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Abstract. This paper defines an innovative approach for modelling masonry walls when the
structural behaviour of new or existing buildings, subjected to vertical and lateral load, has to
be evaluated. Such an approach aims to provide a calculation tool that allows to model the
non-linear behaviour of masonry structures with a reduced numerical effort, but, nonetheless,
without jeopardizing the accuracy of obtained results.

The proposed model is a typical D-FEM (Discontinuum - Finite Element Model) that,
differently by the most common methodologies, is composed by deformable blocks separated
by interface elements arranged along pre-established surfaces of potential cracks. To this aim,
the "Combined Cracking-Shearing-Crushing" model, proposed by Lourenco for the FEM
analysis with the so called simplified micro-models, is used.

Some experimental tests taken by litterature are described. Such tests are used as reference for
setting up a non-linear model with the "simplified micro-modelling" approach, which
considers the presence of blocks, of the same geometry of the stone units, separated by
interface elements. Once that this modelling approach is validated, it is used to obtain the non-
linear response of 65 masonry panels which differ in terms of geometry, vertical loads, as well
as in terms of the most significant mechanical parameters.

The obtained responses for the 65 panels are taken into account for the calibration of the here
proposed model. In detail, a proper variation of the coefficients contributing to the "Combined
Cracking-Shearing-Crushing" formulation is implemented through a trial and error procedure,
which ends when a satisfying comparison between the results provided by the two different
methods of modelling is achieved; this for taking into consideration the constraints imposed
on the development of cracking surfaces.

The outcomes obtained with the here proposed modelling approach are then elaborated in
order to develop suitable closed form equations, which provide the necessary coefficients that
have to be used for implementing the modified "Combined Cracking-Shearing-Crushing"
when a generic masonry panel has to be modelled.
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1 INTRODUCTION

Among the most used modeling techniques there are numerous methods that can be more
or less appropriate, depending on the purpose for which they are to be used. Therefore, the
purpose combined with the computational costs drive the choice between one model rather
than another.

By considering only numerical analysis, it is possible to distinguish two main types: (i) the
Finite Element models (FEM - Finite Element Model) and (ii) the Discrete or Distinct
Element models (DEM - Distinct Element Model).

The most used FEM models are divided into Continuous models (Macromodels) and
Discontinuous models (Micromodels). Discontinuous approaches are based on a micro-
modeling of the wall, with mortar joints and bricks considered as distinct units; for this
reason, their implementation requires a considerable knowledge of the mechanical
characteristics of the blocks, the joints and the interface.
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In general, the approach to be followed may include the micro-modeling of individual
components, units (brick, block, etc.), mortar and interface, or the macro-modeling of
masonry as a composite [1]. Different modeling strategies can be developed, as shown in
(Figure 1):

- “detailed micro-modeling”: units and mortar joints are discretized with continuous
elements, while the interface is modeled through discontinuous elements;

- "simplified micro-modeling": the units are modeled as continuous elements that
incorporate the mortar joints, while the interface is represented by discontinuous
elements;

- "macro-modeling": units and mortar joints are coupled together (masonry) and
treated as a continuum.

In the first approach, the Young's modulus, the Poisson's coefficient and eventually the
inelastic properties of the single elements are taken into consideration, and the interface
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represents a potential plane of breakage/sliding with fictitious stiffness to avoid
compenetrations of the continuous.
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reproduction of experimental laboratory tests.

In the third approach, we do not distinguish between unity, mortar and interface, but treat
the wall as an anisotropic composite. This modeling approach returns satisfactory results
when there are evenly distributed cracks throughout the wall. Furthermore, it is widely used
when a compromise between accuracy and efficiency (professional applications) is required.

In this article, the proposed model is calibrated through the a simplified micro-modelling
approach.

2 THE PROPOSED MODEL

2.1 General

The basic idea of the modeling proposed in this article is that a periodic masonry wall can
be divided into a limited number of modules having the same mechanical characteristics. If
each of them is able to reproduce the potential rupture of the portion of masonry considered in
different loading conditions, together they can simulate the global non-linear behavior of the
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entire element. On the other hand, this idea implicitly characterizes all those methods that in
recent decades have been proposed for masonry with periodic layouts, even if the size of the
module considered was always too small (usually two units separated by a mortar joint).
Therefore, the application to complex structures is inadequate for numerical problems.

The test model is characterized by the use of interface elements whose formulation is
obtained by joining the Coulomb resistance criterion with a longitudinal vertical part for the
tensile strength of the mortar (Tension mode) and an elliptical part for the compression
resistance (Cap mode).

An accurate model must include all types of failure mechanisms that characterize the
masonry: (a) tensile failure of the joints, (b) sliding along the bed or head joints, in particular
for low values of normal stress, (c¢) rupture of the units by pure traction, (d) rupture by
diagonal traction of the units with normal stress sufficient to develop the necessary friction
and (e) "masonry crushing", a consequence of the crushing of the mortar Jomt for hlgh Values
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are simulated through preferential slides which well describe the actual behavior of the
element.

The assembly of the elements described above allows the modelling of a specific structural
element, as shown in (Figure 2b).

It should be noted that in the assembly process, the interface elements are also diffused
along the free borders of each elastic unit, in order to model the interaction between two
adjacent modules, but an internal rigid constraint is imposed along the vertical surfaces to
avoid possible slides in that direction. This mechanism, in fact, is not usually emplyed for real
masonry panels.

It is evident that the proposed modeling approach does not allow to identify the precise
location of cracks that can be found on a real masonry panel, for the simple reason that their
possible formation along with sliding and crushing mechanisms are bound to the layout and
position of the elements of interface. However, all possible collapse mechanisms for different
loading conditions can be identified, as shown schematically in (Table 1), through the
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formation of cracks in predetermined points of the model which, moreover, very well
reproduce the observable phenomenon in reality.
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The introduced interface elements allow the modeling of the discontinuities in the
displacement field, and their behavior is described in terms of the relationship between the
tractions ¢ and the relative displacements Au in the interface. The linear elastic relationship
between these generalized tensions and the deformations can be written in the equation shown
in (1):

o = D¢ (D

where, for a 2D configuration, 6 = {o, 1}, D = diag{kn, ks} and € = {Aun, Aus}', with n
and s indicating the normal and shear components, respectively.

The elastic stiffness matrix D is obtained from the properties of the two components of the
masonry (unit and mortar) and from the thickness of the joint. By assigning a zero thickness
to the interfaces, the size of the units must be expanded by 4,/2 on each side. It follows that
the elastic properties of the "expanded" unit and the "interface joint" must be correctly
calibrated to obtain accurate results. One possibility is to reduce the elastic modulus of the
unit and to use interface elements with high fictitious stiffness to avoid interpenetration of the
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continuum. Instead, in the following approach it is assumed that the elastic properties of the
unit do not change and through the assumption of a “stack bond”, such as a series connection
between the components, and a uniform stress distribution in both the unity and the mortar,
the normal and tangent stiffness of the interface are determined as shown in (2), see [3] for
more details:

EuEm Gqu

kn N hm(Eu - Em) ks N hm(Gu - Gm) (2)

where, E, and E,, are the Young modules and G, and G, the shear modules of the unit and
the mortar, respectively, and 4, is the actual thickness of the joint.

It is clear that the interpenetration will be greater as the stiffness of the interface decreases;
moreover, the interface model includes the compression behavior through the "Cap mode".

Table 1: Real collapse mechanisms reproduced by the D-FE model
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3 THE PROPOSED FORMULATIONS

3.1 General

The form equations proposed in this paper are introduced to modify the fundamental
characteristics of the Lourenco formulation, in order to take into account the approximations
proposed by the D-FEM modeling with reference to the development of the cracks.

In order to determine these form equations, the technique of the Evolutionary Polynomial
Regression (EPR) will be applied. This is a data mining technique based on evolutionary
computing developed by Giustolisi and Savic (2006) [4]. This technique combines the power
of a genetic algorithm with numerical regression to develop symbolic models.

The EPR is a two-step technique in which, in the first phase, the exponents of the symbolic
structures are searched using a genetic algorithm (GA), which represents the EPR key, and in
the second phase the parameters of the symbolic structures are determined by solving a linear
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it 1s essential to evaluate the effectiveness of adopted equations in predicting results. By
disregarding this aspect, any conclusion on the predictive ability of the proposed solutions
will be strongly distorted.

The calibration set and the validation set consist respectively of 65 samples. The
calibration set will be used only to execute the Pareto front of equations that are not controlled
by EPR-MOGA. The structure of the basic model is adopted, without the function f selected.
It is assumed that each monomial term added is a combination of input variables. The MOGA
starts with an initial population of individuals, created randomly by resorting to a Latin
Hypercube sampling of set. The GA encoding is used to determine the tentative values from
the specified set. During the search, the mathematical structures are created by assigning the
tentative values described above to the relevant inputs. The parameters are then estimated (for
example using LS or a non-negative LS minimization) in order to determine the complete
mathematical expression. All expressions are classified in terms of data suitability and model
complexity.
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3.3 EPR-MOGA search results

The formulas selected by the Pareto front obtained with the EPR-MOGA, for different
CoD levels, are shown below:

Opra = +1.0590, CoD =98.38% 3)
Opra = +0.113p%5 + 0.9850, CoD =99.93% 4)
Opra = +0.035¢°33p%5 + 0.9860, CoD =99.93% 5)
af
Otrq = +0.2285233p%5 4+ 0.9060, + 0.127—(1)0_5100_5 EE CoD =99.96% (6)
2¢3 t3
Otrq = +0.004 ———=+0. 20902%3p%% + 0.920, + 0. 003 — CoD =99.97% (7

= 0.004 -
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0,05p3B/,"" - ' Popo CoD =99.97% (14)
¢ = +0.814¢ CoD =46.29% (15)
1
o = +6. 32P + 0.015¢2 CoD =96.71% (16)
1 1 )
= +6. 206 +04—28 o33 +0.015¢ CoD = 96.80% (17
H
¢ 3 _
033 + 9.466e — 070:b CoD =97.35% (18)
¢ . b0.33 ¢ 0.C2¢0.5b
P = +0.03POT + 85584—8.77b—3 +0.256¢) + 0.001¢?b%5 + 1.992¢ — 06POT CoD =97.62% (19)

The obtained formulas are examined considering the correlation coefficient R’, the mean
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and the coefficient of variation (COV). The correlation coefficient is defined here as [6]:
YL —-N@E-79)
\/Zlivﬂ(yi - J:/)Z Z?,:1(J’i - y)?

where ¥ is the average of the estimates.

R? =

(20)

4 EXPERIMENTAL TESTS VS. PROPOSED MODEL

4.1 Experimental tests

The first four specimens considered are those treated during the experimental campaign
carried out by Vermeltfoort and Raijmakers [7,8].
The one-head masonry panels are characterized by a width of 990 mm and a height of 1000
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4.2 Reproduction of experimental tests

To reproduce the results of the experimental tests, the basic parameters of the "Combined
Cracking-Shearing-Crushing" formulation were calibrated using the trial and error procedure,
performing a sequence of analyses by changing the parameter’s values until a suitable fitting
was reached.

In this iterative procedure, the initial values of the aforementioned parameters are those
selected according to the indications of Lourenco [2], which have proved to be quite suitable
to simulate the behavior of masonry panels through a simplified micro-modeling. Values of
the panels for which experimental tests were also available are reported in (Table 2), along
with the values obtained after the trial and error procedure.

The comparison between the results of Vermeltfoort and Raijmakers experimental tests
and those of D-FEM, obtained with values listed in (Table 2), is shown in (Figure 3a). As we
can see, the experimental shear strength of the panels is very well reproduced by the D-FEM
estimate, even in the post-peak phase.
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Table 2: Inelastic properties of the joints for the Simplified Micro Model and for the D-FE model

MORTAR TENSION COULOMB COMPRESSIVE
JOINTS CUT-OFF FRICTION CAP
TEST MODEL k. k o G, ¢ ¢ G, o C G &k
Lourenco
Vermeltfoort Model 82.0 360 0.20 0.016 0.28 36.87 0.125 11.0 9 6 0.09
and Raijmaker Assumed
(p =30kN) D-FE Model 41.0 18.0 0.26 0.600 036 30.80 0.125 11.0 9 120  0.09
Vermeltfoort LK,‘;;Z‘;TO 110.0  50.0 0.16 0.012 022 3687 0050 115 9 6  0.09
and Raijmaker Assumed
(p =120 kN) D-FE Model 61.1 27.8 031 0.600 043 2500 0.125 115 9 120  0.09
Vermeltfoort L%iﬁ‘l’o 82.0 360 0.16 0012 022 3687 0050 11.5 9 6  0.09
and Raijmaker A d
(n =210 kN) Ssume 410 180 031 0600 043 2500 0125 115 9 120 009
d oy
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Figure 3: Experimental results vs. D-FEM: (a) panels tested by Vermeltfoort and Raijmakers, (b) panel tested by
Magenes and Calvi

4.3 Computational efficiency of the D-FE model

In order to highlight the potential of the proposed model with respect to what is available
in literature, some information is provided on the computational demand connected to the
various analyses performed. In (Figure 4), a direct comparison was made between the
calculation times needed for different analyses with FEM and with D-FEM models.

10
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Figure 4: Computational charges of the models used

In fact, one of the aims of the paper is to provide a new calculation tool for masonry
structures capable of reducing the computational demand of the analyses, allowing to broaden
the horizons of detailed numerical analyses to complex structures.

As we can see, the D-FEM model has much lower computational demands than the
traditional model. The analysis times are drastically reduced, maintaining however an
adequate quality of the results. The use of a larger module does not bring great benefits, as the
analysis times are significantly reduced but the results also undergo a non-negligible
variation. Moreover, an excessively large module leads to significant numerical problems, a
topic of interest for future studies. On the contrary, a smaller module should guarantee more
accurate results and a slight increase in calculation times but further studies will have to
confirm these assumptions.

The results are undoubtedly astonishing: in fact, the analyses performed have shown an
efficiency that varies between 85% and 95% of less analysis time. The D-FEM model has
more than halved the analysis time while maintaining a remarkable accuracy in the results;
this gives high expectations for future applications by opening up new scenarios in the current
panorama of detailed numerical analyses for new and existing masonry structures.

5 CONCLUSIONS

This work introduced a new modelling approach for masonry panels under axial and shear
forces. In particular, a new type of “Discontinuum Finite Element (D-FEM)” modelling was
presented, with elastic blocks separated by interface surfaces along predefined potential
cracks, characterized by the "Combined Cracking-Shearing-Crushing" model proposed by
Lourenco.

In conclusion, the results achieved and the proposals for future developments can be
summarized the following bullet points:

- Numerical modeling techniques considered to be the most reliable in the scientific
literature have been described in depth. The FEM Models (Micro and Macro
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Modeling), have been described individually to understand both their strengths and
weaknesses and to establish which one may be more suitable for the purpose of the
analysis.

- Form functions have been provided, through EPR application, capable of correcting
the input data used for the interfaces in the proposed model, obtained following the
trial and error procedure, and the analogous values of the formulation proposed by
Lourenco.

- The comparison between the numerical results of the proposed D-FEM modeling and
those of the parametric analyses conducted previously showed the reliability of the
proposed approach, after the fundamental parameters of the Lourenco model were
correctly calibrated through a trial and error procedure.

- As we can deduce from the obtained results, the D-FEM model has a much lower
computational demand compared to the traditional model. The analysis time is
drastically reduced, maintaining an adequate quality of the results.

The obtained results are only a starting point for the proposal of a new reliable tool for the
analysis of masonry structures. In the short term, further sensitivity analyzes will be carried
out to guarantee an increasingly reliable procedure in the definition of the module and to
provide users with a closed solution, free from any critical issue that could compromise their
use.
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