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Abstract

Acoustic emission (AE) is a vital non-destructive technique for monitoring damage in
materials, yet its simulation via the Discrete Element Method (DEM) has historically been
limited to material-scale analysis. This research presents a novel application of block-based
DEM to simulate AE signals in masonry structures at the structural scale under quasi-static
in-plane loading. Using a simplified micro-modeling approach, the study first validates the
method by monitoring crack initiation and AE energy in single mortar bed joints under
tensile and shear conditions. The methodology is then scaled to a large-scale masonry wall
panel (1.835 x 1.170 x 0.15 m®) subjected to monotonic shear loading. A critical finding is
the influence of local damping; a reduced damping ratio of 0.3 is recommended to preserve
the kinetic energy necessary for capturing clear velocity signals. Numerical results show
strong agreement with experimental force-displacement and cumulative AE energy curves,
confirming the model’s robustness. Furthermore, frequency analysis of the simulated
signals successfully distinguishes between tensile and shear failure modes. This study fills
a significant gap in the literature by demonstrating that DEM is an effective predictive tool
for structural-scale failure analysis and AE monitoring in heterogeneous masonry.

Keywords: discrete element method; acoustic emission; masonry; shear strength

1. Introduction

This study investigates the capability of a velocity-based Discrete Element Method
(DEM) approach for simulating acoustic experimental AE measurement behavior. The pro-
posed methodology integrates numerical DEM modeling with experimental results re-
ported in the literature under comparable loading conditions. The published experimental
data are used as a reference for validating the DEM simulations and assessing their ability
to reproduce AE responses.

Acoustic emission (AE) is a non-destructive testing method used to assess damage
in materials and structures. In Civil Engineering, this technique is commonly applied
to concrete, metals, and composite materials [1-5] and less frequently to masonry [6].
When a material fails, it releases energy, part of which propagates through elastic waves
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within the specimen. The surface vibrations resulting from these waves can be captured by
piezo-electric sensors, which provide AE signals.

Masonry is a composite material, which is comprised of masonry units (e.g., brick,
stone) bonded together with or without mortar. The behavior of masonry depends on
the properties of the blocks, the mortar, and the interaction between them. A masonry
wall can be constructed using different bonding patterns [7], i.e., the ways in which bricks
are laid to create a patterned effect. The type of masonry bonding does not only have a
visual effect but affects the mechanical behavior of a masonry wall too. For example, the
compressive strength and corresponding strain of full-brick thick Flemish bond prisms
is higher and has more deformation than half-brick thick masonry prisms [8]. Another
characteristic of masonry is its heterogeneous nature, i.e., consisting of varying mechanical
characteristics in each orthogonal direction. This heterogeneous nature presents challenges
when applying AE measurements, as the AE signals are attenuated and distorted due to
the material’s heterogeneity.

In old and deteriorated low-bond-strength masonry, cracking can occur either at the
mortar and/or at the brick to mortar interfaces, as these typically have lower resistance
compared to the bricks themselves. In masonry structures, two typical failure modes are
observed: in-plane (shear or compression) and out-of-plane bending. Characterizing the
mechanical behavior of mortar joints and the brick-to-mortar interface under shear and
tension is crucial for understanding the overall behavior of masonry structures. Several
experimental studies involved AE monitoring to evaluate the failure mechanisms of mortar
joints under shear [9-11] and tension [12]. Livitsanos et al. (2019) [10] observed experimen-
tally that the waves propagating in masonry are both attenuated and reflected at the joints
between bricks. Consequently, it is essential to consider the presence of interfaces between
bricks when simulating AE in masonry structures.

Over the last three decades, significant efforts have been put into the development of
numerical models to represent the complex and non-linear behavior of masonry structures
subjected to external loads. Such models range from considering masonry as a continuum
(e.g., macro-models) to the more detailed ones considering masonry as an assemblage of
units and mortar joints (e.g., micro-models). A computational method that is based on the
micro-modeling approach and takes into account the heterogeneous nature of masonry is
the Discrete or Distinct Element Method (DEM).

The DEM was developed in 1979 by Cundall [13] to solve dynamic equations to
simulate granular material flow. This method involves defining the domain using particles
connected by interaction laws. Initially, particles were in the form of rigid spheres and
represented the motion of granular media such as rock masses and granular soils for
applications in geotechnical engineering [14]. In the field of structural engineering and
simulating the mechanics of materials like concrete and/or masonry, particularly for
large-scale structures, this method remains possible but not practical as it is limited to
the number of particles, which could lead to enormous computation efforts and high
demands on computing power. To overcome such limitations, DEM was extended over
the years, replacing spherical particles with polyhedral ones that are not restricted to a
specific geometric shape. This block-based DEM is particularly suited for masonry [15-18],
as it can explicitly simulate the mechanical response of masonry with different bonding
patterns. The nature of the contacts between discrete elements in the second approach is
more complex than in the first one, as several types of contacts can be generated based on
the geometry of the assembled bricks. On the other hand, this method is very practical at
the structural scale, as it allows for easy representation of the actual geometry of the bricks
and significantly reduces computation time due to the smaller number of discrete elements.
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Until today, the simulation of AE using the DEM has only been carried out when
simulating a collection of elementary grains primarily for rocks [19-21] and concrete [22].
According to the method, use particles that are bonded together in 2D or 3D to represent the
specimen under consideration. Most studies have employed particle flow codes combined
with the linear parallel bonding model [22]. To analyze the acoustic signal, researchers
estimate the number of cracks during loading and compare it to the cumulative acoustic
emission counts recorded during experiments. In addition to this approach, Rucka et al.
(2023) [22] used the average velocity signal obtained from calculations to analyze the AE
of a concrete specimen. Given such limitations, the simulation of AE using the DEM has
only been conducted at the material scale or on small test specimens, while no studies have
been focused on large-scale structures. Consequently, the question of the feasibility of the
DEM to model acoustic emission at the structural scale using the block-based approach
remains an open issue.

The discrete nature of masonry can be well reproduced by the discrete element method.
The relevance of this method in modeling masonry structures has been demonstrated in
several studies [23-26]. Therefore, a priori, the choice of the DEM can translate the effect of
the heterogeneity of masonry in AE well, which is not well reproduced by a continuous
medium as supposed in the finite element method. On the other hand, when a joint is
broken or when there is a plastic flow in the structure, with the DEM, a significant and rapid
increase in kinetic energy in this region allows elastic waves propagating in the structure
to be created. This translates the physical phenomenon of AE. When using the DEM to
model AE, several questions arise: how can an AE signal be translated through DEM? Can
this signal capture the moment/modulus of rupture (MOR) within the structure? If the
signal can detect the rupture, is it possible to evaluate the level of damage and the modes
of cracking, and can the AE source be located? To address these questions, an extensive
research study was conducted and is presented herein.

The aim of this paper is to evaluate the potential of utilizing the discrete element
method to accurately simulate the crack initiation and propagation in a masonry wall
subjected to in-plane load. Despite the advancements in numerical modeling of Acoustic
Emission (AE) [27-29], a significant gap remains in simulating these signals at the structural
scale for heterogeneous masonry. While existing literature focuses heavily on material-scale
particle models for concrete and rock, the computational cost of such methods limits their
practical application to large-scale engineering problems. This study fills this gap by pro-
viding three primary contributions to the field, including (a) scale transition, (b) damping
optimization, and (c) failure mode characterization. In particular, unlike previous DEM
models limited to micro-scale specimens, this work proposes a block-based DEM frame-
work capable of simulating AE in structural-scale masonry wall panels (1.8 x 1.1 m). Also,
the study identifies a critical numerical threshold for local damping (a = 0.3), offering a
specific technical guideline to balance computational stability with the preservation of high-
fidelity AE signals—a challenge not addressed in standard DEM applications. Moreover,
the study demonstrates that a structural-scale DEM can differentiate between tensile and
shear failure signatures, providing a validated ‘virtual testing” environment for structural
health monitoring (SHM) of historical masonry infrastructure. The paper is structured as
follows. In the first part, the paper outlines the principles of the discrete element method
applied to masonry. Then, the application of DEM to simulate AE is presented. Finally, this
method is applied on a masonry wall subjected to quasi-static in-plane loading.

2. Overview of DEM for Modeling Masonry

The 3-DimensionalDistinct Element Codes (3DEC, Version 4.1, Itasca, Minneapolis)
were used in this study. The discrete nature of masonry can be effectively modeled using the
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DEM. Two approaches can be used for discretizing the masonry: the detailed micro-model
and the simplified micro-model.

In the detailed micro-model, the actual geometry of the mortar joints is explicitly
simulated. This approach accurately captures the real geometry of the mortar, but it can
be computationally expensive. In contrast, the simplified micro-model assumes that the
contact between blocks can be represented by a contact law to represent the interaction
between masonry units, while the mortar is considered a zero-thickness interface.

In this study, the simplified micro-modeling approach was employed. In particular,
blocks herein representing masonry units are connected by two springs, one in the normal
direction and one in the tangential direction. Mortar joints are represented by zero-thickness
interfaces, while their elastic response is characterized by two stiffness values: k_n in the
normal direction and ks in the tangential direction. The joint is capable of undergoing
shear, tension, and compression. Compression is assumed to be infinitely rigid, while
tension follows a linear relationship up to its limit, after which it drops to zero in the
post-peak phase.

The shear (7) behavior of the joint is described by the Mohr-Coulomb law, with
parameters including the cohesion strength (¢) friction angle (¢), and dilation angle ().
Under shear, the joint exhibits linear elastic behavior up to its rupture limit, defined by
T = ¢+ outan ¢. After the peak, the resistance (Tys) drops to a plateau at a value of
Tres = Cres + Ontan @res, where cyes is the residual cohesion, ¢y, is the normal stress, and ¢y
is the residual frictional angle. The behavior law for the joint under shear and tension is
illustrated in Figure 1.
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Figure 1. Behavior law of joint under shear and tension: (a) shear behavior; (b) tension behavior [25].

3. Simulation of Acoustic Emission of a Joint Under Shear and Tension
Using the DEM

3.1. Geometry and Contact Identification

First, a single joint subjected to shear and then direct tension is investigated. In this
case, two blocks were considered: Block B1 with dimensions of 0.1 x 0.1 x 0.1 m® and
Block B2 with dimensions of 0.1 x 0.1 x 0.025 m® (Figure 2).

As shown in Figure 2, the two blocks modeled are fully bonded together, resisting
tension and shear according to the Mohr-Coulomb law defined in Figure 1. Between the
two blocks, there is a single contact (a single joint) corresponding to a surface. Cundall
(1988) [30] introduced the common plane (c-p) method for contact identification (Figure 3),
which was applied here (e.g., face-to-edge or vertex-to-face). This method involves first
determining the plane that separates the space between the two polygons. Once the
common plane is established, the contact between each particle and the plane is considered.
Specifically, as the blocks (polygons in 2D and polyhedral in 3D) move closer, the plane is
positioned halfway between them, at the maximum distance from both.
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Figure 2. Representation of block in the DEM: (a) mesh of block B1; (b) specimen under shear;
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(c) specimen under direct tension.
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Figure 3. Common plan (c-p) between two blocks by Cundall (1988) [30].
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For deformable blocks, the triangular faces of the tetrahedral zones on the block’s
surface contain internal surface nodes, each with three independent degrees of freedom. In
this case, a sub-contact is generated for each node on the face. Two types of sub-contacts
are defined: vertex-to-face and edge-to-edge. Edge-to-edge sub-contacts model both edge-
to-edge contact between blocks and face-to-face or face-to-edge contacts at the intersection
points of edges on the common plane If a block face contacts the c-p, it is discretized
into sub-contacts.

The mesh size corresponds to the dimensions of a hexahedral zone within a six-sided
polyhedron. Changing the mesh size alters the number of tetrahedral zones, which in turn
changes the number of internal surface nodes, thus affecting the number of sub-contacts.
Each sub-contact tracks the interface forces between blocks, as well as other conditions
such as sliding and separation. When failure occurs at a sub-contact, whether in tension or
shear, the tensile strength and cohesion are considered to be zero, reflecting the behavior of
a ‘crack’ in a joint. A joint is considered fully broken when all sub-contacts within it have
failed. Therefore, we consider the number of sub-contacts to correspond to the number of
cracks that can exist.

The mesh size used was 25 mm, corresponding to the size of a hexahedral zone in
a six-sided polyhedron (Figure 2). Block B1 was fully constrained in both displacement
and rotation at its base. For the shear case, an incremental displacement was applied to
all grid points in the Block B2 by assigning a constant velocity equal to 1 mm/s in the
horizontal direction, while for the tensile case, the displacement was assigned in the vertical
direction. For the blocks subjected to shear, the top face of the block B2 was fixed in the
vertical direction to ensure that only the shear displacement is produced. A mix-mode
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tension/shear case was also conducted by using the same loading as the case of shear, but
the top face of block B2 was left free in the vertical direction.

It is important to note that in the DEM, displacement is not directly imposed; instead,
it is applied indirectly through the velocity. A given displacement (u) at a given time
u(t) = uy is obtained by prescribing a velocity v(t) over a time (f) increment Aty such that
uy = OAtO v(t)dt. The velocity v was kept small and constant to minimize dynamic effects
during the application of the load.

3.2. Material Properties and Loading Conditions

The interface strength, defined by cohesion, friction, and tensile strength, was deter-
mined from the shear and direct tensile tests of Venzal et al. (2020) [31]. For the shear test,
limestone blocks (10 cm x 10 cm x 10 cm) are initially subjected to a compressive load,
resulting in normal stress on the mortar joint. Then, the central block is loaded with a
vertical force, which induces shear at the interface. By varying the applied normal stress,
the Mohr—Coulomb law T = ¢ + o, tan ¢ is used to identify the cohesion (c) and friction
angle (@) once the shear limit is reached. For the tensile test, two assembled limestone
blocks (10 cm x 10 cm X 7 cm) are glued together with epoxy resin inside a steel box, which
is fixed to a testing machine to prevent rotation of the blocks during the direct tensile test.

The block was assumed to behave elastically with Young’s Modulus E = 10 GPa,
Poisson ration v = 0.2, and density D = 2500 kg/m3. An elastoplastic Mohr-Coulomb
law with tension cut-off was used to represent the mortar joint with normal stiffness
ky, =20 GPa/m, shear stiffness ks = 7.8 GPa/m, the friction angle ¢ = 38°, cohesive
strength C = 0.25 MPa, tensile strength T = 0.055 MPa, and the dilatation angle ¢ = 0.
The values of these parameters were based on the experimental tests of Venzal et al.
(2020) [31] and later calibrated as in the study of Boukham et al. (2024) [32]. In the
experiment, the blocks made of soft limestone sourced from the Frontenac quarry were
bonded with a natural hydraulic lime mortar, commonly used in the restoration of historic
building masonry. Lime-based mortar is softer than cement-based mortar, allowing it to
accommodate smaller movements without cracking. The cracks in the joint induce wave
propagations (with one or more cracks potentially appearing simultaneously), and an effort
has been made to capture the vibrations on the surface of the blocks using virtual sensors
in the model, which corresponds to an acoustic emission event (AE event corresponds to a
resulting signal).

The use of surface velocity as a proxy for acoustic emission (AE) signals is based on
the physical assumption that AE events result from rapid releases of elastic energy associ-
ated with micro-crack initiation and propagation, which generate stress waves traveling
through the material. In this context, surface velocity provides a physically consistent
representation of the dynamic response at the boundary of the specimen induced by inter-
nal damage processes. Unlike experimental AE measurements, which depend on sensor
characteristics such as the frequency response, threshold settings, coupling conditions,
and signal-processing procedures, the surface velocity obtained from the DEM model
corresponds to a direct numerical output of the material’s dynamic behavior. This approach
therefore offers a simplified representation of wave propagation phenomena associated
with fracture evolution. However, it is acknowledged that this simplification may lead to
differences compared to experimental AE signals, particularly in terms of the amplitude,
frequency content, and event detection sensitivity. These limitations should be consid-
ered in the future when interpreting the correspondence between numerical results and
experimental observations.
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3.3. Numerical Implementation and Local Damping Study

Furthermore, the DEM employs an explicit time-stepping scheme to directly solve
the equations of motion. 3DEC [33] is used to address two general types of mechanical
problems: quasi-static and dynamic states. Damping is applied in both types of problems,
though quasi-static problems typically require higher damping values. For static loading,
a “local damping” method is used, where the damping force on a node is proportional
to the magnitude of the unbalanced force [13,15]. The unbalanced force is a parameter to
check when mechanical equilibrium (or the initiation of joint sliding or plastic deformation)
is achieved in a static analysis. A model is considered to be in equilibrium when the net
nodal force vector at each block centroid or grid point equals zero (or it is almost zero). The
highest nodal force vector is commonly known as the “unbalanced” or “out-of-equilibrium”
force. In the numerical analysis, the maximum unbalanced force will never precisely be
equal to zero; however, the model is regarded as being in equilibrium when the maximum
unbalanced force is relatively small compared to the forces typical of the problem. For
deformable blocks, the equation of motion incorporates “local damping” as shown below:

) e At
ul(t-l—At/Z) _ ul(t At/2) {ZFi(f) _ (Fd)i}min (1)
where
() = "‘lzpi(t)‘ sqn (L.ll(thtﬂ)) (2)
+1,ify>0
sign(y) =4 —1,ify <0 ©)
0,ify=0

and « is a constant varied in the range of 0 < & < 1 (default of 0.8 in 3DEC for static
loading), m;, is the nodal mass, F; is the resultant of all external forces applied, and F; is the
damping force obtained.

More precisely, the calculation in 3DEC is considered converged or in the static equilib-
rium state if the unbalanced force ratio is less than 1 x 10~#. The convergence speed of the
model depends on both the applied velocity magnitude and the local damping used. In the
study of Pulatsu et al. (2020) [26], the effect of loading speed on convergence was studied.
They noted that a velocity of 10 mm/s gives significant oscillations in the wall behavior
curve. A velocity between 1 mm/s and 0.1 mm/s gives curves with no fluctuations or
noticeable differences observed. Therefore, in this study, a slow relative loading speed of
1 mm/s was used.

However, the impact of local damping on convergence is not addressed in the literature.
The value of 0.8 is typically recommended for static calculations. In general, the higher
damping speeds up convergence and reduces numerical oscillations, but it also decreases
kinetic energy. However, in the case of acoustic emission, higher kinetic energy resulting
from a broken joint makes it easier to capture the signal of elastic wave propagation. It is
important to note that with local damping values between 0 and 1 (0 < « < 1), the structure
will always reach a balanced state, but the convergence speed will vary depending on the
damping value used. Therefore, it is crucial to study the effect of damping to achieve both
fast convergence and a sufficiently clear vibration signal captured by an artificial sensor
placed on the surface of the block. Concretely, the velocity (in y direction) of Block B1 was
monitored at the sensor point (located at the center of the block’s face) (Figure 2b) during
loading. In general, velocity in all three directions can be used but, in this study, only the y
direction was examined.
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3.4. Influence of Damping on Acoustic Emission Signal and Convergence
3.4.1. Effect of Damping on the Convergence Rate Following Joint Failure

Firstly, the shear loading case was here conducted. The effect of damping on the
convergence rate following joint failure was investigated. The convergence criterion, based
on an unbalanced force ratio limit of 1 x 1074, was applied. The convergence rate was
assessed by counting the total number of cycles required for the calculation to converge.
Damping values were assumed to be ranging from 0.1 to 0.8. Next, the convergence rates
of the other cases were compared with the case using a damping value equal to 0.8, which
has been the only value utilized in the literature for quasi-static calculations. The ratio
CNi/CNO0.8 (cycle number of &« = i/Cyc number of a« = 0.8) represents the ratio of the
number of cycles (CN) with damping value i to the number of cycles with a damping value
of 0.8.

The results are presented in Table 1 and Figure 4. For the case where a = 0.8, the
calculation converges after 18,938 cycles following the joint failure. The damping values
of 0.5, 0.6, and 0.7 result in cycle counts very similar to the case of « = 0.8. However, for
damping values lower than 0.5, a significant increase in the number of cycles was observed.
Specifically, damping values of 0.3 and 0.2 resulted in convergence speeds that are 5 and
11 times slower, respectively, compared to a« = 0.8. The case of « = 0.1 showed an extremely
slow convergence speed, taking 33 times longer than the case of # = 0.8. In numerical
calculations, normally the cases in which the damping gave difficult convergence should
be avoided.

Table 1. Effect of local damping on the cycle number.

Local Damping «

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Cycle number

625,453 215,043 89,548 42,009 27,649 20,625 17,870 18,938

CNi/CNO0.8 33.03 11.36 4.73 2.22 1.46 1.09 0.94 1.00
35 5 x10°
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0 010203040506 070805 0 ~

0.0378 0.038 0.0382 0.0384 0.0386 0.0388 0.039

Local damping Shear displacement (mm)

(a) (b)

Figure 4. Influence of local damping (after broken bond in joint) on the (a) convergence speed and
(b) kinetic energy.

3.4.2. Effect of Damping on the Load-Against-Displacement Curve

Figure 5 presents the effect of damping on the load-against-displacement curve of
the specimen. From Figure 4, damping does not affect the ultimate load or the post-peak
response (drop after ultimate load). However, when zooming in at the end of the drop,
it was found that for the damping case a = 0.8, the curve is smooth, whereas for lower
damping values, particularly for the 0.1 case, oscillations in the response were observed.
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Figure 5. Influence of local damping (after broken bond in joint) on the load/displacement curve.

3.4.3. Effect of Damping on the Kinetic Energy and Velocity Signal

The effect of damping on the kinetic energy and the velocity signal measured at the
monitoring point on the block in the numerical model is shown in Figures 4b and 6. It is
observed that as damping increases, the generated kinetic energy decreases. Additionally,
the signal captured by measuring the velocity on the block surface after joint failure becomes
less distinct, as indicated by fewer peaks in the signal.
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Figure 6. Influence of local damping (after broken bond in joint) on the load/displacement curve.
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Therefore, selecting the appropriate damping value for quasi-static calculations to
simulate the AE remains a challenging task. In particular, the choice of the damping must
balance fast convergence with minimal noise in the behavior curve, while at the same time
ensuring a measured velocity signal after cracking with as many peaks as possible. To
capture AE effectively, the case that provides a clearer velocity signal (with more peaks)
corresponds to a lower damping value. However, based on the results obtained, damping
values of 0.1 and 0.2 are not recommended, as they lead to excessively slow convergence
(33 times and 11 times slower, respectively), despite producing a good velocity signal.
Therefore, initially, a damping value of 0.3 was used.

3.4.4. Evolution of Total Energy Released and Strain Energy Stored in the Joint

For the direct shear test, Figure 7a shows the shear stress and the cumulative number
of cracks (representing cumulative AE events) as a function of shear displacement. It should
be noted that the number of cracks in the numerical model corresponds to the number of
“sub-contacts” that occur during the failure of a broken joint. In the case of numerically
simulating two blocks in shear, there are multiple “sub-contacts” at the zero-thickness
interface between the two blocks. A “sub-contact” is defined as the contact between the
meshes of each surface of the block. The definition of a sub-contact in the DEM is based
on the concept of the “common plane”. The number of sub-contacts depends on the mesh
size of the contact established. In this case, 50 sub-contacts were detected in the model,
meaning that the maximum number of cracks that can be formed is in 50 locations. The
shear stress—displacement curve was found to be quasi-linear until the shear strength of
0.25 MPa was reached, after which a sudden drop in the load to zero was observed. This
drop coincides with a rapid increase in the number of cracks forming in the joint, ultimately
leading to complete failure of the joint.

r 60 0.045 r 60
—-5U ' =—Total realeased energy [
——Cumulative cracks number 50 0.04 1 __ joint strain energy stored "l 50
o1 2
L i g 0.035 | |-=-Cumulative cracks number i E
E ! 5
P - 40 3 0.03 i - 40 2
] £ = S 3
P ! S 0025 ’ : g
- 38 @ 4 § 05
L o 2 0.02 7 g
o 2 @ 4 £
- ’ o L
i 2038 0.015 /' ¢ 203
S !
p E i 5
s o ’ 8
P 10 - ] |
- 0.005 - %—
"‘ "‘
- o 0 == : Lo
0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
U (mm) u mm)
(@) (b)

Figure 7. (a) Shear stress at joint; (b) cumulative number of cracks (cumulative AE event) as a function
of the horizontal displacement.

The evolution of the total released energy and the strain energy stored in the joint is
shown in Figure 7b. The strain energy in the joint consists of four components: (i) elastic
deformation in shear; (ii) compression; (iii) tension, and (iv) energy dissipated during
sliding. The energy dissipated during sliding (U;¢) is established when the current shear
force (fs) at a contact is greater than or equal to shear stress maximal (fs max) at which
the Coulomb slip condition is met (fs max = futan ¢ + c¢). This energy is calculated by
Ujr = % ( fs + f;) us, where fs/ is previous shear forces at a contact and u; is incremental
shear displacements at the contact over the current timestep. The strain energy reaches
its maximum when the load reaches its ultimate limit. A similar observation was made
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in the study by Zhang et al. (2021) [34], albeit for a coal specimen under compressive
loading. During cracking, a substantial portion of the energy is released, which accounts
for the generation.

The AE energy is calculated by integrating the AE signal over time, above a specified
threshold value (Figure 8). In the numerical simulation, the PZT sensor was not modeled.
Instead, the AE phenomenon was captured through elastic waves, represented by the
velocity measured at the surface of the block. While the AE signal in the experiment is
captured by a PZT sensor, in the numerical simulation, the AE signal is measured by the
velocity at the surface of the block. To enable a comparison between the two types of
signals, only the ‘normalized’ results were used. The method of using velocity as an AE
signal has already been applied in the discrete element method for materials like concrete.
A similar study comparing normalized cumulative AE energy using the signal captured by
a PZT sensor and the signal measured by velocity in numerical simulation can be found
in Rucka et al. (2023) [22]. The number of peaks detected in the velocity signal can be
used to count the cumulative number of AE hits, which is one of the key parameters of
acoustic emission.
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Figure 8. Parameters of AE.

In this simulation, a velocity signal with a sudden increase in amplitude was observed
on the block surface once cracking in the joint was initiated (Figure 9a). In acoustic emission,
the cumulative AE energy is an indicator for assessing cracks. Therefore, the cumulative
AE energy is calculated here and compared with the cumulative number of cracks. The
cumulative AE energy is calculated based on vibration measurements on the block below.
The cumulative AE energy can be calculated over shear displacement instead of time
because the applied displacement is linearly proportional to time (imposed displacement).
The cumulative AE energy increases rapidly as cracking propagates (see Figure 9b). Also,
it was observed that there is a discrepancy between the cumulative crack number and the
cumulative AE energy. When cracking occurs, it takes time for the waves to be transmitted
and captured by the sensor point on the block. Once the velocity capture is delayed relative
to the moment the cracks appear, the energy calculated is also shifted. It should be noted
that velocity and cumulative AE energy can only detect crack initiation, as more than
10 cumulative cracks were detected in the joint (out of 50 total cracks by the end).

In the tension loading case, the load /deflection curve exhibits linear behavior up to
the ultimate load of 0.05 MPa, after which there is a rapid decline in tensile strength to zero,
corresponding to the broken bonds in the contacts. This is captured by the increase in the
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cumulative crack number (Figure 10a). The monitoring of velocity and energy can detect
the initiation of rupture as soon as the first crack appears.
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Figure 9. (a) Y velocity versus and cumulative crack number versus shear displacement; (b) cumula-
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Figure 10. (a) Tensile stress and cumulative crack number versus vertical displacement; (b) cumulative
AE energy and cumulative crack number versus vertical displacement.

3.4.5. Comparisons with Recent Studies

Recent studies [34-38] have shown that frequency analysis of each AE hit can provide
additional information on cracking modes. More specifically, the results indicate that the
same AE signal can contain signatures of both shear and tension cracks, with shear cracks
corresponding to lower frequency ranges and tension cracks to higher frequency ranges.
Mandal et al. (2024) [35] made the measurements of the acoustic emission on a reinforced
concrete T-beam under bending. The results showed that shear bands are identified as low-
frequency bands (below approximately 200 kHz) that exhibit higher values during shear
cracking events. In contrast, tension bands are high-frequency bands (above 250 kHz) that
show increased values during tension cracking events. In this study, the frequency-time
images and the Fourier transforms of signals obtained from a velocity signal for the three
cases is presented: (i) tensile, (ii) shear cracking, and (iii) mixed tension and shear modes.
The velocity signal (in the y-direction) in the three cases is consistently measured at the
same point at the center of the block’s base. Additionally, the signal is measured when
the crack is detected in the joint. The results show that shear cracks produce a frequency
of approximately 17 kHz (Figure 11), while tensile cracks produce a frequency of around
20 kHz (Figure 11). This further confirms that tensile cracks generate higher frequencies
than shear cracks. The case of the mixed mode tension/shear loading finds these two
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frequencies of two modes well. These results confirmed that the frequency-based index can
be used to differentiate cracking modes based on the monitored AE signal.
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Figure 11. Waveform AE signal and wavelet scalogram using time—frequency of AE signal for tensile
crack, shear crack, and mixed mode tension/shear case.

3.4.6. Sensitivity of the Mesh Size

Also, the mesh size effect was investigated by varying the number of elements on
each side of the block with1 x 1,2 x 2,3 x 3,4 x 4, and 6 x 6, corresponding to §, 18,
32, 50, and 98 sub-contacts in the joint, respectively (Figure 12). The joint behavior was
found to be influenced by the number of sub-contacts generated. First, the mesh effect
was assessed by analyzing the shear stress—shear displacement curve under shear loading
(Figure 13). Mesh convergence was observed when the number of sub-contacts N was
equal to 18. Additionally, for the finer mesh, there was a slight delay in the moment when
the load reached its ultimate strength.
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Figure 12. Mesh size corresponds to number of sub-contacts: (a) N = 8; (b) N = 18; (c) N = 32;
(d) N =50; (e) N =98.
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Figure 13. Influence of mesh size on the shear stress/shear displacement curve: (a) from 0 to 0.04 mm;
(b) from 0.033 mm to 0.04 mm.

Then, the velocity at the center point of the bottom block surface was measured and
compared across different mesh sizes. The velocity signals differ between the various mesh
sizes. A Fourier transform (FFT) of velocity signals was applied. The frequencies obtained
were 11.3 kHz, 14.9 kHz, 16.7 kHz, and 28.5 kHz for meshes with sub-contact numbers
of N =18, N =32, N =50, and N = 98, respectively (Figure 14). Additionally, as the mesh
was refined, the obtained frequency increased. Therefore, it was concluded that mesh
convergence cannot be achieved based on the velocity signal.
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Figure 14. Influence of mesh size on the following: (a) y velocity measurement; (b) frequency of
velocity measurement.
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The key question here is whether, despite the differences in velocity signals for different
meshes, analyzing these signals can still allow us to detect cracks in the model and whether
a frequency analysis can identify the type of cracks. Therefore, the cases of N equal to 32
and N equal to 98 were analyzed. It was observed that the cumulative energy of the acoustic
emission increases with the cumulative number of cracks (Figure 15). This tendency is
similar to the case of the reference mesh N equal to 50, which was discussed earlier.
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Figure 15. Normalization of cumulative AE energy and cumulative crack number with mesh size of
(a) N =32 and (b) N =98.

To verify whether frequency analysis can identify the different types of cracks, a
Fourier transform (FFT) was applied to the velocity signal measured under shear and
tension loading. It was observed that, although the frequencies obtained differ between
the two mesh sizes, the frequency in the tension case was higher than in the shear case
(Figure 16). For the mesh with a sub-contact number N equal to 32, the frequencies were
14.9 kHz for shear and 18.6 kHz for tension. For the mesh with a sub-contact number of N
equal to 98, the frequencies were 28.5 kHz for shear and 31.0 kHz for tension. A change of
approximately 3.5 kHz was observed between the shear and tension modes in both mesh

size cases.
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Figure 16. Frequency obtained with tensile loading and shear loading for (a) N = 32 and (b) N = 98.

Therefore, mesh convergence can be achieved based on the overall behavior curve
of the structure (e.g., force/displacement curve). However, the measured velocity signal
cannot be used to achieve the mesh convergence. On the other hand, once mesh conver-
gence is reached by using the behavior curve, the velocity signal can be utilized to simulate
acoustic emission, despite differences in the velocity signals between different mesh sizes.
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The results obtained in this section demonstrate the effectiveness of using the DEM to
simulate the AE of a masonry joint subjected to both tension and shear. In the following
section, the same method is applied to monitor the rupture of a masonry wall subjected to
monotonic in-plane loading.

4. Acoustic Emission Using DEM to Simulate the Masonry Wall Under
In-Plane Loading

4.1. In-Plane Loading Masonry Wall

The experimental test of a masonry wall subjected to shear loading is based
on the study by Peng et al. [9,39]. In this study, a wall with dimensions equal to
1.835m x 1.15m x 0.15m and 11 brick lines was constructed and tested under shear
loading (Figure 17). The wall was fixed at the bottom and initially subjected to a pre-
compression of 0.4 MPa. This pre-compression was maintained constant, while a static
horizontal load was applied to the top of the wall until failure. The failure mechanism in
this type of test depends on both the wall’s geometry ratio (H/L, height/length) and the
magnitude of the applied pre-compression. The pre-compression value of 0.4 MPa results
in a mixed-mode failure, characterized by bending towards the base of the wall and shear
along the diagonal line. Since the pre-compression is not excessively high, failure occurs
mainly in the joints rather than in the bricks themselves. Therefore, this test is primarily
used to evaluate the failure mechanism of the joints in the masonry wall.
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Figure 17. Test setup and position of eight AE sensors from Peng et al. (2024) [9] (red line is crack line).

To assess the damage using AE, six AE sensors were placed at different positions on
the upstream face of the wall (Figure 17). For the subsequent numerical calculations, only
the experimental measurements from the S8 sensor will be compared with the numerical
results. The first crack detected in the wall is located near sensor S6, likely due to bending.
Sensor S8, positioned at the farthest point from this crack, was selected to assess the model’s
ability to monitor crack formation even when it is distant from the source.

The masonry wall was modeled using the Discrete/Distinct Element Method (DEM)
software 3DEC developed by Itasca (version 4.1). The wall in the numerical model consisted
of 61 bricks, each with dimensions equal to 0.305 m x 0.106 m x 0.15 m, and 10 half-bricks,
each with dimensions of 0.1525 m x 0.106 m x 0.15 m, resulting in a final wall size of
the wall equal to 1.83 m x 1.166 m x 0.15 m (Figure 18a). Each deformable block was
discretized into tetrahedral zones within a convex polyhedron of an arbitrary shape, with
an edge length of 50 mm. A mesh convergence study has been carried out, and a mesh
size equal to 50 mm was found to be appropriate. This discretization generated a total
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of 16,419 tetrahedral zones (Figure 18b) in the masonry wall, corresponding to 5992 sub-
contacts between the blocks (Figure 18c).
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Figure 18. Mesh of blocks (a,b) and joints (c) in the DEM (mesh size of 50 mm).

A similar masonry wall was modeled in the study by Boukham et al. (2024) [32]
using a Non-Smooth Contact Dynamic (NSCD) model. The joint characteristics from their
study were also utilized in the calculations herein. Additionally, for the development
of the computational model, it was assumed that the blocks remained in an elastic state,
while only the joints exhibited elastoplastic behavior. The blocks were assumed to be
elastic, with material properties of E = 10 GPa, v = 0.2, and D = 2500 kg/m?. An elasto-
plastic Mohr-Coulomb law with a tension cut-off was used for the joints, with parameters
kn =20 GPa/m, ks = 7.8 GPa/m, the friction angle ¢ = 46.5°, cohesion C = 0.27 MPa,
tension T = 0.05 MPa, and the dilatation angle ¢ = 0°. In the study by Boukham et al.
(2024) [32], a more complex behavior constitutive law for joints under tension and shear,
incorporating softening based on fracture energy, was used. In contrast, in this study, a
simplified joint behavior law, as described in the previous section was utilized.

4.2. Numerical Results

The effect of local damping was first examined based on the load /deflection curve
of the structure’s behavior, with damping values ranging from 0.1 to 0.8. Figure 19 shows
the force versus displacement curves for the different damping values used in this study.
The curves are quite similar, showing the same general trend, with the same failure load
observed across all cases. However, when zooming in on the initial load drop (point P1),
it is evident that lower damping induced a deeper drop in loading. As discussed in the
previous section, initially, a damping ratio equal to 0.3 was used to model AE. If the AE
phenomenon cannot be captured, further reduction in damping can be considered.

In the numerical model, deformable blocks are made up of tetrahedral finite-difference
zones, where mechanical changes (e.g., stress/strain) are calculated within each zone. As a
result, the meshing algorithm generates elements that are random and cannot be controlled
by the user. The only way to verify the suitability of the mesh is to calibrate the model
using experimental results and check for mesh size convergence. The mesh convergence
was verified herein through the load versus displacement curve of the wall, using three
mesh densities: 30 mm, 50 mm, and 75 mm (Figures 18b and 20a). The stiffness of the curve
before the sudden drop at 3.57 mm was very similar for the 30 mm and 50 mm mesh sizes
(Figure 20b). The larger 75 mm mesh showed a higher stiffness compared to these two
cases. Based on this, the mesh converged can be considered at a size of 50 mm.
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Figure 19. Influence of local damping on the load/displacement curve of masonry wall: (a) global
curve; (b) zoomed curve.
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Figure 20. (a) Wall with mesh size of 75 mm and 30 mm; (b) load against displacement curve.

To evaluate the relevance of the numerical model, the shear force versus shear dis-
placement curve was first compared between the experimental and numerical results;
see Figure 21a. From Figure 19a, the numerical curve closely matches the experimental
curve from the linear elastic phase to failure. In the numerical model, only the failure
of the brick interface was used, which is normally enough because in the experimental
test, only the cracks in joints were observed. However, the stiffness in the elastic phase
of the numerical model was slightly lower than that observed in the experiment. The
numerical ultimate load was 83.67 kN, which deviates by only 6% from the experimental
load (Fexp = 78.75 kN). Additionally, the numerical ultimate load occurs slightly later, at
point P8 (U = 4.96 mm), compared to point P6 (U = 3.57 mm) in the experiment, where a
sudden drop was observed. After reaching the ultimate load, both the experimental and
numerical results showed a plateau in the load.

Although the numerical results show generally good agreement with the experimen-
tal observations, some discrepancies are observed in the elastic stiffness and peak load
response. The simulated stiffness is lower than the experimental response, which can be
attributed to several simplifying assumptions adopted in the DEM model. The blocks are
assumed to behave purely elastically throughout the simulations, whereas local cracking
or damage may occur within certain blocks in the experimental specimens under higher
loading levels. In addition, the mortar layer between blocks is simplified as a zero-thickness
joint interface. In the real structure, the mortar possesses a finite thickness and contributes
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to the deformability and load transfer behavior of the assembly. These simplifications may

affect both the initial stiffness and the evolution of failure.
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Figure 21. (a) Comparison between the experimental and the numerical load /displacement curve;
(b) numerical cumulative crack number and numerical load /displacement curve.

To evaluate the ability of the numerical model to simulate AE, the cumulative AE
energy is compared between the experimental and numerical results, using only the ex-
perimental measurements from the S8 sensor. In the numerical calculation, the velocity
measurements (in the X, Y, and Z directions) were taken at the same position as the S8
sensor in the experiment. This sensor was located on the external surface of the masonry
wall, at coordinates X = 0.08125 m and Z = 0.1239 m (where X is the horizontal direction
and Z is the vertical direction). In the numerical calculation, the cumulative AE energy was
calculated from the measured velocity signal and then normalized for comparison with the
experimental results.

Overall, the numerical energy curve exhibited a similar trend to the experimental
curve, consisting of three phases, as shown in Figure 22. However, the numerical curve was
lower than the experimental one. This difference can be attributed to the lower stiffness
observed in the numerical load versus displacement curve (Figure 21) compared to the
experimental one. Despite this discrepancy, the numerical model remains robust in its
ability to capture the acoustic energy relative to the test results.
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Figure 22. Comparison between the experimental and the numerical results: normalize cumulative
AE energy with (a) all curve; (b) average curve.

It is important to note that AE events are not recorded instantaneously at the moment
of crack initiation. Instead, AE signals are generated by the rapid release of elastic energy
during micro-crack formation and propagation, and they require a finite time to reach the
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sensors. This introduces a time delay between the actual cracking event and the detected AE
signal. This delay is mainly governed by the wave propagation velocity in the material, the
distance between the source of damage and the sensor location, and the heterogeneity of the
medium. In addition, instrumental response and signal processing may further contribute
to this temporal shift. As a result, a slight discrepancy can exist between the exact time
of crack occurrence in the DEM simulations and the corresponding AE event recorded in
experiments. This aspect should be considered when interpreting the correlation between
simulated fracture evolution and measured AE activity.

Regarding the failure modes, the wall first cracked in the horizontal joint of the first
line in the flexural mode (point P1) (Figure 23). This crack continued to develop and widen,
while only a small number of shear cracks initially appeared. However, from point P4
onward, more shear cracks became evident. At point P6 (Figure 24), a yield line with
significant cracks formed in the diagonal zone, which explains the sudden drop observed

at this point in the load /displacement curve.

Figure 23. Crack propagation of the masonry wall in numerical model (Deform factor of 15).
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Figure 24. At point P6, (a) joint shear displacement (unit in m); (b) block Von Mises Equivalent Stress
(unit in Pa).

In the numerical model, based solely on the load/displacement curve, the curve
remained nearly linear up to point P1, with U = 0.96 mm and F = 37.45 kN. In contrast, the
first crack in the experimental test was detected earlier, at U = 0.58 mm and F = 29.23 kN.
However, when examining the AE signal obtained from the numerical model, it was
observed that the first AE event was detected much earlier, at a displacement of 0.58 mm
and F = 23.43 kN, corresponding to 32 cumulative cracks in the masonry wall (point PO in
Figure 25), which is very close to the experimental one.
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Figure 25. Velocity monitored at Sensor 8 in numerical simulation.

The position of the first crack, detected at a displacement of 0.58 mm, was identified
using a tool in the numerical model, which provides the coordinate point x = 0.305 m,
y =0m, z = 0.425 m. Figure 26 shows a visualization of the velocity vector field before
and after the appearance of this crack. Before the crack appears, the maximum velocity
was at the loading location (1 mm/s) and progressively decreases in areas further from
the load. Once the crack formed, a sudden increase in velocity was observed at the crack
location, with speeds reaching up to 12.5 mm/s, significantly higher than the load velocity
of 1 mm/s. This velocity was then developed, propagated, and dissipated throughout
the structure.
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Figure 26. Velocity magnitude observed numerically before and after the crack at U = 0.58 mm (unit
inm/s).

In the study of Carpinteri et al. (2016) [40], the dissipated fracture energy and the
emitted energy detected by the AE sensors per unit of fracture surface were compared. In
the DEM, the total energy balance can be expressed as the released energy (W), which is
the difference between the work done at the model’s boundary and the total stored and
dissipated strain energies. While the work of Carpinteri et al. successfully established the
energy balance of cracking in concrete-like materials, their approach remains focused on
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the material scale. In contrast, our work extends these principles to the structural level,
accounting for the complex interaction of blocks and joints in a full wall assembly.

Wy =W — (Uc + Uy + Wi + W) 4)

where

W, is released energy;

W is total boundary loading work supplied to the system;

U, is total stored strain energy in material;

Uy, is total change in potential energy of the system;

W; is total dissipated energy in joint shear; and

W), is total dissipated work in plastic deformation of intact rock.

The relationship between the total energy balance (or total released energy) and the
amplitude and energy of AE signals is shown in Figure 27. It is observed that a significant
increase in the total released energy corresponds to a notable increase in both AE energy
and AE amplitude.
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Figure 27. AE signal amplitude, normalizing cumulative AE energy and total released energy (total
energy balance).

Then, the cumulative number of cracks obtained from the numerical model was
used to further analyze the results. Figure 28 shows the cumulative crack count and the
measured velocity as a function of the shear displacement. From the result analysis, it was
observed that a rapid increase in the number of cracks over a short period (for example, at
points P1, P2, and P6) leads to a significant amplitude in the measured velocity, which also
corresponds to a considerable release of total energy (Figure 29b). This behavior further
explains the generation of elastic waves due to the cracks.
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Figure 28. Velocity monitored at Sensor 8 and cumulative number of cracks in the numerical model.
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Figure 29. Results from the computational model: (a) total released energy (energy in J)

against shear displacement; (b) cumulative AE energy and cumulative number of cracks against
shear displacement.

In the literature, there are studies that have demonstrated, through experimental
testing, that a snap-back occurs during fracture, and the captured AE energy corresponds to
this phenomenon [6,41,42]. However, this does not mean that this phenomenon is validated
for all types of brittle materials, nor at the structural scale. In this study, we focus on the
rupture of a masonry wall under shear, which occurs at the structural scale. Furthermore,
the cracks captured here are at the interfaces between blocks, with no rupture at the block
level. While the snap-back phenomenon has been demonstrated at the material scale (once
again not for all materials), it has not yet been observed at the structural scale, nor in
relation to rupture at the interface level.

The results obtained in this study clearly show that there is no snap-back phenomenon
in the force/displacement curve of the masonry wall under shear, either in the experimental
tests or in the numerical simulation. In the experimental test, the snapback was not observed
in the load /displacement curve. However, the AE energy calculations from the AE signal
can still reproduce the acoustic emission well. In the numerical simulation, we have
observed that crack propagation occurred suddenly, leading to a catastrophic drop in load
capacity before stable crack propagation is established (Figure 21a). This drop in load, as
explained in this paper, corresponds to the release of elastic waves, which can be captured
by measuring the velocity at the surface. A significant increase in the total energy released
was also captured at the time of crack propagation (Figure 29a), which confirm again the
physical phenomena reproduced by the numerical model.

The results show that analyzing the velocity and cumulative AE energy allows for the
detection of crack initiation and the intensity of cracking. However, this approach does
not provide information about the type of cracks detected. To gain more insight into the
crack types, a frequency analysis as a function of time is performed. In the previous section,
we observed that the cracks detected at point P1 are primarily caused by bending failure.
Cracks at point P6 were mostly associated with shear failure, marked by the formation of a
yield line in the diagonal zone. It is important to note that, in both cases, a combination of
two types of cracks—tension and shear—occurred. However, point P1 was predominantly
governed by tension, while point P6 was primarily dominated by shear.

In the previous section, when studying a single joint, we observed that shear cracks
tend to generate lower frequencies than tensile cracks. This same trend was observed for
the masonry wall. At point P1, two frequency ranges were identified: low frequencies
(from 1.5 kHz to 5.8 kHz) and higher frequencies (from 11.0 kHz to 16.7 kHz) (Figure 30a).
Typically, lower frequencies were associated with tensile cracks, while higher frequencies
correspond to shear cracks. At point P6, the frequencies were predominantly in the low
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range, from 1.1 kHz to 5.8 kHz (Figure 30b), although a higher frequency of 10.4 kHz was
also detected, but with much lower intensity. Another observation was that the tension-
dominant mode produced frequencies over a short time frame, whereas the shear-dominant
mode generated frequencies over a longer duration.
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Figure 30. Waveform AE signal and wavelet scalogram using time-frequency of AE signal: (a) point
P1; (b) point P6; (c) FFT.

The frequency analysis indicates that different fracture mechanisms produce distinct
frequency characteristics. In general, tensile-dominant cracking is associated with higher-
frequency and shorter-duration responses, whereas shear-dominant cracking tends to
generate lower-frequency components over a longer duration. These trends are consistent
with the underlying energy release and crack-propagation mechanisms governing each
failure mode. It is also acknowledged that the obtained frequency content is influenced
not only by the fracture process itself but also by the numerical discretization and model
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parameters in the DEM framework. In particular, mesh size affects the contact network
and stress-wave propagation paths, which can modify both the detected frequency ranges
and their amplitudes. Similarly, contact stiffness and damping parameters influence wave
transmission and attenuation, thereby affecting the resulting spectral response. Accordingly,
the interpretation of AE frequency signatures should consider both the physical fracture
mechanisms and the inherent limitations of the numerical model. This provides a more
robust basis for evaluating the reliability of the proposed AE simulation approach.

5. Brief Description of Methodology Used

This paper presents a novel method for simulating acoustic emission in masonry walls
in shear using the discrete element method. To calibrate the numerical model based on
DEM, two steps are proposed:

Step 1: Before studying the acoustic emission phenomenon, the model must first be
validated for mechanical behavior. Interface parameters can be characterized through shear
and tensile strength tests, and results could be implemented into the numerical model. At
the structural scale, model validation is performed by comparing the numerical results
with structural tests, focusing on the global force/deflection behavior curve and the failure
modes obtained. A local damping value of 0.3 can be used. Mesh convergence should also
be conducted.

Step 2: After validating the model in terms of mechanical behavior, the model’s ability
to simulate acoustic emission is calibrated. Elastic waves are captured by measuring the
velocity on the wall surface. From this signal, various acoustic emission parameters, such
as cumulative AE energy or the b-value can be used for calibration. This study specifically
addresses the evaluation of cumulative AE energy.

It is acknowledged that the optimal damping coefficient may depend on the modeling
scale and the physical phenomena under investigation. At the joint or particle interaction
scale, lower damping values may be preferred to better preserve local dynamic effects,
while larger-scale structural simulations may require higher damping to ensure numerical
stability and computational efficiency. Therefore, the selected value of « = 0.3 should
not be considered universally applicable, but rather appropriate for the specific DEM
configuration, loading conditions, and AE analysis framework considered in this study.

6. Conclusions

This research presented a novel application of block-based Discrete Element Method
(DEM) to simulate acoustic emission (AE) waves in masonry structures at the struc-
tural scale. While previous DEM studies on AE were restricted to small-scale material
tests, this work successfully modeled damage progression in a large-scale wall panel
(1.835 x 1.170 x 0.15 m?®), bridging the gap between micro-mechanical modeling and the
macro-structural response. Based on the results of this study, several significant outcomes
were achieved:

e A major contribution of this work is the optimal numerical calibration of AE and the
identification of the critical role played by local damping in capturing elastic waves.
While a standard damping ratio of 0.8 is typical for static equilibrium, this study
established that a reduced ratio of 0.3 is optimal for AE simulations. This specific
value preserves the kinetic energy required for high-fidelity velocity signals while
maintaining computational stability, a technical guideline not previously addressed in
the literature.

e  Moreover, the model validation of structural-scale predictive capability was demon-
strated. In particular, the proposed model demonstrated strong agreement with
existing experimental data, accurately capturing the force-displacement response and
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the cumulative AE energy curves. This confirms that block-based DEM is a robust

tool for predicting failure mechanisms in heterogeneous masonry where traditional

continuum-based methods often fail.

e  What is more, this research was able to differentiate failure modes using AE. Through
frequency analysis, the model successfully distinguished between tensile and shear
cracking modes based on their signal signatures. This outcome is significant for
structural health monitoring (SHM), as it provides a theoretical framework to identify
the physical nature of internal damage using only external vibration data. In a real-
world scenario, this allows structural engineers to categorize the severity of damage,
for instance, identifying sudden shear failure modes in a wall panel, which are often
more catastrophic than gradual tensile cracking.

e  Finally, the study proves the feasibility of using the DEM as a “virtual sensor” platform.
By simulating the AE response of large structures, engineers can pre-calibrate physical
sensor layouts and better understand the complex attenuation and reflection of waves
across mortar joints, which are critical for accurate crack localization in real-world
masonry infrastructure. Due to the model’s ability to simulate how mortar joints
reflect and attenuate signals, engineers can “test” different sensor layouts virtually
to ensure that critical internal damage zones are within the detection range of the
physical equipment.

Overall, the methodology developed as part of this research provides a powerful,
computationally efficient tool for the non-destructive assessment of masonry structures,
offering deeper insights into damage initiation and propagation than experimental methods
alone can provide. Also, the study successfully fills a significant gap in the literature by
demonstrating that the DEM is an effective predictive tool for structural-scale failure
analysis and AE monitoring in heterogeneous masonry. The study provides a framework
for the enhanced safety evaluation of masonry infrastructure. By utilizing the proposed
structural-scale DEM model, engineers can simulate the acoustic emission (AE) signatures
of specific failure mechanisms before they become visible to the naked eye. This capability
is particularly vital for the assessment of heritage structures, where invasive testing is
prohibited. Furthermore, the ability to correlate simulated AE energy and frequency with
internal crack progression allows for the definition of ‘early-warning’ thresholds. These
thresholds can inform automated health monitoring systems, identifying a transition from
stable micro-cracking to unstable structural failure, thereby significantly improving the
reliability of safety assessments in the field.
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Nomenclature

Interface and Mechanical Properties

Symbol  Description Unit/Value
Kn Normal stiffness of the joint GPa/m

Ks Shear stiffness of the joint GPa/m

oy Normal stress on the joint MPa

T Shear stress/strength MPa

c Cohesion strength MPa

¢ Friction angle Degrees (°)
P Dilation angle Degrees (°)
T Tensile strength MPa

E Young’s Modulus (for limestone blocks) GPa

v Poisson’s ratio -

D Density kg/ m3
Damping Parameters

a Local damping constant 0 <axl
Fi(t) Resultant of external forces at time t N

Fdi Damping force N

my, Nodal mass kg

u; Displacement m

ui Velocity m/s

Ay Time increment S

sgn(y)  Signum function -
Analysis Indicators

CN; Cycle number for a specific damping valuei -
CNjs Cycle number for default damping (0.8) -
g Prescribed total displacement m
o(t) Prescribed velocity over time m/s
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