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Abstract. This study explores the use of macro-modelling techniques based on smeared crack
and damage-plastic constitutive laws for the cyclic in-plane analysis of masonry panels. The
numerical investigation is focused on two material macromechanical models, known as Total
Strain Cracking and Crack and Plasticity models. These show some limitations when analysing
the behaviour of masonry structures subjected to in-plane cyclic loading. A modified version of
the Drucker-Prager model including cohesive softening is introduced to overcome these
shortcomings.

A suite of numerical simulations is performed referring to an experimental campaign on two
masonry (squat and slender) panels. A comparison of distinctive features of flexural and shear
response of masonry panels is addressed. The results derived from the two FE macro-models
are compared with the experimental outcomes, highlighting the effects of geometry, stiffness
degradation, and post-peak energy dissipation. Furthermore, a comparison with another
macromechanical model is performed.

1 INTRODUCTION

Masonry buildings are a relevant part of the existing civil, architectural and cultural heritage.
The preservation of their structural integrity is a very challenging task, requiring the
development of accurate and efficient procedures to assess their safety and stability.
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Unreinforced masonry structures typically show a high seismic vulnerability and require
repairing and strengthening interventions to reduce their collapse risk [1]. An accurate
evaluation of the unreinforced structure response is a fundamental step, given the complexity
and heterogeneity of masonry material, to design possible efficient interventions. The main aim
is to investigate the onset and evolution paths of the damaging mechanisms that can lead to the
structural collapse under seismic actions. Several studies were conducted to characterize the
different damage mechanisms, which can be caused from various external actions, and study
how to provide the safety of these constructions [2]. Analytical and numerical procedures based
on different modelling approaches exist in the literature [3]. The main available strategies for
masonry structures can be broadly classified as follows: limit analysis, where limit plasticity
theorems are applied to evaluate the static response of the structures, macroelement models,
where the constructions are idealized in structural components adopting nonlinear constitutive
laws, finite element modelling (FEM), where the structures are discretized with different detail
scales, and discrete element method, where the buildings are described as an assemblage of
distinct blocks interacting along the boundaries. A comprehensive and more detailed review
can be found in [4].

Limiting the attention to FEM, different approaches can be recognized as micromechanical and
macromechanical formulations. The former approach describes masonry in detail,
differentiating between block, mortar and interfaces [S]—[7]. The information on the geometry,
texture and constituents is accurately described, as well as their constitutive behaviour. In the
latter approach, the real heterogeneous masonry material is substituted by an effective
homogeneous continuum medium, where proper phenomenological constitutive laws have to
be introduced [8]-[12]. Indeed, several nonlinear constitutive laws have been developed with
the aim of reproducing an increasingly realistic description of the structures [13].
Macromechanical finite element models are today the most convenient ones when engineering
large to super large problems. The macro constitutive laws for masonry usually rely on a
damage and/or plasticity model. Damage models are often combined with a plasticity
formulation with the aim of better reproducing the masonry structural response (strongly
characterized by energy dissipation). Different approaches were proposed to describe damage
from a phenomenological point of view. In particular, models based on the classical theory of
Continuum Damage Mechanics [ 14], in which the material is assumed as a continuum medium,
or formulated according to Fracture Mechanics theory, in which discrete cracks of finite size
are explicitly modelled, can be distinguished.

In 1968, Rashid introduced the smeared crack formulation, that is a counterpart of the discrete
crack concept. This considers the medium, where different cracks are present, as a continuum
material [15]. The simplicity of the approach captured the attention of the scientific community
and most of the FE codes have adopted this approach. In such a context, this paper investigates
the use of macromechanical constitutive models to analyse the nonlinear degrading response of
masonry structures. In particular, the study focuses on two material constitutive laws belonging
to the class of the so-called Smeared Crack Models (SCM), known as Total Strain Cracking
and Crack and Plasticity [15,16]. The results of the experimental campaign conducted by
Anthoine et al. [18] are numerically reproduced and a comparison on distinctive features amid
the flexural and shear responses of masonry panels is addressed. Firstly, monotonic tests are
performed to validate the mechanical parameters deduced from literature and prove the model’s
efficiency to reproduce the real damage mechanisms. Then, the cyclic behaviour of the tested
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masonry panels is investigated under in-plane cyclic loading. Some of the limitations of the
models are highlighted and, to overcome such restrictions, a modified version of the Drucker-
Prager model including cohesive softening is proposed. The effects of the geometry, stiffness
degradation, and post-peak energy dissipation are investigated. Comparisons between the
adopted macro-models and the experimental outcomes are shown in terms of global in-plane
cyclic response of the masonry panels; meaning the envelope capacity curve and the crack
mechanisms. Furthermore, the results from a continuum damage-plastic model proposed in
Gatta et al. [13] is also addressed.

2 MACROMECHANICAL MODELS FOR MASONRY

This section describes the macromechanical finite element models adopted to numerically
reproduce the structural response of the masonry panels from the selected experimental
campaign. A brief description on the constitutive laws is first stated and the differences between
the models are highlighted after. Finally, a short comment on the employed regularization
technique to overcome the mesh-dependency of the FE solution is also provided.

2.1 Smeared crack and continuum damage constitutive models

Two smeared crack models implemented in the FE code DIANA [19] are first described, the
so-called Total Strain Cracking and Crack and Plasticity models. A modified version of the
latter is also presented to better reproduce some features of the nonlinear response of masonry
structures. At the end, a macromechanical model based on Continuum Damage Mechanics is
introduced [13] with the purpose of comparing the different approaches.

The Total Strain Cracking material models available in DIANA can be categorized into fixed,
rotating and fixed multi-directional smeared crack approach [17]. The Total Strain Rotating
Crack (TSRC) model is used in this study. This computes the stress as a function of the strain
and follows a smeared approach to describe the fracture process. According to the rotating
concept, the crack directions are updated to rotate with the principal directions and to be aligned
with them during loading history. The basic concept of the TSRC model is that the stress vector
is evaluated according to the intrinsic reference system of the crack, given by the axes parallel
and orthogonal to the crack. The smeared fracture process is activated when the maximum
principal stress, evaluated at a Gauss point of the FE, exceeds the tensile strength. The shape of
the tensile softening diagram controls the cracking phenomenon, being governed by the fracture
energy parameter of the material that is given by the area under the stress-strain diagram. Two
values are introduced for the fracture energy parameters, i.e. g; and g that are associated,
respectively, with the tensile and compression behaviours. In this study, an exponential law
governs the softening branch in tension and a hardening-softening parabolic law the post-peak
response in compression.

The Crack and Plasticity (CP) model is based on the smeared crack approach used to simulate
the tensile post-cracking behaviour, whereas the Drucker-Prager plasticity model is adopted to
simulate the compressive response. The CP model can be categorized as a multi-fixed smeared
crack model with an elastic-plastic constitutive law in compression. According to the multi-
fixed crack formulation, and differently from the fixed smeared crack model where only one
fixed crack can form at each integration point, more than one crack is allowed to form. In the
multi-fixed crack model, the first crack is formed perpendicular to the direction of the maximum



M. Nocera, L.C. Silva. D. Addessi and P.B. Lourengo

principal stress. After that, another crack is allowed to form if the tensile strength is again
violated by the major principal stress and if the angle between the existing crack and direction
of the major principal stress exceeds a certain value, 1.e. the threshold angle that is usually set
to be 30 degrees. As for the TSRC model, the cracking phenomenon is governed by the shape
of the tensile softening, defined by the fracture energy g:.. For this study, post-peak tensile
stresses decrease following a linear law.
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Figure 1: Masonry stress-strain law: TSRC (a) and CP (b) model.

To overcome some shortcomings of the described CP model by its limiting capability of
reproducing the real response of masonry, a modified version is here proposed. In particular,
with the aim of describing the degrading phenomena also in compression, a cohesive softening
is introduced in the Drucker-Prager model, giving rise to the designated Modified Crack and
Plasticity model (MCP). The compressive softening law is empirically included in the Drucker-
Prager model with strain hardening, whereas the tensile response still follows a bi-linear branch.
Consequently, the hardening-cohesion function in Figure 2a is implemented in DIANA, thus
modifying the compressive response of the CP model. Figure 2b shows the masonry stress-
strain law adopted for the MCP model.
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Figure 2: Cohesion hardening function (a) and masonry stress-strain law for MCP model (b).
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Finally, a macromechanical model based on the classical theory of Continuum Damage
Mechanics is investigated [13], here denoted as CDP (continuum damage-plastic) model. The
stress—strain constitutive relationship is based on a damage-plastic model, coupling an isotropic
two-variable damage model and the Von Mises plasticity formulation with isotropic and
kinematic hardening. This is based on the introduction of two different damage variables,
distinguished for prevailing tensile and compressive states, to reproduce the unilateral
phenomenon, that is the stiffness recovery due to the cracks re-closure when moving from
tension to compression.

2.2 Mesh-dependency and regularization issues

Different techniques can be adopted to overcome the mesh-dependency of the FE solution,
when constitutive laws with strain-softening are adopted. For the smeared crack models
presented above, TSRC and CP, a fracture energy regularization is used [20] in order to get
mesh independent solutions. This relies on the assumption that dissipation within the single
element has to be independent from the element size. To this end, the constitutive law is
properly modified such that the energy dissipated in the FE is equal to the assigned value G;
with i = ¢,¢. For each element, a characteristic length 4° is defined, which depends on the size,
shape and interpolation function of the used finite element. Both the mentioned models, that is
TSRC and CP, make use of the Rots’ element based method [15]. The specific fracture energies
gi, defined as per Eq.(1), is then scaled so that it results g; #° = G; for each element.

fud 1 o (1)
gi = f o (e)de + 5 oifoi withi=t¢tc

oi

Conversely, a regularization technique based on the nonlocal integral approach is adopted for
the damage-plastic model CDP [21]. Following this formulation, a nonlocal integral definition
of the damage associated variables Y;,., that is those driving the damage evolution process, is
introduced in the model. Then, the nonlocal quantities Y, ., at the Gauss point X, are defined as:

2)

}_/t/c(x) = Yt/c () Y (x,5)dA(s)

Iy ¥(x,5)dA(s) L

in which Y. 1s a local variable at the generic point s located in a proper defined neighbourhood
of point X. The classical Gaussian distribution is assumed as weighting function, with ¢
denoting the nonlocal radius of the neighbourhood related to the material internal characteristic
length.

3 NUMERICAL APPLICATIONS

The experimental campaign conducted by Anthoine et. al [18] is here considered (Figure 3a).
Two solid clay panels, characterized by different height/width ratio and assuming identical
boundary conditions, are investigated. The bottom side of the walls is completely restrained,
while the top side is prevented to rotate. The panels are firstly subjected to a vertical force equal
to 150 kN, kept constant during the test, and then a cyclic horizontal displacement history is
applied on a steel beam rigidly connected to the top of the walls. The lateral displacement is
imposed quasi-statically and characterized by a cyclically increasing amplitude. Two or three



M. Nocera, L.C. Silva. D. Addessi and P.B. Lourengo

cycles are performed for each amplitude. The geometry of the panels is shown in Figure 3b and
3¢ with the thickness equal to 250 mm.
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Figure 3: Experimental campaign selected: (a) setup [18], and geometry of the (b) high panel and (c) low panel.

The experimental response of these panels is compared with the numerical prediction of the
macromechanical models described before. A plane stress formulation with a 2D four-point
quadrilateral FEs and within a 2x2 Gauss integration rule is adopted. A mesh made of 10x20
FEs is used for the high panel, while 10x14 FEs are adopted for the low panel. The mechanical
parameters used in the FE models deduced from [22] are contained in Table 1, where E is the
Young’s modulus, v is the Poisson’s ratio, o; and o are the tensile and compressive strength
values, respectively, G; and G. are the value of tensile and compressive fracture energy terms
chosen according to [23], and y is the masonry mass density. For the CP model, other
mechanical parameters as the cohesion ¢ (deduced from [19]) need to be defined, see Table 2.

Table 1: Mechanical parametes adopted for the TSRC and CP models.

E[MPa] v o[MPa]  o[MPa] G[N/mm] GJN/mm] y[T/mm’]
1700 0.15 0.25 6.2 0.015 1 1.652¢-9

Table 2: Mechanical parametes adopted for the CP model.

c[MPa] Friction angle [rad] Dilatancy angle [rad]
1.7898 0.5236 0

3.1 Monotonic loading

Following the experimental loading history, a vertical force equal to 150 kN is applied and
kept constant during the test. A monotonic horizontal displacement history is imposed on the
top of the walls. The results are monitored in terms of global in-plane response curve, meaning
the envelope capacity curve, by depicting the total base shear versus the horizontal applied
displacement. Figure 4 shows the comparison between the numerically obtained curves (red
dashed curves and blue dashed-point curves) and the envelopes (black star symbols)
corresponding to the cyclic experimental response for the high (Figure 4a) and low (Figure 4b)
panels. Although some differences emerge between the two models, the numerical results are
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in quite good agreement with the experimental ones. The TSRC model (blue dashed-point
curves) gives a smoother nonlinear response, whereas the CP (red dashed curves) shows sudden
drops due to crack’s formation. Moreover, in the case of the squat (low) panel, the TSRC also

shows a sudden brittle strength loss that is not clear for the CP model.
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Figure 4: Comparisons between experimental and numerical (TSRC and CP) force-displacement response curve
under monotonic loading: (a) high or slender panel, and (b) low or squat panel.

Figure 5: Crack patterns for the high (slender) wall: (a) TSRC for s=2 mm; (b) TSRC for s=12 mm; (c) CP for
s=2 mm; and (d) CP for s=6 mm.

(¢ (d)
Figure 6: Crack patterns for the low (squat) wall: a) TSRC for s=2 mm, b) TSRC for s=7 mm, c) CP for s=2
mm, d) CP for s=4 mm.
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3.2 Cyclic loading

Regarding the cyclic tests performed within the selected experimental campaign (see Figure
3), the cyclic displacement-history shown in Figure 7 is applied to the two panels. The results
obtained with the two FE models, the TSRC (blue dashed-point curves) and CP (red dashed
curves) models, are presented in Figures 8 and Figure 9 and compared with the experimental
outcomes (black star symbols) for high and low panels in terms of force-displacement global
curve.
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Figure 7: Cyclic displacement history applied to high (a) and low (b) panel.

Figure 8 shows a different trend for the global response curves of both models. It can be
explained by the different damage mechanisms that arise during the evolution of the numerical
and experimental tests. Indeed, the low wall shows a brittle failure response, with the formation
of shear diagonal crack in the middle of the panel. A shear mechanism characterizes the
response of the low panel; in converse the high wall shows a flexural failure with the formation
of large damaged zones located at the top and bottom sides. Although the monotonic numerical
analyses seem to reproduce well the damage mechanisms occurring in the two panels (Figure 5
and 6), the comparison of the numerical and the cyclic experimental results is not very
satisfactory. In particular, the numerical models are unable to describe the hysteretic dissipation
mechanisms, which is the area under the experimental cyclic curves, particularly relevant for
the nonlinear response of the low panel.

To overcome the latter limitation of both models to match the experimental response, the
modified version of the CP formulation, i.e. the MCP model, has been adopted as introduced in
section 2.1. Figure 10 shows the comparison between the results obtained with the MCP model
(magenta dashed curves) and the experimental outcomes (black star symbols) for both the
panels. The numerical results obtained for the high panel correlates now better with the
experimental response. Yet, the advantage of using the MCP model is less evident in the case
of low panel. To be noted is that, in this model, the plasticity evolution is controlled by the
cohesion that is, by itself, ruled by the compressive strength. Therefore, starting from an
experimental compressive strength value, the effect of plasticity is not properly taken into
account during the dissipation process. Instead, starting from an experimental cohesion value,
numerical results are more consistent with the experimental ones, although the compressive
strength threshold seems to be unrealistic. This issue deserves further investigations.
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Figure 8: Comparisons between experimental and numerical (TSRC) force-displacement response curve
under cyclic loading: a) high and b) low panel.

Furthermore, a comparison with the macromechanical continuum damage-plastic model
presented in [13] is performed (Figure 11). The mechanical parameters used for this model are
also deduced from [13]. The damage-plastic model reproduces better the experimental
responses, especially for the low wall. Indeed, this satisfactorily describes the effect of the
energy dissipation due to shear mechanisms occurring in the panel. Regarding the crack patterns
(Figure 13), both the latter models are able to describe the distinctive features of flexural and
shear response shown by the high and low masonry panels during the experimental campaign,
although the continuum damage-plastic model gives more spread damaged in respect to the
MCP. This is due to the different way that both models describe the degrading behaviour of
masonry, that is by means of the introduction of a continuum damage variable or adopting a
smeared crack formulation, as well as to the different regularization technique implemented.
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Figure 9: Comparisons between experimental and numerical (CP) force-displacement response curve under
cyclic loading: a) high and b) low panel.
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Figure 10: Comparisons between experimental and numerical (CPM) force-displacement response curve under
cyclic loading: a) high and b) low panel.
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Figure 11: Comparisons between experimental and numerical (MCP and CDP) force-displacement response
curve under cyclic loading: a) high and b) low panel.

(b)
Figure 12: Crack patterns: MCP, CDP and experimental outcomes: a) high and b) low panel.

9 CONCLUSIONS

The structural response of two masonry panels (low or squat and high or slender)
experimentally tested by Anthoine et. al [ 18] has been numerically reproduced through different

10
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macromechanical FE models: (i) based on smeared crack approach; and (ii) based on a
continuum damage model. In particular, the use of macro-modelling techniques based on
smeared crack and coupled damage-plastic constitutive laws for the cyclic in-plane response
prediction of these masonry panels was explored. A fracture energy regularization technique
was used for the smeared crack models and a nonlocal integral approach for the continuum
damage-plastic model.

Two material constitutive macro-models, known as Total Strain Cracking (TSRC) and Crack
and Plasticity (CP), have been used to simulate the response of the two panels. These have
different geometries and, therefore, different damage paths. Indeed, a shear mechanism
characterized the behavior of the low panel. In converse, a flexural rocking response
distinguished the high wall with the formation of large damaged zones located at the top and
bottom sides. The numerical models have showed some shortcomings, i.e. although the
numerical analyses have showed a good agreement reproducing the damage mechanisms, the
comparisons in terms of force-displacement curves were not completely satisfactory. Regarding
the TSRC model, the numerical results were consistent with the model formulation built just
with a cracking constitutive law. Conversely, although the CP model is based on a coupled
cracking-plastic constitutive law, its formulation presents some limitations when taking into
account the effect of plasticity during the dissipation process. The latter issues were somehow
solved through a modified version of the Drucker-Prager model (MCP) by including a cohesive
softening law in the existing CP model. For the high wall, the numerical results correlate better
with the experimental output with respect to the CP and TSRC models. For the low wall, the
correlation was still not very satisfactory and other modifications are required.

Lastly, a comparison between the MCP model, categorized as a smeared crack model, and a
CDP macromechanical continuum damage-plastic model [13] was performed. This latter
sophisticated model, where damage and plasticity are coupled, proved to be more capable to
reproduce the experimental outcomes in terms of force-displacement global curve. Hence, other
experimental campaigns on masonry panels and/or larger structures, may be considered to
further validate the capabilities of the numerical models to reproduce the masonry response
under cyclic-loading conditions and to better understand its advantages and limitations.
Furthermore, the analyzed constitutive models can be enriched, in particular the CP
formulation, through rigorous mechanically based modifications inspired by continuum
damage-plastic models.
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