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Dynamic behaviour analysis of an English-bond masonry prototype
using a homogenized-based discrete FE model

Luis Carlos Silvat, Gabriele Milani?, and Paulo B. Lourengo?

Abstract. Full Finite Element strategies (the so called micro- and macro- models) are still nowadays the most
used ones for the study of large masonry structures. However, macro-modelling still lacks accuracy at a
meso-scale in terms of damage localization. On the other hand, micro-models are rather computational demand-
ing and require a cumbersome modelling stage. Thus, homogenization-based frameworks give considerable
advantages. Moreover, the study of English bond masonry appears to be disregarded in comparison to the run-
ning bond one. On this behalf, a two-step procedure based on homogenization theory is herein presented for the
dynamic study of English-bond masonry structures. The presented homogenization approach uses two models
at a micro-scale: (i) a plane-stress FE discretization within the concepts of Kirchhoff-Love plate theory; and (ii)
a three-dimensional micro-model accounting with the mortar joint discontinuity existent at the thickness direc-
tion. Bricks are meshed with elastic elements with linear interpolation and joints are reduced to interfaces which
obey to the nonlinear behaviour described by the so-called combined cracking-shearing-crushing model. The
procedure allows obtaining homogenized bending moment/torque curvature relationships to be used at a struc-
tural level within a FE discrete model implemented in a commercial code. The model relies in rigid quadrilateral
elements interconnected by homogenized bending/torque nonlinear springs. The framework is used to study the
dynamic behaviour of an English-bond masonry wall benchmark. A macroscopic strategy is also considered to
enrich the study. The numerical results are compared with the experimental data and a good agreement has been
found.
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1 Introduction

The approach proposed in this paper belongs to the so-called multi-scale (FE?) methods based on the homoge-
nization theory. Homogenization is basically an averaging procedure performed at a micro-scale upon a Repre-
sentative Volume Element (RVE). On the RVE, a Boundary Value Problem (BVP) is formulated allowing an
estimation of the expected aver-age response to be used as constitutive relations at a macro-level. This frame-
work has been used to investigate the behaviour of composites with different natures but is also useful for the

study of masonry structures [1-6].
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Homogenization theory seems the most efficient compromise between micro- and macro-modelling. The use of
such approach is appealing because it allows to derive the macro-behaviour of masonry through the micro-scale
characterization and thus considering its texture, components properties and expected micro-failure modes. In
this way, the computational burden (in terms of CPU) is significantly reduced if compared with a fully micro-
mechanical description of the material. Nevertheless, the classical FE? approaches (in particular the full contin-
uum-FE methods) are still a challenge in the non-linear range [7]. The advantages are especially obvious when
linear elastic behaviour is assumed but obtaining a micro-scale solution at each load step for each Gauss point
may turn the problem prohibitive from a computational point of view. These strategies still have a higher com-
putational cost if compared with macro-modelling strategies.

If one intends to use homogenization strategies for the study of large or more complex structures, the develop-
ment of techniques to speed-up the processing running times is critical. To accomplish the latter, the micro-
scale unit-cell models are integrated within a micro- to macro- homogenized formulation, i.e. where the material
constitutive information is transferred in one step from the micro- to the macro-scale. It can be very promising
especially as several works demonstrate, with a good trade-off between accuracy and computational efficiency,
for instance see [8-11].

The main aim of the present paper is to briefly present a two-step numerical framework, within two different
homogenization procedures, to describe the dynamic behaviour of a masonry structure. Once the majority of
the existing research on masonry deals with running-bond texture within a single-wythe walls case [5,6,12,13],
a complex three-dimensional English-bond masonry structure [14] is selected.

The ability of the procedure to reproduce the dynamic macro-behaviour of a complex three-dimensional ma-
sonry structure is assessed through available data from the English-bond mock-up tested in LNEC [14]. Addi-
tionally, the study aims to deepen the knowledge regarding both the effect of three-dimensional shear stresses

and the presence of discontinuities or transversal joints on the masonry thickness.

2 Numerical framework

A two-step numerical procedure is introduced. The strategy makes use of a classical first-order homogenization
scheme and is thus formed by: (i) the micro-scale problem solution; (ii) the micro-to-macro transition; and (iii)
the solution of the macro-scale problem.

Two micro-scale homogenized models are used to characterize the behaviour of a masonry at a cell level: (1) a
Kirchhoff-Love plate theory-based model (KP model); and (2) a three-dimensional micro-model homogeneous
which accounts with the thickness discontinuity (3D DNS model).

To decrease the computational demand, material nonlinearity is assumed to be lumped on joints. This assump-
tion seems to be adequate for strong block masonry structures. Both models were developed in DIANA and a
fully automatic procedure was achieved by exploiting the software programming capabilities [15]. A multi-
surface plasticity model from Lourenco et. al. [16] (the so-called composite interface model) is considered for
the interface elements used for the KP model. For the 3D DNS, the model from by Van Zijl [17] is adopted,



which is an extension of the later to allow its use in a three-dimensional media. The plasticity models can
reproduce well fracture, frictional slip and crushing along the interface elements.

The numerical models rely on a direct homogenization approach, which involves solving a micro-mechanical
problem at a micro-scale and deriving average field variables. This information is then carried out to the macro-
scale to constitutively describe the behaviour of the structure. The definition of a proper RVE is essential, once
it may be statistically representative of the body under study. Here, the RVE definition follows the recommen-
dation by Anthoine [2].

The macro-structural behaviour is represented through a discrete element model, designated as Rigid Body
Spring Mass (RBSM)., implemented in ABAQUS [18]. The methodology is briefly described in Figure 1
whereas the homogenized curves are transferred to a macro-scale. Two steps are developed to turn the macro-
input independent from the macro-mesh i.e. the scaling and regularization of the homogenized quantities. For
further details, the reader is referred to [10,11,19].
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Figure 1. The case study and the methodology of the proposed two-step numerical procedure.
3 Case study

The selected case study outcomes from the experimental works performed at LNEC by Candeias et. al [14].
Candeias et al. tested an unreinforced brick masonry structure composed by three walls in a U-shaped plan
arrangement. The main facade (East plan) presents a gable wall and is linked with two transversal walls which
act as abutments (North and South plans). These are constructed with a clay brickwork in an English-bond
arrangement of 235 mm of thickness. The clay brick units have nominal dimensions of 235x115x70 mm? and
are laid and bound together by mortar joints with a thickness ranging 15 to 18 mm.

The brick mock-up was tested up to collapse in a shaking table under a unidirectional seismic loading. The
seismic input is applied in a perpendicular direction (E-W) to the main facade and derives from the strong
ground motion component registered after the February 21 of 2011 earthquake occurred in Christchurch, New
Zealand. Although only quasi-static analyses are developed, the numerical damage is compared with the ob-

served experimental failure mechanisms.



Experimental investigations on the mechanical strength characterization of the studied English-bond masonry
have been carried out and reported in [14]. A total of six masonry wallets were built but only three samples are
defined as valid for the determination of the masonry stiffness and strength values. Briefly, it was observed that
the specific mass is given by 1890 kg/m?; the Young Modulus for the masonry brickwork is equal to 5170 MPa;
the compressive strength is 24.8 MPa and the tensile strength defined as 0.102 MPa. The latter data is summa-
rized in Table 1.

Table 1. Material and mechanical information obtained via experimental works [14] and the assumed data for the homogenization

step performed at a micro-scale [19].

Experimental data
p = 1890 Kg/m3 Emasonry = 5170 MPa oC =24.8 MPa ot =0.105 MPa
(COV=3%) (COV = 29%) (COV=14%) (COV=19%)
Modal Identification: fmode-1 =10.69 Hz fmode-11 =15.01 Hz fmode-111 =21.29 Hz
Numerical data - Micro-Scale
Elastic Properties (Brickwork) Inelastic Properties (Mortar joints)
Ebrick v fi fc c G} G}I G}V ©
0.20 0.105 2.48 0.20 0.012 0.05 3.97 30
11000 N/mm? () N/mm? | N/mm? | N/mm? | N/mm N/mm N/mm degrees

4 Macro-scale: the RBSM model

The discrete FE-method based procedure stems from the model presented by the authors in [10,11]. To represent
both in- and out-of-plane deformation modes, the latter strategy has been slightly changed to integrate the in-
plane model. The RBSM model, whose theoretical background is inspired in the works of Kawai [20], is com-
posed by the assemblage of discrete quadrilateral rigid plate elements interconnected, at its interfaces, through
a set of rigid and deformable FE truss-beams, see Figure 2. The truss-beam elements govern both the deformation
and damage of the structure, by being able to mimic the presence of the in- and out-of-plane failure modes
considered in Figure 1 and within a decoupled characterization. These can append the material information of
the micro-scale homogenized step and thus represent the masonry texture via an equivalent continuum media,
by accounting with its orthotropy and full softening behaviour description.

Regarding the representation of the inertial forces, which highly affect the dynamic behaviour of a structure,
the mass of the system shall be introduced. The mass of the system is embodied by the quadrilateral rigid plates
using an equivalent material density which, following a linear displacement interpolation assumption, allows to
achieve a consisted mass matrix. In this scope, the discrete element approach has been implemented into the
commercial finite element software ABAQUS [18]. There are obvious advantages by developing such practical-
oriented strategy at a structural scale. In fact, the software is robust and stable when in the presence of material
softening (more evident in the nonlinear static analysis), once built-in features are at disposal, as the line search
algorithm and the arc-length procedure. It is also adapted to possibly the execution of the macro-level response
calculation within parallel computing. This has a special interest to speed-up the processing times for dynamic
or large-scale problems. The concrete damage plasticity (hereafter, CDP) mode, available in ABAQUS [18] is

selected given the better representation of the inelastic laws.
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Figure 2. Description of the basic in- and out-of-plane FE truss-beam systems of the discrete macro-unit cell.

==-== Shear Truss
i — Axial Truss
Rigid Plate

Out-of-Plane system

e Rigid Beam

=== Torque Truss

==== Axial Truss
Rigid Plate

5 Results: Dynamic analysis

Dynamic analyses have been performed. A set of eight seismic input signals are applied to the benchmark but
only the last two (acc07 and acc08) are plotted. An implicit procedure within a Hilber-Hughes-Taylor (HHT)
time integration scheme and with a a-operator value of -0.05 is assumed for this study [21]. The material damp-
ing was defined via the practical approach of the equivalent Rayleigh damping [22]. The Rayleigh parameters
were computed by considering a 3% damping ratio and with a damped range of frequencies of 7-40 Hz.

The comparison between the numerical and experimental data is reached through the time- history of the dis-
placements recorded for the node located at the centre of the gable wall. Figure 3a,b makes clear that none of
the numerical curves fit the experimental data. The differences are obvious for the accO7 (see Figure 3a) but the
latter lack of agreement is especially stressed for the last seismic signal (acc08) wherein the order of magnitude
of the experimental peak displacement is two times higher than the numerical ones (Figure 3b).

The use of biased values for the numerical elastic stiffness and strength parameters (average values) hinders a
proper fit with the experimental response. Towards a better numerical response, the elastic Young modulus was
calibrated through the modal frequencies (Exx=3840 MPa, Ey,=2160 MPa and G,y = 1600MPa) and the strength
parameters (tensile strength and cohesion) reduced 20%. The value of damping was kept equal to 3%. The
compressive behaviour seems to have, as expected, a not significant effect and thus the average value was
followed. Likewise, the parameters that control the material curves beyond the peak were kept the same, namely
the fracture energies, because these refer to typical masonry literature values and no experimental reference is
known.

The obtained results are addressed in Figure 3c,d. The comparison is, for the accO7, promising. Figure 3c states
the very good agreement between the calibrated model and the experimental time-history displacements. Also,
Figure 4a shows that some cracking occurs but its effect is local and not significant in the overall behaviour.
Nevertheless, the response of the DNS model for the acc08 is not so accurate. The authors found that the struc-
ture has a moderate damage at the instant t = 28 seconds, as shown in Figure 4b. Figure 4c illustrates that half

a second later (t=28.5 seconds), the out-of-plane failure mode of the gable wall is well active with severe damage



around the East facade opening and tympanum. Likewise, some in-plane damage is visible for the North fagade

in which it is clear the tension damage due to the uplift of the pier.
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Figure 3. Obtained time-history displacements.

Predict with certainty the collapse is, when using the present framework, questionable. In fact, due to numerical
issues, a residual strength of 10% is guaranteed by the CDP model. Hence, conclusions on the occurrence of the
structure collapse and its time instant can be drawn upon the visible damage but the choice lacks a rational
sense. Note that residual displacements can be described by the procedure because it derives from the constitu-
tive cyclic behaviour defined by a scalar damage within the CDP model [18]. On the other hand, the macroscopic

DIANA model seems to overestimate the structure capacity. The response is, for both acc07 and acc08, far for



being alike with the behaviour reproduced by the present proposed procedure, despite sharing both the same
material and mechanical data. The non-consideration of the masonry orthotropy and, more importantly, the
disregard of the existent vertical discontinuity are key details. In fact, the latter is paramount once, when present,

it decreases significantly the bending and torsional capacities.
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Figure 4. Observed damage for the 3D DNS calibrated model: (a) t = 12 seconds; (b) t = 28.0 seconds; and (c) t = 28.5 seconds.

6 Conclusions

A two-step framework has been presented and the results from quasi-static and dynamic analyses reported. Both
Kirchhoff and DNS model consider the masonry orthotropy and the full non-linear softening behaviour, but the
latter does account it in the presence of the vertical mortar discontinuity in the English bond-masonry thickness
and taking the effect of out-of-plane shear stresses. The difference between the models can be clearly noted by
the obtained discrepancies for the last accelerogram (Figure 3b). Considering the vertical discontinuity in the
English-bond masonry thickness leads to a lower bending capacity and result, therefore, in displacements higher
than the Kirchhoff and macroscopic models. The authors do believe that the 3D-DNS model is the more accurate
and representative. The initial use of higher strength values for the masonry brickwork justifies the results dif-
ference of Figure 3a-b and, likewise, why analogous observations were collected by several other authors on
the same brick-house mock-up. A calibrated model with reduced properties was developed and a good agree-
ment was obtained, mainly for the accelerogram seven (Figure 3c). The authors stress that the Kirchhoff model
and the macroscopic approach, in which the material is modelled as homogeneous in the thickness direction,
may be used with special attention for the masonry study. In cases where discontinuities are present as within
the English-bond case, inaccurate solutions are expected to be found.

At last, may be highlighted that, as required, the present approach demands significantly lower computational

times than a macroscopic one (around 1000 times lower).
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