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Abstract

This paper aims at comparing the use of different software environments for the study of
a simple unreinforced masonry building through nonlinear static analyses. The presented
results are part of a wider research project conducted within the ReLUIS consortium, and
specifically within a research task whose purpose is providing practitioners with results
and tools for an aware employment of commercial software packages for modelling
masonry structures. In this study one of the benchmark structures of the research program
is analysed; a two-story building characterized by rigid horizontal diaphragms, consider-
ing different configurations in terms of openings arrangements and effectiveness of ring
beams, is subjected to seismic load conditions. Software packages considering two- and
three- dimensional structural models are employed, and the obtained results are com-
pared in terms of capacity curves and collapse mechanisms. One of the critical aspects on
the basic assumptions made by software in terms of way to apply the horizontal loads is
further investigated. In addition, the role of the shear strength is analysed correlating the
mechanical properties to be adopted with micro- and macro- models. The considered mod-
els present very different features, and the analogies and differences obtained in the results
are critically interpreted in view of the different hypotheses made by the software tools in
terms of modelling strategies and adopted constitutive laws.
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1 Introduction

The employment of sophisticated approaches for modelling masonry structures has been
growing in the last decades hand in hand with the availability of computational technolo-
gies. However, although refined and reliable tools are at hand also in engineering practice,
the use of advanced software has to be supported by high-level expertise for a correct inter-
pretation of the outcome and to avoid getting unrealistic results, even in presence of clear
prescriptions of the national codes.

Recent trends of the research in the field of numerical modelling of masonry structures
pushed on one side on detailed models, mainly based on continuous (Page 1978; Gam-
barotta and Lagomarsino 1997; Pegon and Anthoine 1997; Lourenco et al. 1998a) or dis-
continuous (Lourenco and Rots 1997a; Macorini and Izzuddin 2011) Finite Element (FE)
approaches, and on simplified ones, based on mono- (Magenes and Della Fontana 1998;
Kappos et al. 2002; Penna et al. 2014) or bi- (D’Asdia and Viskovic 1995; Casolo and
Penia 2007; Calio et al. 2012) dimensional models, on the other. Some authors also pro-
posed hybrid strategies based on the combination of finite and discrete numerical mod-
els (Smoljanovié et al. 2015). All these tools supported the exploration of the nonlinear
behaviour of masonry structures, mainly through static analyses. In some cases, especially
for the out-of-plane analysis of masonry walls, although several models are able to simu-
late the nonlinear response of entire structures (Panto et al. 2017), other fast tools based
on limit analysis are commonly adopted for the evaluation of the collapse load multiplier.
Within this context local analyses employing rigid block approaches (Giresini et al. 2019;
Giresini 2017; Casapulla et al. 2019) are usually preferred, even though other more com-
plex strategies based on homogenization techniques (Milani et al. 2006) were also pro-
posed. Attempts to compare different models were rarely done in the literature (Marques
and Lourenco 2011; Quagliarini et al. 2017), as well as reviews of numerical models of
masonry structures (Lourengo 2002; D’Altri et al. 2019a).

Despite the wide variety of methods for the analysis of masonry structures in the sci-
entific literature, and the corresponding implemented software environments available for
practitioners, their uncritical or unguided use may easily lead to wrong results. For the
latter reason, a research program started on 2014 and still ongoing, within the ReLUIS
project by the Italian Department of Civil Protection, is being conducted. This paper is
part of a specific work package of the project, whose main goal is providing guidelines for
practitioners for an aware use of software tools. For this reason, several research units from
Italian universities contributed to the simulation of the nonlinear response of numerous
benchmark structures adopting different numerical tools for the simulation of their nonlin-
ear response, comparing the basic assumptions and the results, and finally trying to clar-
ify how critically analyse the outcome of a numerical simulation and to provide a general
methodology for approaching the nonlinear analysis of masonry structures.

The studied benchmark structures range from single panels (D’Altri et al. 2021), stud-
ied for different boundary conditions, axial load and aspect ratios, to real 3D buildings,
such as a school located in Visso (Italy) heavily damaged by the seismic sequence that
struck the central Italy in 2016 (Ottonelli et al. 2021; Castellazzi et al. 2021), that is mod-
elled and investigated. A summary of the goals of this coordinated research can be found
in Cattari and Magenes (2021), which also describes all the analysed benchmark struc-
tures, studied by means of different software packages. This paper is focused on a sim-
ple but three-dimensional masonry building. Although the considered case study can be
hardly considered as realistic, its simplicity allows studying several aspects often taken for
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granted (way to apply loads, connections between orthogonal walls, flange effect) in the
use of software and sometimes considered of negligible influence for the global response
of the structure. The considered case study is investigated in Manzini et al. (2020) consid-
ering Equivalent Frame (EF) models only, and in this paper considering software which
employ continuous (Smith 2009) and discontinuous (Mazzoni et al. 2006) Finite Element
(FE) models, a Discrete Macro-Element Model (DMEM) (Calio et al. 2009), and a limit
analysis approach (Chiozzi et al. 2017). Such models present very different features and
the corresponding software tools are often based on different basic assumptions, here duly
highlighted. Several configurations of the case study are investigated, considering differ-
ent arrangements of the openings and structural details assumptions. The results, even in
presence of such different models, can be considered in reasonable agreement, and the
unavoidable scatters are interpreted in light of the different assumptions of the software
environments. A further investigation is made to clarify the role of the adopted mechanical
properties to simulate the diagonal shear behaviour, which is governed by different param-
eters and constitutive laws according to the considered modelling strategy. In addition, the
way to apply the horizontal load is further investigated with ad hoc analyses and identify-
ing its influence on the response of the structure.

2 Brief description of the benchmark case study

The structure investigated in this paper is a simple two-story masonry structure, with
rigid floors and regular opening arrangement; the plan is rectangular and four only
perimeter walls (with thickness 25 cm) are present. A comprehensive description of the
benchmark structure, addressed as BS4, can be found in (Cattari and Magenes (2021);
Manzini et al. (2020)), where several configurations are also introduced, considering
different openings disposals and assuming different hypotheses in the structural details.
In Fig. 1 the three considered plan schemes (P1 P2 and P3) of the structure are depicted;
in particular, in addition to the blind wall adopted for the transversal walls, three other
wall schemes are considered, namely A- and B-type for the longitudinal walls and
C-type which replaces one of the blind transversal walls in the configuration P3, Fig. 1a.
A-type wall is symmetric and includes two door-openings at the base level and two win-
dows at the second one, B-type wall is unsymmetric and includes a window for each
level, C-type wall is symmetric with a window per level. The reference plan configu-
ration (P1) includes A-type and blind walls for the longitudinal and transversal walls,
respectively. In configurations P2 and P3 the longitudinal rear wall is of B-type, and in
the latter case the left transversal wall is further replaced with a C-type wall, Fig. 1b.
With regard to the structural details, four different assumptions have been considered.
Specifically, the reference hypotheses, in the following addressed with the letter B, are
the absence of a ring beam combined with an axial coupling of the spandrels (simulated
with the presence of tie rods with cross area equal to 314 mm?) at the floor levels. Con-
figurations C and D differ for the presence of ring beams (with cross Sect. 25X 25 cm
with top and bottom rebars corresponding to 2¢16) at the floor levels. The ring beams
section is associated to a reinforced concrete material and infinitely stiff sections (“shear
type” hypothesis) for configurations C and D, respectively. An additional configuration,
addressed with letter A, is based on the hypothesis of negligible tensile strength at the
spandrels (the so called “weak spandrel-strong pier” hypothesis); however, the latter
configuration is investigated only in Manzini et al. (2020) where EF models are adopted.
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Fig.1 Geometry of the considered benchmark case study: a facades of the walls; b plans of the structures

On the contrary, in the present study only bi-and three-dimensional models are adopted,
which cannot uncouple the axial and flexural behaviours, and therefore configuration A
is not studied. According to the research program, 7 of the total 12 possible configura-
tions had to be investigated, as shown in Table 1, where configuration BS4_P1/C is in
this paper also included although not present in the original research program.

The numerical models are subjected to seismic nonlinear analyses with force dis-
tribution proportional to the masses along the longitudinal direction. The provided
mechanical properties are reported in Table 2, together with other additional data.

Table 1 Benchmark case study
BS4: identification of the
considered structures

@ Springer

Geometrical configurations

Structural P1 P2 P3

details

A BS4_P1/A* BS4_P2/A* -

B BS4_P1/B BS4_P2/B BS4_P3/B#*#*
C BS4_P1/C ** BS4_P2/C -

D - BS4_P2/D -

*Configuration ignored in this study because not compatible with the
assumptions of bi- and three-dimensional models

**Additional configuration included in this study although not present
in the original research program

*##%* Configuration not analysed in the present study
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Table 2 Reference data to be assumed in the numerical simulations

Loads Rigid diaphragms, floor textures along the transversal direction with
distributed load 10 kN/m?

Masonry® fn=62MPaf, =0.04 Mpa r,=0.163 MPa E=1800 MPa G =600 MPa
w=17.5 kN/m’ f,,=0.23 MPa f,,= 1.22 Mpa u =0.58 l,/h, =4
Shear yielding criterion: Turnsek and Cacovic (Turnsek and Cacovic 1971)

Steel°° Tie rods: S235,f_vk:235 MPa
Rebars: B450C, f‘.k=450 MPa
Concrete®°® Class C25/30, f,, =25 MPa

°f,, compressive strength, f;, mortar tensile strength, z, shear strength, £ Young’s modulus, G shear modu-
lus, w specific weight, f,,, sliding strength between adjacent units, f;, units tensile strength, u friction angle
for the sliding between adjacent units, /, units length, 4, units height

°fy yielding stress

°°°f ., compressive strength

It is worth mentioning a redundance in the mechanical properties provided for the
simulation of the diagonal shear behaviour due to different modelling approaches here
adopted; to this purpose the following considerations can be made:

e The shear strength 7, is a comprehensive parameter usually employed in the case of
simplified macro-models.

e In the case of discontinuous models, the simulation of the diagonal shear behaviour
is quite complex, since it is the outcome of the combination of geometric (/,/h;,) and
mechanical (f,;,) properties at the units level as well as of parameters governing the slid-
ing among blocks (f,, and u) and the mortar tensile strength (f;,,).

e In the case of FE macro-models, the shear behaviour cannot be uncoupled from the
flexural one since both are governed by a uniaxial constitutive law (usually accounting
for an equivalent tensile strength).

3 Adopted software tools

The benchmark structure described in the previous paragraph is studied with different soft-
ware packages, which have in common the adoption of two- or three- dimensional mod-
els. It is worth noting that the adopted models exhibit very different features in terms of
adopted constitutive laws, modelling strategies and basic assumptions of the software
environments.

Despite its simplicity, this benchmark structure arises criticisms in the hypotheses
assumed by the various software platforms, in terms of three-dimensional behaviour due to
the flange effect associated to the connection of orthogonal walls and to the possibility of
accounting for the out-of-plane response of the walls. An additional aspect here considered
is the way the software tools apply the horizontal loads (concentrated at the floor levels or
distributed along the whole building height). In order to reduce the scatter of the results
and to limit the arbitrariness of the implementation of the numerical models, whenever
possible these aspects have been aligned, although in some cases this was not possible due
to basic hypotheses of the different software environments.
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The four modelling approaches, briefly recalled in the following subsections and
addressed with letters from A to D, include a discrete macro-element approach based on a
mechanical scheme, a continuous and a discontinuous FE model approaches; in addition,
a further strategy based on limit analysis is employed. The two adopted FE approaches are
based on different strategies (models B and C belong to the discontinuous and continuous
approaches, respectively), thus covering a wide although not exhaustive range of possible
strategies and safeguarding the heterogeneity of the adopted tools. In the description of
the models, after an introduction of the main characteristics of each approach, the consist-
ence of the numerical models with the information on the case study provided in Sect. 2 is
discussed, highlighting the aspects that can be rigorously followed and those which require
simplifications or different assumptions. Then, in Sect. 4, after comparing some basic con-
sistency checks among the models (e.g. the total mass of the structure), the results of the
performed nonlinear simulations are reported and compared in terms of capacity curves
and damage patterns.

Among the adopted software environments, model A is the most practically oriented
tool employed in this study. However, both advanced tools based on nonlinear FE models
and simplified methodologies, such as the limit analysis approach might be of help. Rigor-
ous models (such as models B and C), although not easily applicable for engineering prac-
tice, can be adopted as reference models to calibrate simpler modelling strategies or when
the use of the simplified approaches is prevented, that is in the case of complex buildings
where their basic hypotheses are not satisfied. On the other hand, the employment of tools
based on kinematic analysis (as for the case of model D), although not providing informa-
tion on the global ductility and on the cyclic behaviour of structures, can be seen as a fast
tool to obtain information on the global resistance, or to crosscheck the results obtained
with other more advanced strategies.

It is worth noting that the adopted tools offer a partial view of possible approaches to
simulate the nonlinear behaviour of masonry structures. To this purpose it should be men-
tioned that significant advances in the masonry material modelling have been made in the
last decades. Some models were also implemented in software packages devoted both to
the engineering practice (Lourenco et al. 1997,1998b; Lourenco and Rots 1997b) and for
advanced academic investigations (Macorini and Izzuddin 2011).

3.1 Model A

The Discrete Macro-Element Method (Caddemi et al. 2017) (DMEM) is a modelling strat-
egy based on a simple mechanical scheme that, in its original configuration, is able to sim-
ulate the main in-plane collapse mechanisms of a masonry wall subjected to vertical and
horizontal loads, namely rocking diagonal cracking and sliding failure modes, Fig. 2.

Each element is a hinged quadrilateral with two diagonal nonlinear links which gov-
ern the diagonal shear behaviour, Fig. 3a. The diagonal links can reproduce a nonlinear
behaviour which accounts for the effect associated to the confinement action of the adja-
cent elements according to Mohr—Coulomb or Turnsek and Cacovic (Turnsek and Cacovic
1971) domains. It is worth mentioning that, although some recent studies on the ortho-
tropic diagonal shear behaviour are available in the literature (Casolo et al. 2019), here
the adopted criterion is based on an isotropic constitutive behaviour, irrespectively of the
masonry texture.

Nonlinear discrete interfaces rule the interaction among contiguous elements,
and the calibration of the links is based on a fibre approach as sketched in Fig. 3b. A
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Fig.2 Simulation of the main in-plane failure mechanisms of a masonry portion by means of the macro-
element: a flexural failure; b shear-diagonal failure; and ¢ shear sliding failure (Calio et al. 2012)
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Fig. 3 Calibration of the nonlinear links of the element: a diagonal and b flexural links (Calio et al. 2012)

non-symmetric elasto-plastic behaviour with limited ductility is usually adopted. It is
worth mentioning that, even in presence of an elastic-perfectly plastic behaviour of the
transversal links, a smoothed nonlinear behaviour can be retrieved in terms of capac-
ity curve, since the links progressively yield. Although more complex constitutive
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behaviours can be adopted for the considered model (as already made in Cannizzaro
and Lourenco (2017); Chécara et al. 2018)), here the simplest constitutive laws have
been assumed in accordance with the adopted standards (NTC 2018). According to such
standards the simplified constitutive laws should be able to roughly retrieve the results
obtained with advanced tools (see for example the adoption of a reduced compressive
strength, 0.85%f,,, to account for the softening branch of the compressive behaviour of
masonry). To this purpose, relating a simplified model fully consistent with the code
prescriptions (model A) with more advanced tools based on nonlinear FE strategies
(models B and C), is one of the goals of this study.

One of the main advantages of this approach is the limited needed computational
effort with respect to nonlinear FE approaches (each element possesses four degrees
of freedom and can simulate the nonlinear behaviour of an entire masonry panel). For
the latter reason, it can be still considered a simplified approach; however, its spatial-
ity allows overcoming some drawbacks common to other simplified approaches. Pre-
cisely, each element can interact along all the four edges with other elements or with a
contouring frame for modelling mixed reinforced concrete- (or steel-) masonry struc-
tures (Calio et al. 2008). In addition, it allows a geometry modelling consistent with the
actual geometry of a wall, even in presence of irregular openings and does not need the
introduction of any rigid zone. Finally, the occurrence of combined failure mechanisms
can be caught and the extension to the three-dimensional behaviour, also in presence
of curved geometry (Caddemi et al. 2014; 2015), was achieved by introducing three
additional out-of-plane degrees of freedom and conveniently extending the calibration
procedures.

In this paper, the plane model is employed, i.e. no out-of-plane stiffness or resistance
of the walls is accounted for, considering the interaction between the masonry panels
and the ring beams. The slabs are rigid diaphragms, and a perfect vertical constraint is
introduced between orthogonal walls. The mechanical properties adopted in the numeri-
cal simulations are fully consistent with those reported in Table 2. For sake of com-
pleteness the set of adopted mechanical parameters is reported in Table 3 with reference
to the three possible in-plane failure mechanisms of a masonry panel and adopting a
specific weight equal to w=17.5 kN/m>. Regarding the flexural behaviour, the tensile
strength f, is assumed equal to the mortar strength f,,, see Table 2, and unlimited ten-
sile and compressive ductility is hypothesised; the ultimate diagonal shear drift y, is set
equal to 0.4%. The material is considered isotropic and the sliding mechanism is inhib-
ited. A sensitivity analysis to investigate the role of the shear strength 7, and relate it to
the mechanical parameters adopted by the other models is reported in Sect. 4.2.

As a final remark, all the checks relative to the ultimate flexural drift as well as that
of the base shear reduction, which are commonly specified by the codes, are disabled to
perform the numerical simulations. With regard to the reinforced concrete ring beams, a

Table 3 Adopted mechanical

properties, model A Damage mechanism Mechanical properties
Rocking fn=06.2 MPa f,=0.04 MPa E= 1800 MPa
Diagonal shear 7, =0.163 MPa G=600 MPa y,=0.4%

Shear yielding criterion: Turnsek and
Cacovic (Turnsek and Cacovic 1971)

Sliding Inhibited
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lumped plasticity approach is used, evaluating the plastic hinge properties according to
the geometric and mechanical data reported in Table 2.

3.2 Model B

Model B uses the d* d~ tension/compression damage model based on the continuous
model put forward by (Cervera et al. 1995), (Faria et al. 1998), (Wu et al. 2006), and
further refined by (Petracca et al. 2017a, 2017b, 2016) to correctly reproduce the non-
linear shear response of masonry walls and to control the effect of dilatancy.

The advantage of micromodelling is obtaining a different response from the masonry
wall in tension and compression, and at the same time, being able to describe unilateral
effect crack closure correctly.

The bi-dissipative damage model defines the effective stress tensor, o,

op=(+d)-o"+(—-d)-o (1)

where o, is the effective stress tensor, o and 5 are the positive and negative parts of the
effective stress tensor Ooff (elastic part), d* and d~ are, respectively, the tension and com-
pression damage indices and they influence the positive and negative parts of the effective
stress tensor o, (inelastic part). The compressive and tensile damage thresholds are calcu-

lated as:
_ — 1 7 o 1/37 >
T :H(—o‘min) I:m <(X11 + 3.]2 +k1ﬁ<0max>>:| (2)

™ =H®,,,) [1 1 - <af1 +1/30, + ﬂ(Emax>> ;] 3)
p

k-1
T 2, -1 “)
O-p
/32;(1—“)—(14'(1) Q)

t

Once the damage thresholds have been assessed, damage indices d* e d~ can be eval-
uated by means of two equivalent uniaxial laws where the degrading section is governed
by the values assumed by the compressive G, and tensile G, fracture energies (Fig. 4).

The mechanical properties for masonry compression strength f,, brick tensile strength
f,» and mortar tensile strength f,, used in the simulations are shown in Table 2; tensile
fracture energy G, and compression fracture energy G, were obtained with numerical
calibration.

The mortar elastic modulus was evaluated as follows (Lourenco et al. 1998b):

. h -E-E,
m = E, (hy +hy) — E- Iy, ©)
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Fig.4 a Tensile and b Compressive uniaxial laws (Petracca et al.2016, 2017a, b)
Table 4 Mechanical parameters g, i modulus of the brick E, [MPal 6000
used for the estimation of the
li}[tgctllecl rEr;odulus of the mortar in Young’s modulus of the masonry E [MPa] 1800
Joint thickness £, [mm] 10
Height of the brick 4, [mm] 60

where E,, is the adjusted elastic modulus of the mortar, E, is the elastic modulus of the
brick, E is the elastic modulus of the masonry, 4,, is the joint thickness and £, is the heigh
of the brick.

Table 4 shows the parameters adopted for the study case.

With the aforementioned parameters, the evaluated Young’s modulus of the mortar is
about 346 MPa.

Table 5 shows the mechanical properties, tensile fracture energy G, and compression
fracture energy G, used for the bricks and mortar. The fracture energies were calibrated
using experimental data. Precisely, the numerical capacity and ductility were calibrated
with experimental data available on masonry piers and spandrels by changing the unknown
parameters such as fracture energies and residual strength, as also done in D’Altri et al.
(2021).

3.3 Model C

Within this modelling framework, masonry nonlinear behaviour is supposed through a
homogeneous isotropic plastic-damaging 3D continuum. Such plastic-damage model,
firstly developed by Lee and Fenves (Lee and Fenves 1998), hypothesizes independent ten-
sile and compressive behaviours ruled by tensile damage (0 <d, < 1) and compressive dam-
age (0<d, < 1) variables. Thus, the uniaxial stress—strain curves can be described by:

o,=(1-d,) E(e, +€), 0,=(1-d,) E(e, + ), 0

where o, is the uniaxial tensile stress, o, is the uniaxial compressive stress, E is masonry
Young’s modulus, ¢, and ¢, are the uniaxial tensile and compressive strains, respectively,
and &/ and ¢ ” are the uniaxial tensile and compressive plastic strains, respectively (Fig. 5).
Consequently, the uniaxial stress—strain curves shown in Fig. 5 represent the main input
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Table 5 Masonry mechanical properties for Model B. a Brick b Mortar

Elastic module E [N/mm?] 6000
Poisson’s Ratio v -] 0.20
Shear strength o, [N/mm?] 1.22
Tensile Fracture Energy G, [N/mm] 0.05
Compression strength o, [N/mm?] -2.0
Compressive peak strength o, [N/mm?] —6.2
Residual strength o, [N/mm?] -2.0
Compression Fracture Energy G, [N/mm] 10.0
Peak deformation €, [-] -0.02
Elastic module E [N/mm?] 300
Poisson’s ratio v[-] 0.20
Shear strength 6, [N/mm?] 0.04
Tensile Fracture Energy G, [N/mm] 0.06
Compression strength o, [N/mm?] 2.0
Compressive peak strength o, [N/mm?] —6.2
Residual strength o, [N/mm?] -1.8
Compression Fracture Energy G, [N/mm] 50.0
Peak deformation €, [-] -0.06
(a) (b)
gt Oc
Ey 7
1 Fd Ey d |
g 1 A1-d)Ep
/A(l - dt)E() // 1 |
/1 ! 7 :
Ef Et z':t 5p Ec Ec

Fig.5 Nonlinear behaviour for Model C: a tensile and b compressive uniaxial stress—strain curves

for the model mechanical characterization. Although the model was originally proposed
for concrete like material, here it is adapted for masonry; despite the model is based on the
assumption of isotropic mechanical behaviour, by properly tuning the model parameters
it is possible to deal with the description of consistent (reliable) masonry global failure
modes for simple or complex geometry. The masonry mechanical properties for Model C
used in this study are collected in Table 6. Material parameter are set owing to the calibra-
tion done for the benchmark panel: setting the shear moduli and Poisson’s ratio to compute
the Young’s moduli for the stiffness calibration; tuning the uniaxial tensile behaviour to
better fit target analytical strength domains, see (D’Altri et al. 2021) for further details.
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Table 6 Masonry mechanical properties for Model C

Density [kg/m’] 1750
Young’s modulus E [MPa] 1440 MPa
Poisson’s coefficient v 0.2

Compressive behaviour

Stress [MPa] Inelastic strain d,
55 0 0
6.2 0.002 0
0.7 0.009 0.9

Tensile behaviour

Stress [MPa] Inelastic strain d,
0.198 0
0.02 0.001 0.9

In order to manage dilatancy in the material behaviour and to govern the plastic strain
rate, a nonassociative flow rule is supposed through a Drucker-Prager type plastic potential.
Such potential is described by the angle of dilatancy v, supposed equal to 10° according to
Mirmiran and Shahawy (1997), and a smoothing constant e supposed equal to 0.1 accord-
ing to (Milani et al. (2017); D’Altri et al. (2019b)). A multiple-hardening Drucker-Prager
type surface is supposed as yield surface, described by f,, / f,y, 1.€. the ratio between the
biaxial f,, and uniaxial f,, compressive strengths herein supposed f;,, / f.,=1.16 (Lubliner
et al. 1989), and a shape parameter p which represents the ratio of the second stress invari-
ant on the tensile meridian to that on the compressive meridian at primary yield, herein
supposed p=2/3 (Lubliner et al. 1989).

Within this study, the 3D continuum which represents masonry is discretized by means
of 4-nodes tetrahedral linear FEs, with representative size 0.4 m. In case of presence of
reinforced concrete floor beams, the same type of FEs is used to account for these beams
(so obtaining a conforming mesh), and linear elastic behaviour is supposed for floor beams.
In order to run pushover analyses and to account for possible global softening behaviour,
a quasi-static direct-integration implicit dynamic algorithm has been utilized (D’Altri et al.
2019b). Accordingly, this algorithm allows the simulation of quasi-static behaviours, in
which inertia is only introduced to regularize unstable responses.

3.4 Model D

The adopted method, first presented in Chiozzi et al. (2017), is based on a kinematic limit
analysis applied to a model composed of very few rigid elements in which the initial dis-
cretization is iteratively adjusted to minimize the kinematic load multiplier. A masonry
building is initially represented through a reduced number of 2D rectangular NURBS
(Non-Uniform Rational Bezier Spline) plate elements. Macro-blocks are derived by assign-
ing a thickness value to each plate element. Each one is considered as an infinitely rigid
and infinitely resistant body, hence no elastic parameters are required and its kinematics is
described in terms of the three degrees of freedom of the centroid. The internal dissipation
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Coulomb yielding domain, and ¢ 2D section

is allowed only on the common boundaries between adjacent blocks, where interface ele-
ments are defined. Therefore, interfaces represent possible fracture lines. The amount of
internal dissipation is computed by defining a 3D limit domain and assuming a rigid-plas-
tic behavior. The limit domain is defined in terms of tensile strength (f,=f,,), compres-
sion strength (f.=f,,), cohesion (z,), and friction angle (¢ =arctan(u)) and represents a
Mohr—Coulomb criterion with tension cut-off and linear cap in compression (see Fig. 6).
In the model of the two-storeys masonry building the values reported in Table 2 have been
maintained, i.e. tensile strength of 0.04 MPa, compression strength 6.2 MPa, shear resist-
ance in absence of normal stress equal to 0.163 MPa, tangent of the friction angle 0.58, in
addition to the specific weight equal to 17.5 kN/m®. For sake of simplicity, and to main-
tain a comparison with other models, an isotropic behavior has been considered. However,
an orthotropic behavior could be taken into account by defining the 3D limit domain as a
function of the inclination angle of the interface (a similar simplified procedure was fol-
lowed in Tiberti et al. (2020)).

By applying a standard kinematic limit analysis procedure, which can be summarized
into a linear programming (LP) problem, a load multiplier and a mechanism are derived.
This mechanism is defined in terms of a discontinuous velocity field, where velocity jumps
occur at the interfaces according to an associative flow rule.

_ Aa-Bh=0
min {4 = ¢k — f;u} such that  fa =1 (8)
A>0

where 4 is the load multiplier, @ represents the discontinuous velocity field, A are the non-
negative plastic multipliers at interfaces, c is the vector representing the amount of internal
dissipation, f; and f; are respectively the vectors of dead- (permanent) and live-loads, and
finally A and B are the matrices for the imposition of the compatibility constraints (i.e. the
associative flow rule).

It is worth noting that, within this kinematic approach, it is easy to impose constraints
aimed to avoid velocity jumps (i.e. the opening of cracks from a physical point of view)
in some parts of the structure. In this model, cracks have been forced to remain closed in
correspondence of the concrete edgings to reproduce the condition of rigid edgings, avoid
local failures (such as the overturning of a single wall), and guarantee the box behavior.

The presented LP problem allows to obtain a mechanism which takes place starting
from the interfaces of the initial mesh. However, the use of a very low number of blocks
makes this result highly mesh-dependent, with the consequence to represent incorrect col-
lapse mechanisms related to kinematic load multiplier far higher than the real collapse
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multiplier. Therefore, a mesh adaptation procedure is applied. The initial mesh is iteratively
adjusted by modifying the elements’ shape until interfaces coincide with the real fracture
lines. With this aim, a meta-heuristic approach based on a Genetic Algorithm (Haupt and
Haupt 1998) (GA) is adopted. Mesh modifications are even facilitated in models realized
through the NURBS geometry, in which subdividing of moving operations can be con-
ducted in easy way. The collapse load multiplier and the collapse mechanism are so identi-
fied. Some recent works related to this method can be found in (Tiberti et al. 2020; Gril-
landa et al. 2019,2020).

Finally, it has to be pointed out that the obtained mechanism is always affected by the
dilatancy effects deriving from the associative behavior in shear. When shear failures
occur, velocity jumps are observed along both the tangential and the normal direction
according to the associative flow rule. The dilatancy angle implicitly considered is equal
to the friction angle. To avoid dilatancy effects and obtain pure-sliding failures in shear, a
non-associative behavior can be reproduced. This requires the conversion of Eq. 8 into a
Sequential Linear Programming in which, at each iteration, the limit domain on each point
is modified into a fictitious domain with constant shear resistance increased according to
the Mohr—Coulomb frictional law. For a detailed dissertation about this numerical strategy,
we refer to Grillanda et al. (2021). In order to better compare the limit analysis result with
those provided through the other methods, a non-associative behavior with zero-dilatancy
has been assigned to the present model.

4 Results

This section reports the results of the numerical simulations conducted on the different
configurations adopting the models described in the previous Sect. 3. The summary of the
analyzed configurations with the adopted models is reported in Table 7.

After a critical comparison of the obtained results reported in Sect. 4.1, a sensitivity
analysis with respect to the shear strength to be adopted with software A is reported in
Sect. 4.2, aiming at justifying and interpreting some of the discrepancies observed among
the models with the adoption of the reference values of the mechanical parameters; then,
the influence of the way to apply the horizontal forces is further investigated in subsec-
tion 4.3, namely comparing the results of the nonlinear analyses when the horizontal loads
are applied at the floor levels only or along the whole height of the building. The latter
aspect was investigated considering the software packages C and D. For the reference
results reported in Sect. 4.1 the load assignment with the latter software environments is
considered as concentrated at the floor levels.

Table 7 Analysed configurations of the case study

Software BS4_P1/B BS4_P1/C BS4_P2/B BS4_P2/C BS4_P2/D
A X X X X X
B X X X X -
C - - - X -
D - - - - X

@ Springer



Bulletin of Earthquake Engineering

(a) 600
—Sofitware A
500 -- Software B

400

Yo
S
S

Base shear [kN]

S
n

10 15 20
Displacement [mm]

I' . &
i 2
ngmﬁ?

Fig.7 Configuration BS4_P1/B: a capacity curves and damage pattern at collapse associated to software, b
AandcB

o
iy

e

A cross check among the models consisted in the total mass of the structure, which was
evaluated for the configurations without and with ring beams in 100.28 t and 102.09 t,
respectively.

4.1 Comparisons of the results obtained with the different software packages

This section reports the results of the nonlinear static analyses. For each of the analysed
configurations, in Figs. 7, 8, 9, 10, 11, the capacity curves and the damage patterns of the
employed software packages are reported. No cracked state, that considers a reduction of
the elasticity moduli, is accounted for in the numerical simulations, since all the structural
models (except model D which is employed in the field of limit analysis) consider a pro-
gressive damage and stiffness degradation. The pushover curves are reported in terms of
base shear vs horizontal displacement of the centre of gravity of the top floor.

For a better interpretation of the damage pattern, it should be considered that each soft-
ware has different representations. Software A reports damage indicators at the panel scale,
namely red and yellow lines along the edges of the panel, which are associated with tensile
and compressive yielding, respectively, whereas the ‘X’ in the centre of the panel indicates
the achieving of the yielding of the diagonal links (or their rupture if the ‘X’ is inscribed
in a square). Software B and C report a colour map as a function of a damage parameter
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Fig.8 Configuration BS4_P1/C: a capacity curves and damage pattern at collapse associated to software b
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ranging from O to 1, whereas software D represents the collapse mechanism with a decom-
position of the structure in blocks.

In the case of configurations BS4_P1/B (Fig. 7), BS4_P1/C (Fig. 8) and BS4_P2/B
(Fig. 9) only the first two software packages were employed. The collapse mechanism
mainly involves in all these configurations the crisis of both piers and spandrels, mainly
at the first level and partially at the second one. The presence of the ring beams tends to
preserve the spandrels from damaging and to concentrate the failure at the piers, which
is confirmed by both the modelling approaches. Regarding the failure mode, both models
show the occurrence of diagonal shear cracking in the spandrels, whereas some differences
are encountered in the damage patterns of the piers. Specifically, software A exhibits rock-
ing at the first level; on the other hand, software B mainly shows combined failure modes
for all the piers at the base level. When the damage involves the piers at the second level
the damage pattern is always of rocking type for both software.

The two approaches lead to different results in terms of global resistance and damage
pattern (particularly for the piers of the first level); on the other hand, very close initial
stiffnesses are observed for all the three configurations. Therefore, it can be stated that the
contribution of the out-of-plane stiffness does not play a crucial role in the initial response
of the structure. In terms of post-peak behaviour, software B shows a gradual decrease of
the strength, whereas software A has different behaviours according to the encountered
failure mode, namely a gradual loss of resistance for configuration BS4_P1/B associated
to the achieving of the ultimate shear drift in the spandrels, no decrease for configuration
BS4_P1/C where the failure mode is of rocking type and no check is activated to limit the

@ Springer



Bulletin of Earthquake Engineering

(a) 600
—Software A

500 -- Software B

-
S
S

)
S
S

Base shear [kN]
IS
S

0 5 10 15 20 25
Displacement [mm]

(b)

Fig.9 Configuration BS4_P2/B: a capacity curves and damage pattern at collapse associated to software, b
AandcB

flexural rotation of the panels, and with a sudden large loss of resistance for configuration
BS4_P2/B due to the achieving of the ultimate shear drift in the pier at the first level of the
rear longitudinal wall (which is followed by the complete loss of the carried load).
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The results obtained for configuration BS4_P2/C, Fig. 10, for which software C is also
employed, confirm that the presence of ring beams increases the resistance of the building
with respect to configuration BS4/P2_B (as also for configuration BS4_P1/C with respect
to BS4_P1/B). In terms of initial stiffness, the three models provide a similar outcome.
In terms of resistance, software A and C provide similar peak loads, whereas software B
shows a lower peak load, which can find a justification in the role of the shear strength as
better shown in Sect. 4.2. The two FE models agree in terms of smoothed loss of resistance
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Fig. 11 Configuration BS4_P2/D: a capacity curves and damage pattern at collapse associated to software
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in the post-peak phase, in contrast with the sudden loss of strength associated to the diago-
nal behaviour of the model employed in software A.

In the same graph a grey band, corresponding to the envelope of the results obtained
in Manzini et al. (2020) with EF models for the same configuration of the building, is
reported; although the peak resistance scatter embeds the corresponding values obtained
with software A and B, a major discrepancy with respect to the models employed in the
present study is encountered in terms of initial stiffness. It is worth noting that the ini-
tial stiffness, as also explained in Castellazzi et al. (2021), are set according to a conven-
tional degradation in the case of EF models (assuming a coefficient of reduction of the
elastic stiffness equal to 0.5), and considering a progressive degradation associated to the
evolution of damage for all the models adopted in this study. Therefore, the difference in
terms of initial stiffness can be justified with the different assumptions in terms of elastic
mechanical properties and are consistent with the results obtained at the real building scale
in Castellazzi et al. (2021). In addition, the EF models show a higher scatter in terms of
initial stiffness with respect to the models here employed, for which the discrepancy is
basically negligible.

In terms of collapse mechanism, the damage mainly involves the piers at the first floor
with combined rocking-diagonal shear mode for all the three models; in addition, the two
FE models (software B and C) show a slight involvement of the spandrels at the second
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level. The opening of a plastic hinge in the ring beam of the front longitudinal wall is
observed with software A.

In the case of configuration BS4_P2/D, Fig. 11, where the rotations at the floor lev-
els are blocked (“shear-type” hypothesis), the results obtained with software A and limit
analysis (software D) are compared. The resistance in the two cases is quite similar (482.6
kN vs 547.5 kN) and, as expected, software D shows a higher resistance than software A
since the resistance of all the elements involved in the collapse mechanism is activated at
the same time. A major agreement of the two approaches is encountered in terms of failure
mode, being involved in both cases the masonry piers at the first elevation with combined
rocking-diagonal shear mechanisms.

4.2 Calibration of the shear strength adopted in the macro-modelling strategy

The role of the shear strength is investigated in this section through a sensitivity analy-
sis conducted with software A. The diagonal shear behaviour is governed by independent
parameters according to the considered modelling strategy. In particular, for the discrete
macro-model adopted by software A, which requires the adoption of a shear strength 7, (the
yielding dominium type and the ultimate drift), and for the FE model employed in software
C, requiring an equivalent tensile strength (and a corresponding fracture energy), a uniaxial
constitutive law is enough to completely characterize the diagonal shear behaviour of the
masonry. On the other hand, such a behaviour is the outcome of a set of parameters and
constitutive laws for the detailed modelling approach implemented in software B, as better
specified in Sect. 2. The reference parameters adopted to perform the numerical simula-
tions in Sect.4.1 can therefore lead to apparent mismatching results (in terms of global
resistance and failure mechanism) if the adopted mechanical parameters are not correlated
to each other. In addition, all the models but model B (for which an orthotropic behaviour
is retrieved through the meso-scale texture) are characterized by an isotropic behaviour,
which has been shown to have limits in the simulation of the diagonal shear behaviour
(Casolo et al. 2019). With regard to the diagonal shear behaviour, there are still open issues
related to the post-peak behaviour. One of the aspects is related to the constant ultimate
shear drift usually adopted by the codes (NTC 2018) (typically 0.4%), irrespectively of the
acting confinement action, which is in contrast with the experimental tests (Morandi et al.
2018) and advanced numerical simulations (D’Altri et al. 2021).

To provide a justification of the obtained results, a sensitivity analysis with respect to
the shear strength 7,, was performed with software A. Five values of shear strength are
considered in addition to the reference one 7,=0.163 MPa, namely 0.04; 0.06; 0.085; 0.11;
0.135 MPa (being 0.04 equal to the tensile strength of the mortar f;,). The results in terms
of capacity curves and damage pattern of the front longitudinal wall, are summarized in the
following Figs. 12, 13, 14, 15, 16.

Regarding the global resistance it can be noticed that, as expected, as the shear strength
reduces, the global resistance diminishes. The best match with the micro-modelling
approach of software B is encountered in correspondence of a shear strength 7z, equal to
0.085 MPa in the configurations for which the comparison was possible, Figs. 12, 13, 14,
15.

As a further confirm of the crucial role played by the shear strength, the failure mecha-
nisms obtained by software A and B tend to get more similar to each other. As the shear
strength of the panels diminishes, the damage pattern of the piers at the first level (in
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Fig. 13 Sensitivity analysis with respect to the shear strength 7, conducted with software A: a capacity
curves and b damage pattern at collapse (configuration BS4_P1/C)

particular the central one) tends to shift to a combined rocking-diagonal shear failure mode,
Figs. 13, 14, 15, which is consistent with the collapse mode obtained with software B.

In Figs. 12b, 14b it can be noticed how the reduction of the shear strength changes
the collapse mechanism at the second level from the rocking of the piers towards the
diagonal shear failure of the spandrels. Similar considerations can be made for all the
analysed cases. Although not investigating the mechanical parameters governing the
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post-peak behaviour, the latter aspect plays a role in the failure mechanisms obtained
with model A; precisely, the adoption of a fixed ultimate shear drift y,=0.4% for the
diagonal shear behaviour leads to comparable levels of the global ductility, even con-
sidering different values of the shear strength, when the collapse mechanism is of shear
diagonal type (both in the case of piers of spandrels). The latter aspect is clear in Fig. 12
where a drop in the global resistance is observed at around 10 mm for values of the

@ Springer



Bulletin of Earthquake Engineering

(@) o0

500

PN
S
S

300

hear [kN]

s

004 MPa
=006 MPa
=0085 MPa
0.11 MPa
0.135 MPa

e A 50163 MPa -

0 5 10 15 20 25
Displacement [mm]

(b)

7,=0.04 MPa 7,=0.06 MPa 7,=0.085 MPa 7,=0.11 MPa 7,=0.135 MPa 7,=0.163 MPa

200

Base

100

Fig. 16 Sensitivity analysis with respect to the shear strength 7, conducted with software A: a capacity
curves and b damage pattern at collapse (configuration BS4_P2/D)

shear strength 7, equal to 0.04, 0.06, 0.085, 0.11 and 0.135 MPa, whereas in the case
of 7,=0.163 MPa, the damage evolution is partially shifted towards the rocking failure,
thus delaying the occurrence of diagonal shear collapse mode.

The obtained results are due to the independency of the shear strength 7, from the set
of parameters (I,/hy, f,;, f,0» H> fn) that characterize the diagonal shear behaviour in soft-
ware B. Specific calibration processes of the micro-modelling strategy, as that adopted
in D’Altri et al. (2021) at the panel scale, could be employed at the scale of buildings to
obtain an improved match of the results.

The same considerations hold also for configuration BS4_P2/D, for which the shear
strength directly influences the global resistance of the building, thus demonstrating the
predominating role of the diagonal shear behaviour in the nonlinear response of this
benchmark structure.

4.3 Assessment of different load assignment modes

The application of loads follows, in general, conventional assumptions about the load
pattern geometry (first mode triangular shape, uniform proportional to mass locations)
and to its summarized reduction within the modelling definitions. In order to evaluate
the effect of different load assignment modes, two different investigations are performed
considering model C and D.

In the case of model C a parametric study based upon the wall thickness variation by
considering the application of load to floor level (concentrated) or by distributing the
application over nodes (distributed) is proposed. To push the comparison, for the pro-
posed benchmark we consider a wide range of wall dimensions: thickness of 10, 25, 40
and 70 cm are considered. Results are provided in Fig. 17 in terms of pushover curves
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for uniform and triangular load patterns, respectively. Loads are computed proportion-
ally to dead load, and base shear increases according to the thickness variation, then,
in order to provide information about the thickness influence we track the difference
between the pushover curve obtained for concentrated and distributed load respectively.
For lower thickness the difference between the two load assignment modes is negligible,
while, for increasing values of thickness an increasing gap between base shear values
is evident. This increasing gap is more pronounced for uniform than for triangular load
path application.

This aspect is also highlighted in Table 8, which shows the percentage variations
of the maximum base shear in the two cases considered, which reach the maximum
(27.5%) in the case of a "uniform" distribution applied to the thickness 70 cm.

However, it can be observed that when the method of applying the horizontal load to
the structure varies, the crack pattern does not vary significantly, as shown in Table 9.

The analysis of the two-storeys masonry building through adaptive NURBS limit
analysis (model D) is also presented. The NURBS model is composed of two surfaces
for each perimeter wall (one per storey). Additional surfaces have been inserted to model
the concrete edgings. In particular, an equivalent specific weight has been assigned to
the longitudinal edgings to take into account the load given by the supported floors.

Table 8 Influence of the method of application of the horizontal loads to the variation of the thickness per-
centage variation of the maximum cut V5

Thickness Load distribution Concentrated loads Distributed loads Variation %
Viax Viax

10 cm Uniform 264 kN 286 kN 8.3

10 cm Triangular 254 kN 257 kN 1.2

25 cm Uniform 535 kN 607 kN 13.5

25 cm Triangular 487 kN 515 kN 5.7

40 cm Uniform 788 kN 944 kN 19.8

40 cm Triangular 736 kN 782 kN 6.3

70 cm Uniform 1298 kN 1655 kN 27.5

70 cm Triangular 1178 kN 1319 kN 12.0
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Table 9 Influence of the method of application of the horizontal loads to the variation of the thickness:
damage pattern for mass proportional force distribution
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A horizontal load has been applied along the longitudinal direction. Similarly to the
previous cases, two horizontal load conditions have been considered, the first one con-
stituted by pointed loads applied at the floor levels and the second one with a distributed
load proportional to masses.

The initial mesh was defined by subdividing the two longitudinal and the two trans-
versal walls respectively into 3 X4 and 3 X 1 rectangular elements. The surfaces assigned
to the longitudinal edgings have been subdivided into 4x 1 elements to maintain the
correspondence between elements’ vertices. However, as previously mentioned, veloc-
ity jumps along interfaces between adjacent edging-elements have been imposed null to
reproduce the condition of rigid edgings and avoid local failures. This initial mesh can
be adjusted through a total of 82 parameters, representing the allowed movements of
elements’ vertices. For both the load cases, a population of 80 individuals and a maxi-
mum number of 200 generations have been used within the Genetic Algorithm. Results
are presented in Fig. 18.

The optimized collapse mechanism and the associated base shear values are shown.
The most evident damage is observed at the first storey, where both flexural openings
and sliding cracks affected all four perimeter walls. As regards both the base shear and
the collapse configurations, a good agreement is observed with the previous numerical
methods. Moreover, it can be noted that the first load case, i.e. composed of pointed
load at the floor levels, provided a lower base shear value in comparison with the second
one. This result confirms the previous considerations in this subsection.
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Fig. 18 Collapse mechanisms and base shear obtained through adaptive NURBS limit analysis
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5 Conclusions

This paper analyses one of the benchmark structures proposed within the research task
“URM nonlinear modelling—Benchmark project”, part of the wider ReLUIS projects
funded by the Italian Department of Civil Protection and conducted starting from 2014
by several teams of Italian Universities. The goal of the work package consists in critical
comparisons and cross validation among software tools available for professional engineers
and further proposal under investigation in the academic context. The project is focused on
the study of simple structures exhibiting recurring and clearly identifiable features, thus
providing reference results in terms of seismic assessment and bringing to light common
issues in the use of commercial software environments and highlighting the differences in
their basic assumptions.

In particular, the case study here analysed is a two-story masonry building with rigid
diaphragms, modelled considering different openings disposals and structural details (e.g.
accounting for the presence of ring beams or assuming the ‘shear-type’ hypothesis), on
which nonlinear static analyses were conducted. Four software packages employing two-
and three-dimensional models were used, each of them implementing a specific model-
ling approach, namely a simplified two-dimensional mechanical-based model, a detailed
discontinuous FE model, a continuous FE model, and a new approach based on a limit
analysis strategy. The numerical methods under investigation are characterized by very
different computational burden and modelling strategies. Namely three models consider a
macro-scale discretization and one a detailed nonlinear FE approach. The obtained results
exhibit a significant scatter between the meso-scale modelling, that implicitly incorporate
the orthotropic nature of the masonry media, and the other isotropic modelling strategies
performed at the macro-scale. This aspect needs to be further investigated since most of
the modelling strategies currently adopted by practitioners do not take into account this
feature. Some software needs the introduction of material data difficult to obtain via in-
situ experimental tests (e.g. fracture energy) or require the introduction of a considerable
amount of parameters generally not available for practical applications, as in the case of the
meso-scale approach.

Aiming at providing a numerical interpretation of the scatter in the overall resistances
obtained with the different software packages, a sensitivity analysis with respect to the
shear strength is performed, showing that the Discrete Macro-Element and the discontinu-
ous FE model provide similar results in terms of resistance and failure mechanisms once
the diagonal shear behaviour is basically equivalent although characterized by different
parameters. Such aspects lead to warmly encouraging a careful modelling of the diago-
nal shear behaviour irrespectively of the adopted numerical model and corresponding soft-
ware tool adopted. Finally, the way to apply horizontal loads, which is a possible source of
uncertainty in the numerical modelling, is investigated; loads concentrated at the floor level
and distributed along the whole height of the building consistently with the actual mass
distribution are considered, showing that the first option may lead to a significant underes-
timation of the bearing capacity of the structure.
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