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Abstract: A new strategy for the numerical modelling of brick/mortar interfaces
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1 Introduction

Recently, there has been a growing interest in micromodelling approaches for simulating

the behaviour of masonry structures (Alfano and Sacco, 2006; Gabor et al., 2006b;

Milani et al., 2006; Calderini and Lagomarsino, 2008; Pelissou and Lebon, 2009; Rekik

and Lebon, 2010, 2012; Scimemi et al., 2014). In such approaches, the masonry joints

are represented by mortar continuous elements coupled with discontinuous brick/mortar

interface elements.

In Part I of the present study (Raffa et al., 2016a), a non-linear-imperfect interface

model for brick/mortar interfaces was formulated. This model, hereinafter referred as

the St. Venant-Kirchhoff (SVK) interface model, was obtained by coupling arguments of

asymptotic analysis (Abdelmoula et al., 1998; Benveniste, 2006; Lebon and Rizzoni, 2008,

2010, 2011; Rizzoni and Lebon, 2013; Rizzoni et al., 2014), extended to the finite strain

theory (Dumont et al., 2014; Rizzoni et al., 2017), with a homogenisation method for

microcracked media under the non-interacting approximation (Kachanov, 1994; Mauge

and Kachanov, 1994; Tsukrov and Kachanov, 2000; Sevostianov and Kachanov, 2013).
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This second part of the study proposes a numerical validation of the SVK interface

model. The latter is implemented within a finite element analysis (FEA) in COMSOL

Multiphysicsr software, currently used in numerical simulations of masonry structures

(Vermeltfoort and van Schijndel, 2008, 2010, 2013). Therefore, for comparison with the

SVK interface model, a linear brick/mortar interface model following the spring-like model

proposed by Rekik and Lebon (2010, 2012), in a revised version by Fouchal et al. (2014),

is also implemented. In the numerical analyses concerning the masonry walls, either with

linear and non-linear interface models, the brick and the mortar materials are both assumed

to be linear elastic and isotropic materials. By using a preliminary standard homogenisation

analysis in agreement with Rekik and Lebon (2012), the material parameters of both

interface models are obtained from the material properties of a thin interphase, supposed to

be a two-layered composite body sandwiched between the principal masonry constituents

(cf. Appendix A in Rekik and Lebon (2012)).

The SVK interface model is briefly recalled in Section 2. In Section 3, the FEA is

applied to simulate the tests of the experimental program carried out by Gabor et al.

(2006a,b) on masonry walls under diagonal compression. In the same section, the linear

and the non-linear models, i.e. comprised of linear and non-linear interfaces, respectively,

are compared in terms of the Von Mises stresses and shear stresses.

Finally, an original FEA analysis adopting a bilinear evolution law for the microcrack

length, aiming to take into account a damaging phenomenon localised at the brick/masonry

interface, is proposed. The evolution law depends on the imposed displacement and it is

chosen in according with former work by the authors Rekik and Lebon (2012), Fouchal

et al. (2014). The proposal and implementation of the SVK interface evolutive model are

elements of novelty of the present paper.

2 The St. Venant-Kirchhoff interface law

This section recalls the basic elements of the non-linear-soft interface model formulated

in Raffa et al. (2016a), which are mandatory to understand its numerical implementation

within the FEA. For further details concerning the fundamentals of the SVK interface

formulation, one can refer to former works (Raffa, 2015; Rizzoni et al., 2017; Raffa et al.,

2016a).

The SVK interface model has been developed within the framework of the imperfect

interface approach (IIA) (Raffa, 2015). The IIA allows to model, from a mechanical point

of view, a microcracked thin interphase as a zero-thickness interface. To this aim, the IIA

is employed to obtain the interface constitutive law. The approach consists in coupling, in a

mathematically rigorous way, the matched asymptotic expansion (MAE) method (Sanchez-

Palencia, 1980) and a micromechanical homogenisation theory for microcracked media

(Kachanov, 1994; Mauge and Kachanov, 1994; Tsukrov and Kachanov, 2000; Sevostianov

and Kachanov, 2013).

The MAE method extended to the finite strain theory (Rizzoni et al., 2017; Raffa et al.,

2016a), particularly to the SVK elastic problem (Krasucki et al., 2001), allows to obtain

the following soft-non-linear interface law:

[[Pn]] = 0, (1)

Pn =
Aε

NNNN

2 ε3
| [[u]] |2 [[u]], (2)
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in which P is the first Piola-Kirchhoff stress tensor, n is the unit normal vector

characterising the interface, ε is the interphase thickness and [[u]] = {uT uN} represents

the displacement-jump vector at the interface, in which N and T denote the normal and

tangential-to-the-interface directions, respectively.

As well established in solid mechanics, a soft-interface is characterised by a continuity

of the stress vector Pn (Eq. (1)) and a jump in terms of displacements at the interface. This

latter is usually expressed by a linear relationship, nevertheless it has been demonstrated

(Rizzoni et al., 2017; Raffa et al., 2016a, 2017) that within the finite strain theory,

a non-linear relationship between the stress vector and the displacement-jump vector

arises (Eq. (2)). The stiffness coefficient Aε
NNNN, appearing in Eq. (2), is obtained by

a micromechanical homogenisation analysis within the non-interacting approximation

(Sevostianov and Kachanov, 2013; Mauge and Kachanov, 1994; Tsukrov and Kachanov,

2000) in a stress-based approach (Raffa, 2015). For further details about recovering the

effective mechanical properties of a microcracked interphase, one can refer to former

works (Sevostianov and Kachanov, 2013; Mauge and Kachanov, 1994; Tsukrov and

Kachanov, 2000; Raffa, 2015).

Particularly, its final expression, in the case of initial orthotropic interphase weakened

by one family of parallel microcracks (Raffa, 2015), reads as:

Aε

NNNN =
ETEN

ET + 2ρBNETEN − ENν2TN

, (3)

with

BN =
π

2
√
EN

(

2√
ETEN

+
1

GTN

− 2νTN

ET

)
1

2

, (4)

where ET, EN, GTN and νTN are the elastic constants of the undamaged orthotropic

interphase, obtained following a preliminary homogenisation approach for layered

composites similar to a previous work by Rekik and Lebon (2012).

In Eq. (3), the microcracks are taken into account through the microcrack density

ρ, which form is ρ = l
3

V
in 3D problems and ρ = l

2

S
in 2D, being V (resp. S) the

volume (resp. the surface) of the representative elementary domain (Kachanov, 1994;

Mauge and Kachanov, 1994; Tsukrov and Kachanov, 2000; Rekik and Lebon, 2010, 2012;

Raffa, 2015). Note also that the stiffness coefficient Aε
NNNN satisfies the soft-interphase

assumption of linearly rescaling with ε (Geymonat et al., 1999). As a result, the stiffness

coefficient Aε
NNNN can be expressed as follows:

Aε

NNNN = ε ÂNNNN ⋍ ε

(

L

2BN l2

)

(5)

in which L is a geometric parameter representing a characteristic length for the interfaces

and l is the microcrack length, or equivalently the damage parameter. By substituting

Eq. (5) into Eq. (2), this last can be rewritten as follows:

Pn =
ÂNNNN

2 ε2
| [[u]] |2 [[u]]. (6)
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This latter expression for the non-linear interfaces is used in the following numerical

simulations in order to model the brick/mortar interfaces in both principal directions of the

masonry wall.

3 In silico experiments: diagonal compression test on a masonry wall

The brick/mortar interface behaviour at the macro-scale is investigated through FEA

using the COMSOL Multiphysicsr software. This kind of finite element method (FEM)-

based software is currently used in numerical simulations concerning masonry structures

(Vermeltfoort and van Schijndel, 2008, 2010, 2013). In particular, reference is herein made

to the experimental program carried out by Gabor et al. (2006a,b) concerning diagonal

compression test on masonry walls. In the following, the experimental tests, i.e. setup and

main experimental findings, are briefly recalled. Next, the proposed numerical simulations

are detailed and discussed.

3.1 Experimental background

Gabor and his co-authors focused their experimental study on in-plane shear behaviour of

unreinforced and fiber-reinforced masonry panels (Gabor et al., 2006a,b). In the present

study, only the experimental data concerning the unreinforced panels are considered. Each

panel has nominal dimensions of 870×840×100 mm3 and it is composed of hollow bricks

of dimensions 210×100×50 mm3 and regular vertical and horizontal mortar joints of

thickness of 10 mm. The material properties of the principal constituents, bricks and

mortar, namely, have been evaluated by compression and shear tests on masonry prisms

(Gabor et al., 2006a,b). The resulting mechanical properties, assuming an isotropic nature

of both materials, are summarised in Table 1.

Table 1 Mechanical properties of the masonry constituents determined experimentally in
Gabor et al. (2006a,b)

Bricks Young modulus (MPa) Eb = 13× 103

Bricks Poisson ratio νb = 0.2
Mortar Young modulus (MPa) Em = 4× 103

Mortar Poisson ratio νm = 0.2

The masonry panel is subjected to a diagonal compression load within a quasi-static

framework. The load is gradually applied to the up-right corner by a 500 kN hydraulic

jack and controlled through a load cell; moreover, the panel is opportunely fixed through

a cemented shoe localised at the opposite corner (bottom-left) and the other corners are

left free. According to these boundary conditions, the diagonal compression test ensures a

combined state of shear and compression along the direction of the horizontal and vertical

joints (Gabor et al., 2006a). The experimental setup for the diagonal compression test

is schematically sketched in Figure 1. The test is performed in a load-controlled mode

until failure. The displacements along compressed and stretched diagonal are measured by

LVDT (linear variable differential transformer) transducers.
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Figure 1 Geometry and boundary conditions: synoptic sketch of the panel in diagonal
compression studied by Gabor et al. (2006a,b). The fixed shoe and the hydraulic jack are
schematically represented in blue and red, respectively, dimensions are expressed in
millimeters (see online version for colours)

The experimental results (for further details one can refer to Gabor et al. (2006a,b))

highlighted that the unreinforced panels present a brittle failure along the compressed

diagonal, with cracking phenomena that origin at the brick/mortar interfaces and evolve

suddenly in the mortar joints and in the bricks, producing the instantaneous failure of the

walls. Accordingly, the global behaviour, described by the applied load vs. strain curves

and traced along the compressed diagonal, may be considered as quasi-elastic.

3.2 Numerical simulation of Gabor’s wall

3.2.1 A comparison between soft-linear and non-linear interfaces

The proposed numerical simulation consists in a comparison between two numerical

models of Gabor’s wall in which two different interface laws have been implemented to

model brick/mortar interfaces in both vertical and horizontal joints.

The first model, defined as non-linear, assumes non-linear SVK brick/mortar interfaces

(Eq. (2)). The second model, called linear, assumes linear brick/mortar interfaces

according to the spring-like model of Rekik-Lebon type (Rekik and Lebon, 2010, 2012;

Fouchal et al., 2014; Raffa et al., 2016b). In particular, this last interface law

σσσn = K[[u]] (7)

correlates the Cauchy-stress vector at the interface σσσn to the displacement-jump vector

[[u]], through the stiffness matrix K, whose components depend on the microcracking

features and on the mechanical characteristics of the undamaged material. The stiffness

matrix K can be expressed as follows (Fouchal et al., 2014):

K = diag [KT; KN] = diag

[

L

BTl2
;

L

2BNl2

]

, (8)
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where the parameter BN is given by Eq. (4), and the parameter BT is given by a similar

expression (Kachanov, 1994) which reads as:

BT =
π

2
√
ET

(

2√
ETEN

+
1

GTN

− 2νTN

ET

)
1

2

. (9)

For both linear and non-linear models, brick and mortar materials are assumed to be

linearly elastic and isotropic with the mechanical properties reported in Table 1. Note

that in all proposed numerical models, the interphase is treated through the IIA. Thus,

the ε-thick interphase consists in a third material supposed to be initially orthotropic. In

particular, the interphase is assumed to be a thin stratified layer composed of brick and

mortar localised at the brick/mortar interface level, i. e. sandwiched between bricks and

mortar joints. Its material characteristics ET, EN, GTN and νTN are derived starting from

the mechanical properties of the constituents (Eb, Em, νb, νm) by employing a preliminary

standard homogenisation analysis of the undamaged ε-thick representative elementary

volume (for more details, one can refer to Appendix A in Rekik and Lebon (2012)).

Accordingly, the effective elastic moduli of the undamaged interphase material are EN =
8.5× 103 MPa, ET = 6.3× 103 MPa, GTN = 5× 103 MPa and νTN = 0.2.

Referring to the SVK interface model (Eq. (6)) and to the linear imperfect interface

model of Rekik-Lebon type (Eq. (7)), the values of the interface stiffnesses result in:

Â3333 = 5.9× 104 N/mm3 in the non-linear case and KN = 5.9× 104 N/mm3 and

KT = 1.4× 105 N/mm3 in the linear case, respectively.

Both the linear (i. e. adopting a linear interface law) and the non-linear (i. e. adopting

a non-linear interface law) numerical models of the wall in diagonal compression are

implemented under the plane stress assumption. A free quadrangular mesh of quadratic

Lagrangian order is chosen in both numerical cases. The brick/mortar interface is modelled

through interface finite elements of zero thickness and both horizontal and vertical

interfaces, following the masonry principal directions, are taken into account. In silico tests

are performed in a displacement-controlled mode. Accordingly, the imposed displacement

is incremented until its maximum value is reached. The maximum value of the imposed

displacement is 3mm, and it is applied to the up-right corner through a rigid block which

simulate the actuator, while the opposite corner is fixed. In order to accurately simulate the

experimental setup, two rigid shoes in which a zero rotation is imposed are implemented

on the secondary diagonal corners. The mesh of the masonry panel, consisting of about

7500 finite elements, is illustrated in Figure 2, where the panel deformation at the final

loading step is also shown.

It is worth noting that the choice of performing the quasi-static simulations in

displacement-controlled mode is made to avoid convergence problems in the solution,

mostly in the non-linear case. As a consequence, the global force is derived as a reaction

force on the top boundary of the block simulating the actuator .

A comparison between linear and non-linear models in terms of the Von Mises stresses

and the shear stresses is shown in Figures 3 and 4, respectively. It is worth highlighting that

the non-linear model is able to reproduce the localisation of stresses at the brick/mortar

interfaces. This strong localisation is well established by experimental evidences (Gabor

et al., 2006b). Moreover, the non-linear model seems to be globally less stiff than the linear

one. Figures 3 and 4 show that, in the non-linear model, a stresses redistribution localises

at the brick/mortar horizontal and vertical interfaces, particularly along the compressed

diagonal. In contrast, in the linear case, the stresses are more uniformly distributed in the
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overall domain. The stress distribution predicted by the non-linear model can be considered

a more realistic response for masonry panels than the one predicted by the linear case.

Figure 2 Mesh and deformation of the masonry panel - Sketch of the plane quadrangular mesh
in the whole analysed system (on the left side) and panel’s deformation at the final
loading step, with a contour plot of the displacement field, expressed in millimeters (on
the right hand side, see online version for colours)

Most notably, the two numerical models implemented so far do not take into account an

evolutive microcracking feature. Indeed, the microcrack equivalent length l (Eqs. (5) and

(8)) is assumed to be fixed in time and equal to 0.5 mm, for both horizontal and vertical

interfaces. In the next section, the introduction of a simple bilinear evolution law for l will

allow to investigate this phenomenon.

3.2.2 Introduction of an evolutive microcracking

The present section is devoted to investigate an evolving microcracking phenomenon

localised at the brick/mortar interfaces. For this purpose, only the non-linear model (i.e.

the masonry panel with non-linear interface condition) is taken into account.

The considered model is exactly the same as described above, with the same geometry,

material properties, boundary conditions in terms of displacement and non-linear interface

properties as in Eqs. (3)–(6). The novelty is the introduction of an evolution law for the

microcrack length l (cf. Eq. (5)) with respect to the imposed displacement. A bilinear law,

as illustrated in Figure 5, is chosen according to Rekik and Lebon (2012), Fouchal et al.

(2014).

The microcrack length l is assumed to have the constant value le = 0.5 mm until

the masonry panel reaches the elastic limit and then it linearly increases to the ultimate

value lu = 1 mm (refer to Figure 5), which is directly related to the ultimate strength

of the masonry wall. The law parameters le and lu are model-dependent, thus they are

strictly related to the masonry panel behaviour. This fact can represent a shortcoming of
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the proposed model. Nevertheless, it is well established from an experimental point of

view that masonry, due to its nature of hand-made material, does not present a standardised

global behaviour, on the contrary, the experimental results are always much dispersed. To

the best of the authors’ knowledge, no models of masonry with a pure predictive nature of

the damaging phenomena are available in structural analysis.

Figure 3 Von Mises stresses in MPa - Contour plot of the Von Mises stress field in the linear
model (upward) and in the non-linear model (beneath), a factor scale of 10 is applied to
the deformation (see online version for colours)
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Given the above evolution law, a quasi-static simulation has also been performed. Figure 6

shows the distribution of the Von Mises stresses in the overall panel at the final increment

step. The zoom allows to visualise the newly formed ‘cracks’ localised at the brick/mortar

interfaces. These cracks are obviously related to the jump of the displacement vector

prescribed by the implemented non-linear interface law in Eq. (6). Figure 6 also highlights

that stresses are smaller than in the non-linear model with a fixed microcrack length

(Figure 3); this can be explained with the rapid increase in the parameter l once reached

the elastic limit.

Figure 4 Shear stresses in MPa - Contour plot of the shear stress field in the linear model
(upward) and in the non-linear model (beneath), a factor scale of 10 is applied to the
deformation (see online version for colours)
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Figure 5 Evolution law - Bilinear evolution law of the microcrack length l with respect to the
imposed displacement x, adopted for the proposed simulation (see online version for
colours)

Figure 6 Von Mises stress in MPa - Contour plot of the Von Mises stress in the non-linear model
with a detail of the zone near to the applied load (upper-right corner), highlighting the
microcracking phenomenon at the brick/mortar interfaces (red arrows, see online version
for colours)

The displacement jumps at the brick/mortar interfaces are shown in Figure 7. As expected

from some experimental evidences (Gabor et al., 2006a,b), the largest displacement jumps,

corresponding to the developing of cracks at the brick/mortar interfaces, are localised

along the compressed diagonal and, in particular, near the loaded corner, that is near the

actuator imposing the load (at the upper-right corner) and the fixed shoe (at the bottom-left

corner). The magnitude of the displacement jumps at the vertical interfaces appears to be

larger than at the horizontal interfaces. This fact can be related to our simplified hypothesis

of considering the same microcrack length evolution law for both kinds of interfaces.

However, this simplifying assumption could be easily dropped.
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Figure 7 Displacement jump vector - Vector field visualisation of the displacement jump vector
at both horizontal interfaces (upward, in red) and vertical interfaces (beneath, in blue),
the arrows’ dimension being proportional to the displacement jump magnitude
(see online version for colours)

Finally, an influence analysis on the evolution-law parameter lu has been performed in

terms of the wall’s global behaviour. In particular, three values have been tested: lu =
{1, 5, 10} mm, and the resulting curves are shown in Figure 8. This last result highlights

that the proposed brick/mortar interface model is able to take into account the post-peak

behaviour, i.e. the damaging range after the elastic limit.

The model parameter lu governs this last behaviour. For the value lu = 10 mm,

some rupture mechanisms are activated in the simulation, which we intend to further

investigation in a next study. Nevertheless, this result shows the predictive potential of

such a simplified damaged interface model.
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Figure 8 Global behaviour of wall in diagonal compression - the reaction force in the
loaded-diagonal direction is plotted against the imposed displacement. Three values of
the model parameter lu are tested (see online version for colours)

As already mentioned, the value le = 0.5 mm chosen in the previous simulations

corresponds to an initial damage state localised at the brick/mortar interfaces. This explains

the initial non-linear behaviour for low values of the imposed displacement in Figure 8 and

suggests that a small value of the parameter le has to be taken in order to observe a perfect

elastic behaviour during the initial stage.

4 Conclusion

In the present paper, the brick/mortar interface behaviour at the macro-scale is simulated

through the introduction of linear and non-linear interface models accounting for

microcracking. The possibility of an evolutive behaviour of this phenomenon has also

been introduced. Some finite element analyses have been proposed using COMSOL

Multiphysicsr software. Particularly, the experimental tests carried out by Gabor et al.

(2006a,b) concerning masonry walls under diagonal compression are simulated. The

FEA indicates that the non-linear interface model provides a realistic description of

the behaviour of the masonry structures; indeed, it is capable of reproducing the stress

localisation experimentally observed at the brick/mortar interfaces.

The introduction of an evolutive law of the microcracking phenomenon represents an

element of novelty of the paper. The evolution law, chosen as bilinear with respect to the

imposed displacement, allows to reproduce the developing of cracks localised along the

compressed diagonal, a fact which is currently observed in experiments on masonry panels

under diagonal compression. Moreover, it is worth noting that the proposed interface model

introduces only two model parameters. Nevertheless, we agree that a general technical

results cannot clearly been derived from the present paper, due to the particular complex

nature of the masonry material. However, we expect that the model herein presented can

contribute to highlight the important role played by interfaces in masonry applications,

which cannot be neglected or underestimated in technical applications.
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As a perspective of this research, the introduction of a more sophisticated point-wise

damaging law, including a real dependency of l on time, is in progress. In particular,

an energetic relationship governing the time evolution of the damage parameter (crack

length) l̇ can be found through an asymptotic approach within the finite strain theory of

the St. Venant-Kirchhoff type. This kind of law has already been implemented by authors

in FEM analyses and successfully compared with experimental data concerning walls in

shear test (Raffa et al., 2017).
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