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A B S T R A C T

In this paper, 3-point bending concrete beams were investigated through a combination of experimental and
numerical analyses. Initially, laboratory tests were conducted to observe the formation and propagation of cracks
using acoustic emission (AE) and digital image correlation (DIC) techniques. The experimental results obtained
were then compared with a numerical study. The widely used discrete element method (DEM), implemented
with the open-source code YADE, was employed. The primary objective was numerically reproducing the
acoustic emission experiment. The model was fully 3D. During the entire test, the accelerations of 4 sensors were
monitored, mirroring the experimental setup. The energy released during the damage process was quantified,
and both cumulative energy and local jumps were directly compared. Furthermore, energy measurements were
correlated with stress curves to explore their interdependencies. The numerical model, along with the experi-
mental measurements, successfully detected signals from the sensors, indicating the occurrence of microcracking
in the specimen before reaching peak load and failure.

1. Introduction

The cracking process is a fundamental phenomenon observed in
quasi-brittle and brittle materials ([1–3]), which refers to materials that
fracture under stress without significant deformation. It stands as a
primary cause of mechanical damage under load, leading to a significant
reduction in material strength. Understanding the fracture process is
paramount for ensuring structural safety and optimizing material
behaviour. During the damage process, microcracks initially emerge in a
hardening region before the peak on the stress–strain curve is reached.
These micro-cracks gradually evolve during softening of the material,
eventually transforming into distinct macroscopic cracks that lead to
rupture [4]. Identifying microcracks in concrete elements before they
lead to failure is a critical and complex engineering task. Early detecting
these microfractures can significantly enhance the safety of structures.

In recent years, substantial advancements have been made in non-

destructive evaluation techniques for concrete structures [5,6]. Addi-
tionally, numerous experimental studies have focused on the continuous
observation of concrete elements as they degrade under progressively
increasing mechanical loads [7–9]. Among the various techniques
available, the acoustic emission (AE) method stands out as particularly
effective for real-time, in-situ monitoring of microcrack development in
concrete, e.g. [10–19]. This method detects the release of strain energy
from cracks or excessive deformation, which generates elastic waves
that travel through the material. Sensors placed on the surface of the
specimen capture these AE events, providing valuable data on the
initiation and growth of microcracks and fractures in stressed concrete
samples [20,21,22]. However, most of the existing work focuses on
laboratory tests only. There remains a gap in the numerical analysis of
the interaction between elastic waves and developing fracture zones,
particularly when compared to laboratory tests. Finite element methods
(FEM) have been used to study these problems; however, they face
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challenges in accurately mimicking fragmentation and multi-cracking.
Most numerical research has been limited to 2D applications only,
which can introduce noticeable errors due to the inability to fully ac-
count for all spatial effects [23]. The constitutive laws used in FEM
models are also generally complicated and do not fully capture the
physics of fragmentation [24,25]. Zhu et al. [26] performed numerical
simulations of the AE activity during the failure process of a concrete
beam, considering the concrete as a heterogeneous material. Lisjak et al.
[27] described a method for AE modelling based on a combined finite-
discrete element method with cohesive elements, allowing for the
modelling of fracture process zones (FPZs). However, real fracture
problems involve multi-cracking, which is a significant challenge for
continuous models. While finite element techniques are excellent tools
for large-scale calculations, they are quite limited in computations on a
meso-structure level.

The increasingly popular, discrete element method (DEM) can
effectively address most of the issues mentioned above. DEM directly
simulates the material meso-structure, making it suitable for compre-
hensive studies of the mechanisms behind the initiation, growth, and
formation of localized zones, cracks, and fractures at the mesoscale,
which significantly affect the macroscopic behaviour of frictional-
cohesive materials [28,29]. It can easily represent discontinuities
caused by fracturing or fragmentation. The accessibility of information
at the particle scale makes DEM a highly useful tool for studying the
growth of fracture zones and tracking elastic waves as the released en-
ergy. However, the major disadvantage of DEM is its high computational
cost. Wave simulation in heterogeneous materials has been studied by
many researchers, demonstrating the great potential and capabilities of
this method. Studies have been conducted on wave propagation in 2D
cohesionless granular media [30] and in porous asphalt [31]. However,
there is still a lack of complex analysis of elastic wave propagation
during concrete degradation. Most calculations focus on rocks and are
limited to 2D problems. Hazzard and Young [32] simulated a
compressive failure test on a granite sample model with simultaneous
recording of AE signals. Ji and Di [33] applied simplified discrete
element modelling (DEM) to study acoustic emission features in rock
fractures. Unlike other studies, their work addressed a 3D problem,
although it involved only about 6000 randomly placed particles. Chong
et al. [34] numerically simulated the acoustic emission characteristics of
a jointed rock mass using a 2D model. Zhang et al. [35] conducted
compression tests on coal specimens and monitored the AE. They used
two-dimensional numerical approach to calculate the number of cracks
during biaxial compressive loading and compared it with the cumulative
AE counts registered during the experiments. Several papers also
describe cement or concrete materials. Iturrioz et al. [36] used a lattice
model to describe experimental studies of fracture monitoring in con-
crete specimens based on AE. Cheng et al. [37] performed acoustic
emission simulations of cemented tailings backfill, using 2D particle
flow code to compare the number of microcracks from simulations with
the magnitude of AE events from experiments. Zhu et al. [38] utilized a
local crack opening displacement softening model within the framework
of the discrete element method to study the fracture behaviour of con-
crete bending beams, comparing 2D numerical simulation results with
experimental data from acoustic emission (AE) and digital image cor-
relation (DIC) techniques. Similar work has been performed in our
previous research [39]. Finally, a comprehensive numerical and exper-
imental study on the failure analysis of porous concrete was presented
by Xie et al. [40], using a 3D DEM model. Laboratory tests were con-
ducted on specimens made from 10-25 mm aggregate bound with
cement mortar. Acoustic emission (AE) events were recorded during
these experiments. The numerical model included aggregate particles

with linear parallel bonds between them, allowing the number of cracks
formed during the compression of the porous concrete specimen to be
counted and compared with the experimental cumulative AE energy
curve.

In our study, the laboratory setup was designed to allow for the
precise observation of crack initiation and propagation using the digital
image correlation (DIC) technique, as well as the accurate measurement
of elastic waves released from localizes sources during crack initiation
and propagation by the acoustic emission (AE) technique using four
piezoelectric sensors attached to concrete beams subjected to a me-
chanical degradation. Numerical simulations were then performed using
the classical particle-based discrete element method (DEM). A full 3D
model was built in DEM to closely mimic the experiment. The beam
material was represented as a collection of individual particles, each
capable of independent movement and interaction within the domain.
DEM was selected over other discrete models due to its ability to accu-
rately represent the concrete fracture process [41–43]. Due to the time-
consuming nature of the calculations, a single-phase specimen was used,
in contrast to the multi-phase approach presented in [39]. The focus was
on the 3D extension to capture phenomena that could not be observed in
2D calculations. Finally, the experimental results were compared with
numerical simulations to validate the accuracy of the model.

The main contribution of the current paper is a coupled exper-
imental–numerical study to explain the mechanism of propagation of
elastic waves at the aggregate-level and their interaction with micro-
and macrocracking in concrete. The novelty of the work concerns (i) the
development of a fully three-dimensional discrete element method
model to simulate acoustic emissions in concrete members subjected to
monotonic quasi-static loading, offering a detailed representation of the
elastic wave propagation initiated by microcracks, and (ii) the estab-
lishment of a direct comparison between experimental measurements
and numerical results, providing a robust validation of the model and
new insights into the relationship between microcrack dynamics and
observed acoustic signals.

The paper is organised as follows. First, the experimental setup used
in our tests is briefly introduced in Section 2. Then, the DEM model and
its calibration and validation procedure are described in Section 3.
Section 4 compares the numerical results with the laboratory results.
Finally, conclusions are drawn in Section 5.

2. Experimental investigations on bending beams

2.1. Materials and specimens

The materials used to produce the concrete in this study were Port-
land cement type CEM I 42.5R, sand (0/2mm), fine aggregate (2/8mm),
coarse aggregate (8/16 mm), tap water and superplasticiser (0.7 % of
the cement content). The proportions of the concrete mix are given in
Table 1. Larger concrete prisms were first produced and then, after 28
days, the actual test specimens of 40 × 40 × 160 mm3 were cut from
them. A notch 4 mm wide and 7 mm deep was cut in the centre of each

Table 1
Mixture proportions of concrete.

Cement
(kg/
m3)

Water
(kg/
m3)

Sand
0/2
(kg/
m3)

Aggregate
2/8
(kg/m3)

Aggregate 8/
16
(kg/m3)

Superplasticizer
(kg/m3)

330 165 710 664 500 2.31
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specimen. Three specimens, hereafter referred to as beams #1, #2 and
#3, were used for the experiments and simulations described in this
paper.

2.2. Experimental setup and procedure

Three-point bending tests were performed to investigate the process
of fracture behaviour of concrete beams. The experimental setup is given
in Fig. 1a. The distance between supports was 120 mm (Fig. 1b).
Bending was carried out using universal testing machine (Zwick Z10)
with a displacement control with the rate of 0.05 mm/min. A preloading
force was 20 N. The test lasted 360 s, up to displacement of 0.3 mm.

During the bending, the fracture evolution was characterized using
the integrated acoustic emission (AE) and digital image correlation
(DIC) methods. The front side of the beam was covered with a speckle
pattern and the images were taken with a sampling frequency of 1 Hz
using 3D DIC system equipped with two cameras with a resolution of
4096 × 3000 pixels. Crack mouth opening displacement (CMOD) was
measured by virtual extensometer (see Fig. 1b), obtained from DIC
measurements.

To register elastic waves caused by cracking, four multilayer piezo-
electric sensors with dimensions 3x3x3 mm3 were attached to the front
side of the beam. This type of piezoelectric sensor is particularly suitable
for the AEmonitoring of small samples or samples with a limited amount
of mounting space. According to the manufacturer’s specification, the
resonant frequency of the sensors used was greater than 500 kHz. Fig. 1b
and Fig. 1c show the arrangement of the sensors (numbered S1 to S4).
Acoustic emission signals were recorded using the AE system with a
sampling rate of 10 MHz and a threshold of 30.1 dB.

3. Numerical modelling of plain concrete using DEM

3.1. Formulation of DEM for concrete

This study employed the discrete element method (DEM) using the
open-source platform YADE [44,45]. DEM offers several advantages,
including detailed descriptions of individual particles and a natural
ability to account for damage and fracture between elements, making it
particularly well suited to the study of concrete fracture. In DEM, par-
ticle motion (both translation and rotation) is governed by Newton’s
second law of motion using an explicit time-stepping scheme [46]. In
this study, a simple linear contact law was used for normal compression,
with brittle failure occurring when the normal tensile stress exceeded a
critical value [47]. Tensile failure resulted in contact separation, while
shear cohesion failure initiated contact slip and sliding according to the
Coulomb friction law under normal compression. The mechanical re-
sponses of the DEM are presented in Fig. 2. The governing equations for
particle motion and contact interactions are summarized below:

Fn = Kn(U − Uo)N (1)

Fs = Fs,prev +KsΔXs (2)

Kn = EDEM
2RARB

RA + RB
, and Ks = νDEMEDEM

2RARB

RA + RB
(3)

‖Fs‖ − Fmaxs − ‖Fn‖⋅tanμ⩽0, (before contact breakage) (4)

‖Fs‖ − ‖Fn‖⋅tanμ⩽0, (after contact breakage) (5)

Fmaxs = CR2, and Fminn = TR2 (6)

where Fn – the normal contact force, U – the overlap between discrete
elements (Uo is an initial overlap that exists due to high compaction),N –
the unit normal vector at the contact point, Fs – the tangential contact

Fig. 1. (a) Experimental setup for integrated AE and DIC measurements; (b) the geometry of the beams and the location of PZT sensors; (c) the photograph of the
front side of the beam before bending test.
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force, Fs,prev – the tangential contact force in the previous iteration, ΔXs

the relative tangential displacement increment, Kn – the normal contact
stiffness, Ks – the tangential contact stiffness, EDEM – the elastic modulus
of the particle contact, υDEM – the stiffness ratio of particle contact (υDEM
= Ks/Kn), R – the smaller particle radius, RA and RB contacting particle
radii, μ – the Coulomb inter-particle friction angle, Fmaxs – the critical
cohesive contact force, Fminn – the minimum tensile force, C – the cohe-
sive contact stress (maximum shear stress at a pressure equal to zero),
and T – the tensile normal contact stress. If a cohesive joint (Eq. 6) be-
tween two elements vanished (whether in the normal or tangential di-
rection) after crossing a critical threshold, damage was assumed. If any
contacts between spheres were restored following failure, cohesion was
considered absent (Eq. 6). The DEM model did not account for material
softening.

The model presented here has been successfully used in previous
static and dynamic [43] calculations. Experimental results have been
effectively reproduced with satisfactory agreement in uniaxial
compression [47,48], uniaxial tension [47], splitting [49,50], and
bending tests [41,42,43]. In contrast to the previous acoustic emission
study [39], this paper introduces a full 3D model. For studies involving
acoustic emission, the adoption of a 3D model is preferable due to the
need to measure acceleration signals in out-of-plane directions. In the
3D scenario, an increased occurrence of micro cracks is observed
compared to 2D models, thus enhancing the investigation of damage
mechanisms. Nonetheless, certain limitations were imposed in order to
speed up the calculations. The concrete was modelled as a single-phase
material, in contrast to other researchers, e.g. [51,52] or our previous
study. Future work will employ a full 4-phase material model consisting
of aggregate, interfacial transition zone, mortar, and air voids, thereby
improving the representation of crack patterns [41,43,51,52]. Addi-
tionally, the interfacial transition zone can be modelled with a physical
width, as in [53]. However, for the initial stages, the use of a single-
phase material is deemed suitable for AE studies, as the focus lies pri-
marily on the analysis of fracture initiation rather than exact crack
morphology. The aim of the study was to introduce a model capable of
reproducing the wave propagation phenomena that occur during

fracture and the shape of the crack was not the primary focus of this
study.

3.2. Numerical model of concrete beam

For numerical calculations, six main parameters must be selected: ρ,
EDEM, υDEM, μ, C and T. In this article, the numerical parameters were
chosen to match those used in previous calculations [39], with only the
mortar phase being utilized (ρ = 2500 kg/m3, EDEM = 27.42 GPa, υDEM =

0.17, μ = 18◦, C = 48.46 MPa and T = 24.23 MPa). The detailed cali-
bration procedure was described in [54] and [39].

The size of the concrete specimen was the same as in the experiment
(40×40×160 mm3). It had a central notch with a dimension of 4×7
mm2. Discrete spherical elements with diameters distributed linearly
between 1 and 2 mm were employed, resulting in a total of 150,000
elements. These sphere dimensions were chosen to balance the need for
accurate fracture reproduction while also optimizing computational
efficiency. The YADE code does not yet support parallelization, so there
are some limitations on the number of elements. The use of larger ele-
ments may slightly affect the global strength, but primarily affects only
the final crack shape [47,48]. The initial porosity was set to 5%,
consistent with the experimental conditions. Fig. 3 illustrates the initial
geometry, highlighting the positions of PZT sensors (marked in yellow).

During the bending test in the DEM model, a constant vertical ve-
locity of 0.5 mm/s was applied to the piston, while ensuring that the so-
called inertia number remained below I < 1e-4 to maintain quasi-static

Fig. 3. Numerical 3D DEM model of concrete beam.

Fig. 2. Mechanical response of DEM: (a) normal contact model, (b) tangential contact model and (c) modified Mohr-Coulomb model [44,45].
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conditions [55]. The displacement of the piston and the crack mouth
opening displacement (CMOD) were monitored throughout the test,
along with tracking the number of broken contacts. Four distinct areas
resembling multilayer piezoelectric transducers were modelled to
replicate the experimental setup. The sensors in the numerical model
were positioned identically to their locations in the laboratory tests, as
illustrated in Figs. 1 and 3. In these designated regions, the average
accelerations of the elements were calculated, considering them as the
primary component of the elastic wave. The numerical DEM results were
then compared with the experimental data in the following section to
ensure a comprehensive analysis of the findings.

4. Results and discussion

Firstly, the macroscopic force-CMOD and force–displacement curves
were compared in Fig. 4. The experimental load peaks had values of
1737.76 kN, 1865.3 kN and 1656.5 kN for beams #1, #2 and #3,
respectively. The numerical results showed approximately a 33% higher
strength (2327.72 N) compared to the mean laboratory value of
1753.19 N (with a standard deviation of 105.25 N and a coefficient of
variation equal to 6%). The stiffness is also about 40% higher in the
numerical analysis (with peaks at 0.158 mm and 0.23 mm for calcula-
tions and experiments, respectively). This discrepancy is due to the
absence of aggregates and interfacial transitional zones (ITZs) in the
model. Typically, the ITZ phase experiences a reduction of approxi-
mately 30% in stiffness and 35% in tensile and shear strength compared
to cement-cement contacts. Consequently, the response without ITZs
exhibits excessive strength and stiffness. However, this discrepancy does
not significantly affect damage and energy release. However, the post-
peak behaviour is similar and brittle. The force-CMOD curve also
shows a significantly improved alignment (the numerical CMOD was
calculated as the difference in notch width). The rapid drop visible in
Fig. 4b was caused by using plain concrete specimens without any
reinforcement and by piston-displacement control instead of CMOD
control. In the numerical calculations, brittleness was also caused by the
lack of microstructure, which resulted in more rapid final crack
development.

The final crack shape observed in experiments appears much more
curved due to the presence of aggregates (and ITZ) and air voids within
the specimens (Fig. 5a-c). In contrast, the crack shape in the DEM cal-
culations tends to be almost a straight line (Fig. 5d), because without
taking into account the microstructure (such as aggregates and air voids,
which act as attractors for the crack), the crack shape will solely conform
to the stress criteria. Consequently, its shape will remain straight.

In Fig. 6, the evolution of the internal normal forces is depicted for

the middle cross-section only. The red and blue colours represent high
compressive and tensile forces, respectively. Up to the peak, the forces
exhibit typical behaviour for a bending beam, with strong compression
below the piston and between the piston and supports, and strong tensile
forces in the mid-bottom part of the beam (Fig. 6a). After the stress peak
is reached, when a crack develops, the compressive forces remain close
to the supports and piston, as well as inside the crack, where strong
interlocking occurs (Fig. 6b).

Fig. 7 illustrates the evolution of the acceleration wave in the

Fig. 4. Results from bending: (a) force-CMOD curves and (b) force–displacement curves for experimental beams #1–3 and numerical beam.

Fig. 5. Final cracking patterns in investigated specimens: (a) beam #1, (b)
beam #2, (c) beam #3, (d) numerical 3D DEM beam model.
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specimen. When contact is broken between two elements (forming a
crack), the force at the contact is dismissed, and a new resultant force
causes large accelerations of both elements. This acceleration propa-
gates along neighbouring elements, creating an acceleration wave. This
release of energy is similar to acoustic emission in reality. The white and
black colours represent high (positive or negative) acceleration values
equal to 1 mm/s2, arbitrarily chosen for visibility. Only the mid cross-
section of the specimen is shown. Initially, the acceleration field is ho-
mogeneous and small (Fig. 7a). When the contacts break, a visible wave
propagates from the notch (Fig. 7b and c). Eventually, the wave

propagates through the entire specimen and gradually decays (Fig. 7d).
In Fig. 8, acceleration signals (in the z direction, perpendicular to the

beam surface) are presented. In the experiment, the signals were regis-
tered in a hit-based mode measurement. Then, all burst signals regis-
tered by sensors were assembled into one time vector containing all
recorded transients. In the DEM simulation, the mean values of accel-
erations acting on the sensors are calculated and recorded every 0.0025
µm of CMOD opening. In both cases, small readings from sensors are
visible before the stress peak is reached. The fluctuations in the signals
correspond to micro-cracks and fracture developing inside the specimen.
In the DEM calculations, due to the larger elements used in the model,
the signals are more chaotic and persist almost throughout the entire
duration. In contrast, in the experimental data, the signals are more
concentrated in distinct periods. In the laboratory, micro-cracks appear
more abruptly, whereas in the DEM they are more continuous. This
difference is more apparent in the CMOD domain (Fig. 8, left column). In
the displacement domain (Fig. 8, right column), it is evident that small
micro-cracks occurred before the stress peak, while the main damage is
measured around the peak values. Once again, in the DEM calculations,
the damage becomes more evident after the stress peak, with the crack
propagating more continuously. In the laboratory tests, however, the
fluctuations appear as separate events.

An example of the energy distribution from sensor S1 is presented in
Fig. 9, which shows the measured energy (green line), the cumulative
energy (purple dashed line), together with the force curve (black line).
In the experimental results, a significant energy jump occurs just after
the main force peak (Fig. 9a,b), followed by only minor changes there-
after. The primary damage occurs at the stress peak. A different obser-
vation was made for the third beam (Fig. 9c), where the main crack
occurred well after the peak (at a CMOD of 0.065 mm), but fracture
continued to develop during the softening phase. Only some small
values of elastic waves were observed before the stress peak. In the DEM
calculations, the first energy jump was observed far before the stress
peak, and the cumulative energy increased more steadily (Fig. 9d). It is
evident that the main energy jumps also occurred just after the force
peak, but its magnitude was more consistent with the subsequent ones,
in contrast to the experimental results. A constant development of small
cracks was observed until the final damage.

Similar observations were conducted for all the sensors (Fig. 10). For
beams #1 and #2, a significant energy jump was observed just after the
force peak. For beam #2, the differences between the sensors were
extremely small (about 8%), whereas for beam #1, the difference was
almost 40%. In beam #3, after a small jump following the stress peak, a
substantial increase in energy occurred well after the force peak. Sub-
sequently, the energy increased uniformly across all sensors. A similar
result was observed in the DEM calculations where the initial energy
jump coincided with the force peak. Thereafter, the energy increase was
almost linear with minimal variation. In both experimental and nu-
merical data, no significant differences were observed between the
different sensors (although the values may differ, e.g., for beam #1, the
trends of the curves remain similar). The DEM calculations revealed a
more uniform behaviour due to the absence of large aggregates and
macropores, with micro-cracks developing continuously. In the experi-
ments (beams #1 and #2), the primary crack propagated rapidly at the
stress peak, followed by sustained but minor damage.

The plot in Fig. 11 illustrates the relationship between the number of
broken contacts in the CMOD domain for DEM calculations. Initially, a
few contacts are broken far before the stress peak, which occurs at
CMOD= 0.0054 mm (given that the peak is approximately 0.0105 mm).
There is then a systematic increase in the number of broken contacts,
following a non-linear shape, culminating in a final number of 4040
broken contacts, representing 0.45% of the initial total number of
contacts.

In Fig. 12, both the broken contacts and the acceleration signals for
sensor S1 are shown, including a zoomed-in section for a short period
just before reaching the stress peak, corresponding to a piston

Fig. 6. Distribution of forces (red colour – compression, blue colour – tension)
in 3D DEM model of concrete beam for different values of CMOD: (a) 0.008
mm, (b) 0.1 mm.

Fig. 7. Snapshots of acceleration field in the 3D DEM model.
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displacement between 0.1 mm and 0.15 mm. For better visualization,
the curve is presented on a piston displacement basis. It is noteworthy
that after each fracture event (indicated by an increase in the number of
broken contacts), the acceleration is recorded in all the sensors (Figs. 12
and 13). In Fig. 13, a very short piston displacement domain (u = 0.001
mm) is shown to better visualize the correlation between the data. There
is a delay of several hundred iterations between the occurrence of the
fracture and the measured jump in the sensors (Fig. 13), approximately
1.25e-5 s for bottom sensors (red and pink curves) and 1.45e-5 s for the
upper ones (green and cyan curves), owing to their greater distance from
the crack. Numerous acceleration jumps are clearly visible before the
peak, coinciding with the development of micro-cracks within the
specimen (Fig. 13). However, after the peak, the sensors exhibited
chaotic and continuous outputs due to the brittle behaviour (rapid
propagation of the crack) (Fig. 12a). Moreover, the energy released after
the peak is notably higher.

The evolution of damage is depicted in Fig. 14. In the DEM calcu-
lations, the broken contacts (representing micro-cracks) are registered.
In laboratory tests, digital image correlation (DIC) technique was used,
which does not directly correspond to the contact breakages. The
localisation began to appear before the stress peak for beams #2 and #3
(with no distinct localisation for beam #1). An important observation

was made on beam #1 (Fig. 14a), where a significant energy jump was
detected between CMOD = 0.015 mm and 0.019 mm, i.e., still in the
nucleation phase of micro-cracks, indicating the very high sensitivity of
the AE method for micro-damages. Subsequently, localization continued
until the final shape, but no more such large energy jumps were
observed. A less clear but similar observation was made in beam #2. In
beam #3, both the released energy and the size of the localization
increased simultaneously. The closest agreement in results was found
between experimental beam #3 and numerical calculations. In both
experiments and simulations, the observed jumps of elastic wave energy
in the phase of micro-cracks (i.e., for the CMOD value smaller than 0.03
mm) indicating the moment of crack initiation. Since broken contacts
are observed in the 3D DEMmodel of the beam, it can be concluded that
the increase in AE energy is directly correlated to micro-cracks. It is
evident that the appearance of microcracks and a rapid release of
localized stress energy is connected with a loss of contact between
particles.

In general, the AE appears to be a more accurate technique for
tracking micro-cracks in larger elements, as demonstrated by DEM cal-
culations, where each broken contact corresponds to an increase in en-
ergy (similar to beam #3). In small specimens, such as those used in this
work, microstructure plays a significant role. For example, a large

Fig. 8. Elastic wave signals acquired during experiments and in numerical simulations in the CMOD domain (first column) and in the displacement domain (second
column): (a) beam #1, (b) beam #2, (c) beam #3, (d) numerical 3D DEM beam model.
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Fig. 9. Energy of signals registered by sensor S1 and the cumulative energy in the CMOD domain: (a) beam #1, (b) beam #2, (c) beam #3, (d) numerical 3D DEM
beam model.

Fig. 10. Cumulative energy curves in the CMOD domain: (a) beam #1, (b) beam #2, (c) beam #3, (d) numerical 3D DEM beam model.
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Fig. 11. The broken contacts in the specimen versus CMOD (a) whole test and (b) zoom in pre-peak part.

Fig. 12. The broken contacts in the specimen versus displacements, together with signal registered by sensor S1: (a) whole test and (b) zoom in pre-peak part.

Fig. 13. The broken contacts in the specimen versus displacements, together with signal registered by all the sensors S1-S4 at selected displacements values: (a)
0.1105 mm to 0.1115 mm; (b) 0.1445 mm to 0.1455 mm.
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Fig. 14. Integrated results: force and cumulative energy–CMOD curves with images of cracking development: (a) beam #1, (b) beam #2, (c) beam #3, (d) numerical
3D DEM beam model.

M. Nitka and M. Rucka

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Ultrasonics 150 (2025) 107599

11

aggregate positioned in the centre can result in a single large energy
jump due to the sudden development of a large crack around the
aggregate. In future studies, the microstructure will be accurately
reproduced in the numerical model to ensure that these phenomena are
captured.

5. Conclusions

This study focused on monitoring the fracture process of concrete
beams under bending. Two non-destructive techniques, acoustic emis-
sion and digital image correlation, were used. DIC enabled observation
of crack propagation on the specimen surface, while AE allowed for
monitoring of the fracture process inside the specimen. The experiment
was recreated using a three-dimensional discrete element method model
to explore the feasibility of numerical modelling of the AE effects.

The 3D DEM simulations demonstrated reasonable agreement with
the experimental results at both micro and macro levels. However, the
global strength and stiffness of the specimens were higher than expected
in the DEM due to the simplified representation lacking microstructural
details such as aggregates, interfacial transition zones (ITZ), and air
voids. Despite this limitation, the DEM model proved valuable for the
calculation of concrete damage, fracture behaviour and the analysis of
elastic waves generated by cracking.

Furthermore, numerical simulations allowed detailed analysis of the
acoustic emission signals. The primary elastic wave signals obtained
directly from the experiments were compared with DEM results, where
accelerations were recorded using a full 3D model replicating the
experimental conditions. Changes and jumps in the force curves due to
micro-cracks corresponded to fluctuations in the AE event energy.
Micro-crack initiation, considered as the loss of contact, resulted in
detectable elastic waves in the sensors, consistent with experimental
findings. It was proved that the appearance of microcracks and a rapid
release of localized stress energy is associated with a loss of contact
between particles of the concrete material.

Minor energy jumps were observed before reaching the stress peak,
with significant values noted during the softening phase, notably in
beam #3 where distinct steps were evident in the experimental data
(while beams #1 and #2 showed limited increases in global energy). In
the DEM calculations, a continuous increase was observed, indicating a
smoother crack propagation attributed to the simplified representation
without microstructural complexities.

This research represents a significant progress in understanding the
mechanisms of elastic waves emitted during AE events and their inter-
action with micro- and macro-cracking in concrete under monotonic
quasi-static loading, as elastic waves generated by fracture were ana-
lysed and compared. This understanding is crucial for early-stage crack
detection in concrete structures. Future studies will focus on developing
a precise 3D model that accurately captures elastic wave phenomena in
heterogeneous materials and investigating the influence of aggregate
shape and macro-pores in details.
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