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Abstract. Stone masonry buildings are known to be highly vulnerable to seismic actions. In
this context, the analysis of the out-of-plane response of unreinforced masonry structures is
crucial. For this purpose, the Lattice Discrete Particle Model (LDPM) was employed to sim-
ulate the mechanical behavior of stone masonries up to their failure. Unlike commonly used
continuum-based methods or simplified analytical models, that are often limited in modeling
correctly complex failure mechanisms, LDPM is able to capture accurately crack distributions
and failure patterns. LDPM describes the masonry at the scale of stones and takes into ac-
count their interactions through tailored constitutive equations for tensile, compressive, shear,
and frictional behaviors. First, LDPM was validated against experimental results on masonry
panels subjected to out-of-plane loading. Next, the vertical bending mechanism was studied in
the cases of one- and two-story walls with and without openings. Finally, more complex mecha-
nisms were considered where the damage evolution and the fracture propagation were analyzed
for a set of panels assumed to be placed within the continuity of a facade. The overall re-
sults presented in this paper show that LDPM can realistically predict the collapse mechanisms
associated with out-of-plane loading for different structural configurations and geometries.
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1 INTRODUCTION

Unreinforced masonry structures often constitute a large part of the cultural and architectural

heritage of historical cities, and they are known to be highly vulnerable to earthquakes. Com-

monly, masonry structures are made of multiple load-bearing walls placed in orthogonal planes

and with flexible floor diaphragms [1]. When an earthquake occurs, masonry structures dissi-

pate kinetic energy both at the structural and at the material levels [2, 3]. At the structural scale,

several factors affect the global response: the slenderness of the load-bearing walls [4, 5], the

connections between the walls and the horizontal members, which allows for the box behavior

[6, 7, 8, 9], and the presence of specific rigid floor diaphragms [10, 11, 12, 13, 14, 15, 16]. At

the material scale, the mechanical properties of the masonry constituents (mortar and stones)

[17, 18, 19, 20] and the quality of the construction work [21, 22] greatly affect the overall

response. During a seismic event, masonry walls are typically subjected to in-plane and out-of-

plane motions. Whereas in-plane behavior is the topic of a large number of studies available

in the literature, the out-of-plane behavior is often neglected. This paper focuses on the latter

behavior, as one of the most common damage reported in post-seismic surveys is the failure

of peripheral masonry walls. Indeed, the earthquake intensity required to obtain out-of-plane

collapse of walls is lower than the one required for in-plane collapse [3].

Several analytical methods exist to analyze the out-of-plane behavior of masonry walls,

namely force-equilibrium and displacement-based methods. The first type of formulation is

based on the static equilibrium analysis of rigid body mechanisms and limit theorem of plastic-

ity [23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. Force-equilibrium methods are generally adopted for

large scale analysis and are known to lead to rather conservative limit states [8]. On the other

hand, displacement-based methods [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] appear to better

estimate the limit values of masonry walls in out-of-plane loading. The rigid-block assumptions

are often adopted within the postulates of limit theorem analysis (no-tensile strength, infinite

compressive strength and absence of sliding between blocks) [23]. A capacity curve describing

the horizontal multiplier α (limit equilibrium of the system) as a function of displacement d can

then be obtained. When the displacement is zero, the value α(0) = α0 represents the activa-

tion of the overturning. The loss of equilibrium is attained when d = du where by definition

α(du) = 0. This curve can also be expressed in terms of spectral acceleration versus spec-

tral displacement curve [45] or in terms of force-displacement curve. The rigid-block method

within the displacement-based formulation is chosen in this paper for one part of the analysis

of the out-of-plane behavior of masonry walls.

More advanced descriptions of the out-of-plane behavior of masonry walls and in general

of the mechanical behavior of stone masonry require numerical models. Different methods

are available and correspond to different levels of modeling resolution and computational costs

[46, 47]. The finite element method is often used and allows micro-, meso-, or macro-modeling

and the reader is referred to [48], [49], and [50], respectively. Although successful for reg-

ular masonry, the meshing complexity and the lack of accurate constitutive equations limit

this method. Discrete element methods have also been employed [51, 52, 53, 54]. Multiple

structures such as one or two-story buildings were modeled using 2D and 3D discrete element

method [55], but limitations were found especially in capturing realistic out-of-plane responses.

Moreover, these simulations were unable to correctly describe the fracture initiation and prop-

agation. Indeed, in quasi-brittle materials such as masonry, understanding the development of

the fracture process zone is crucial. An accurate model must also be able to capture the effect

of stress parallel to cracks on the size of the fractured zone as shown recently in [56, 57], which
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might be important in large masonry structures often under multiaxial state of stresses. To over-

come these limitations, the Lattice Discrete Particle Model (LDPM) [58, 59] is here adopted for

the numerical modeling. This model was originally conceived to simulate the behavior of con-

crete and other granular materials at the meso-scale level by modeling the interaction between

coarse aggregate pieces. It was recently applied successfully for the modeling of stone masonry

structures [60, 61]. LDPM is able to simulate accurately the fracturing behavior from crack

trigger to localization, propagation, and to global failure, by taking into account the material

heterogeneity. The interaction between stone aggregates embedded in the irregular matrix of

lime or clay mortar is explicitly considered through dedicated constitutive equations, defined in

a vectorial form to account for the correct state of stresses in the material.

In this study, the numerical model is first explained and validated against a set of experi-

mental data relevant to masonry panels subjected to out-of-plane loading conditions. Next, the

numerical model is used to assess its capability to simulate local collapse mechanisms, more

specifically the bending mechanism. Finally, more complex mechanisms are analyzed with

multiple structural configurations to simulate masonry walls within the continuity of the facade

and to study the effect of transversal walls, floors and roofs on the overall behavior.

For a thorough investigation of the topic presented in this paper, the reader is referred to

recent work of Mercuri and coworkers [61].

2 NUMERICAL MODEL AND VALIDATION

2.1 The Lattice Discrete Particle Model

The Lattice Discrete Particle Model (LDPM) was proposed by Cusatis and coworkers [58,

59] to simulate concrete at the coarse aggregate level. This model has a unique capability in cap-

turing crack distribution and damage in granular quasi-brittle materials. It has been adopted to

simulate the mechanical behavior of concrete [59, 62], mortar [63, 64], fiber reinforced concrete

[65, 66], or to reproduce multi-physics phenomena such as hygro-thermo-chemical processes,

alkali-silica reaction, and aging [63, 67, 68]. This lattice discrete model was also used to simu-

late the mechanical behavior of reinforced and unreinforced stone masonry [60, 61].

In the LDPM formulation, the masonry stones are simulated as spherical particles (see Fig. 1a

and b). They are placed randomly from the largest to the smallest size in a given volume of ma-

terial. The particle size distribution follows a Fuller sieve curve defined from a set of mix-design

parameters: cement-mortar content c, water-to-mortar ratio w/c, maximum and minimum stone

size da and d0, respectively, and Fuller coefficient nf . Fig. 1e shows on an example the particle

placement inside a dog-bone specimen. The geometry of the interaction between stone-particles

is described as follows. First, a Delaunay tetrahedralization is performed with the centers of the

particles to generate a lattice system (see Fig. 1c). Next, a domain tessellation is performed

to identify the possible failure locations between adjacent stone-particles (see Fig. 1d). These

two steps result in the generation of a system of polyhedral cells enclosing the particles (see

Fig. 1f). These irregular cells idealize real textures and shapes of typical masonry stones and

their surrounding mortar layer. The surface of each polyhedral cell is composed of triangular

facets (see Fig. 1g) where the LDPM constitutive equations, facet stresses and strains are for-

mulated in a vectorial form. The constitutive equations take into account the softening behavior

for pure tension and shear-tension and the plastic hardening behavior for pure compression and

shear-compression. For the complete set of constitutive equations, as well as the compatibility

and equilibrium equations, and the numerical implementation, the reader is referred to the work

of Cusatis and coworkers [58], and the recent work of Mercuri and coworkers [61].
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the central panel and the lateral and back walls. The damage in the case depicted in Fig. 8f,

Fig. 8g and Fig. 9e is similar to the damage in the case shown in Fig. 8a and Fig. 9a. The reason

might be that the continuity between the central and the transversal walls generates cracks in

the lower floor as well as in the upper part. The main cracks in the cases depicted in Fig. 8b

and Fig. 9b are vertical. On the contrary, the damage is distributed through the entire wall and

are slightly concentrated in the central area (see Fig. 8c and Fig. 9c). In terms of quantitative

analysis, Fig. 9g shows the load-displacement curves for the cases depicted in Fig. 8a, b, c.

Fig. 9h shows all the curves. The more constrained case (see Fig. 8c and the least constrained

one (see Fig. 8d define the upper and lower bound curves, respectively. One can deduce from

these results that the choice of the correct boundary conditions in the analysis of such structures

is complex and only a good estimation might be made. It also underlines the importance of

performing accurate surveys to understand the architectural configuration and the historical

evolution of the building.

4 CONCLUSIONS

The proposed Lattice Discrete Particle Model (LDPM) is presented, validated and used in

the prediction of the mechanical behavior of unreinforced masonry structures in out-of-plane

loading conditions. The model was first validated against experimental data and compared with

nonlinear kinematic analysis (rigid-block displacement-based method). LDPM was then used

to analyze more complex structures. Local bending mechanism was studied on walls with and

without openings. The interaction between adjacent walls were also taken into account. The

proposed numerical model is able to predict realistic fracture pattern in complex structures. On

the basis of the results discussed in this paper, the following conclusions can be drawn.

• The damage distribution resulting from the collapse of masonry walls is well captured by

LDPM.

• LDPM results were verified experimentally and with kinematic analysis. This suggests

the use of this model to perform limit analysis for the assessment of local collapse mech-

anisms.

• Unlike typical kinematic analysis, LDPM does not require to identify a priori local col-

lapse mechanisms. More complex configurations impossible to investigate analytically

can also be considered.

• The presence of openings within walls and the application of adequate boundary condi-

tions greatly affect the stiffness and bearing capacities of the walls.

• The results of this paper underlines the necessity to perform accurate in-field surveys in

order to correctly model real masonry walls under out-of-plane loading.
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effect on quasibrittle fracture and its consequences, Journal of Applied Mechanics 87 (7)

(2020).

[58] G. Cusatis, D. Pelessone, A. Mencarelli, Lattice discrete particle model (ldpm) for failure

behavior of concrete. i: Theory, Cement and Concrete Composites 33 (9) (2011) 881–890.

[59] G. Cusatis, A. Mencarelli, D. Pelessone, J. Baylot, Lattice discrete particle model (ldpm)

for failure behavior of concrete. ii: Calibration and validation, Cement and Concrete com-

posites 33 (9) (2011) 891–905.

[60] M. Angiolilli, A. Gregori, M. Pathirage, G. Cusatis, Fiber Reinforced Cementitious Matrix

(FRCM) for strengthening historical stone masonry structures: Experiments and compu-

tations, Engineering Structures 224 (2020): 111102.

[61] M. Mercuri, M. Pathirage, A. Gregori, G. Cusatis, Computational modeling of the out-

of-plane behavior of unreinforced irregular masonry, Engineering Structures Engineering

Structures 223 (2020): 111181.

[62] C. Ceccato, M. Salviato, C. Pellegrino, G. Cusatis, Simulation of concrete failure and

fiber reinforced polymer fracture in confined columns with different cross sectional shape,

International Journal of Solids and Structures 108 (2017) 216–229.

[63] M. Pathirage, F. Bousikhane, M. D’Ambrosia, M. Alnaggar, G. Cusatis, Effect of alkali

silica reaction on the mechanical properties of aging mortar bars: Experiments and nu-

merical modeling, International Journal of Damage Mechanics 28 (2) (2019) 291–322.

561



Micaela Mercuri, Madura Pathirage, Amedeo Gregori and Gianluca Cusatis

[64] L. Han, M. Pathirage, A-T. Akono, G. Cusatis, Lattice Discrete Particle Modeling of Size

Effect in Slab Scratch Tests, Journal of Applied Mechanics 88, no. 2 (2021).

[65] E. A. Schauffert, G. Cusatis, Lattice discrete particle model for fiber-reinforced concrete.

i: Theory, Journal of Engineering Mechanics 138 (7) (2011) 826–833.

[66] J. Smith, G. Cusatis, D. Pelessone, E. Landis, J. O’Daniel, J. Baylot, Discrete modeling of

ultra-high-performance concrete with application to projectile penetration, International

Journal of Impact Engineering 65 (2014) 13–32.

[67] M. Alnaggar, G. Cusatis, G. Di Luzio, Lattice discrete particle modeling (ldpm) of alkali

silica reaction (asr) deterioration of concrete structures, Cement and Concrete Composites

41 (2013) 45–59.

[68] M. Pathirage, D. Bentz, G. Di Luzio, E. Masoero, G. Cusatis, The onix model: a

parameter-free multiscale framework for the prediction of self-desiccation in concrete,

Cement and Concrete Composites 103 (2019) 36–48.

[69] S. Degli Abbati, M. Rossi, S. Lagomarsino, Out-of-plane experimental tests on masonry

panels, in: Proceedings of the 2nd European Conference on Earthquake Engineering and

Seismology, 2014, pp. 25–29.

[70] Decreto del ministro delle infrastrutture 17 gennaio 2018. aggiornamento delle “norme

tecniche per le costruzioni”, Gazzetta Ufficiale della Repubblica Italiana.

562


