Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2021) 546-562

COMPDYN 2021
E c c 0 M AS 8" ECCOMAS Thematic Conference on

Computational Methods in Structural Dynamics and Earthquake Engineering

1 M. Papadrakakis, M. Fragiadakis (eds.)
P rD CEEdI a Streamed from Athens, Greece, 28 - 30 June 2021

LATTICE DISCRETE MODELING OF OUT-OF-PLANE BEHAVIOR OF
IRREGULAR MASONRY

Micaela Mercuri!, Madura Pathirage?, Amedeo Gregori' and Gianluca Cusatis®

!University of L’ Aquila
Department of Civil, Building and Environmental Engineering, L’ Aquila, Italy
e-mails: micaela.mercuri @ graduate.univagq.it, amedeo.gregori @ing.univagq.it

2 Northwestern University
Department of Civil and Environmental Engineering, Evanston, IL, USA
e-mails: madura.pathirage @u.northwestern.edu, g-cusatis@northwestern.edu

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 @ (limit equilibrium of the system) as a function of displacement d can
then be obtained. When the displacement is zero, the value a(0) = «q represents the activa-
tion of the overturning. The loss of equilibrium is attained when d = d,, where by definition
a(d,) = 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 ¢, water-to-mortar ratio w /¢, maximum and minimum stone
size d, and dy, respectively, and Fuller coefficient n;. Fig. le 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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Palvlsedral cells

Figure 1: {a) 2D representation of irregular stone masonry; (b} approximation with spherical particles: (c) Delaunay
tetrahedralization; (d) Domain tessellation and generation of a system of polyhedral cells; (e) particle distribution
in a doghone specimen; (f) two adjacent LDPM polyhedral cells enclosing two stones: (g} tetrahedron portion
associated with a stone-particle and one triangular facet,

2.2 Validation with experimental data
2.2.1 Description of experiments and numerical modeling

The Lattice Discrete Particle Model is here validated against experimental data reported
in Degli Abbati and coworkers [69]. The experiments consisted in loading in out-of-plane
direction three masonry panels of different dimensions. The sizes of the specimens and their
slenderness ratios are shown in Table 1. Lime mortar was used as binder in the preparation of
the specimens. The stones were irregular with an average block size of 180 x 120 x 120 mm.
All the panels were built on top of a masonry base with a larger thickness. For the testing setup,
a steel cable was fixed at 2/3 of the panel height at the center of the transverse section on one
end and attached to a restraint frame on the other end. The cable was equipped with a load cell
to measure the applied force along the cable. The displacement was measured at the location
where the cable was fixed. The test was carried out in three phases. In Phase 1, the cable was
pulled horizontally in order to form a cracked surface at the bottom of the specimen. In Phase
2, the cable was released to obtain a standing panel as in the initial configuration. Finally, in
Phase 3, the cable was pulled horizontally and statically in displacement controlled conditions.

The LDPM parameters used in this study were calibrated in [60] on diagonal compression
performed on a similar stone masonry mix composition. All the model parameters and the
parameters related to the geometrical characterization can be found in details [60] and in [61],
and are therefore not reported here for the sake of brevity, Fig. 2 shows the random stone-
particle placement inside the three panels. One can note that the base of the specimen and the
panel were modeled using one LDPM mesh. At the bottom of the base, the particles were fixed
in translations and rotations. A velocity was applied directly to a set of particles at 2/3 of the
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Panel number  Width B [mm] Height // [mm]  Thickness D [mm]  Slenderness A [-]

Pl 900 G900 300 3
P2 900 1100 220 5
P3 900 1500 300 5

Table I: Dimensions of the panels for model validation,

{a) {b)

Figure 2; Spatial distribution of stone-particles in the three panels: (a) panel 1, (b) panel 2, (¢} panel 3.

panel height to reproduce the experimental setup. Its magnitude was chosen low enough to
obtain a quasi-static simulation. Two sets of simulations were performed. The first strategy
was to reproduce the same testing procedure as in the experiments, i.e. in three phases. The
second strategy, less computationally expensive, was to apply the static load directly to the
uncracked specimen, from the beginning of the test, up to cracking and overturning of the
panel. Finally, for all the simulations, three different stone distributions within the volume of
the panels were used to capture the experimental scatter due to the spatial variability of stone
size and distribution. Thus, the results shown afterwards are the average of the three individual
results.

2.2.2 Numerical results and discussion

Fig. 3 refers to panel 2 and it shows the results of the two modeling strategies previously
stated. One can see that replicating the experimental procedure (see Fig. 3a) and loading
directly the sample from the initial uncracked configuration (see Fig. 3b) provide identical
results. Fig. 3b shows clearly the fracturing part of the test followed by the overturning or
rocking phenomenon once the fracture is formed. In order to save computational time, the
second strategy was used to generate the results presented next.

Fig. 4 shows the load-displacement curves of for the three panels. One can see that the
numerical results well predict the experimental data, especially for panels 1 and 2. In terms of
fracture, all the three specimens failed at the base (see Fig. 5) as expected and observed in the
experimental tests of panels 1 and 2. For panel 3, experimentally, the fracture formed at a height
of 300 mm from the base, where the stones were not well interlocked. This unexpected failure
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Figure 3: Force versus displacement curves for Panel 2: (a) Three phases loading; (b) Loading directly from the
initial uncracked configuration
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Figure 4: Force versus displacement curves in: (a) panel 1; (b) panel 2: (c) panel 3.

could be due to the preparation of the panels. The numerical response for panel 3 therefore
overestimates the experimental results as the predicted failure occurred at the base.

For all the panels, the load-displacement trend is identical. First, the load increases linearly
which represents the initial elastic phase. Next, a non-linear phase is reached while the load
keeps increases which relates to the crack formation. In the post-peak regime, a softening be-
havior is observed and corresponds to the fracture propagation. Finally, a decreasing linear
trend is observed for the load as the displacement increases. This phase characterizes the over-
turning process. One can analyze the latter phase using non-linear kinematic analysis, and more
specifically the rigid-block displacement-based method.

Fig. 4 shows the results from the analytical method obtained from the kinematic analysis.
The parameters used to perform the linear and non linear kinematic analyses are reported in
Table 2. One can see that there is an excellent agreement with the numerical results. It is
interesting to note that the horizontal force associated with the activation of the overturning £
are close to the kink point predicted by LDPM.
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Figure 5: Total crack opening in: (a) panel 1; (b) panel 2: (c) panel 3.

Table 2: Parameters used to perform the linear and non linear kinematic analyses: initial horizontal multiplier oy,
ultimate displacement d,,, participant mass fraction ¢, initial spectral acceleration iy, initial horizontal force Fi.
The initial condition is referred 1o the activation of the overturning and the ultimate condition is associated with
the loss of the overall equilibrium,

Panel Number vy [-] i, [mm] e* [-] ap, [m/s?] Fi [N]
Pl 0.333 240 1.0 1.962 1252
P2 0.200 180 1.0 1.962 673
P3 0.200 240 1.0 3.270 1252

3 APPLICATION TO COMPLEX STRUCTURES
3.1 Local bending mechanism

3.1.1 Vertical bending mechanism

Design codes usually require the analysis of local collapse mechanism in unreinforced ma-
sonry walls for the assessment of seismic vulnerability [70]. Vertical bending mechanism was
here considered as a first application of the numerical model and can be viewed as an alternative
to kinematic analysis. The vertical bending mechanism is characterized by the fracture and the
out-of-plane simultaneous rotation of two blocks of a facade with respect to the horizontal axis
(often located at mid-height of the panel). This bending mechanism is observed for single or
multi-story walls and the mechanical response depends on the effectiveness of the connection
system with floors and the presence of openings or discontinuities.

For the simulation of vertical bending, two wall geometries were considered to be represen-
tative of real masonry walls. The first wall geometry was a one-story wall. It had a height of
3.000 mm, a thickness of 500 mm and a width 4,000 mm. Using this geometry, two cases were
considered: case 1 B-NO without openings and case 1B-O with openings. The dimensions of the
openings were chosen to replicate the presence of windows (of 1,200 mm height, 500 mm thick-
ness, 800 mm width) and doors (of 2,400 mm height, 50 mm thickness and 800 mm width). The
second wall geometry was a two-story wall. It had a height of 6,000 mm, a thickness of 500 mm
and a width 4,000 mm. Again, two cases were considered: case 2B-NO without openings and
case 2B-O with openings. For all the walls, the translation and rotation of the stone-particles
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were fixed on the bottom and the top sides. The load was applied in quasi-static conditions
as a velocity prescribed to the surface particles at mid-height of the walls. Finally in order to
consider self-weight, gravity load was applied prior to testing.

3.1.2 Results and discussion

Fig. 6 and Fig. 7 show the results of the simulations, for one-story and two-story walls,
respectively.

()

AN i

Figure 6: Total crack opening: (a) one-story wall with no openings (1B-NOJ; (b) one-story wall with openings
(1B-0); (¢) Example of one-story bending mechanisms caused by the 2009 L Aquila earthquake (Arch. Fot. Vice
Comm. Del. Beni Culturali - Sisma Abruzzo 2009).

One can see that the main failure occurs at mid-height for the no-opening cases, with a
secondary damage along the base (see Fig. 6a and Fig. 7a). In the cases with openings, one
can notice that the crack occurs at about mid-height for the one-story wall (see Fig. 6b). For
the two-story panel, the presence of windows affects the position of the main fracture, which is
located close to the bottom of the windows and follows the discontinuity due to their inclusion
(see Fig. 7b). Fig. 7d shows the load-displacement curves for the four cases. The trend is the
same for all the walls. The load increases in an elastic phase and reaches a peak value. Next,
a softening behavior is observed. As expected, the peak loads for the smaller walls are higher
than the two-story panels. A reduction of the stiffness and the bearing capacity is observed
when openings are considered. In particular, for the one-story bending mechanism, the stiffness
and the bearing capacity decrease by 3.5% and 37.1%, respectively. For the two-story bending
mechanism, the stiffness and the bearing capacity decrease of 6.9% and 16.4%. respectively.

3.2 Combined and Complex Mechanisms
3.2.1 Numerical modeling

In the analysis of local collapse mechanisms, all the possible failure mechanisms need first
to be identified before being analyzed, for example using kinematic analysis. In more complex
cases, such a process is impossible and simplified analytical methods are no longer satisfactory
for an accurate study. In real structures, masonry walls are always in interaction with other
structural elements. For example, the walls might be located withing the continuity of a facade.
There might also be transversal walls, floors and roofs attached to the main panel subjected
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Figure 7. Total erack opening: (a) two-story wall with no openings (2B-NO); (b) two-story wall with openings
{2B-07}; (c) Example of two-siory bending mechanisms caused by the 2009 L' Aquila earthquake ( Arch. Fot. Vice
Comm. Del. Beni Culturali - Sisma Abruzzo 2009); (d) force versus displacement curves for Cases |B-NO, 1B-0,
2B-NO and 2B-0.

to out-of-plane loading. Moreover, masonry walls are usually the result of different stratifica-
tion phases occurred over the course of many centuries. Here, three modeling strategies were
adopted to reproduce different structural and time relations between the panels: (i) relation of
contemporaneity (STRC), (ii) relation of anteriority (STRA) and (iii) relation of posteriority
(STRP). In total, seven different cases were considered and they were based on the two-story
bending wall with openings presented earlier.

STRC panels were modeled to replicate walls belonging to the same historical period. A
single LDPM mesh was used and three sets of boundary conditions were considered to model
different degrees of toothing between the walls. Fig. 8a, b, ¢ show the models ordered by
increasing level of constraint. The first model assumed the particles at the bottom surface to be
fixed (see Fig. 8a). The second model assumed the particles at the bottom surface and the back
surfaces of the transversal walls to be fixed (see Fig, 8b). The third model assumed the particles
at the bottom surface. the back surfaces of the transversal walls and the lateral surfaces of the
lateral walls to be fixed (see Fig. 8c).

STRP panels were modeled to replicate walls built after the adjacent structures. The main
wall and the lateral-transversal walls were modeled using three separate LDPM meshes. All the
particles at the bottom surface, the back surfaces of the transversal walls, and the lateral surfaces
of the lateral walls were assumed to be fixed. A sliding with friction constraint model [59]
was used at the interface between the panels. In order to simulate different levels of toothing
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between the walls, two different friction conditions were adopted. High friction conditions were
simulated using a static friction factor 5y = 0.13 and a dynamic friction factor d sy = 0.015 (see
Fig. 8d), whereas low friction conditions were simulated with s;; = 0.03 and a d¢; = 0.0084
(see Fig. 8e).

STRA panels were modeled to replicate walls built before the adjacent structures. The
central-transversal walls and the lateral walls were modeled using three separate LDPM meshes.
The structure composed by the main central panel and the transversal walls was assumed to be-
long to a previous historical period with respect to the lateral walls. The particles belonging
to the bottom surface, to the back surfaces of the transversal walls and the lateral surfaces of
the lateral walls were fixed. In order to simulate different levels of toothing between walls, the
same sliding with friction algorithm was used and applied to the discontinuity surfaces between
the panels. The same parameters for the friction mode were assumed, i.e. high friction (see
Fig. 8f) and low friction (see Fig. 8g).

{h)

I"',
o

STh STRC STRC STREP STRI STHA STRA

Figure 8: Geometry (top), boundary conditions (middle) and crack contours (bottom). In the middle row, the
eray areas represent surfaces with all constrained displacements, the areas included within the black dotted lines
represent the surfaces with horizontal displacements constrained in the out-of-plane direction and the red areas
represent frictional interfaces (dark red for high friction and light red for low friction).

For all the simulated walls, the load was applied in quasi-static conditions by prescribing
a velocity to particles of 300 mm height, between 2,700 mm and 3,000 mm, to reproduce the
horizontal load of a floor activated by the seismic action. On top of the wall (at the second floor),
the translations of the particles were constrained horizontally in the out-of-plane direction. The
remaining boundary conditions and geometrical features of the structure are identical to the
ones reported for the local bending mechanism case with opening case 2B-0.

3.2.2 Results and discussion

Fig. 8 and Fig. 9a, b, ¢, d, e, f show the damage distribution in the structures for the different
configurations. Little similarities could be found with the local bending mechanism analyzed
earlier. The fracture obviously depend on the boundary conditions and the connections between
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Figure 9: Total crack opening: (a), (b) and (c) STRC; (d) STRP; (e) STRA: () example of a complex mechanism
{Arch. Fot. Vice Comm. Del. Beni Culturali - Sisma Abruzzo 2009). Force versus displacement curve: (g) for the

cases (a), (b, (c); (h) for all the cases.
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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. 9¢). In terms of quantitative
analysis, Fig. 9g shows the load-displacement curves for the cases depicted in Fig. 8a, b, c.
Fig. Oh 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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