 MPa was applied on the J4D and J5D
specimens, while pv � 2.12 MPa was imposed on the J7D
wall. During the tests, some horizontal cracks appeared at the
top and bottom of the panels first, and then cracks suddenly
propagated along the diagonal direction, mainly along the
bed and head mortar joints. Shear failure of some bricks was
also observed, mainly in the J7D specimen. A marked post-
peak softening behaviour, which initiated with the formation
of diagonal cracks at the centre of the panel, characterised
the experimental responses of all tests at collapse.

According to the proposed macromodelling strategy, the
panel is discretised by a 6×6 regular mesh of 20-noded solid
elements. The mesoscale model utilises 153 20-noded elas-
tic elements to represent each half brick and 144 nonlinear
interface elements allowing for geometric and material non-
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Fig. 12 a Masonry wall JD4,
JD5 and JD7 subjected to the
initial vertical loading and b the
subsequent horizontal force
increased up to collapse

Table 1 Mechanical parameters of the mesoscale interfaces for JD4,
JD5 and JD7 walls

kn kt ft fc c Gt Gs Gc tgφ tgφg[
N/mm3

]
[MPa] [N/mm] [−]

Mortar Joints interfaces for J4D and J5D tests

82.0 36.0 0.25 10.5 0.375 0.018 0.125 5.0 0.75 0.001

Mortar Joints interfaces for J7D test

82.0 36.0 0.16 11.5 0.16 0.018 0.05 5.0 0.75 0.001

Brick interfaces

1E4 1E4 2.00 37.5 2.80 0.080 0.500 5.0 1.00 0.001

linearity [14] to representmortar joints andpotential cracks in
themasonry units. Globally, themodel requires 9180 degrees
of freedom. The macroscale model is developed adopting a
regularmesh of 36 solid elements with characteristic element
size of about 165 mm. The model comprises 315 nodes and
945 degrees of freedom, corresponding to 10%of the degrees
of freedom required by the mesoscale model.

Initially, a uniform vertical displacement is imposed at
the top of panel giving rise to the same vertical pressure
applied in the experiments. Then, nonlinear dynamic analysis
is performed by applying a constant horizontal quasi-static
velocity of 0.01 mm/sec at the same top nodes where the
initial vertical displacements are prescribed. The mechani-
cal properties of the mesoscale model are selected according
to [14]. More specifically, the bricks are modelled with an
elastic modulus Eb � 16700MPa, a Poisson’s coefficient
νb � 0.15 and unit weight wb � 19kN/m3, whereas
material model parameters for the zero-thickness interface
elements representing mortar joints and brick-to-brick inter-
faces are reported in Table 1. According to the proposed
strategy, the macromodel material properties are obtained
directly from the parameters of the mesoscale model follow-
ing the procedure described in Sect. 4, where the relations in
Eqs. (28 and 29) are used to evaluate the mortar Young’s and
shear moduli Em,Gm [45]. The complete set of macroscopic
parameters adopted in the analysis is reported in Table 2.

Figure 13 shows the experimental failure mechanisms and
themesoscale predictions. During the tests, all the specimens
showed shear failure with the activation of main diagonal
cracks at the centre of the panel and horizontal cracks at
the top and bottom sections (Fig. 13a, c). Brick failures are
observed in the central part of the specimens, mainly in the
panel J7D, due to the higher vertical pre-compression applied
to the wall [48]. The mesoscale models are capable of simu-
lating the experimental crack patterns of the two specimens
with a good level of accuracy (Fig. 13b, d). As in the exper-
imental tests, mesoscale models predict the development of
shear failure of brick-to-brick interfaces at the centre of the
panel, mainly for the panel J7D. Plastic sliding occurs at
the bed joint interfaces, along the diagonal direction, while
crushing in compression develops at the bottom and top cor-
ners (Fig. 13d).

kn � EmEb

hm(Eb − Em)
(28)

kt � GmGb

hm(Gb − Gm)
(29)

The numerical curves of the mesoscale and continuum
macroscale models are compared against the experimental
results in Fig. 14 in terms of top horizontal displacement ver-
sus the applied external force F. In the case of the J4D and
J5D specimens, a good agreement is observed between the
numeric mesoscale and macromodel results and the exper-
imental responses (Fig. 14a). The numerical peak loads
predicted by themesoscalemodel (52.3 kN) andmacromodel
(53.5 kN) are very close to the experimental value (52.4 kN).
In the post-peak phase, the models show irregular responses,
characterised by drops of strength followed by hardening,
while the experiments showed a smoother response. These
differences might be related to the simplified linearised yield
surfaces, adopted to simulate theMode I andMode III failure
mechanisms (Sect. 3). However, the global level of accuracy
provides by both the mesoscale and macroscale models is
satisfactory and suitable for engineering applications. In the
case of J7D specimen, a good agreement is still observed
between the mesoscale model and the experimental results,
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Table 2 Mechanical parameters
of the macromodels for JD4,
JD5 and JD7 walls

Material direction En Et ft fc c Gt Gs Gc tgφ tgφg

[MPa] [MPa] [N/mm] [−]

J4D and JD5 tests

Horizontal 12,382 2953 1.02 10.5 2.42 0.273 0.442 5.0 0.75 0.0

Vertical 3863 2953 0.25 10.5 0.375 0.018 0.125 5.0 0.90 0.0

J7D test

Horizontal 12,382 2953 0.49 11.5 2.39 0.120 0.431 5.0 0.75 0.0

Vertical 3863 2953 0.16 11.5 0.16 0.018 0.050 5.0 0.90 0.0

Fig. 13 Cracks at failure observed in the experimental tests on the a JD4 and c JD7 panels; mesoscale deformed shapes and von Mises stresses
[MPa] at collapse for the b JD4-JD5 and d JD7 specimens

both in the pre-peak and post-peak stages with an accurate
prediction of the ultimate strength of the panel, with 101.9 kN
predicted by the mesoscale model against the experimental
value of 95.8 kN. The macromodel provides a good numer-
ical prediction of the lateral response up a top displacement
of approximately 1.5 mm with a maximum load of 104 kN.
After the peak-load, the continuummodel underestimates the
actual displacement capacity and the residual lateral strength
of the panel.

This difference is mainly due to the simplified Cauchy
description assumed by the proposed modelling strategy,

which does not allow for the effects of potential local rota-
tion of adjacent masonry units [26]. More sophisticated
macroscale second-order or micropolar continuum descrip-
tions combined with non-local homogenisation techniques
[36, 39, 40] may provide more accurate predictions of the
post-peak response but with higher computational effort
associated with the material calibration and the enriched
kinematics.

Figure 15 shows the deformed shapes and the von Mises
equivalent stresses at the peak load (Fig. 15a, c) and the last
step of the analyses (Fig. 15b, d) with macromodels. At the
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Fig. 14 Experimental-numerical comparisons for the tests on the a J4D-J5D and b J7D specimens

Fig. 15 vonMises stress distributions [MPa] predicted by the macromodel for the JD4-JD5 specimens at a 0.7 mm and b 2.3 mm top displacements,
and for the JD7 specimen c at the peak load and d after brittle failure

peak load step, both models show a single diagonal-strut
mechanism which evolves to two different mechanisms for
the post peak response of the two specimens: a multi-strut
mechanism in the case of the panels J4D-J5D (Fig. 15b) and
failure of the central part for panel J7D (Fig. 15d). These
results are consistent with the experimental observations and
the mesoscale predictions.

In the numerical investigation, the influence of the
macroscale mesh characteristics on the numerical response
has been also evaluated. Parametric simulations have been
performed considering the same geometric layout reported
in Fig. 13 and different mesh sizes, numbers of integration
points and finite element type. Namely, a 6×6 (mesh A)
and 10×10 mesh (mesh B), 27 and 125 integration points,
20-node quadratic elements and 8-node linear elements, are

considered. Finally, two different values of vertical compres-
sion, 0.3MPa and 1.2MPa, kept constant during the analyses,
are assumed.

The numerical curves, are reported in Fig. 17, with each
model identified using the notation Mx-IPy-Ez, where x �
A,B represents the mesh size; y � 3,5 represents the number
of integration points; and z � 8,20 represents the number of
nodes of the generic solid element of the mesh. Figure 16a
shows the influence of the mesh discretization and the num-
ber of integration points, whereas Fig. 16b illustrates the
influence of the element type used in the FE discretisation.
From these analyses, a rather stable response can be observed
for the two compression levels considered in the numerical
investigation. A slight increase of the lateral strength and
displacement capacity is observed for mesh A (larger mesh)
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Fig. 16 Macroscale predictions obtained using a different mesh sizes with 20-noded solid elements and b different element types

and for the mesh with 8-noded linear elements. Conversely,
a negligible influence of the number of integration points
is observed. The computing time of the models employ-
ing quadratic (20-node) elements is approximately 3 times
greater than the computing time required for the correspond-
ing models employing 8-node linear elements. Considering
quadratic elements, the computing time required for themod-
els with mesh B and 5 integration points is approximately 2
times the computing time required for mesh A and 3 inte-
gration points. In Fig. 17, the ultimate deformed shapes and
the Von-Mises stress patterns are reported for different val-
ues of the investigated parameters. Comparing the different
meshes, it can be concluded that the coarser mesh (mesh A)
with 27 integration points is adequate to achieve an accurate
prediction of the ultimate failure mechanism. Besides, the
use of 8-noded linear elements leads to a good representa-
tion of the failure mode and the overall force–displacement
response but, as expected, to a less smooth stress prediction.

5.2 In-plane cyclic tests

In this section, the nonlinear response of two brick-masonry
walls subjected to in-plane horizontal cyclic loading is anal-
ysed using the developedmacroscalemodelling strategywith
embedded discontinuities.

The two English bond masonry panels built with clay
bricks 250×120×55 mm3 and 10 mm mortar joints
(Fig. 18), hereinafter referred to as Short Wall and Tall Wall,
were tested in previous research [49]. They are 250mm thick
and characterised by the same length of 1000 m and different
height values of 1350 mm (Short Wall) and 2000 mm (Tall
Wall).

In the tests, a uniform vertical compressive pressure of
0.6 MPa was applied first on the top of each masonry panel
through a steel spreader beam which was retained horizon-
tally throughout the experiments. Subsequently, horizontal
in-plane displacement cycles of increasing magnitude were

imposed onto the beam maintaining the vertical load con-
stant. The Short Wall specimen developed diagonal shear
cracking and large hysteretic loops with significant strength
degradation after reaching the lateral peak load. Conversely,
the Tall Wall specimen developed horizontal cracks due to
flexural bending which were mainly localised at the top and
bottom bed joints and experienced rocking cyclic behaviour
with no strength degradation.

Material tests [49] were also performed to characterise the
masonry materials of the two specimens. The main strength
parameters obtained in such tests are reported in Table 3 and
include: tensile and compression strength of bricks ( fbt , fbc);
tensile and compression strength of mortar ( fmt , fmc); tensile
strength, cohesion and friction coefficient of masonry joints
( f j t ,c j ,φ) and masonry compression strength ( fc).

Detailed mesoscale models of the two masonry panels
were developed and validated in [41] using a Young’s mod-
ulus Eb � 3000MPa, a Poisson’s ratio υ � 0.15 and a
density of 19kN/m3 for the solid elements and the mechan-
ical parameters for the nonlinear interfaces in Table 4. The
same mesoscale mechanical properties used in [41] are con-
sidered in this study to calibrate the macromodel according
to the procedure described in Sect. 3. The resulting mate-
rial parameters of the macroscale description are evaluated
according to [28] and [50] and are summarised in Table 5.
Regular 6×8 and 6×12meshes of 20-noded solid elements,
with edge size approximately of 150 mm and 27 integration
points have been adopted in the analyses for the Short Wall
and the Tall Wall, respectively.

Nonlinear dynamic simulations representing monotonic
and cyclical loading conditions have been performed on the
two macroscale models up to the ultimate displacement of
12 mm for the Tall Wall and 6 mm for the Short Wall. The
results of the numeric analyses are reported in Fig. 19, where
they are compared against the experimental curves. The
monotonic numerical predictions (dashed lines in Fig. 19)
fit well the envelope of the experimental responses. In par-
ticular, the proposed model provides a good prediction of
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Fig. 17 Deformed shapes at collapse with vonMises stress contours [MPa] obtained using different element types and integration points per element
for a JD4-JD5 and b JD7 specimens

Fig. 18 Geometrical properties
and loading on the Short Wall
and Tall Wall specimens

Table 3 Mechanical properties
of brick units, mortar joints and
masonry for Short Wall and Tall
Wall

fbc
[MPa]

fbt
[MPa]

fmc

[MPa]
fmt

[MPa]
c j
[MPa]

f j t
[MPa]

φ

[−]
fc
[MPa]

26.9 2.44 3.31 0.58 0.23 0.04 0.58 6.2

the peak and residual strengths of the Short Wall (Fig. 19a)
and the ultimate strength of the Tall Wall (Fig. 19b). The
deformed shapes at the last step of the monotonic analyses
showing vonMises equivalent stresses are reported inFig. 20.

A marked shear failure mechanism for the Short Wall and a
flexural rocking mechanism for the Tall Wall can be noted
in the two figures, which is consistent with the experimental
observations. The results of the cyclic analyses (continuous
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Table 4 Mechanical parameters of the mortar joint interfaces adoprted
in [41]

kn kt ft fc c Gt Gs Gc tgφ tgφg μ[
N/mm3

]
[MPa] [N/mm] [−] [-]

48.0 21.0 0.04 6.2 0.23 0.05 0.10 1.00 0.58 0.00 0.1

lines in Fig. 19) are in a good agreement with the experi-
mental results, confirming the ability of the proposed model
to simulate unloading/reloading stiffness degradation and the
different hysteretic loops characteristics corresponding to the
flexural rocking failure of the Tall Wall, and the shear failure
of the Short Wall. In the case of the Short Wall, some differ-
ences can be noted between the numerical and experimental
results, after 4 mm lateral displacement (approximately 2
times the peak-load displacement), where the macromodel
underestimates the amplitude of the hysteretic loops if com-
pared to the experimental findings (Fig. 21).

5.3 Out-of-plane response of masonry panels

The ability of the proposed macroscale modelling strategy
to simulate the out-of-plane response of masonry panels has
been also assessed for one-way and two-way bending condi-
tions.

5.3.1 One-way bending

Two brick-masonry panels with 110 mm thickness and
1500 mm height, which were tested by Griffith and Lam [51]
under one-way bending, have been considered for the first
set of numerical-experimental comparisons. In the tests, to
investigate the influence of gravity loads on the out-of-plane
response of loadbearing masonry panels, one of the two wall
specimens was subjected to an initial top vertical force giv-
ing rise to a uniform precompression of 0.15 MPa. After this
initial loading stage, a line load uniformly distributed along
the wall length was cyclically applied at the mid-height with
increasing magnitude up to failure. The top end of each wall
was connected to a stiff steel frame preventing horizonal out-
of-plane displacements [51]. Material tests were performed
on masonry samples leading to the evaluation of a Young’s
modulus of 9400 MPa, a tensile strength of 0.49 MPa and
compression strength equal to 3.4MPa for themasonrymate-
rial.

Macroscale models have been developed to simulate the
two wall specimens. The mesoscale masonry characteristics
for the walls which, according to the proposed modelling
strategy, are required to determine macroscale material prop-
erties, have been estimated considering the results from the
material tests and by fitting the experimental responses of
the two panels by a detailed mesoscale description. The
parameters for nonlinear interface elements of the calibrated
mesoscale model are reported in Table 6. The elastic prop-
erties of the macroscale material model are obtained by
combining the elastic properties of the solid and nonlinear
interface elements resulting into En � 6475 MPa and Et �
2785MPa, while the macroscale nonlinear parameters corre-
spond to the strength characteristics assumed for the mortar
joint nonlinear interfaces (Table 6).

In the numerical analyses, a constant vertical load is
applied at the top of the two wall models preventing the out-
of-plane horizontal displacements and rotations but allowing
the vertical displacements to represent the actual bound-
ary conditions adopted in the physical tests. A mesh of 14
20-noded solid elements with 115 mm characteristic length
has been employed in the macroscale simulations of the
two walls. The numerical cyclic responses obtained with
the proposed macroscale model and by a detailed mesoscale
description are shown in Fig. 21, where they are compared
against the experimental ultimate loads. In both cases, the
macromodel provides an accurate prediction of the experi-
mental ultimate load, showing a good agreement with the
mesoscale model, both in terms of response envelope and
cyclic response. The unloading–reloading stiffness degrada-
tion is well simulated showing the typical flexural hysteretic
loops associatedwith closing and reopening of tensile cracks.
The deformed shape at the peak load displaying the vertical
stresses in the solid elements are shown in Fig. 22, where a
good agreement can be noticed between the mesoscale and
the proposed macroscale models.

5.3.2 Two-way bending

In further numerical-experimental comparisons for model
validation under out-of-plane loading, the response of two
masonry panels with hollow concrete blocks 390×190×
100mm3 subjected to two-way bending condition has been
analysed. The twowalls, which correspond to specimensWII
and WF tested by Gazzola et al. [52], are characterised by

Table 5 Mechanical parameters
of the macromodel for the
one-way panel under lateral
loading

Material Direction En Et ft fc c Gt Gs Gc tgφ tgφg

[MPa] [MPa] [N/mm] [–]

Horizontal 2100 1600 0.29 6.2 2.10 0.15 1.52 3.00 0.80 0.00

Vertical 1560 1600 0.04 6.2 0.23 0.05 0.10 1.00 0.58 0.00
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Fig. 19 Numerical-experimental comparisons on the cyclic response of the a Short Wall and b Tall Wall specimens

Fig. 20 Deformed shapes and von Mises stress contours [MPa] at the last step of the monotonic analyses conducted on the a Short Wall and b Tall
Wall

(a) (b)

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

-10.0 -5.0 0.0 5.0 10.0

F 
[k

N
]

u [mm]
Experiment
Mesoscale model
Macromodel

p=0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

-10.0 -5.0 0.0 5.0 10.0

F 
 [k

N
]

u [mm]
Experiment
Mesoscale model
Macromodel

p=0.15MPa

Fig. 21 Macroscale and mesoscale predictions of the one-way masonry panel subjected to out-of-plane cyclic loading with a vertical pressure of
a 0 MPa and b 0.15 MPa

the same dimensions: 2800 mm height, 5000 mm length and
100 mm thickness, but different boundary conditions. Panel
WII is simply supported along its perimeter, whilewallWF is
supported at three edges only andhas a top free edge (Fig. 23).
In the tests, a uniform out-of-plane pressure p (Fig. 23) was

applied with increasing amplitude until failure [52] through
an air-bag sandwiched between the wall and a stiff reacting
frame.

In the following, as for the previous numerical-
experimental comparisons, the results of the proposed
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Table 6 Mechanical parameters of the interfaces adopted in the
mesoscale model for the masonry panel under one-way bending

kn kt ft fc c Gt Gs Gc tgφ μ[
N/mm3

]
[MPa] [N/mm] [−]

250 105 0.49 13.4 0.24 0.05 0.1 1.0 0.75 0.01

macromodel are compared with the experimental ultimate
load-capacity and the numerical results obtained by a
detailed mesoscale model explicitly allowing for the actual
masonry bond. The homogenised parameters characterising
the masonry flexural behaviour along both the horizon-
tal and vertical directions are reported in [22] and [29].
These values are considered hereafter to calibrate both the
mesoscale and macroscopic model parameters. First, the
unknown parameters, needed to characterise the mesoscale
model are evaluated by fitting the experimental results. Sub-
sequently, the macromodel is calibrated considering the data
available in the literature and the calibratedmesoscalemodel.

A Young’s modulus equal to 9400 MPa and a Poisson’s
coefficient of 0.15 are adopted for the masonry blocks.
The complete set of mechanical properties for the nonlin-

Table 7 Mechanical parameters of the mesoscale interfaces for panels
WII and WF

kn kt ft fc c Gt Gs Gc tgφ tgφg[
N/mm3

]
[MPa] [N/mm] [−]

Mortar Joints interfaces

250 105 0.32 10.5 0.50 0.06 0.125 5.00 0.70 0.70

Brick interfaces

1E4 1E4 1.00 10.5 1.20 0.125 0.50 5.00 1.00 1.00

ear interfaces and the mechanical macromodel parameters
are reported in Tables 7 and 8, respectively. Elastic 20-noded
solid elements and 16-noded nonlinear interface elements
with 49 integration points are employed in the mesoscale
model. In themacromodel analyses, amesh of 400×400mm
20-noded solid elements, each corresponding approximately
to two blocks, is adopted. For each model, 27 or 125 integra-
tion points within each element are considered. The model
WII and WF require 1620 and 1806 degrees of freedom,
while the mesoscale models with 175 solid elements is char-
acterised by 10,500 degrees of freedom.

Fig. 22 Deformed shapes with
normal stress distributions
[MPa] at the peak load predicted
by the a mesoscale and
b macroscale models

10mm

p

WII panel 10mm

p

WF panel

5000 mm 5000 mm

Fig. 23 Brick-masonry panels investigated by Gazzola et al. [52]
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Table 8 Mechanical parameters
of the macromodel for panels
WII and WF

Material Direction En Et ft fc c Gt Gs Gc tgφ tgφg

[MPa] [MPa] [N/mm] [−]

Horizontal 7980 5239 0.94 10.5 0.50 0.22 0.125 5.0 0.72 0.72

Vertical 9000 5239 0.32 10.5 0.50 0.06 0.125 5.0 0.72 0.72

Fig. 24 Deformed shapes and von Mises stress contours [MPa] at collapse predicted by the mesoscale models for the a WII and bWF panels

Fig. 25 Numerical-experimental comparisons on the monotonic response up to collapse of the a WII and bWF panels

>1.25 1.25 1.08 0.92 0.75 0.58 0.42 0.25 >2.80 2.80 2.38 1.95 1.53 1.10 0.68 0.25

(a) (b)

Fig. 26 Deformed shape and von Mises stresses [MPa] at collapse for panel WII: a front view and b back view
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Fig. 27 Deformed shape and von Mises stresses [MPa] at collapse for panel WF: a front view and b back view
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Fig. 28 Performances of the macroscale (MM) and mesoscale (MS) models: computing time a computing time required for panel WII and WF;
b and MM/MS time ratios

The failuremechanismsobtainedby themesoscalemodels
are reported in Fig. 24. In the case of wall WI, a large hor-
izontal crack is observed in the middle of the panel, while
sliding develops along the panel diagonals and close to the
corners. In the case of panel WF, a vertical crack forms at
the top-centre of the panel, starting at the free edge and two
diagonal cracks develop from the centre to the two bottom
corners of the panel. These mechanisms are coherent to what
observed experimentally and predicted numerically by other
authors [22, 29].

The numerical responses of themesoscale andmacroscale
models, expressed as a function of themaximumout-of-plane
displacement versus the applied pressure (p), are shown in
Fig. 25. A good agreement is observed between the macro
andmesoscalemodels, both in terms of initial lateral stiffness
and ultimate load. After the peak load, the mesoscale model
shows a more brittle behaviour than the macromodel, due
to the higher concentration of deformation at the interfaces

(Fig. 25a). Finally, it is possible to notice that the use of a
different number of integration points leads to very similar
numerical predictions.

The ultimate deformed shapes of the macromodel (with
27 integration points) are reported in Figs. 26 and 27 for pan-
els WII and WF, respectively. Comparing the results shown
in Figs. 26 27 and 24, it is possible to conclude that the
proposed model is capable of simulating the two-way out-
of-plane response of brick-masonry panels with very good
accuracy also when using rather coarse meshes and a limited
number of integration points per element.

Finally, in Fig. 28, the computational performance of the
proposedmasonrymacroscalemodelling strategy is assessed
by comparing the computational time required for the sim-
ulation of the out-of-plane response of panel WII and panel
WF against the time requested by the detailed mesoscale
model. As shown in the figure, at 10 mm displacement the
macroscale model requires 8.7% and 11.7% of the compu-
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tational time needed by the mesoscale description for the
WF andWII panels, respectively. Considering the entire dis-
placement range, the time required by the macroscale model
is shorter than 15% of the time required by the mesoscale
simulations. These results confirm superior efficiency of the
proposed macroscale modelling strategy.

6 Conclusions

This paper presents a novel macroscale material description
for nonlinear FE simulations of brick/block masonry struc-
tures. A two-scalemechanical description is proposed, where
a continuum strain–displacement field describes the material
at the macroscopic level, while separate internal layers allow
for the 3D anisotropic mesostructure of the material. The
response parameters are transferred from the macroscopic
to the local level and vice versa at each integration point of
the domain. The nonlinear material behaviour is defined at
the level of the sub-local layers enabling the use of different
constitutive laws for each main material direction, which are
calibrated according to the specific masonry bond and the
characteristics of units and mortar joints. The use of local
interface element kinematics enables an accurate represen-
tation of typical complex cracking and damage mechanisms
of brick/block masonry associated with opening/closing of
tensile cracks and shear sliding.

The proposed masonry material model guarantees
enhanced computational efficiency compared to detailed
mesoscalemodels,while leading to accurate response predic-
tions for brick/blockmasonry walls subjected to in-plane and
out-of-plane monotonic as well as cyclic loading conditions.
Compared to previous masonry macroscale descriptions, the
proposed approach requires simple calibration of the model
material parameters, and it enables an effective represen-
tation of masonry anisotropy by using different material
characteristics along the main material directions which are
directly linked to the properties of the constituents (e.g. units
and mortar joints) and the masonry bond. This paves the way
for an effective use of the proposed approach for detailed
simulations of realistic large brick/block masonry structures
subjected to extreme loading conditions, including earth-
quakes.
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Appendix 1: Damage-plasticity formulation

The interface model proposed and detailed in [41] is adopted
in the present work at the local level, where it is used to link
the local IL strains to the corresponnding stresses, as defined

in Eq. (3) and Eqs. (4), denoted here by s � [
σ τ1 τ2

]T
and

d � [
ε γ1 γ2

]T
. The first components of the two vectors

represent the normal strain and stress, while the second and
third components represent the shear components along the
local IL directions defined by the local reference system, as
illustrated in Fig. 29.

A standard decomposition between elastic and plastic
deformations d � de + dp is assumed and the concept of
effective stresses s̃ � E0

(
d − dp

)
is introduced, where E0 is

the elastic matrix. The effective stresses represent the phys-
ical stress developing at the undamaged part of the element.
The nominal stresses are evaluated from the effective stress
by multiplying the damage matrix, as follows:

s � (I3 − D)s̃ � (I3 − D)E0
(
d − dp

)
(30)

Equation (30) reports the elastic matrix which is assumed
diagonal with En and Et the equivalent normal and shear
deformation moduli of masonry. in Eq. (32) shows the dam-
age matrix D which defines an anisotropic damage state,
containing Dn the damage variable in tension/compression
and Dt the damage variable in shear. Zero values of these
variables represent the undamaged material state.

E0 �
⎡

⎣
En 0 0
0 Et 0
0 0 Et

⎤

⎦ (31)

D �
⎡

⎣
Dn 0 0
0 Ds 0
0 0 Ds

⎤

⎦ (32)

The plastic yield surface (Fig. 29) is composed of three
surfaces, (Ft , Fc, Fs) respectively associated to the tensile
(mode I), shear (mode II) and compression (mode III) failure
mode, defined in Eqs. (33–35). In the expressions, ft and
fc are the tensile and compression material strengths, φ the
friction angle and q a linear hardening variable, ranging from
0 (initial value) to the limit value qlim � c

tan(φ)
− ft . In Eq.
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Fig. 29 a Multi-surface yield function; b cyclical behaviour of the material in traction

(33), c′ � c, with c the material cohesion, if q ≤ qlim and
c′ � c + (q − qlim)tan(φ) if q > qlim .

The variable q allow the control of the normal permanent
strain in tension through the definition of a model parameter
η � ε0/εu , where εu is the deformation at the beginning of
the unloading and ε0 is the residual deformation (0b).

Fs (̃s, q) �
√

τ̃1
2 + τ̃2

2 + σ̃ tan(φ) − c
′

(33)

Ft (s̃, q) � σ̃ − ( ft + q) (34)

Fc(s̃) � −σ̃ + fc (35)

With the increase the hardening parameter q, the surface
Ft reduces until becoming a point when q reaches the value
qlim . On the other hand, Fs increases as represented inFig. 29.
Twoassociated plastic flows are associated toFt andFcwhile,
in shear, a plastic potential (Gs), with the same expression of
Fs and φg in replacing the friction angle φ is considered in
order to take into account the effects of masonry dilatancy.

The three plastic works (Wpt ,Wpc,Wps) of the effective
stress by the plastic deformation flow through the surfaces
Ft , Fc and Fs , rule the evolution of the damage parame-
ters. In particular, three ratios are defined: rt � Wpt/Gt ,
rc � Wpc/Gc and rs � Wps/Gs where, Gt , Gc and Gs

are the fracture energy in traction, compression and shear
respectively.

The damage variable in the normal direction (Dn) assumes
two different expressions in relation to the sign of the nor-
mal effective stress (σ̃ ). In the case traction Dn � Dnt as in
Eq.(A7); in the case of compression,Dn � Dnc as in Eq. (27).
Two different damage variables for tension and compression
in the normal direction allow the model to simulate the nor-

mal stiffness recovery in compression associated with the
closing of the tensile cracking.

Dnt � rt (2 − rt ) ft + q

ft + q
+ atrs(2 − rs)

[
1 − rt (2 − rt ) ft + q

ft + q

]

(36)

Dnc � fc − fc,r
2 fc

[
sin

(
πrc − π

2

)
+ 1

]
(37)

where the parameter 0 ≤ at ≤ 1 in Eq. (A7) controls the
influence of the shear plastic work on the tensile damage.

The damage in shear is governed by the plastic in tension,
shear and compression. It determines the residual frictional
behaviour which is characterised by a residual friction factor
(φr ) and zero cohesion.

The value of Dt is given by:

Dt �
{

ds i f σ ≥ 0
ds (c+|σn |(tan φ−tanφr ))

c+|σn | tan φ
i f σ < 0

(38)

where:

ds � as
r∗
t c + qs
c + qs

[
1 − r∗

s − r∗
c + r∗

s r
∗
c

]
+ r∗

s

[
1 − r∗

c

]
+ r∗

c

The parameter 0 ≤ as ≤ 1 controls the influence of the
tensile plastic work on the shear damage. The parameter qs
depends on the sign of the normal stress: qs � 0 if σ ≤ qlim ;
qs � (q − qlim) tan φ if σ > qlim . Finally, r∗

t � rt (2 − rt ),
r∗
s � rs(2 − rs) and r∗

c � rc(2 − rc).
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