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ABSTRACT

In this paper, a 3D detailed micro-model for the in-plane and out-of-plane numerical analysis of masonry structures is
proposed. Representative Elements consisting of one brick and few mortar layers are explicitly modelled using 3D solid
finite elements obeying to plastic-damage constitutive laws (one for brick and one for mortar) conceived in the framework
of nonassociated plasticity. This permits to represent the brick and mortar mechanical behaviour when cracking and/or
crushing occur. Representative Elements are assembled, accounting for any actual 3D through-thickness arrangement of
masonry, by means of zero-thickness cohesive interfaces based on the contact penalty method. In the pre-failure of
interfaces, all the significant deformability of the system is addressed to the 3D finite elements. A Mohr-Coulomb failure
surface with tension cut-off is adopted. The post-failure interfacial response is characterized by a cohesive behaviour in
tension and a cohesive-frictional behaviour in shear, which appears consistent with small-scale tests outcomes.
Experimental-numerical comparisons are provided for the in-plane and out-of-plane behaviour of masonry panels. The
accuracy and the potentialities of the modelling approach are shown. The direct characterization of all the model
parameters from small-scale tests, as well as their clear mechanical meaning constitute further appealing qualities of the
model proposed.
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1 Introduction

Masonry is one of the oldest building materials. It is composeadasbnry units (i.e. brick, blocks, Ptc
usually bonded with mortar. Due to its heterogeneous and compeasitee, its mechanical behaviour is
extremely complex. The near-collapse mechanical behavibunasonry structuress generally deeply
influenced by the failure of brick-mortar bonds, whichaplanes of weakness [1]. Indeed, the brick-masonry
interface represent a discontinuity between two distindtdifferent materials and its strength, which depends
from a huge number of factors (e.g. brick pores dimensiotits, moisture content, nature of micro-layer of
ettringite, compaction of the mortar, etc [1]) and, thefis extremely variable, is generally considerably
smaller than the mortar and unit one. [Plnder 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 imasttarizing the masonry mechanical properties of
existing structures (especially if they are historic [3]),@i@luation of the vulnerability of masonry buildings
by means of deterministic numerical models is still challengihdndeed, although significant advanceséa
been carried out in the last decades, the definition of noatesirategies for a suitable description of the
mechanical behaviour of masonry is still nontrivial and an anggoarocess in the scientific research [5]

Generally, computational strategies for masonry structureslassified in micro-modelling and macro-
modelling [6]. In addition, homogenization procedures represkmt between the two approaches [7, 8, 9].
The macro-modelling approaches account for the masonry meahamidinearity by means of a macroscopic
continuum description of its behaviour, employing different fdations (e.g. phenomenological plasticity
[10], damage mechanics [11] and nonlocal damage-plasticity. J$2tjopic continuum nonlinear constitutive
laws with softening have been successfully used for the siqalfylarge-scale historic structures [13], where,
due to the chaotic and random texture of historic masonryhypethesis of isotropic material generally
appears suitable. Nonetheless, when dealing with masonries tehaeat by well-organized and periodic
masonry textures, the hypothesis of isotropic material isongelr suitable. To overcome this issue, few
masonry macro-modelling approaches have been extended to grihatoatinua [14, 15]. Furthermore,
phenomenological continuum models accounting for the micro-steuciumasonry have been recently
developed (the so-called continuous micro-models, see fanpEed16).

However, an account of the inelastic response over discontgwfgces at the brick-mortar bonds appears
to be crucial in the analysis of masonry structures. Indbedyehaviour of masonry walls is largely affected
by the displacement discontinuities which are generateteabrick-mortar interfaces, as experimentally
evidenced in [17].

Although their larger computational demand, micro-models witkrface elements can capture the
complex patterns of discontinuities which characterize theade evolution in masonry with a higher degree
of accuracy, and reproduce the main features of their respsunge as, for example, the relative sliding of
units. For these reasons interface elements found broad applicathe numerical analysis of masonry
structures [18, 19, 20, 21, 22, 23, 24, 25, 26, 27] and they araustéhtly object of investigation [28, 29].
Discrete element models (DEM) represent a further numesicatlegy, utilized to analyse the mechanical
behaviour of systems made of particles, blocks or multiple bodieghvappears suitable for masonry
structures [30, 31, 32, 33, 34, 35, 36].

Nevertheless, these micro-modelling approaches presents soroalittei. One the one hand, DEM
approaches do not generally account for masonry crushing, malkgnmodelling strategy more suitable for
analysing dry-joint masonry or low bond strength masonhgre/failure occurs in the mortar or in the brick-
mortar interface rather than in the units [37]. On thewohand, most of the existing micro-models in the
literature concern linear elastic units and joints which sianulate the sliding, cracking and crushing of
masonry (e.g. all the models based on the multisurfaceaneerhodel proposed in [18]). Particularly, the
crushing is usually accounted for by means of a cap in the f@ilure surface, i.e. a phenomenological
representation of the crushing. However, the characterizafithe compressive nonlinear behaviour of
masonry is not an easy task. Indeed, it depends on the tektasanry, on the direction of the compressive
load (e.g. perpendicular to the bed joints, paralleh¢olted joints, etc.), on the relative dimensions between
bricks and mortar joints, etc. Moreover, a reliable charaation of the compressive behaviour of masonry
should be based on tests on relatively large specimens. Cogytisalharacterization of the single materials
(mortar and brick) in compression appear easier and dependiessomariables.



In this context, the development of a novel model whose mechaeitialg could be exclusively based on
small-scale specimen tests of masonry components (i.e. moddrigk) and small masonry assemblages,
without using spread mechanical properties, such as the masmmgyressive strength, was considered.
Furthermore, the idea of developing a 3D solid model able to actan at the same time, the in-plane and
out-of-plane response of masonry elements (since, in practicesdhdye couplddvas also contemplated.

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

Textured Units are assembled, accounting for any actuahi@iDgh-thickness arrangement of masonry,
by means of zero-thickness cohesive-frictional interfaces basede contact penalty method. In the pre-
failure interfacial behaviour, all the significant linedastic deformability of the system is addressed to the 3D
brick and mortar FEs, being negligible the interfacial deftiona. The interfaces are characterized by a Mohr-
Coulomb failure surface with tension cut-off. The post-failimeerfacial behaviour is defined by an
exponential coupled cohesive behaviour in tension and a cohesti@atl 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-s@hederfaces with 3D nonlinear-
damaging textured units (which explicitly account for thetardiayers) to model masonry is a novelty in the
scientific literature. This novel modelling approach can,aict,f be fully characterized by the properties
obtained on small-scale specimen tests on brick and mortérgssif compressive and tensile responses) and
on small masonry assemblages (tensile and shear responsemofttrebrick bond).

To reach this goal, this paper introduces an interface mirdkded, the interface behaviour assumed in
the detailed micro-model is governed by an ad-hoc modificaifothe standard surface-based contact
behaviour implemented in Abaqus. Contextually, an automatic wtitecad-hoc written by the authoss i
implemented to reproduce a kteCoulomb failure surface with tension cut-off.

The interfacial behaviour appears consistent with expetaheoutcomes on small-scale masonry
specimens. Experimental-numerical comparisons are provided for-fene and outf-plane behaviour of
masonry panels. The direct characterization of all the hmdehanical properties from small-scale tests on
brick, mortar and brick-mortar bond and their clear meitah meaning constitut@nappealing quality of the
model proposed.

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

2 Modelling approach

As already mentioned, several modelling strategies can be follmemalyse masonry structures|see JFig.
An accurate model for simulating the mechanical behaviounagonry should account for the main
masonry failure mechanisms [18]. At a small scale, masaiityds are depicted([in Figl 2. In particular, brick-
mortar interface tensile failule (Fig} 2a) and siséiding [Fig. 2b) are characterized by the failure of the bond
between brick and mortar. Masonry crushjng (Flg. 2d), anadiEig. de) and diagonal crackifig (Fid. 2c) are,
instead, combined mechanisms involving bricks and m¢ortar 2Hig) and bricks, mortar and brick-mortar
interface|[(Fig. Pc).

In the modelling approach herein proposed, the brick-mortat tadinres|(Fig. Pa-b) are accounted for by
brick-mortar nonlinear cohesive interfaces, whereas the caaibnechanisms involving also brick and mortar
{Fig. Zc-e) are accounted for by the nonlinear behaviobrick and mortar FEs, dee Fid. 1b. Therefore, brick
and mortar crushing and cracking, although charactetized complex evolution of micro-cracks, are
represented by the inelastic behaviour of brick and moEar F




Representative Elements composed of 3D solid[FEs _(Ftt8brick properties (red elementg in Fig. 3)
and mortar properties (grey elements in Fig. 3) areaivad and they are assembled by means of zero-
thickness interfaces (green surfac g. 3). For singlarlasonry panels, tHRE concerns one brick as
well as one head joint and one bed jqint (FlgB3ick and mortar finite elements are charactertaedistinct
nonlinear plastic-damaging behaviour, both in tension and corgmesgimes.

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

Contact penalty method is enforced in the zero-thicknessaoés between the Representative Elements.
Traditional point-against-surface contact method is consideredTB8]penalty stiffness is assumed to keep
insignificant the penetration of the elements and to guaragted convergence rates of simulations
(compared, for example, with Lagrange multipliers meth88$)[ In this study, penalty stiffness is assumed
to be equal to 500 times the representative stiffness of undeelg@ngents. In the pre-failure of interfaces, all
the significant deformability of the system is addressedd@D FE part.

Dilatancy play an important role in the mechanicaldvébur of masonry [39], although it is still currently
object of investigation and debate [40, 41], and its charaatinn is complex as it is influenced by several
mechanical factors (e.g. materials micro-structure, gearakt imperfections, etc). Experimental
characterizations of dilatancy by van der Pluijm et[42] show that the dilatancy ratio is significantly
influenced by the type of interface failure. Particlylathe magnitude of dilatancy turns out to be substantially
higher when the crack crosses mortar (and/or units), caupaithe dilatancy measured when detachment of
the brick-mortar interfaces occurs (bond failure), whictoissterably smaller.

In the modelling approach herein proposed, zero-thicknesdaices are conceived without a dilatant
behaviour whereas dilatancy is considered in the 3D nonlinear FEs irfrdneework of nonassociated
plasticity [43]. This approach, although simplified, appearset@onsistent with the experimental outcomes
pointed out in [42], i.e. significant dilatant behaviour onlgws when mortar (and/or units) undergoes failure.

The main idea at the base of the setting of the parametbi khe properties of the interface are based
on brick-mortar bond tests (tensile failure and shear slidiviggreas the properties of the mortar and brick
FEs are based on tests on the single components. Although the exgdrdatntavailable makes non-trivial
the separation of the two problems, this assumption, in the Autpori®n, appears reasonable and leads to a
rationally easy setting of the parameters.
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Fig. 1- Modelling strategies for masonry structures (followinglf]): a) masonry sample, b) detailed micro-modelling,
¢) continuous micro-modelling, d) discrete micro-modgliémd e) macro-modelling.
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Fig. 2— Masonry failure mechanisms (followiigi8]): a) brick-mortar interface tensile failure, b) britlortar interface
shear sliding, ¢) diagonal masonry cracking, d) masonrhicrgsnd e) brick and mortar tensile cracking.

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

epresentative]
Element

Fig. 3—Detailed micro-modelling approach proposed. An exampRegfresentative Element mesh is given in the
picture.



3  Brick-mortar interface behaviour
In the normal direction, the contact stresis computed by means of the linear relationship:

genaltyu' ( 1 )

whereky.nq:y is the penalty stiffness in normal direction ands the normal displacement. Through the

contact penalty method, this relation is assumed to bealabdor tensile stresses until the tensile strefigth
of the interface is reached, $ee Fijj. 4a. As can be injféid. 4a, penetration can occur between elements.
However, although no procedures to remove penetration haverbglemiented, by using quite high penalty
stiffnesses (i.e. equal to 500 times the stiffness of the underli@ngeets) the penetration between elements
has been found negligible. Furthermore, the penalty stiffadspted has been found a good compromise
between convergence and accuracy (i.e. negligible penetration).

In the shear direction, the tangential dlifs linearly related to the interface shear stress withelagion:

T= k;enaltys' ( 2 )

wherekyenq:y is the penalty stiffness in shear. This relation is vaiitll the shear stress equals the shear
strengthf;, se¢ Fig. kb. The shear strenfitbf the interface is assumed to be dependent on the comessst st

fs(o0) =—tang¢ o +c, (3)
wheretan ¢ andc are parameters experimentally defined

o=k
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Fig. 4— Interfacial pre-failure behaviour: a) normal behavioutt b) shear behaviour.

Interface failure occurs, i.e. the process of degradaggins, when the contact stresses at a point satisfy
a failure criterionParticularly, failure is supposed when the maximum contactsstetio intersecta Mohr-
Coulomb failure surface with tension cut-off. This simpléecidbn can be expressad

{(0) T } .

maxi—,——<¢ =1,

fe "fs(o) (4)

where the symbdlx) = (|x| + x)/2 denotes the Macaulay bracket function. The Macaulay bracketsede
to signify that a purely compressive stress state does not inthectacial failure. A sketch of the failure

surface adopted for the interfacial behaviour is shoWn in Bigdnce failure of the interface is reached,
cohesive behaviour in tension and cohesive-frictional behaviahdar is activated.
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Fig. 5 — Interfacial failure surface: Morh-Coulomb surface wiéimdion cuteff (z; andt, are the shear stress
components along two orthogonal directions in the platieednterface).

After reaching tensile strengfh, an interfacial cohesive behaviour is activated in nodinattion and the
stressr decreases with an increasing separatiowhile atu = wu; stress ends to be transmitted,[see Hig. 6a
The stress follows the relationship:

Jz{(l_Q)ftr u<uk
0, u= uk’ ( 5 )
whereQ is an exponential scaling function defined as:
u
1
C=—7 (6)

being{ a non-dimensional brittleness parameter afpgl, the maximum separation ever experienced by the
contact point. The cohesive behaviour is only activated feidenwhereas for pure compression stress states
no failure is considered at the interfacial level [see Big

Concerning the shear behaviour, when the shear stressches the shear strengtlio), a simplified
cohesive-frictional behaviour is activated, and the comtgsetirrfaces start sliding. After failure the shear stress
is composedf a cohesive tern{l — H)f;(s) and a frictional onéu(—c) [Fig. gb) according to the
relationship:

= {(1 — H)f;(0) + Hu(—0), 8§ < 8 .

B w=o), 528 (7)
whered;, is the ultimate slip of the cohesive behaviquis the frictional coefficient anff is an exponential
scaling function defined as:

_gm
1—e ~ Sk
H= (8)
beingé a non-dimensional brittleness parameter &gy the maximum slip ever experienced by the contact
point.
It has to be pointed out that the two varialfleandH are forced to assume the same value at any step of

the analysis @ = H). This means that the damage evolution of Mode | and Mode Iludlyecbupled.
Therefore, the degradation of cohesion in tension degradesfhiasion in shear and vice versa. Although this

7



adoption can be considered approximated, it is, however, mealistic than considering the independent the
two phenomena. In particular, the two varialflesndH can increase from 0 to 1 onlpdeed, 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)
e = (1-H) f
—T=Hu(-0) I-«(\.k__\)'f (@) ‘
Uk U , Ok 5 b

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

This model is, in general, not restricted to the monotonic betravi he degradation of cohesion is an
irreversible process and once the maximum degradation hasdzstred, the cohesive contribution to the
tensile and shear stresses is zero, and the only contributlmsdbear stresses is from the frictional term.

The interface behaviour is based on large displacemergartioular, the finite-sliding tracking approach
implemented in Abaqus [44], which allows for arbitrary sepamatliding, and rotation of the surfaces, is
adopted.

3.1 Comparison between experimental and numerical results for smiglreagonry specimens

Experimental tests conducted by van der Pluijm in [2, 39] on sswale masonry specimens, composed
of two bricks jointed together by a mortar joint, were usedtfEsence to compare with numerical outcomes
and to tune the shape parameteandé. As in [2, 39] the tensile and shear failunase only observed in the
brick-mortar interfaces, linear elastic behaviour fockrand mortar has been assumed. The mechanical
properties adopted in the numerical simulations are colléqf€able 1[Fig. 7/ shows the comparison between
experimental and numerical results for small scale masornjrepns subjected to tensipn (Fify. 7a) and shear
Fig. 7b).

The tensile properties of the interface are assumed ¢orsastent with the fracture energy of the brick-
mortar interface in tension (Mode 1), which in [@kqual toG/™ = 12.0N/m. Indeed, once the tensile strength
f: and the displacemenj, are fixed, which can be defined directly from the expental envelopé¢ (Fig.]7a),
the shape parametétis chosen so that the area under the cuifve in Fig. 6a etjiials

Analogously, the shear properties of the interface are assorbedconsistent with the Mode Il-fracture
energy of the brick-mortar interface, which, in [39], follo#he relationG/* = 1300 + 58N/m (with o in
MPa). In this casean ¢, c, §;, andu are defined directly from the experimental outcomes [39]re#sethe
shape parametéris chosen to be the best approximatioG ¥ for the three experimental curves in Fig. 6b.

Finally, as can be observed in Fig. 7, the terfsile (Big.and shedr (Fig] 7b) interfacial behaviours here

proposed appear in good agreement with the experimental r@stdised in [2, 39]. It has to be pointed out
that the shear stiffness which can be redd in Rig. 7lvéndiy the deformability of the 3D FEs (in this case
mainly to the mortar FEs) and not by the deformabilityhaf interfaces, which can be considered rigid-
cohesive.
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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
U [mm] 0.20 ¢ [MPa] 0.87

Brick properties N 4.38 &y [mm] 0.4

Young’s modulus [MPa] 16700 EN 1.1

Poisson’s ratio [\] 0.15 u [\ 0.73

E
=3
] il
4
g g—-1.0 MPa
7 — J
o
]
o 2
w g—-0.5 MPa n
L 1 i | 1 L 1 ‘_!
0 0.05 0.10 0.15 0 02 0.4 i 0.6 0.8 1.0
Normal displacement [mm] a Slip [mm] b

Comparison between experimental and numerical resultarfali-scale masonry specimens: a) tensile

behaviour (experimental envelope (grey area) and numericahsesged line)) and b) shear behaviour (experimental
envelopes (grey areas) and numerical responses (blue, grédeoramge lines) for three different levels of initial
compression: 0.1, 0.5 and 1.0 MPa).



4  Brick and mortar nonlinear behaviour

Tensile and compressive plastic-damage nonlinear behaviour isems$ombrick and mortar, based on the
plastic-damage model developed by Lee and Fenves [43] for quéleiiaterials. In the following, the main
features of the model are recalled.

Two independent scalar damage variables, one for the teegilme (0 < d; < 1) and one for the
compressive regime0(< d. < 1), are supposed. Accordingly, the stress-strain relations undgxialn
tensiong;, and compression,, are:

or = (1= d)Eo(er —€f), 0o =1 —d)Eo(ec —€f), (9)
wherekE, is the initial Young’s modulus of the material, &, ande, are the uniaxial tensile and compressive

strains, and? ande? are the uniaxial tensile and compressive plastic stiaarticularly, the curves
depicted in Fig. B represent the main input data of theem

Mesh objectivity in the softening branch passes through an éhdieénition of the fracture energy, i.e. the
model is local, and regularization occurs scaling the fraetueegies by means of the equivalent lerigih=

anVe = an(Z,2, Tt X1, detjw,wewy) wherew,, we andw, are the weight factors of the Gaussian
integration schemég,the Jacobian of the transformatidpthe element area angl a modification factor that

depends on the typology of the finite element used. In thistivaymesh size does not significantly influence
the material response.

Additionally, to control the dilatancy in the quasi-brittl@terial response, a nonassociative flow rule is
considered to define the plastic strain rate. It is obtaineal figw rule generated by a Drucker-Prager type
plastic potential. In particular, it is defined by the difeta angley, typically assumed equal to 10° in
agreement with experimental evidences [45] and previous numaodgls [46, 47], andsmoothing constant

€ generally assumed equal to 0.1 [46].

As regard as the yield surface, a multiple-hardening Druekager type surface is assumds characterized
by the ratiof,,/f.0 between the biaxial initial compressive strenfihand the uniaxial initial compressive
strengthf,, and a constant, which represents the ratio of the second stress invaniathte tensile meridian
to that on the compressive meridian at initial yield. Tybicg;,o/f0 = 1.16 andp = 2/3 for quasi-brittle
materials [48]. The general parameters adopted for quatkehbriaiterials, such as brick and mortar, are
collected i.

Table 2. General parameters for quasi-brittle materials (bBridkmortar).

eN YN foo/feo N P

0.1 10° 1.16 2/3

A /
Tt Tc
Eq A}
1 // I Ey S
.7 ! 1 /1(1 - dC)EU
/‘(1 e dt)E[] // 1 |
v | ! p I
P - P N
21 & lee] o | &g b
4 a .

Fig. 8— Plastic-damaging behaviour of brick and morégrtensile anth) compression uniaxial nonlinear curves.
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5 Numerical examples

Experimental-numerical comparisons for the in-plane andbptane behaviours of masonry panels are
here providedd show the effectiveness and the accuracy of the model propdsedletailed micro-model
herein proposed has been implemented in Abaqus Standardbthetric nonlinearity is considered in all
the analyses to account for large-displacement effects.

Experimental tests conducted by Vermeltfoort and Raijmakersaf®by Chee Liang [50] are considered
for the in-plane and oufplane response of masonry panels, respectively. Mechanigedrfies utilized for
the in-plane and outf-plane benchmarks are collectefl in Taljle 3. When moreothewnalue is given in the
same cell of the table, the first value refers to thelamg benchmark, whereas the second one refers to the
out-of-plane benchmark. In general, the tensile response of mgsarigyis defined in terms of the tersil
strength and fracture energy in tension (Mode |), whereashiber response of masonry joints is defined in
terms of friction, cohesion, residual friction and Mode |l-fuae energy. It appears clear thatandd will be
derived from the value of fracture energy in tension (Modehgreas, andé will be derived from the value
of Mode lI-fracture energy. To this aim, the shape paramétarslé have been kept equal to the ones of
Sectio 3.1, and the values ands, have been chosen so that the fracture energy valuessatisied.
Reference to [51] has been mddealefine the uniaxial inelastic stress-strain relationships. Vokiteon of
the degradation damage scalar variablleandd,. has been kept substantially proportional to the decay of the
uniaxial stresses, as successfully experienced is several naimargaigns [46, 13, 52].

Concerning the in-plane benchmark, the mechanical propeiaie brick, mortar and brieknortar
interfaces employed in the analydes (Table 3) were repiarfeévious research [16, 18, 27]. In addition, the
tensile strength of mortar has been assumed with reettenthe results on mortar prisms obtained in the
experimental campaign carried out in the TU Delft laboieédn 1991 [2].

Concerning the outf-plane benchmark, the material parameters used for théazee element§ (Table
are equivalent to the values used in [27] for the saatle Tihe elastic stiffness of brick and mortar were
not investigated by Chee Liang [S@lherefore, the Young’s modulus of mortar has been assumed according
to [51], 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 sathein-plane benchmark.
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Table 3 Mechanical properties utilized for the in-plane andaitptane benchmarks. When more than one value is
given in the same cell, the first value refers toithplane benchmark, whereas the second one reféine mtof-plane

benchmark.
Interfacial mechanical properties
Tensile behaviour Shear behaviour
f: [MPa] 0.20, 0.12 tan ¢ [\] 0.75, 0.58
U [mm] 0.36 ¢ [MPa] 0.22
N 4.38 & [mm] 0.4
£N 1.1
uN 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_ [\]
15 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 0.95 115 0.001 0
0.6 0.007 0.95

5.1 In-plane response

Results obtained by Vermeltfoort and Raijmakers [49] in shestis on single-leaf panels are here
considered. The identical wall specimens, named J4D, J5D anid J#8), with a length (990 mm) to height
(1000 mm) ratio of approximately 1 were considefed (Fig. ByTare characterized by 18 brick layers of
which 2 were fixed to steel beams so as to keep the top andbetdges of the element straight during the
test (green zones|[in Figh Each brick is 204mm x98mm x50mm, whereas the bed and hetat jomts
are 12.5mm thick. Particularly, the masonry panels wetillyi preloaded with a vertical top pressure,
Pv=0.3MPa for J4D and J5D and Pv=2.12MPa for J7D. Then a horikmadalvas then applied in the plane
of the walls at the top edge under displacement control up tpsell sge Fig.|9a.

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

The wall is modelled here using the detailed micro-modellingcagr presented in previous sections.
The analyses followed the two-step boundary conditions depidfeid. 9a. The assembly of Representative
Elements employed in the numerical model is highlighted ingfig.
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Fig. 9— In-plane response of masonry wall panels [49]: a) boundargtittons and b) assembly of Representative
Elemens employedn the numerical model.

Fig. 1J provides experimental-numerical comparisons: the expetaiioad-displacement curves for J4D,
J5D and J7D walls are compared with the numerical resultsccauteusinga Representative Element mesh
composedf 20 hexahedral 8-nodes FEs. In this figure, the numerical fediaeported by Lourenco &
Rots [18] and by Macorini & lzzuddin [27] are also shown. A goodegeat between experimental and
numerical results can be observed up to collapse, includiig) stiffness, maximum capacity and the post-
peak response of the panéiso, the predictions of the proposed modelling approach areraéy close to
those reported in [18, 27] for all the considered walls, Withcurrent predictions of the post-peak response
for wall J7D better than the one obtained in [18].

The discretization of the Representative Elements is explddithgen by the user. The role of the mesh
size is shown ip_Fig. 11a, in which the influence of medinement on the load-displacement curves is
collected. The results obtained usamBepresentative Element mesh consisting of 20 hexahedral 8-nodes FEs
(coarse mesh) and a Representative Element mesh consistinghaxib@dral 8-nodes FEs (fine mesh) are
compared. As can be noted, very small discrepancies emetwrdby, mesh dependency appears negligible,
also thanks to the regularization of the fracture enarglye continuum plastic-damage moddiis aspects
particularly appealing as the analyses with the coarse mesknped a computational cost considerably
smaller than the fine mesh.

[Fig. 11b shows the influence of the nonlinear behaviour of Repe¢se Elements on the load-
displacement curves. As can be noted, the fact of accountitigefaracking and crushing of Representative
Elements significantly affects the post-peak behavlour (Fip., Miwreas the hypothesis of linear elastic
Representative Elements slightly overestimates the peakBaaitally, it is expected that the differences in
considering or not the nonlinear behaviour of RepresentativeeBtenmvould increase by increasing the
vertical pressure as well as the interlocking of the magertyre (e.g. for multi-leaf walls).

Finally,[Fig. 12 shows the deformed shape and crack pattéhe masonry wall panel obtained from the
numerical model, in terms of tensile damage contour [pigt (Ba), compressive damage contour plot (Fig.
[12b), and interfaces which exhibited failuEe gFl%# 12c). Alsomerical results are compared with the
experimental crack pattern experienced in [49] (Fig. 12d)can be noted in Figure 12, these predictions are
in good agreement with the actual crack pattern. Paatiguthe interfaces which exhibited failure are placed
along the panel diagonal. Furthermore, few RepresentativecBisraxperienced tensile failure in the central
part of this diagona[ (Fig. 2a), representing brick and manacking. In addition, few Representative
Elements also showed crushing in the two extremities of the diagfigaldb). These features have also been
experienced by the experimental tests [49], see for examplel#), confirming the good accuracy of the
model proposed-inally, these predictions are also in good agreement kétimiain crack paths and with the
numerical results reported in [18, 27].
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Fig. 12— Comparison of the panel’s crack pattern: a) tensile damage contour plot, b) compressive damage contour
plot, ¢) interfaces which exhibited failure and d) expenitakecrack pattern for the specimen with Pv=2.12MPa (J7D in
[49)).

5.2 Out-of-plane response

Numerical analyses are also carried out to assess finetivefness of the detailed micro-modelling
approach developenb investigate the oubf-plane behaviour of masonry panels, where comparisons are
carried out against the experiments performed by Chee [5&hg

The outef-plane behaviour of a solid wall, simply supported along iis éalges and subjected to bi-axial
bending, is considered, and reference is made to experiments datentical specimens: wall 8 and wall 12
in [50]. The single-leaf masonry wall panels were 1190mm high, 79%it® and 53mm thick. The
dimensions of the brick were 112mm x&3 x36mm and the thickness of the mortar joints were 10mm. The
two specimens were loaded up to collapse by applying a unifotvof-@lane pressure through an air-bag
sandwiched between the wall and a stiff reacting framether stiff steel frame was connected to the wall on
the other side, so as to prevent otiplane displacements and provide fixed supports along the four edges.
The crack pattern experienced by the two wall specintfjsg shown ip Fig. 13
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To compute the solution up to the collapse of the panel (alss@&afasoftening), a quasi-static direct-
integration dynamic analysis procedure has been adoptedTHid]algorithm permits to study quasi-static
responses in which inertia effects are introduced primarilsegularize unstable behaviours. The Authors
experienced a better performance of this algorithm, spetjficalthe softening regime, with respect to more
common arc length procedures.

provides the numerical-experimental comparisonseimst of lateral pressure-transversal
displacement curvesvhere the textured unit mesh composed of 20 hexahedral 8-nodes &\, igrig.]
[11}a, has been implemented. Although the through-thicknesstidiatiom may play a certain role, especially
in the outef-plane analysis of multi-leaf walls [53], the utilizatiohtwo 8-nodes hexahedral FEs through-
thickness appears sufficiently accurate for the case under Stuglexperimental results reported in [50] for
the wall 8 and the wall 12 correspond to a partial load-dispiaat curve for wall 8, where the displacement
considered is computed at the centre of the wall, and thamumaxcapacity for both walls. Good agreement
between the numerical and experimental results can be obsAre@ximum lateral pressure for the wall very
close to the experimental capacity [50], to the collapse peedstermined in [54] through a 3D limit analysis
approach and to the numerical curve obtained in [27], israaiParticularly, the curve obtained with the
proposed approach very well fits the partial load-displacemeve for wall 8 Additionally[Fig. 15 provides
the comparison between the experimental and numerical olgé-geflections at the instashown in Fig)
by means of a green point and a magenta point, witlalgiressure equal to 20 kN/me. at an instant
slightly prior to failure. Here again, a good numericgberimental agreement is achieved in terms of out-of-
plane deflections.

FinaIIy, the crack pattern obtained by meatiseqiroposed model, in terms of deformed
shape at collapsk (Fig. H)5 out-of-plane displacement contour plot (Fig] 16b), tensile daragtur plot
c) and compressive damage contour [plot (Filg. 16djoByaring the numerical crack patterig.
with the experimental orfe (Fig.]13), it can be notedttf@actual failure mechanism, although slightly
different in the two walls, is qualitatively representgdte numerical model proposed. Particularly, the large
vertical crack that runs in the middle of the panel crodséagl mortar joints and bricks as well as the diagonal
cracks observed in the tests are well represented. Indeamnabe noted [n_Fig. [l6@nsile damage is
experienced in the central part of the Representative Elemérith are placed in the central vertical part of
the wall, in agreement with the actual vertical cracks rempeed by both wall$ (Fig. 13) which alternatively
crosses the bricks. For the sake of comparison, the cracknpaitteined by numerical models consolidated
in the scientific community [54, 27] is reported in Fig| 18.¢an be noted, the crack pattern computed by the

model here proposq 10. , 1S 1IN gOo0od agreement wi e an rI1g.
del h d (Fig. |16 d t with th teddan Fig. 1Y
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Fig. 13— Experimental crack pattern: a) photos of the failure of Walhd Wall 12 fronf50] and b) sketch of the
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Fig. 16— Crack pattern obtained from the proposed model: a) deformpd,dhjeoutef-plane displacements contour

plot and c) tensile and d) compressive damage contourgbltite end of the simulation.



Fig. 17 — Crack pattern obtained by consolidated numerical modelstilahi (2008) [54] and b) Macorini and
Izzuddin (2011) [27].

6 Conclusions

In this paper, a novel numerical approach to model masonry baspbeposed. Indeed, the 3D detailed
micro-model presented consististhe coupling of contact-based rigid-cohesive interfaces 3itimonlinear-
damaging textured units (which explicitly account for thetardayers), which is a novelty in the scientific
literature. This novel modelling approach can, in fact, Uty tharacterized by the properties obtained on
small-scale specimen tests on brick and mortar (stiffness, cesiygeand tensile responses) and on small
masonry assemblages (tensile and shear responses of thebrioktdiend).

According to the modelling approach proposed, masonry is compbsextured units consisting of one
brick and few mortar layers represented by 3D seld obeying to plastic-damage constitutive laws. This
permits to represent the brick and mortar mechanical balrawhen cracking and/or crushing occur. Textured
units are assembled, accounting for any actual 3D througknadss arrangement of masonry (including walls
with openings, multi-leaf walls, etc.), by means of z#tiokness cohesive-frictional interfaces based on the
contact penalty method. This permits to account for tloi4onortar bond failures both in tension and shear.

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

The interfacial behaviour appeared to be consistent wjikrgnental outcomes on small-scale masonry
specimens. The results of numerical analyses carried out siigate both the in-plane and the oftplane
responses of brick-masonry panels up to collapse has been presedtedmpared with experimental
outcomes. From this comparison, it was shown that the use of thesptbmodelling approach allows the
accurate representation of the masonry behaviour both in-fiiane and outf-plane response3 he results
achieved demonstrate the significant potential of the propasaaach.

Additionally, although this model accounts for a very detailescription of masonry constituents and is
characterized by a larger complexity with respecexisting numerical models, its computational demand
appears reasonably acceptable. Indeed, as shown in Table 4, the tomgdutae needed in the simulations
are, after all, moderate. Even, the 3D detailed micro-mutplosed appears faster than other more standard
2D micro-modelling approaches, see in [16] the time needed for theisgiiame benchmark, based on well-
known interface elements [18]. Therefore, the contact-basgdufation proposed appears preliminarily
efficient. The Authors are currently testing this model ogdascale masonry structures using parallelization
technigues to split the computational effort. From the fitenapts, standard workstations appear sufficient to
supply this task.
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Table 4. Times required to conduct the analyses.

Simulation Time require® (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 acommercial laptop equipped with a processor Intel® Core™
i7-6500U CPU @ 2.50GHz and 16GB RAM.

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