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ABSTRACT

In this paper, a novel 3D detailed micro-model to analyse the mechanical response of masonry panels under in-plane and
out-of-plane loading conditions is proposed. The modelling approach is characterized by textured units, consisting of one
brick and few mortar layers, represented by 3D solid finite elements obeying to plastic-damage constitutive laws. Textured
units are assembled, accounting for any actual 3D through-thickness arrangement of masonry, by means of zero-thickness
rigid-cohesive-frictional interfaces, based on the contact penalty method and governed by a Mohr-Coulomb failure
surface with tension cut-off. This novel approach can be fully characterized by the properties obtained on small-scale
experimental tests on brick and mortar and on small masonry assemblages. The interface behaviour appears consistent
with small-scale tests outcomes on masonry specimens. Experimental-numerical comparisons are provided for the in-
plane and out-of-plane behaviour of masonry panels. The accuracy, the potentialities and the efficiency of the modelling
approach are shown and discussed.
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1 Introduction

Masonry is one of the oldest building materials. It is composed of masonry units (i.e. brick, blocks, etc)
usually bonded with mortar. Due to its heterogeneous and composite nature, its mechanical behaviour is
extremely complex. The near-collapse mechanical behaviour of masonry structures is generally deeply
influenced by the failure of brick-mortar bonds, which act as planes of weakness [ 1]. Indeed, the brick-masonry
interface represent a discontinuity between two distinct and different materials and its strength, which depends
from a huge number of factors (e.g. brick pores dimensions, units moisture content, nature of micro-layer of
ettringite, compaction of the mortar, etc [1]) and, therefore, is extremely variable, is generally considerably
smaller than the mortar and unit one [2]. Under extreme loading conditions (e.g. earthquakes), masonry
structures can show cracking and/or crushing of the units too.

Due to these features, as well as the difficulties in characterizing the masonry mechanical properties of
existing structures (especially if they are historic [3]), the evaluation of the vulnerability of masonry buildings
by means of deterministic numerical models is still challenging [4]. Indeed, although significant advances have
been carried out in the last decades, the definition of numerical strategies for a suitable description of the
mechanical behaviour of masonry is still nontrivial and an on-going process in the scientific research [5].

Generally, computational strategies for masonry structures are classified in micro-modelling and macro-
modelling [6]. In addition, homogenization and upscaling procedures represent a link between the two
approaches [7, 8, 9, 10, 11, 12]. The macro-modelling approaches account for the masonry mechanical
nonlinearity by means of a macroscopic continuum description of its behaviour, employing different
formulations (e.g. phenomenological plasticity [13], damage mechanics [14] and nonlocal damage-plasticity
[15]). Isotropic continuum nonlinear constitutive laws with softening have been successfully used for the
analysis of large-scale historic structures [16], where, due to the chaotic and random texture of historic
masonry, the hypothesis of isotropic material generally appears suitable. Nonetheless, when dealing with
masonries characterized by well-organized and periodic masonry textures, the hypothesis of isotropic material
is no longer suitable. To overcome this issue, few masonry macro-modelling approaches have been extended
to orthotropic continua [17, 18]. Furthermore, phenomenological continuum models accounting for the micro-
structure of masonry have been recently developed (the so-called continuous micro-models, see for example

[19D).



However, an account of the inelastic response over discontinuity surfaces at the brick-mortar bonds appears
to be crucial in the analysis of masonry structures. Indeed, the behaviour of masonry walls is largely affected
by the displacement discontinuities which are generated at the brick-mortar interfaces, as experimentally
evidenced in [20].

Although their larger computational demand, micro-models with interface elements can capture the
complex patterns of discontinuities which characterize the damage evolution in masonry with a higher degree
of accuracy, and reproduce the main features of their response, such as, for example, the relative sliding of
units. For these reasons interface elements found broad application in the numerical analysis of masonry
structures [21, 22, 23, 24, 25, 26, 27, 28, 29, 30] and they are still currently object of investigation [31, 32].
Discrete element models (DEM) represent a further numerical strategy, utilized to analyse the mechanical
behaviour of systems made of particles, blocks or multiple bodies, which appears suitable for masonry
structures [33, 34, 35, 36, 37, 38, 39].

Nevertheless, these micro-modelling approaches present some criticalities. One the one hand, DEM
approaches do not generally account for masonry crushing, making this modelling strategy more suitable for
analysing dry-joint masonry or low bond strength masonry, where failure occurs in the mortar or in the brick-
mortar interface rather than in the units [40]. On the other hand, most of the existing micro-models in the
literature concern linear elastic units and joints which can simulate the sliding, cracking and crushing of
masonry (e.g. all the models based on the multisurface interface model proposed in [21]). Particularly, the
crushing is usually accounted for by means of a cap in the joint failure surface, i.e. through a phenomenological
representation of the crushing. However, the characterization of the compressive nonlinear behaviour of
masonry is not an easy task. Indeed, it depends on the texture of masonry, on the direction of the compressive
load (e.g. perpendicular to the bed joints, parallel to the bed joints, etc.), on the relative dimensions between
bricks and mortar joints [11], etc. Moreover, a reliable characterization of the compressive behaviour of
masonry should be based on tests on relatively large specimens. Conversely, the characterization of the single
materials (mortar and brick) in compression appear easier and dependent on less variables.

In this context, the development of a novel model whose mechanical setting could be exclusively based on
small-scale specimen tests of masonry components (i.e. mortar and brick) and small masonry assemblages,
without using spread mechanical properties, such as the masonry compressive strength, was considered.
Furthermore, the idea of developing a 3D solid model able to account for, at the same time, the in-plane and
out-of-plane response of masonry elements (since, in practice, they can be coupled) was also contemplated.

To pursue this goal, a novel numerical approach to model masonry is conceived. In particular, a 3D detailed
micro-model for the in-plane and out-of-plane numerical analysis of masonry structures is proposed in this
paper. In this modelling approach, textured units consisting of one brick and few mortar layers are explicitly
modelled using 3D solid Finite Elements (FEs) obeying to plastic-damage constitutive laws conceived in the
framework of nonassociated plasticity. Particularly, two plastic-damage models with distinct parameters are
assumed for brick and for mortar, both in tension and compression regimes. This permits to represent the brick
and mortar behaviour when cracking and/or crushing occur.

Textured Units are assembled, accounting for any actual 3D through-thickness arrangement of masonry,
by means of zero-thickness cohesive-frictional interfaces based on the contact penalty method. In the pre-
failure interfacial behaviour, all the significant linear elastic deformability of the system is addressed to the 3D
brick and mortar FEs, being negligible the interfacial deformations. The interfaces are characterized by a Mohr-
Coulomb failure surface with tension cut-off. The post-failure interfacial behaviour is defined by an
exponential coupled cohesive behaviour in tension and a cohesive-frictional behaviour in shear, accounting
for the brick-mortar bond failure both in tension and shear.

To the author knowledge, the coupling of contact-based rigid-cohesive interfaces with 3D nonlinear-
damaging textured units (which explicitly account for the mortar layers) to model masonry is a novelty in the
scientific literature. This novel modelling approach can, in fact, be fully characterized by the properties
obtained on small-scale specimen tests on brick and mortar (stiffness, compressive and tensile responses) and
on small masonry assemblages (tensile and shear responses of the mortar-brick bond).

To reach this goal, this paper introduces an interface model. The interface behaviour is governed by an ad-
hoc modification of the standard surface-based contact behaviour implemented in Abaqus [41], a general-



purpose FE software. Contextually, an automatic subroutine ad-hoc written by the authors is implemented to
reproduce a Mohr-Coulomb failure surface with tension cut-off.

The interfacial behaviour appears consistent with experimental outcomes on small-scale masonry
specimens. Experimental-numerical comparisons are provided for the in-plane and out-of-plane behaviour of
masonry panels. The direct characterization of all the model mechanical properties from small-scale tests on
brick, mortar and brick-mortar bond and their clear mechanical meaning constitute an appealing quality of the
model proposed.

The paper is organized as follows. Section 2 illustrates the main features of the modelling approach
proposed. Section 3 describes the brick-mortar interface nonlinear behaviour. Section 4 describes the plastic-
damage model utilized for brick and mortar. Section 5 collects experimental-numerical comparisons and their
discussion for the in-plane and out-of-plane behaviour of masonry panels. Finally, Section 6 highlights the
conclusions of this research work.

2 Modelling approach

As already mentioned, several modelling strategies can be followed to analyse masonry structures, see Fig.
1. An accurate model for simulating the mechanical behaviour of masonry should account for the main
masonry failure mechanisms [21]. At a small scale, masonry failures are depicted in Fig. 2. In particular, brick-
mortar interface tensile failure (Fig. 2a) and shear sliding (Fig. 2b) are characterized by the failure of the bond
between brick and mortar. Masonry crushing (Fig. 2d), cracking (Fig. 2e) and diagonal cracking (Fig. 2c) are,
instead, combined mechanisms involving bricks and mortar (Fig. 2d-e) and bricks, mortar and brick-mortar
interface (Fig. 2c).

In the modelling approach herein proposed, the brick-mortar bond failures (Fig. 2a-b) are accounted for by
brick-mortar nonlinear cohesive interfaces, whereas the combined mechanisms involving also brick and mortar
(Fig. 2c-e) are accounted for by the nonlinear behaviour of brick and mortar FEs, see Fig. 1b. Therefore, brick
and mortar crushing and cracking, although characterized by a complex evolution of micro-cracks, are
represented by the inelastic behaviour of brick and mortar FEs.

Textured units composed of 3D solid FEs (Fig. 3) with brick properties (red elements in Fig. 3) and mortar
properties (grey elements in Fig. 3) are conceived and they are assembled by means of zero-thickness interfaces
(green surfaces in Fig. 3). For single leaf masonry panels, the textured unit concerns one brick as well as one
head joint and one bed joint (Fig. 3). Brick and mortar FEs are characterized by distinct nonlinear plastic-
damaging behaviour, both in tension and compression regimes.

Each mortar layer is continuously linked to a brick and separated by an interface from other bricks. This
reduces considerably the number of interfaces (instead of considering all the two interfaces of a mortar layer),
and therefore the computational cost of the model, without compromising the model accuracy. Indeed, the fact
that a brick-mortar bond failure occurs in the upper or lower bond of a mortar layer does not affect the
mechanical response of masonry.

Contact penalty method is enforced in the zero-thickness interfaces between the textured units. Traditional
point-against-surface contact method is considered [42]. The penalty stiffness is assumed to keep insignificant
the penetration of the elements and to guarantee good convergence rates of simulations (compared, for
example, with Lagrange multipliers methods [42]). In this study, penalty stiffness is assumed to be equal to
500 times the representative stiffness of underlying elements. In the pre-failure of interfaces, all the significant
deformability of the system is addressed to the 3D FE part.

Dilatancy plays an important role in the mechanical behaviour of masonry [43], although it is still currently
object of investigation and debate [44, 45], and its characterization is complex as it is influenced by several
mechanical factors (e.g. materials micro-structure, geometrical imperfections, etc). Experimental
characterizations of dilatancy by van der Pluijm et al. [46] show that the dilatancy ratio is significantly
influenced by the type of interface failure. Particularly, the magnitude of dilatancy turns out to be substantially
higher when the crack crosses mortar (and/or units), compared to the dilatancy measured when detachment of
the brick-mortar interfaces occurs (bond failure), which is considerably smaller.

In the modelling approach herein proposed, zero-thickness interfaces are conceived without a dilatant
behaviour, whereas dilatancy is considered in the 3D nonlinear FEs in the framework of nonassociated
plasticity [47]. This approach, although simplified, appears to be consistent with the experimental outcomes
pointed out in [46], i.e. significant dilatant behaviour only occurs when mortar (and/or units) undergoes failure.



The main idea at the base of the setting of the parameters is that the properties of the interface are based
on brick-mortar bond tests (tensile failure and shear sliding), whereas the properties of the mortar and brick
FEs are based on tests on the single components. Although the experimental data available makes non-trivial
the separation of the two problems, this assumption, in the Authors opinion, appears reasonable and leads to a
rationally easy setting of the parameters.

Mortar continuum Mortar continuum
nonlinear model nonlinear model

Brick continuum
nonlinear model

Brick-mortar Brick continuum
nonlinear imnterface nonlinear model

(No interfaces)

Masonry sample Detailed Continuous
micro-model micro-model
a b c
Block continuum Homogenized
linear/nonlinear Joint nonlinear continuum (No interfaces)
model interface nonlinear model
Discrete Macro-model

micro-model
e

Fig. 1 — Modelling strategies for masonry structures (following [6, 19]): a) masonry sample, b) detailed micro-modelling,
¢) continuous micro-modelling, d) discrete micro-modelling and e) macro-modelling.

Fig. 2 — Masonry failure mechanisms (following [21]): a) brick-mortar interface tensile failure, b) brick-mortar interface
shear sliding, ¢) diagonal masonry cracking, d) masonry crushing and e) brick and mortar tensile cracking.



Mortar 3D FE with Brick 3D FE with Brick-mortar
nonlinear behaviour nonlinear behaviour nonlinear interface

Fig. 3 — Detailed micro-modelling approach. An example of textured unit mesh is given in the picture.



3  Brick-mortar interface behaviour
In the normal direction, the contact stress o is computed by means of the linear relationship:
0= kgenaltyu' (1)

where kgenalty is the penalty stiffness in normal direction and u is the normal displacement. Through the

contact penalty method, this relation is assumed to be valid also for tensile stresses until the tensile strength f;
of the interface is reached, see Fig. 4a. As can be noted in Fig. 4a, penetration can occur between elements.
However, although no procedures to remove penetration have been implemented, by using quite high penalty
stiffnesses (i.e. equal to 500 times the stiffness of the underlying elements) the penetration between elements
has been found negligible. Furthermore, the penalty stiffness adopted has been found a good compromise
between convergence and accuracy (i.e. negligible penetration).

In the shear direction, the tangential slip § is linearly related to the interface shear stress with the relation:

T= ;enalty(sv (2)

where Kjenairy is the penalty stiffness in shear. This relation is valid until the shear stress equals the shear
strength f;, see Fig. 4b. The shear strength f; of the interface is assumed to be dependent on the contact stress:

fs(6) = —tan¢ o +c, (3)

where tan ¢ and c are parameters experimentally defined.

O—u TA
Sil-* Si(o)|-
Akf)ena.’fy ﬁ)em‘rh‘y
1 1
u 9
{/5(0)
a b

Fig. 4 — Interfacial pre-failure behaviour: a) normal behaviour and b) shear behaviour.

Interface failure occurs, i.e. the process of degradation begins, when the contact stresses at a point satisfy
a failure criterion. Particularly, failure is supposed when the maximum contact stress ratio intersects a Mohr-
Coulomb failure surface with tension cut-off. This simple criterion can be expressed as:

{(6) T } 1

maxy—,——=<¢ =1,

fe " fs(a) (4)

where the symbol (x) = (|x| + x)/2 denotes the Macaulay bracket function. The Macaulay brackets are used
to signify that a purely compressive stress state does not induce interfacial failure. A sketch of the failure

surface adopted for the interfacial behaviour is shown in Fig. 5. Once failure of the interface is reached,
cohesive behaviour in tension and cohesive-frictional behaviour in shear is activated.
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Fig. 5 — Interfacial failure surface: Morh-Coulomb surface with tension cut-off (r; and 7, are the shear stress
components along two orthogonal directions in the plane of the interface).

After reaching tensile strength f;, an interfacial cohesive behaviour is activated in normal direction and the
stress ¢ decreases with an increasing separation u, while at u = u,, stress ends to be transmitted, see Fig. 6a.
The stress follows the relationship:

Gz{(l_Q)ftr u <ug

0, u=>u (5)

where Q is an exponential scaling function defined as:
_sUmAax
1—e Tk
T (6)

being ¢ a non-dimensional brittleness parameter and u,, 45 the maximum separation ever experienced by the
contact point. The cohesive behaviour is only activated for tension, whereas for pure compression stress states
no failure is considered at the interfacial level (see Fig. 5).

Concerning the shear behaviour, when the shear stress 7 reaches the shear strength f;(o), a simplified
cohesive-frictional behaviour is activated, and the contacting surfaces start sliding. After failure the shear stress
is composed of a cohesive term (1 — H)fs(o) and a frictional one Hu(—o) (Fig. 6b), according to the
relationship:

L= {(1 — H)f;(0) + Hu(—o), 6 < 6 .
u(—o), 6 =6’ (7)
where §), is the ultimate slip of the cohesive behaviour, u is the frictional coefficient and H is an exponential

scaling function defined as:
_ §5MAX
gl ™ (8)
T 1—e¢ "

being ¢ a non-dimensional brittleness parameter and 6,4y the maximum slip ever experienced by the contact
point.

It has to be pointed out that the two variables Q and H are forced to assume the same value at any step of
the analysis (Q = H). This means that the damage evolution of Mode I and Mode II are fully coupled.

Therefore, the degradation of cohesion in tension degrades the cohesion in shear and vice versa. Although this

8



adoption can be considered approximated, it is, however, more realistic than considering independent the two
phenomena. In particular, the two variables  and H can increase from 0 to 1 only. Indeed, the degradation of
the cohesion is an irreversible process.

T ----Contribution of cohesion
- Contribution of friction
=——Global response

7=(1-H) fs(0)+Hul-0)

§ T=ul-0)
ity TUANA)

Uk u , (5!{ 5b

Fig. 6 — Interfacial post-failure behaviour: a) tensile response and b) shear response.

This model is, in general, not restricted to the monotonic behaviour. The degradation of cohesion is an
irreversible process and once the maximum degradation has been reached, the cohesive contribution to the
tensile and shear stresses is zero, and the only contribution to the shear stresses is from the frictional term.

The interface behaviour is based on large displacements. In particular, the finite-sliding tracking approach
implemented in Abaqus [41], which allows for arbitrary separation, sliding, and rotation of the surfaces, is
adopted.

3.1  Comparison between experimental and numerical results for small-scale masonry specimens

Experimental tests conducted by van der Pluijm in [2, 43] on small-scale masonry specimens, composed
of two bricks jointed together by a mortar joint, were used as reference to compare with numerical outcomes
and to tune the brittleness parameters ¢ and . As in [2, 43] the tensile and shear failures were only observed
in the brick-mortar interfaces, linear elastic behaviour for brick and mortar has been assumed. The mechanical
properties adopted in the numerical simulations are collected in Table 1. Fig. 7 shows the comparison between
experimental and numerical results for small scale masonry specimens subjected to tension (Fig. 7a) and shear
(Fig. 7b).

The tensile properties of the interface are assumed to be consistent with the fracture energy of the brick-
mortar interface in tension (Mode I), which in [2] is equal to G/™ = 12.0N/m. Indeed, once the tensile strength
f+ and the displacement u;, are fixed, which can be defined directly from the experimental envelope (Fig. 7a),
the brittleness parameter { is chosen so that the area under the curve in Fig. 6a equals G/™¢.

Analogously, the shear properties of the interface are assumed to be consistent with the Mode II-fracture
energy of the brick-mortar interface, which, in [43], follows the relation G/** = 1300 4+ 58N/m (with ¢ in
MPa). In this case, tan ¢, c, 6y, and u are defined directly from the experimental outcomes [43], whereas the

brittleness parameter & is chosen to be the best approximation of GIJ** for the three experimental curves in Fig.
6b.

Finally, as can be observed in Fig. 7, the tensile (Fig. 7a) and shear (Fig. 7b) interfacial behaviours here
proposed appear in good agreement with the experimental results obtained in [2, 43]. It has to be pointed out
that the shear stiffness which can be read in Fig. 7b is given by the deformability of the 3D FEs (in this case
mainly to the mortar FEs) and not by the deformability of the interfaces, which can be considered rigid-
cohesive.



Traction stress [MPa]

0.05

Table 1. Mechanical properties for small-scale masonry specimens.

Mortar properties Interfacial properties

Young’s modulus [MPa] 2970 Tensile behaviour Shear behaviour

Poisson’s ratio [\] 0.15 f: [MPa] 0.28 tan ¢ [\] 1.01
Uy [mm] 0.20 ¢ [MPa] 0.87

Brick properties ¢\ 4.38 8 [mm] 0.4

Young’s modulus [MPa] 16700 EN 1.1

Poisson’s ratio [\] 0.15 u [\ 0.73

i"-u
=
410 -
g g—-1.0 MPa
Z —
5
L
w g=-0.5MPa ]
L 1 1 | 1 1 s 1 ‘_!
0 0.05 0.10 0.15 0 02 0.4 0.6 0.8 1.0
Normal displacement [mm)] a Slip [mm] b

Fig. 7 — Comparison between experimental and numerical results for small-scale masonry specimens: a) tensile
behaviour (experimental envelope (grey area) and numerical response (red line)) and b) shear behaviour (experimental
envelopes (grey areas) and numerical responses (blue, green and orange lines) for three different levels of initial
compression: 0.1, 0.5 and 1.0 MPa).
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4  Brick and mortar nonlinear behaviour

Tensile and compressive plastic-damage nonlinear behaviour is assumed for brick and mortar, based on the
plastic-damage model developed by Lee and Fenves [47] for quasi-brittle materials. In the following, the main
features of the model are recalled.

Two independent scalar damage variables, one for the tensile regime (0 < d; < 1) and one for the
compressive regime (0 < d. < 1), are supposed. Accordingly, the stress-strain relations under uniaxial
tension, o;, and compression, o, are:

o =(1- dt)EO(St - Sf)' o.=1- dc)EO(gc - 5?)’ (9)

where E|, is the initial Young’s modulus of the material, & and ¢, are the uniaxial tensile and compressive
strains, and sf and ef are the uniaxial tensile and compressive plastic strains (Fig. 8). Particularly, the curves
depicted in Fig. 8 represent the main input data of the model.

Mesh objectivity in the softening branch passes through an indirect definition of the fracture energy, i.e. the
model is local, and regularization occurs scaling the fracture energies by means of the equivalent length [, =

ap Ve, = ah(ZZ’; 12?;2211 det/w,wzw,) where w,, wg and wy, are the weight factors of the Gaussian
integration scheme, J the Jacobian of the transformation, V, the element area and a; a modification factor that

depends on the typology of the finite element used. In this way, the mesh size does not significantly influence
the material response.

Additionally, to control the dilatancy in the quasi-brittle material response, a nonassociative flow rule is
considered to define the plastic strain rate. It is obtained by a flow rule generated by a Drucker-Prager type
plastic potential. In particular, it is defined by the dilatancy angle 1, typically assumed equal to 10° in
agreement with experimental evidences [48] and previous numerical models [49, 50], and a smoothing constant
€ generally assumed equal to 0.1 [49].

As regard as the yield surface, a multiple-hardening Drucker-Prager type surface is assumed. It is characterized
by the ratio f3q/f.0 between the biaxial initial compressive strength f3, and the uniaxial initial compressive
strength f., and a constant p, which represents the ratio of the second stress invariant on the tensile meridian
to that on the compressive meridian at initial yield. Typically, fo/fz0 = 1.16 and p = 2/3 for quasi-brittle
materials [51]. The general parameters adopted for quasi-brittle materials, such as brick and mortar, are
collected in Table 2.

Table 2. General parameters for quasi-brittle materials (brick and mortar).

€N VI foo/feo N PN

0.1 10° 1.16 2/3

O_t A O_C A
Ey /)
1 // : EU // |
Ve
p 1 P (1—d.)Eo
(1—d)Ey ST
/{ | i :
1
7 P
¢ &y Ee €.
£ 1 - .
i a C I b

Fig. 8 — Plastic-damaging behaviour of brick and mortar: a) tensile and b) compression uniaxial nonlinear curves.
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5 Numerical examples

Experimental-numerical comparisons for the in-plane and out-of-plane behaviours of masonry panels are
here provided to show the effectiveness and the accuracy of the model proposed. The detailed micro-model
herein proposed has been implemented in Abaqus Standard [41]. Geometric nonlinearity is considered in all
the analyses to account for large-displacement effects.

Experimental tests conducted by Vermeltfoort and Raijmakers [52] and by Chee Liang [53] are considered
for the in-plane and out-of-plane response of masonry panels, respectively. Mechanical properties utilized for
the in-plane and out-of-plane benchmarks are collected in Table 3. When more than one value is given in the
same cell of the table, the first value refers to the in-plane benchmark, whereas the second one refers to the
out-of-plane benchmark. In general, the tensile response of masonry joints is defined in terms of the tensile
strength and fracture energy in tension (Mode I), whereas the shear response of masonry joints is defined in
terms of friction, cohesion, residual friction and Mode II-fracture energy. It appears clear that u, and ¢ will be
derived from the value of fracture energy in tension (Mode I), whereas §;, and & will be derived from the value
of Mode II-fracture energy. To this aim, the brittleness parameters { and ¢ have been kept equal to the ones of
Section 3.1, and the values u; and &, have been chosen so that the fracture energy values were satisfied.
Reference to [54] has been made to define the uniaxial inelastic stress-strain relationships. The evolution of
the degradation damage scalar variables d; and d. has been kept substantially proportional to the decay of the
uniaxial stresses, as successfully experienced is several numerical campaigns [49, 16, 55].

Concerning the in-plane benchmark, the mechanical properties for brick, mortar and brick—mortar
interfaces employed in the analyses (Table 3) were reported in previous research [19, 21, 30]. In addition, the
tensile strength of mortar has been assumed with reference to the results on mortar prisms obtained in the
experimental campaign carried out in the TU Delft laboratories in 1991 [2].

Concerning the out-of-plane benchmark, the material parameters used for the interfaces elements (Table
3) are equivalent to the values used in [30] for the same wall. The elastic stiffness of brick and mortar were
not investigated by Chee Liang [53]. Therefore, the Young’s modulus of mortar has been assumed according
to [54], whereas the Young’s modulus of brick has been kept the same as that shown in [2], being the materials
of the same type. The other properties are the same to the in-plane benchmark.

12



Table 3. Mechanical properties utilized for the in-plane and out-of-plane benchmarks. When more than one value is
given in the same cell, the first value refers to the in-plane benchmark, whereas the second one refers to the out-of-plane

benchmark.
Interfacial mechanical properties
Tensile behaviour Shear behaviour
f: [MPa] 0.20,0.12 tan ¢ [\] 0.75,0.58
Uy, [mm] 0.36 ¢ [MPa] 0.22
¢\ 4.38 6y [mm] 0.4
&N 1.1
u\] 0.75,0.58
Mortar mechanical properties
Young’s modulus [MPa] 850, 2300
Poisson’s ratio [\] 0.15
Tensile uniaxial nonlinear behaviour Compressive uniaxial nonlinear behaviour
Stress [MPa] Inelastic strain d; [\] Stress [MPa] Inelastic strain d. [\]
1.5 0 0 7.8 0 0
0.1 0.002 0.95 8.2 0.002 0
0.4 0.015 0.95
Brick mechanical properties
Young’s modulus [MPa] 16700
Poisson’s ratio 0.15
Tensile uniaxial nonlinear behaviour Compressive uniaxial nonlinear behaviour
Stress [MPa] Inelastic strain d; [\] Stress [MPa] Inelastic strain d.[\]
3.5 0 0 11.0 0 0
0.3 0.002 0.95 11.5 0.001 0
0.6 0.007 0.95

5.1 In-plane response

Results obtained by Vermeltfoort and Raijmakers [52] in shear tests on single-leaf panels are here
considered. The identical wall specimens, named J4D, J5D and J7D in [52], with a length (990 mm) to height
(1000 mm) ratio of approximately 1 were considered (Fig. 9). They are characterized by 18 brick layers of
which 2 were fixed to steel beams so as to keep the top and bottom edges of the element straight during the
test (green zones in Fig. 9a). Each brick is 204mmx98mmx=50mm, whereas the bed and head mortar joints are
12.5mm thick. Particularly, the masonry panels were initially preloaded with a vertical top pressure,
Pv=0.3MPa for J4D and J5D and Pv=2.12MPa for J7D. Then a horizontal load was then applied in the plane
of the walls at the top edge under displacement control up to collapse, see Fig. 9a.

During the tests, first, horizontal cracks appeared at the top and bottom of the walls. Then, cracks started
to develop diagonally along the bed and head mortar joints and through the bricks, up to failure. The
experimental response was characterized by a softening branch that started when diagonal cracks appeared in
the centre of the specimens.

The wall is modelled here using the detailed micro-modelling approach presented in the previous sections.
The analyses followed the two-step boundary conditions depicted in Fig. 9a. The assembly of textured units
employed in the numerical model is highlighted in Fig. 9b.
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Fig. 9 — In-plane response of masonry wall panels [52]: a) boundary conditions and b) assembly of textured units
employed in the numerical model.

Fig. 10 provides experimental-numerical comparisons: the experimental load-displacement curves for J4D,
J5D and J7D walls are compared with the numerical results carried out using a textured unit mesh composed
of 20 hexahedral 8-nodes FEs. In this figure, the numerical predictions reported by Lourenco & Rots [21] and
by Macorini & Izzuddin [30] are also shown. A good agreement between experimental and numerical results
can be observed up to collapse, including initial stiffness, maximum capacity and the post-peak response of
the panels. Also, the predictions of the proposed modelling approach are generally close to those reported in
[21, 30] for all the considered walls, with the current predictions of the post-peak response for wall J7D better
than the one obtained in [21].

The discretization of the textured units is explicitly chosen by the user. The role of the mesh size is shown
in Fig. 11a, in which the influence of mesh refinement on the load-displacement curves is collected. The results
obtained using a textured unit mesh consisting of 20 hexahedral 8-nodes FEs (coarse mesh) and a textured unit
mesh consisting of 108 hexahedral 8-nodes FEs (fine mesh) are compared. As can be noted, very small
discrepancies emerged. Thereby, mesh dependency appears negligible, also thanks to the regularization of the
fracture energy in the continuum plastic-damage model. This aspect is particularly appealing as the analyses
with the coarse mesh presented a computational cost considerably smaller than the fine mesh.

Fig. 11b shows the influence of the nonlinear behaviour of textured units on the load-displacement curves.
As can be noted, the fact of accounting for the cracking and crushing of textured units significantly affects the
post-peak behaviour (Fig. 11b), whereas the hypothesis of linear elastic textured units slightly overestimates
the peak load. Basically, it is expected that the differences in considering or not the nonlinear behaviour of
textured units would increase by increasing the vertical pressure as well as the interlocking of the masonry
texture (e.g. for multi-leaf walls).

Finally, Fig. 12 shows the deformed shape and crack pattern in the masonry wall panel obtained from the
numerical model, in terms of tensile damage contour plot (Fig. 12a), compressive damage contour plot (Fig.
12b), and interfaces which exhibited failure (Fig. 12c). Also, numerical results are compared with the
experimental crack pattern experienced in [52] (Fig. 12d). As can be noted in Figure 12, these predictions are
in good agreement with the actual crack pattern. Particularly, the interfaces which exhibited failure are placed
along the panel diagonal. Furthermore, few textured units experienced tensile failure in the central part of this
diagonal (Fig. 12a), representing brick and mortar cracking. In addition, few textured units also showed
crushing in the two extremities of the diagonal (Fig. 12b). These features have also been experienced by the
experimental tests [52], see for example (Fig. 12d), confirming the good accuracy of the model proposed.
Finally, these predictions are also in good agreement with the main crack paths and with the numerical results
reported in [21, 30].
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Fig. 12 — Comparison of the panel’s crack pattern: a) tensile damage contour plot, b) compressive damage contour
plot, c) interfaces which exhibited failure and d) experimental crack pattern for the specimen with Pv=2.12MPa (J7D in

[52]).

5.2 Out-of-plane response

Numerical analyses are also carried out to assess the effectiveness of the detailed micro-modelling
approach developed to investigate the out-of-plane behaviour of masonry panels. Comparisons are carried out
against the experiments performed by Chee Liang [53].

The out-of-plane behaviour of a solid wall, simply supported along its four edges and subjected to bi-axial
bending, is considered, and reference is made to experiments on two identical specimens: wall 8 and wall 12
in [53]. The single-leaf masonry wall panels were 1190mm high, 795mm wide and 53mm thick. The
dimensions of the brick were 112mmx=53mmx36mm and the thickness of the mortar joints were 10mm. The
two specimens were loaded up to collapse by applying a uniform out-of-plane pressure through an air-bag
sandwiched between the wall and a stiff reacting frame. Another stiff steel frame was connected to the wall on
the other side, so as to prevent out-of-plane displacements and provide fixed supports along the four edges.
The crack pattern experienced by the two wall specimens [53] is shown in Fig. 13.
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To compute the solution up to the collapse of the panel (also in case of softening), a quasi-static direct-
integration dynamic analysis procedure has been adopted [41]. This algorithm permits to study quasi-static
responses in which inertia effects are introduced primarily to regularize unstable behaviours. The Authors
experienced a better performance of this algorithm, specifically in the softening regime, with respect to more
common arc length procedures.

Fig. 14 provides the numerical-experimental comparisons in terms of lateral pressure-transversal
displacement curves, where the textured unit mesh composed of 20 hexahedral 8-nodes FEs, shown in Fig.
11a, has been implemented. Although the through-thickness discretization may play a certain role, especially
in the out-of-plane analysis of multi-leaf walls [56], the utilization of two 8-nodes hexahedral FEs through-
thickness appears sufficiently accurate for the case under study. The experimental results reported in [53]
consist of a partial load-displacement curve for wall 8 and the maximum capacity for the walls 8 and 12. Good
agreement between the numerical and experimental results can be observed. The maximum lateral pressure
obtained with the proposed model appears very close to the experimental capacity [53], to the collapse pressure
determined in [57] through a 3D limit analysis approach and to the numerical curve obtained in [30].
Particularly, the curve obtained with the proposed approach very well fits the partial load-displacement curve
for wall 8. Additionally, Fig. 15 provides the comparison between the experimental and numerical out-of-plane
deflections at the instant, shown in Fig. 14 by means of a green point and a magenta point, with lateral pressure
equal to 20 kN/m?, i.e. at an instant slightly prior to failure. Here again, a good numerical-experimental
agreement is achieved in terms of out-of-plane deflections.

Finally, Fig. 16 shows the crack pattern obtained by means of the proposed model, in terms of deformed
shape at collapse (Fig. 16a), out-of-plane displacement contour plot (Fig. 16b), tensile damage contour plot
(Fig. 16¢) and compressive damage contour plot (Fig. 16d). By comparing the numerical crack pattern of Fig.
16 with the experimental one (Fig. 13), it can be noted that the actual failure mechanism, although slightly
different in the two walls, is qualitatively represented by the numerical model proposed. Particularly, the large
vertical crack that runs in the middle of the panel crossing head mortar joints and bricks as well as the diagonal
cracks observed in the tests are well represented. Indeed, as can be noted in Fig. 16c, tensile damage is
experienced in the central part of the textured units which are placed in the central vertical part of the wall, in
agreement with the actual vertical cracks experienced by both walls (Fig. 13) which alternatively crosses the
bricks. For the sake of comparison, the crack pattern obtained by numerical models consolidated in the
scientific community [57, 30] is reported in Fig. 17. As can be noted, the crack pattern computed by the model
here proposed (Fig. 16), is in good agreement with the ones depicted in Fig. 17.
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Fig. 13 — Experimental crack pattern: a) photos of the failure of Wall 8 and Wall 12 from [53] and b) sketch of the
crack pattern of Wall 12.
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Fig. 17 — Crack pattern obtained by consolidated numerical models: a) Milani (2008) [57] and b) Macorini and
Izzuddin (2011) [30].

6 Conclusions

In this paper, a novel numerical approach to model masonry has been proposed. The 3D detailed micro-
model presented consists of the coupling of contact-based rigid-cohesive interfaces with 3D nonlinear-
damaging textured units (which explicitly account for the mortar layers), which is a novelty in the scientific
literature. This novel modelling approach can, in fact, be fully characterized by the properties obtained on
small-scale specimen tests on brick and mortar (stiffness, compressive and tensile responses) and on small
masonry assemblages (tensile and shear responses of the mortar-brick bond).

According to the modelling approach proposed, masonry is represented by textured units consisting of one
brick and few mortar layers composed of 3D solid FEs obeying to plastic-damage constitutive laws. This
permits to represent the brick and mortar mechanical behaviour when cracking and/or crushing occur. Textured
units are assembled, accounting for any actual 3D through-thickness arrangement of masonry (including walls
with openings, multi-leaf walls, etc.), by means of zero-thickness cohesive-frictional interfaces based on the
contact penalty method. This permits to account for the brick-mortar bond failures both in tension and shear.

To reach this goal, this paper introduced an interface model. Indeed, the interface behaviour assumed in
the 3D detailed micro-model is governed by an ad-hoc modification of the standard surface-based contact
behaviour implemented in Abaqus. Contextually, an automatic subroutine ad-hoc written by the authors has
been implemented to reproduce a Mohr-Coulomb failure surface with tension cut-off.

The interfacial behaviour appeared to be consistent with experimental outcomes on small-scale masonry
specimens. The results of numerical analyses carried out to investigate both the in-plane and the out-of-plane
responses of brick-masonry panels up to collapse has been presented and compared with experimental
outcomes. From this comparison, it was shown that the use of the proposed modelling approach allows the
accurate representation of the masonry behaviour both in the in-plane and out-of-plane responses. The results
achieved demonstrate the significant potential of the proposed approach.

Additionally, although this model accounts for a very detailed description of masonry constituents and is
characterized by a larger complexity with respect to existing numerical models, its computational demand
appears reasonably acceptable. Indeed, as shown in Table 4, the computational time needed in the simulations
are, after all, moderate. Even, the 3D detailed micro-model proposed appears faster than other more standard
2D micro-modelling approaches, see in [19] the time needed for the same in-plane benchmark, based on well-
known interface elements [21]. Therefore, the contact-based formulation proposed appears preliminarily
efficient. The Authors are currently testing this model on large-scale masonry structures using parallelization
techniques to reduce the computational time. From the first attempts, standard workstations appear sufficient
to supply this task.
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Table 4. Times required to conduct the analyses.

Simulation Time required™ (hh:mm:ss)
In-plane coarse mesh (Pv=0.30MPa) 00:06:33
In-plane coarse mesh (Pv=2.12MPa) 00:07:18
In-plane fine mesh (Pv=2.12MPa) 00:23:20
Out-of-plane 00:09:11

® utilizing a commercial laptop equipped with a processor Intel®Core™
i7-6500U CPU @ 2.50GHz and 16GB RAM.

Finally, considering the accuracy of the model proposed, its application to simulate the behaviour of
masonry panels under certain loading conditions can be used to help laboratory experimenters in designing
new or optimizing experimental set-ups, in predicting the crack pattern, the maximum load and the ultimate
displacement of scheduled tests.
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