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Abstract: This work focuses on an experimental and numerical investigation into monitoring damage
in a cube-shaped concrete specimen under compression. Experimental monitoring uses acoustic
emission (AE) signals acquired by two independent measurement apparatuses, and the same damage
process is numerically simulated with the lattice discrete element method (LDEM). The results from
the experiment and simulation are then compared in terms of their failure load, final configurations,
and the evolution of global parameters based on AE signals, such as the b-value coefficient and the
natural time approach. It is concluded that the results from the AE analysis present a significant
sensitivity to the characteristics of the acquisition systems. However, natural time methods are more
robust for determining such differences, indicating the same general tendency for all three data sets.

Keywords: acoustic emission events; b-value coefficient; natural time; discrete element method

1. Introduction

Acoustic emission (AE) methods are a promising approach to monitoring the damage
process in structural systems, and thus have found numerous applications in various
engineering branches. Briefly, AE methods refer to the occurrence of micro-fractures within
a structure inducing elastic waves, which propagate throughout the system and can be
detected with suitable sensors, usually located on external surfaces [1]. In the present
work, the waves emitted by the sources are called events, and the responses captured by the
sensors are called signals.

In this paper, the damage process in a cube of concrete is studied through AE methods.
The cube is subjected to compression until it reaches failure, with global results presented in
terms of the failure load and final configuration of the specimen. Two independent systems
perform the corresponding AE data acquisition: eight sensors connected to Lunitek [2]
and two AE sensors connected to Mistras [3] conditioning devices. The damage process
is also simulated using a discrete element method (DEM) version. Information from this
simulation and both acquisition systems support the investigation of damage evolution
through different AE global parameters, such as the b-value, initially used by Ritcher [4]
and applied in several articles, most notably by Carpinteri et al. [5], and a natural time (NT)
analysis was proposed by Varotsos et al. [6].

In the following, we present the essential aspects of the primary analysis tools used
here: the b-value and NT techniques for analyzing AE data and the DEM version used in
the simulations, originally proposed by [7].
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b-value analysis: this damage assessment criterion is provided by the statistical anal-
ysis of the amplitude distribution of AE signals generated by growing microcracks, as
shown schematically in Figure 1. This distribution of amplitudes (A) conforms to the
Gutenberg—Richter (GR) law [4], N(> A) « A~?, where N is the number of AE signals
with amplitude > A. The GR law’s exponent b, the so-called b-value, changes with the
different stages of damage growth: while the initially dominant microcracking generates
large numbers of low-amplitude AE signals, the subsequent macrocracking generates fewer
signals of higher amplitude. As a result, the b-value progressively reduces as the specimen
approaches impending failure.
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Figure 1. b-value parameter extraction from an event set.

Pradhan et al. [8] offers an alternative interpretation of the b-value in connection
with the so-called bundle model, extensively explored by [9], which consists of a set of
parallel-connected bars with a random strength distribution that are progressively loaded
until model failure is reached. The histogram of burst distributions (i.e., the number of
simultaneously broken bars) and their magnitudes have a characteristic slope in the bi-
logarithmic dominium, which matches the b-value in AE signals from physical systems.
Thus, b-values calculated from a simulated model can be used as a precursor to critical
stages in similar physical systems.

The use of the b-value as a precursor to damage in AE tests is explored in [5,10-18],
among others. There are other global indexes based on the spatial and temporal distribution
of AE events, as described in [19-22]. Some of these parameters were also explored by the
authors in previous works; see [23,24].

Natural time (NT) analysis: This approach, proposed by Varotsos et al. [25], is proven
to be ideal for enhancing the characteristics of the studied signals, reducing uncertainties,
and optimizing the extraction of information, especially in systems approaching criticality.
Relevant examples of this method’s usefulness appear in a large variety of fields. For
specific applications in the analysis of AE signals, see [26-29].

For a time series comprising N events, the k-th event’s natural time )x; is defined
as that event’s normalization with respect to the total number of considered events, i.e.,
Xx = k/N, serving as an index for its occurrence as shown in Figure 2. From its definition,
it is clear that x; € [0,1]. In addition to xj, we also define Qy as a desired measure to
characterize the signals. Its specific physical meaning is arbitrary, but energy and amplitude
are common choices. Its corresponding normalized value is given by px = Qr/Y 01 Qu.
The pair (xx, px) serves as a basis for NT analysis.

A given natural time x;’s variance « is calculated as:

) 9 N k 2 N k 2
a= ()~ () EEW(N) - kgﬁpk 4y
k1 varies when a new k-th event occurs, once natural time ); changes from k/N to
k/(N +1) and py changes to Q/ Zili +11 Q;. As shown in [25], such changes may identify a
dynamical system approaching a critical point. x; is often called the system’s order param-
eter.
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Figure 2. The NT analysis method: (a) a typical AE time series; (b) corresponding NT representation.

Additionally, the entropy in natural time S can be defined as:

N N N
S=(xInx) — (x)In(x) = }_ prxeInxx — ( pkxk> 1n< pm) 2)
k=1 k=1 k=1

Notice that, as observed by [30], this parameter is only based on numerical signal data
and does not indicate a thermodynamic relation. Just like the variance x1, the entropy S is
also a dynamic parameter depending on the sequential order of events [31].

The third parameter in NT analysis is the entropy under time reversal S;ep. It is
computed by reversing the order of the energy data (Qy), recalculating S in Equation (2)
with this reversed series, and subtracting S’s original value.

Finally, Varotsos et al. [6], propose yet another order parameter, describing the “aver-
age” distance (D) between the normalized power spectrum I'l(w) of a sequence of events
and its respective theoretical estimation IT(w),4,,;, which represents the power spectrum
in the critical state. Thus, (D) = (|[II(w) — IT(w);4,,]) — 0 indicates that the system is
approaching a critical region. I'l(w) is defined as:

®)

where w is the natural angular frequency, w = 2m¢ with ¢ € (0,0.5) standing as the
frequency in natural time. Its corresponding ideal value IT(w),;,,; can be shown to satisfy
Equation (4):

18  6cosw 12sinw

H(w)ideul = ﬁ - 502 503 (4)

which, for w — 0, simplifies to IT(w),;,,; =~ 1 — 0.07w?. More detailed discussions of
Equations (2)—(4) were presented in [25,32].

According to Varotsos et al. [33-36], a dynamical system is considered in a labeled
true critical state if three criteria are accomplished simultaneously:

1. (D) becomes smaller than 10~2;
2. xp approaches 0.070 while descending from above;
3. Both S and S, become smaller than the entropy of uniform noise S, = 0.0966.

Lattice discrete element method (LDEM): As LDEM can simulate crack propagation and
evolution, it captures internal changes in the model that resemble the emission of AE
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signals during the damage process. This method was used by Riera [7] to solve structural
dynamics problems in an orthotropic continuum, with stiffness coefficients derived for a
linearly elastic solid by Nayfeh and Hefzy [37], and by using the explicit direct numerical
integration of the equations of motion. The LDEM was also employed to represent the
behavior of quasi-brittle specimens in [10,38], showing a good correlation with numerical
methods and experimental results, not only in terms of final configuration and global
parameters, but also in the simulation of acoustic emission.

The method consists of representing a solid by an arrangement of masses with three
degrees of freedom, interconnected by massless elements carrying only axial loads. Each
nodal mass’s three degrees of freedom correspond to the nodal displacements in the
coordinate directions. For the adopted cubic array presented in Figure 3a, the lengths of

longitudinal and diagonal elements are L, and L; = (\/§ / 2) L, respectively. The effective
areas of normal and diagonal elements, for an isotropic medium, are given by A, = aL,>
and Ay = (2/\/5)(50(@”)2 where § =9v/(4 —8v) and « = (9 +86)/(18 —120).

Damage energy,
Udmg

(a) (b)

Figure 3. LDEM: (a) Basic cubic module employed in the discretization and (b) bilinear constitutive
law attributed to the elements.

The initial axial stiffness (Figure 3b) of normal and diagonal elements are EA, /L,
and EA;/L; respectively, where E is the Young’s modulus of the material. The cubic array
adopted herein results in the exact representation of an isotropic continuum for v = 0.25.
On the other hand, shear differences arise for v # 0.25, as detailed in [39]. Such differences
are very small and can be neglected if 0.20 < v < 0.30.

A system of equations of motion is obtained by applying Newton’s second law to
each node. The material’s internal damping is assumed to depend on nodal masses
and corresponding velocities. The equations of motion are thus uncoupled and may be
integrated in the time domain using an explicit finite difference scheme. The convergence
of the solution using LDEM for both linear elastic problems and elastic stability problems
was verified by different authors, as reported in [40].

The uniaxial constitutive law adopted for the LDEM bars is based on Hilleborg’s [41]
proposal for quasi-brittle materials, which adopts a triangular-element constitutive re-
lationship, Figure 3b. Note that failure in compression occurs by indirect tension. The
element axial force F depends on the axial strain e. An equivalent fracture area A} of
the i-th element is defined to ensure that the energies dissipated by fracture both in the
continuum and in its discrete representation are equivalent, considering a cubic sample
of dimensions L x L x L [10]. A basic parameter of the bilinear constitutive relationship

shown in Figure 3b is given by:
| G
& = deq E ©)
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where ¢, denotes the strain at the peak of the bilinear law, G f is the fracture energy and deq
is a material characteristic length, also considered a material property, discussed in detail
by Taylor [42].

The i-th element’s ultimate strain ¢,, at which an element subjected to tension has no
residual carrying capacity, is defined by:

A*
&r = €pdeg (X’l) (L%) (6)

It is observed that ¢, depends both on the material properties and the discretization
level. More details about the LDEM formulation employed here and how to calibrate it for
quasi-brittle structures appear in previous contributions by the authors, such as [43].

The non-homogeneous nature of engineering materials such as concrete is accounted
for in the LDEM using two approaches. The first approach defines the material’s fracture
energy Gy as a 3D random field with a Weibull probability distribution, which also defines
¢p for each i-th element used in the simulations (see Equation (5)) according to its location
(considering the barycenter of the bar) [44]. The correlation lengths Ly, Ly and L,
along the corresponding axes x, y and z determine the fracture energy’s linear spatial
correlation. The second is to introduce small mesh perturbations in the regular cubic LDEM
arrangement through small initial dislocations of the nodal points. This approach leads to
significant improvements in predicting the responses from structures under compressive
loading when instability effects are not negligible [45,46]. By numerical experimentation,
considering a perfectly cubic nodal array as the initial state, the coefficient of variation,
CVp, for the normally distributed perturbations, was chosen as 2.5%.

One should note that the focus of this study is not on the experimental procedure per
se, but on the sensitivity of each analysis method on the data sets from the different sources,
especially regarding their ability to identify the system’s entry into a critical damage state.

2. Experimental Analysis
2.1. Test Description

Acoustic emission data were obtained from a standard axial compression test of a
concrete sample, using a static hydraulic test machine [47] with a capacity of 500 kN. The
concrete specimen, presented in Figure 4, was positioned directly between the press’s steel
plates, without Teflon layers. The compressive force steadily increased at a constant load
rate of 1.5 kN/s until reaching the peak load. After that, the load was first reduced by 80%
and then totally lifted.

Lunitek
sensor

Mistras
Sensor

(b)

Figure 4. (a) Compression test scheme with sample dimensions 0.3 x 0.3 x 0.3 m and, (b) AE sensors’

locations. The coordinate system’s origin is at the cube’s geometric center.

The acquisition of AE signals was made through two independent multichannel
systems in parallel: “AEmission” by Lunitek [2] with 8 piezoelectric sensors (model LT18-
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003-PRD-00-R0 with a frequency range of 15-625 kHz) and “MicroSHM” by Mistras [3]
with 2 piezoelectric sensors (model R15A-150 KHZ general-purpose AE sensor with a
frequency range of 20-600 kHz). The piezoelectric transducers were fixed to the free faces
of the cube with epoxy resin (cold glue X60) and aluminum adhesive tape. Both acquisition
systems use a 5 MHz sampling frequency and store data in parametric form. The recorded
parameters for each detected signal are:

e  Signal start time = instant of the first reading that exceeds the detection threshold:

40 dB (corresponding to 100 1V) for the Mistras system, and 49 dB (280 nV) for Lunitek;
Peak amplitude, expressed in dB (A4p = 2010g10(Vmax/1 1V));
Number of oscillations (counts) = the number of intermediate crossings of the threshold
by the signal. This measure is also commonly used to estimate the AE signal’s average
frequency (AF) through the counts/duration relationship (signal duration = end
time-start time);

e AE energy (E4r) = integral of the waveform. As indicated by RILEM [48], it can be
approximated by the envelope area of the triangle formed by the signal peak amplitude
and its duration.

2.2. Results and Discussions

Figures 5 and 6 show the AE results from the compression test using the Lunitek and
Mistras systems, respectively. All plots used the normalized time f/t*, where +* = 3000 s
is the time when the load reaches 80% of its peak value. The AE data presented after
t/t* =1 were caused by the acquisition systems continuing to run for some time after the
compression test ended, but such data were not considered in the following analyses.

Figures 5a and 6a show the load against the normalized time. Notably, once again, the
amplitude threshold changes with the acquisition system in each case. The maximum load
Prmax = 4117 kN occurs at t/t* = 0.927, corresponding to a compressive stress of 45.75 MPa.

Figure 5b,c and Figure 6b,c illustrate the signal distribution in terms of average fre-
quency (AF) in (kHz) and signal duration in (ms). The frequency distribution is similar for
both acquisition systems, but the Lunitek system captured longer-duration events after
t/t* =0.8, which did not appear in the Mistras system.

The instantaneous and accumulated number of signals are presented in Figures 5d and 6d.
The accumulated number of counts appears with the same general tendency in both plots.
For the interval roughly between t/t* = 0.2 and t/#* = 0.6, when the load reaches 70% of the
peak load, the number of counts grows with an approximately uniform rate. After that, the
count growth becomes pronouncedly nonlinear, which indicates an unstable evolution in
the damage process. The expressive differences in total counts for each acquisition system
come from the different threshold values. That is also the likely reason for the differences
in accumulated AE energy, signal energy distribution, and signal duration time.

The evolution of the b-value during the test appears in Figures 5e and 6e. The test
period was divided into 14 equal intervals, and the b-value was calculated for each of them.
The same tendency occurs for both data sets: after presenting relatively low variations for
about 60% of the total time, the coefficient suddenly decreases to within the range [1, 1.5],
indicating imminent instability in the structure.

The behavior indicated through the b-value is coherent with the natural time (NT)
results, Figures 5f and 6f, which also present the following auxiliary horizontal lines:
x1 = 0.070 (dashed red), < D > limit = 10~2 (dashed green), and entropy limit S,, ~ 0.0966
(dashed blue). The corresponding analysis was performed according to the same methods
given in [49], taking the energy component (Qy) as equal to Amax?, where Amax is the
maximum amplitude of the signal (in 1V), an approach also commonly found in seismology
studies [50]. The calculation of the term Amax ' was performed hit-by-hit, i.e., every time
a new signal was identified, it was included in the NT analysis, leading to the rescaling
of the (), Qi) time series and the recalculation of x1, S, Syep and < D >. For this analysis,
imminent instability was indicated when all four parameters reached their indicated critical
values. In Figures 5f and 6f, this occurs for the region highlighted with a gray background,
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which is within the interval where the b-value lies in the [1, 1.5] range. However, the
unstable region identified with data from the Mistras system is broader than that identified
from the Lunitek system. Note that for t/t* near 0.1, a narrow critical region was identified
with the Mistras system but not with the Lunitek system.

Figures 5g and 6g present the information condensed by the parameter < D >, i.e., the
comparison between expressions (3) and (4), representing the initial parts of the theoretical
spectrum and the real one. The comparison is carried out for three different regions
indicated in Figures 5f and 6f with black circles. It is clear that the two spectra are close
when the region analyzed is inside the gray region, that is, when the critical state is reached.

Although the b-value and NT analyses yield results mostly in agreement for both data
sets, some significant discrepancies are noticeable in terms of (i) differences in total counts
for each acquisition system, the (ii) accumulated AE energy, and (iii) signal duration time.
As we discuss now, such discrepancies are most likely attributable to differences in the
following factors for each acquisition system: threshold levels, sensors characteristics, and
the sensibility of signal-conditioning circuits. The influence of the different threshold levels
can be somewhat directly addressed here. As for the other factors, a deeper understanding
can be reached only through further analyses in future work.

Figure 7 represents the duration of the signals (in ps) recorded by the two acquisition
systems versus their corresponding number of oscillations (counts or threshold crossings),
which calculates the signals’ frequencies. Although the nominal operation ranges for the
two systems are very similar (20 kHz-600 kHz for Mistras, 15 kHz-625 kHz for Lunitek),
the frequency ranges of captured signals are very different: between 5 and 94 kHz for
Mistras, and between 5 and 45 kHz for Lunitek. Furthermore, the accumulated counts with
the first system are much larger than with the second one.

Finally, both systems registered similar counts for large- and medium-amplitude
signals (80-110 dB and 60-80 dB, respectively), whereas significant differences appeared for
signals between 40 and 60 dB, which is precisely the range where the threshold differences
occur: 40 dB for Mistras; 49 dB for Lunitek. Thus, although the b-value and NT parameters
tend to be the same for both data sets, their calculation is affected by the number of
available samples.

Figure 8 presents a comparison between the Lunitek (grey background) and Mistras
(purple background) data sets in terms of their statistical distribution of peak amplitudes
(db), average frequency (AF) (kHz), and signal duration (us). The histograms” information
is complemented in Table 1, containing their corresponding average values (( . )), standard
deviations () and coefficients of variation (CV). Once again, the threshold difference
clearly affects the shapes of all three distributions, especially the peak amplitude. It should
also be noted that the higher signal duration in the case of the Lunitek results appears in
the tail of the histogram presented in Figure 8c.

The AF distribution for both acquisition systems is similar with a sharper peak for
the Lunitek system and a flatter profile for the Mistras system. The different threshold
levels are certainly an important cause for this effect, as illustrated in Figure 7. With a
lower threshold, the Mistras system registers a broader spectrum of frequencies because
smaller cracks tend generate AE signals with a lower amplitude and higher frequencies (or
equivalently, lower duration times).

As preliminary conjectures, one can also suggest other causes for the observed dif-
ferences in the frequency distribution. For instance, the sensors from each system differ
in mass and geometric dimensions, which affects their resonance characteristics. More
specifically, since the Mistras sensor has a larger mass (105 g compared to 52 g for Lunitek),
it is also expected to present a higher damping ratio, which makes it difficult to record
different events that are close to each other because they would appear to be a single event
in the sensor’s response. Such challenges will be investigated in future work.
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Figure 5. b-value and NT analysis, data from the Lunitek system: (a) compressive-load and AE signal
amplitudes, (b) average frequency (AF), (c) signal duration, (d) instantaneous and accumulated
signal counts and normalized AE energy (E 4 ), (e) b-value evolution and (f) natural time analysis.
The horizontal axis is the same for all figures. (g) Evolution of I1(¢) with AE data from the Lunitek
system for the true coincidence instants (black circles in (f)) in normalized time equal to (from left to

right): 0.7492, 0.7877, and 0.8506.
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Figure 6. b-value and NT analysis, data from the Mistras system: (a) compressive-load and AE signal

amplitudes, (b) average frequency (AF), (c) signal duration, (d) instantaneous and accumulated

signal counts and normalized AE energy (E 4f ), (e) b-value evolution, and (f) natural time analysis.

The horizontal axis is the same for all figures. (g) Evolution of I1(¢) with AE data from the Mistras

system for the true coincidence instants (black circles in (f)) in normalized time equal to (from left to

right): 0.698, 0.7601, 0.8621.
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Amplitude in db is present in the colorbar.
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Figure 8. AE parameters statistical analysis for Lunitek and Mistras systems: (a) amplitude, (b) aver-
age frequency, (c) duration.

Table 1. Coefficient of variation (CV), average values ({ . )) and standard deviations (¢ ) of the AE
signal parameters.

Parameter Coefficient of Variation Lunitek Mistras
Amplitude (db) CVp =04/ (A) 6.4/57.45 = 0.11 6.2/50.27 = 0.12
AF(kHz) CVar = oar/ (AF) 32.44/44.27 = 0.73 33.44/58.54 = 0.57
Duration (ps) CVpur = 0pyr/ (Dur) 5194.79/1595.56 = 3.25 1040.94/740.94 = 1.40

We now investigate the effect of the sensor location, as illustrated in Figure 9, which
depicts the distribution of AE sources along the z coordinate of the sample (see Figure 4)
according to the localization methodology proposed in [1]. The AE activity is preponderant
along the positive semi-axis in both plots.
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Figure 9. (a) AE sources distribution along the z direction: Lunitek system (see Figure 4); (b) Mistras
system between M1 and M2 sensors.

When an elastic wave hits a piezoelectric AE sensor coupled to the surface of a material
under damage, the surface displacement at the nanometer scale is converted into an electric
signal. The wave mode and frequency content of the AE signal arriving at the sensor are
affected by the geometry and the wave propagation properties of the material between
source and sensor. An AE signal is detected if the arrival of the AE wave causes an electric
signal in the AE sensor whose amplitude exceeds the selected detection threshold.

Transient AE signals are analyzed and reduced to a set of parametric features which
are recorded by the data acquisition system. Essential AE signal features that are extracted
and stored are arrival time at the sensor, maximum peak amplitude, signal duration, and
energy. Most AE signal features depend on the selected measurement parameters, e.g., the
detection threshold.

Therefore, it is not possible to speak in absolute terms of the accuracy of experimental
results in tests with AE. Too many parameters influence the obtained outcomes: the signal
attenuation properties of the analyzed material, environmental noise, sensor sensitivity,
and the predetermined detection threshold, in particular. In this way, when comparisons
are made between the energy of AE signals detected by the piezoelectric sensors and those
actually emitted by the materials under stress, they can only be made with arbitrary units
or by normalizing the current values to the maximum values obtained.

Only by taking into account the problem of the AE source localization in various
materials can an efficient study on the accuracy of results from AE tests be conducted.

In the literature, there are various studies on this problem; see for example [51-53].
From these studies, it is generally clear that the accurate positioning of an AE event is
realized by adjusting the number of sensors and improving the picking accuracy of the first
arrival of the signal. As a matter of fact, the highest accuracy can be achieved for damage
sources localized among the sensor distributions. Distances of sources far from the sensor
network are less accurate.

Onset time determination of an AE signal is another important factor in this analysis.
A widely used approach, based on the Akaike information criterion (AIC), is confirmed
to provide more reliable onset time determination of AE signals, see [53]. Moreover, the
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inhomogeneity of the test object may lead to errors in the ultrasonic wave travelling model.
Different-scale fluctuations and structure variations in the composite structure can result
in random variations of the propagation velocity and systematic errors. An example of
the difference in the accuracy of the experimental results on AEs is provided in Figure 9
which depicts the distribution of AE sources’ localization along the z direction of the cube
sample. Most importantly, the AE activity is preponderant along the positive semi-axis in
both plots obtained by Lunitek and Mistras systems.

Therefore, the main goal of the present article, rather than focusing on the Lunitek and
Mistras systems’ accuracy, is to compare the two systems’” outcomes. This comparison is
important because the Lunitek and Mistras systems present different configurations and,
consequently, different outputs, but in both cases, the global parameter evolution indicates
the same trend, which is the greatest advantage of the AE technique.

Figure 10 presents a comparison between the signals captured over the two opposite
faces of the cube where the sensors for both acquisition systems were placed together: at
z = —15 cm (Lunitek L1 and L2, Mistras M1), and z = 15 cm (Lunitek L5 and L6, Mistras
M2), as depicted in Figure 4b. A significant difference in signals counts for the Mistras
sensors indicates that the damage developed more intensely close to the sensor M2. Such
a difference is not as clear for the Lunitek system. This discrepancy is likely due to the
location of the sensors on the cube’s faces: the Mistras sensors are near the center of each
face, whereas the Lunitek sensors are close to the specimen vertices.

10000 5 210
—Lunitek L] and .2 —Lunitek L5 and L6
—Mistras M| — Mistras M2
8000 - 4
177] 172]
5 6000 53
s =]
£ £
= =
=] <]
m Wyl
= 4000 < 2
2000 Lt
0 0 ‘ ~ = : -
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 l
Normalized Time Normalized Time

(a) (b)

Figure 10. Partial counts related to: (a) frontal face of the cube (Lunitek sensors L1 and L2, Mistras
sensor M1) and; (b) back face of the cube (Lunitek sensors L5 and L6, Mistras sensor M2) (see
Figure 4b).

Aside from using the experimental data sets from both acquisition systems, the damage
analysis methods were also applied to the simulation results, as described in Section 3.

3. LDEM Simulation
3.1. Model Description and Calibration

The simulated LDEM model consists of a cube with 300 mm edges, composed of cubic
modules with edge length L = 4 mm, resulting in 75 modules along each axis. The model’s
vertical displacement is fixed at the solid’s lower face (the horizontal plane at y = —150 mm),
which corresponds to the area in contact with the hydraulic press’s lower steel plate in the
experiments, while its upper face (the horizontal plane at y = +150 mm) suffers a prescribed
vertical displacement to simulate the experimental load. This arrangement is illustrated in
Figure 11a.
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(a) (b)

Figure 11. (a) Model discretization, boundary conditions, and simulated final rupture configuration.
The red color represents fractured bars, and blue indicates partially damaged ones. Undamaged bars
are omitted for enhanced visualization. (b) Experimental final rupture configuration.

The material had the following mechanical properties: mass density p =2400 kg/m?,
Young’s modulus E =40 GPa, and fracture energy G =200 N/m. Considering deq = 0.045 m
and using expression (5), the constitutive law’s critical strain ¢, (Figure 3b) is:

e, = [200/ (40.109 x 0.045)]0'5 —333x 10 @)

Thus, the expected upper bound for the global tensile failure stress is Ee), = 13.3 MPa,
which could be reduced by about 50% due to the interaction between the structure’s
boundary conditions and the random distribution of the fracture energy. On the other
hand, the compressive strength reached during the experiment was 45.75 MPa. In general,
quasi-brittle materials tend to present failure global tensile stresses close to 10 times lower
than the global compressive stress. Then, for this example, the tensile stress is about 5 MPa,
which is compatible with the upper estimated here.

Regarding the 3D random field for determining Gy, the adopted correlation length
(Lc) was L/2 for all three directions. The coefficient of variation, CVg £, was taken as 50%.
For further information about the methodology followed in the calibration, see [43].

3.2. Simulation Results and Discussion

Figure 11a presents both numerical and experimental results in terms of failure con-
figurations. The numerical crack patterns are compatible with those from the experiment,
Figure 11a, especially along the vertical direction.

Further comparisons between numerical and experimental data are shown in Figure 12a
in terms of applied load versus time, normalized to the instant when the load returns to
80% of the peak load after that peak is reached. This return period is shorter for the LDEM
because it is impossible to directly prescribe the displacement in the experiment, as the
hydraulic-press-manipulated variable is the pressure it applies to the specimen. However,
the load peak is very similar for both cases, differing by less than 10%.

The energy balance computed during the simulation appears in Figure 12b, where the
kinetic energy is multiplied by 50 to facilitate visualization. Since this energy component
is at significantly lower levels than those for the other two, the quasi-static condition is
reached in the simulation.
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Figure 12. (a) Comparison between experimental and numerical results in terms of load versus
normalized time. (b) Energy balance presented during the simulation.

The acoustic emission activity during the simulation was calculated through two
methods: (i) computing the increment kinetic energy [10], AEy, and (ii) using a virtual
sensor [38], shown at the position S1 in Figure 11a. The increment kinetic energy is defined
by Iturrioz et al. [10] between two successive integration times as:

AE = Ex(t;) — Ex(ti—1) ®)

where Ej is kinetic energy in the discretized time during the simulation. Since Ej dur-
ing a given event is proportional to that event’s AE energy, AE(t;) is proportional to
the time derivative of Ei(t;), implying that AEy(t;) is also proportional to the signal’s
peak distribution.

The acquisition of the AE waves in the simulation was performed by a virtual sensor
placed on a node on the simulated cube’s surface. Such a sensor registers the node’s
acceleration perpendicular to the surface where it stands, thus emulating the effect of the
piezoelectric accelerometers used in the AE experiment.

Figure 13 shows a comparison of the acoustic emission activity using the two ap-
proaches. The vertical axis is normalized with respect to the highest signal captured before
the specimen reached the peak load. Notice that the AE; distribution in Figure 13a is
measured directly in the event source, whereas the acceleration wave must travel through
the body to reach the virtual AE sensor. The identification of the same event through both
methods is shown in detail in Figure 13c.

As an AE parameter precursor of the failure of the numerically analyzed structure,
only the natural time was used. Using the computed AE; (Figure 13a) as the measure of
AE activity, the calculation of the natural time parameters followed the same procedure
used with the experimental data, that is, using hit-by-hit and considering Qy to be equal to
the event’s AE energy.

Figure 14 shows the evolution of the NT parameters during the simulation. The region
with critical behavior appears between normalized instants, 0.81 and 0.92, where the four
parameters k1, S, Srep and < D > reach the characteristics limits indicated in Section 1.
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Figure 13. AE activity registered during the simulations: (a) using the increment of kinetic energy, AE,
(b) with a virtual acoustic emission sensor. (c) Details of two typical signals for the approaches (a,b).
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Figure 14. Natural time analysis versus the normalized time for AE activity registered in the LDEM.

4. Conclusions

This work analyzed acoustic emission (AE) data from a damage test performed on a
cubic concrete specimen. The damage development within the structure was studied in
terms of two AE-based analysis methods: b-value and natural time. These techniques were
applied to three different data sets: two from the experimental test, registered indepen-
dently with different acquisition systems, and one from simulating the same test using a
version of the lattice discrete element method (LDEM). It was possible to conclude that:
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e  The differences in data sets due to each acquisition apparatus have significant effects
on the conclusions from AE analysis methods, such as the b-value. The main reason
for this likely lies in the amplitude—frequency relationship in the emission of acoustic
signals, as small-amplitude events tend to generate higher-frequency waves. This
hypothesis will be addressed in further detail in future work.

e  The evolution of natural time global parameters was not significantly affected by the
differences in the data sets from either acquisition system, indicating a critical region
in normalized time at around 0.85 for both cases. Such results were also coherent with
the LDEM model’s simulation, not only in failure time but also in global strength and
final rupture configuration.
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Nomenclature

N Cumulative number of events/hits
A Signal amplitude

Amax Maximum signal amplitude

b b-value parameter

X Natural time

Q Energy of the individual event

p Normalized energy (Q)

K1 Natural time variance

S Entropy in natural time

Srev Time reversal entropy

<D>  “Average” distance

w Natural angular frequency

¢ Frequency in natural time

IT Normalized power spectrum

Su Entropy of uniform noise

Ly Lengths of the diagonal elements

L Element length

Ly Lengths of the longitudinal elements
Ay Cross-sectional area of the diagonal elements
Ay Cross-sectional area of the longitudinal elements
E Young’s modulus

v Poisson ratio

€ Element axial strain

F Element axial force

AF Equivalent fracture area of the i-th element
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Gy Fracture energy
deg Equivalent length
€p Critical strain

& Ultimate strain

Lexy,z  Correlation lengths in x, y and z directions
AF Average frequency

EAE Acoustic emission energy
Prax Maximum load

o Standard deviations

Y Mass density

Ex Kinetic energy

AEy Increment kinetic energy

References

1. Grosse, C.U.; Ohtsu, M. Acoustic Emission Testing; Springer: Berlin/Heidelberg, Germany, 2008.

2. Lunitek. Available online: https://www.lunitek.it/ (accessed on 9 February 2022).

3.  Mistras. Available online: https://www.mistrasgroup.com/ (accessed on 9 February 2022).

4.  Richter, C.F. Elementary Seismology; W.H. Freeman: San Francisco, CA, USA; London, UK, 1958.

5. Carpinteri, A.; Lacidogna, G.; Puzzi, S. From criticality to final collapse: Evolution of the “b-value” from 1.5 to 1.0. Chaos Soliton
Fract. 2009, 41, 843-853. [CrossRef]

6.  Varotsos, P.A,; Sarlis, N.V.; Skordas, E.S. Spatio-temporal complexity aspects on the interrelation between seismic electric signals
and seismicity. Pract. Athens Acad. 2001, 294, 321-376.

7. Riera, ].D. Local Effects in Impact Problems on Concrete Structures. In Proceedings of the Conference on Structural Analysis and
Design of Nuclear Power Plants, Porto Alegre, Brazil, 3-5 October 1984; pp. 57-79.

8.  Pradhan, S.; Hansen, A.; Chakrabarti, B.K. Failure Processes in Elastic Fiber Bundles. Rev. Mod. Phys. 2010, 82, 499-555. [CrossRef]

9. Hansen, A.; Hemmer, P.C.; Pradhan, S. The Fiber Bundle Model: Modeling Failure in Materials; Statistical Physics of Fracture and
Breakdown; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2015; ISBN 978-3-527-41214-3.

10. TIturrioz, I; Lacidogna, G.; Carpinteri, A. Experimental analysis and truss-like discrete element model simulation of concrete
specimens under uniaxial compression. Eng. Fract. Mech. 2013, 110, 81-98. [CrossRef]

11. Sagasta, F; Zitto, M.E.; Piotrkowski, R.; Benavent-Climent, A.; Suarez, E.; Gallego, A. Acoustic emission energy b-value for local
damage evaluation in reinforced concrete structures subjected to seismic loadings. Mech. Syst. Signal Process. 2018, 102, 262-277.
[CrossRef]

12.  Shiotani, T.; Fujii, K.; Aoki, T.; Amou, K. Evaluation of Progressive Failure Using AE Sources and Improved b-value on Slope
Model Tests. In Proceedings of the Progress in Acoustic Emission Vii: Proceedings of the 12th International Acoustic Emission
Symposium, Sapporo, Japan, 17-20 October 1994; pp. 529-534.

13.  Ohtsu, M. The history and development of acoustic emission in concrete engineering. Mag. Concr. Res. 1996, 48, 321-330.
[CrossRef]

14. Colombo, S.; Main, L.G.; Forde, M.C. Assessing damage of reinforced concrete beam using “b-value” analysis of acoustic emission
signals. ]. Mater. Civil Eng. ASCE 2003, 15, 280-286. [CrossRef]

15. Rao, M.V.M.S,; Lakshmi, K.J.P. Analysis of b-value and improved b-value of acoustic emissions accompanying rock fracture. Curr.
Sci. 2005, 89, 1577-1582.

16. Kurz, ]. H.; Finck, E; Grosse, C.U.; Reinhardt, H.W. Stress drop and stress redistribution in concrete quantified over time by the
b-value analysis. Struct. Health Monitor. 2006, 5, 69-81. [CrossRef]

17.  Pollock, A.A. Acoustic emission-2: Acoustic emission amplitudes. Non-Destruct. Test 1973, 6, 264-269. [CrossRef]

18. Lu, C; Mai, YW,; Xie, H. A sudden drop of fractal dimension: A likely precursor of catastrophic failure in disordered media.
Philos. Mag. Lett. 2005, 85, 33—40. [CrossRef]

19. Guarino, A.; Ciliberto, S.; Garcimartin, A.; Zei, M.; Scorretti, R. Failure time and critical behaviour of fracture precursors in
heterogeneous materials. Eur. Phys. ]. B-Condens. Matter Complex Syst. 2002, 26, 141-151. [CrossRef]

20. Alava, M.J,; Nukala, PK.V.V,; Zapperi, S. Statistical models of fracture. Adv. Phys. 2006, 55, 349-476. [CrossRef]

21. Biswas, S.; Ray, P; Chakrabarti, B.K. Statistical Physics of Fracture, Breakdown, and Earthquake: Effects of Disorder and Heterogeneity;
John Wiley & Sons: Weinheim, Germany, 2015; ISBN 978-3-527-41219-8.

22.  Aggelis, D.G.; Mpalaskas, A.C.; Matikas, T.E. Investigation of different fracture modes in cement-based materials by acoustic
emission. Cem. Concr. Res. 2013, 48, 1-8. [CrossRef]

23. Tanzi, R.B.N.; Sobczyk, M.; Becker, T.; Segovia Gonzalez, L.A.; Vantadori, S.; Iturrioz, 1.; Lacidogna, G. Damage Evolution
Analysis in a “Spaghetti” Bridge Model Using the Acoustic Emission Technique. Appl. Sci. 2021, 11, 2718. [CrossRef]

24. Friedrich, L.; Colpo, A.; Maggi, A.; Becker, T.; Lacidogna, G.; Iturrioz, I. Damage process in glass fiber reinforced polymer
specimens using acoustic emission technique with low frequency acquisition. Compos. Struct. 2021, 256, 113105. [CrossRef]

25. Varotsos, P.A.; Panayiotis, A.; Sarlis, N.V.; Skordas, E.S. Natural Time Analysis: The New View of Time; Springer: Berlin/Heidelberg,

Germany, 2011. [CrossRef]


https://www.lunitek.it/
https://www.mistrasgroup.com/
http://doi.org/10.1016/j.chaos.2008.04.010
http://doi.org/10.1103/RevModPhys.82.499
http://doi.org/10.1016/j.engfracmech.2013.07.011
http://doi.org/10.1016/j.ymssp.2017.09.022
http://doi.org/10.1680/macr.1996.48.177.321
http://doi.org/10.1061/(ASCE)0899-1561(2003)15:3(280)
http://doi.org/10.1177/1475921706057983
http://doi.org/10.1016/0029-1021(73)90074-1
http://doi.org/10.1080/09500830500153883
http://doi.org/10.1140/epjb/e20020075
http://doi.org/10.1080/00018730300741518
http://doi.org/10.1016/j.cemconres.2013.02.002
http://doi.org/10.3390/app11062718
http://doi.org/10.1016/j.compstruct.2020.113105
http://doi.org/10.1007/978-3-642-16449-1

Appl. Sci. 2022,12, 3918 18 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kourkoulis, S.K.; Pasiou, E.D.; Loukidis, A.; Stavrakas, I.; Triantis, D. Comparative Assessment of Criticality Indices Extracted
from Acoustic and Electrical Signals Detected in Marble Specimens. Infrastructures 2022, 7, 15. [CrossRef]

Niccolini, G.; Potirakis, S.M.; Lacidogna, G.; Borla, O. Criticality Hidden in Acoustic Emissions and in Changing Electrical
Resistance during Fracture of Rocks and Cement-Based Materials. Materials 2020, 13, 5608. [CrossRef]

Loukidis, A.; Pasiou, E.D.; Sarlis, N.V,; Triantis, D. Fracture analysis of typical construction materials in natural time. Phys. A Stat.
Mech. Appl. 2020, 547, 123831. [CrossRef]

Loukidis, A.; Triantis, D.; Stavrakas, I.; Pasiou, E.D.; Kourkoulis, S.K. Detecting Criticality by Exploring the Acoustic Activity in
Terms of the “Natural-Time” Concept. Appl. Sci. 2022, 12, 231. [CrossRef]

Ramirez-Rojas, A.; Flores-Marquez, E.L. Order parameter analysis of seismicity of the Mexican Pacific coast. Phys. A Stat. Mech.
Appl. 2013, 392, 2507-2512. [CrossRef]

Potirakis, S.M.; Mastrogiannis, D. Critical features revealed in acoustic and electromagnetic emissions during fracture experiments
on LiF. Phys. A: Stat. Mech. Appl. 2017, 485, 11-12. [CrossRef]

Friedrich, L.F,; Cezar, E.S.; Colpo, A.B.; Tanzi, B.N.R.; Sobczyk, M.; Lacidogna, G.; Niccolini, G.; Kosteski, L.E.; Iturrioz, I.
Long-Range Correlations and Natural Time Series Analyses from Acoustic Emission Signals. Appl. Sci. 2022, 12, 1980. [CrossRef]
Varotsos, P.A.; Sarlis, N.V.; Skordas, E.S. Detrended fluctuation analysis of the magnetic and electric field variations that precede
rupture. Chaos Interdiscip. ]. Nonlinear Sci. 2009, 19, 023114. [CrossRef] [PubMed]

Varotsos, P.A.; Panayiotis, A.; Sarlis, N.V.; Skordas, E.S. Long-range correlations in the electric signals that precede rupture:
Further investigations. Phys. Rev. E 2003, 66, 011902. [CrossRef] [PubMed]

Varotsos, P.A.; Tanaka, H.K.; Sarlis, N.V.; Skordas, E.S. Similarity of fluctuations in correlated systems: The case of seismicity.
Phys. Rev. E 2005, 72, 041103. [CrossRef] [PubMed]

Varotsos, P.A,; Sarlis, N.V,; Skordas, E.S.; Tanaka, H.K.; Lazaridou, M.S. Attempt to distinguish long-range temporal correlations
from the statistics of the increments by natural time analysis. Phys. Rev. E 2006, 74, 021123. [CrossRef]

Nayfeh, A.H.; Hefzy, M.S. Continuum modeling of three-dimensional truss-like space structures. AIAA J. 1978, 16, 779-787.
[CrossRef]

Birck, G.; Riera, ].D.; Iturrioz, I. Numerical DEM simulation of AE in plate fracture and analogy with the frequency of seismic
events in SCRs. Eng. Fail Anal. 2018, 93, 214-223. [CrossRef]

Kosteski, L. Application of the Lattice Discrete Elements Method in the Study of Structural Collapse. Ph.D. Thesis, Federal
University of Rio Grande do Sul, Porto Alegre, Brazil, 2012.

Jivkov, A.P; Yates, J.R. Elastic behaviour of a regular lattice for meso-scale modelling of solids. Int. J. Solids Struct. 2012, 49,
3089-3099. [CrossRef]

Hillerborg, A. A Model for Fracture Analysis; Division of Building Materials, LTH, Lund University: Lund, Sweden, 1978;
ISSN 0348-7911.

Taylor, D. The Theory of Critical Distances: A New Perspective in Fracture Mechanics; Elsevier Science: Amsterdam, The Netherlands, 2007.
Kosteski, L.E.; Iturrioz, I.; Lacidogna, G.; Carpinteri, A. Size effect in heterogeneous materials analyzed through a lattice discrete
element method approach. Eng. Fract. Mech. 2020, 232, 107041. [CrossRef]

Puglia, V.B.; Kosteski, L.E.; Riera, ].D.; Iturrioz, I. Random field generation of the material properties in the lattice discrete element
method. J. Strain Anal. 2019, 54, 236-246. [CrossRef]

Riera, J.D.; Miguel, L.EF,; Iturrioz, I. Study of imperfections in the cubic mesh of the truss-like discrete element method. Int. J.
Damage Mech. 2014, 23, 819-838. [CrossRef]

Riera, J.; Miguel, L.EF,; Iturrioz, I. Evaluation of the discrete element method (DEM) and of the experimental evidence on concrete
behaviour under static 3D compression. Fatigue Fract. Eng. Mater. Struct. 2016, 39, 1366-1378. [CrossRef]

Galdabini. Available online: https://www.galdabini.it/ (accessed on 9 February 2022).

RILEM, T.C. Recommendation of RILEM TC 212-ACD: Acoustic emission and related NDE techniques for crack detection and
damage evaluation in concrete: Test method for classification of active cracks in concrete structures by acoustic emission. Mater.
Struct. 2010, 43, 1187-1189.

Carpinteri, A.; Niccolini, G.; Lacidogna, G. Time Series Analysis of Acoustic Emissions in the Asinelli Tower during Local Seismic
Activity. Appl. Sci. 2018, 8, 1012. [CrossRef]

Kanamori, H.; Anderson, D.L. Theoretical basis of some empirical relationships in seismology. Bull. Seismol. Soc. Am. 1975, 65,
1073-1095.

Chen, Y.; Zhang, M.; Wu, H.; Zhang, K.; Qian, D. Improving the positioning accuracy of acoustic emission events by optimizing
the sensor deployment and first arrival signal picking. IEEE Access 2020, 8, 71160-71172. [CrossRef]

Zhou, Z.1.; Zhou, J.; Dong, L.; Cai, X.; Rui, Y.; Ke, C. Experimental study on the location of an acoustic emission source considering
refraction in different media. Sci. Rep. 2017, 7, 7472. [CrossRef]

Xu, J.; Han, Q.; Lacidogna, G.; Carpinteri, A. Accuracy of Acoustic Emission localization for masonry structures monitoring. In
Proceedings of the 13th International Conference on Fracture, Beijing, China, 16-21 June 2013; Volume 3, pp. 2391-2400.


http://doi.org/10.3390/infrastructures7020015
http://doi.org/10.3390/ma13245608
http://doi.org/10.1016/j.physa.2019.123831
http://doi.org/10.3390/app12010231
http://doi.org/10.1016/j.physa.2013.01.034
http://doi.org/10.1016/j.physa.2017.05.025
http://doi.org/10.3390/app12041980
http://doi.org/10.1063/1.3130931
http://www.ncbi.nlm.nih.gov/pubmed/19566249
http://doi.org/10.1103/PhysRevE.66.011902
http://www.ncbi.nlm.nih.gov/pubmed/12241379
http://doi.org/10.1103/PhysRevE.72.041103
http://www.ncbi.nlm.nih.gov/pubmed/16383358
http://doi.org/10.1103/PhysRevE.74.021123
http://doi.org/10.2514/3.7581
http://doi.org/10.1016/j.engfailanal.2018.06.024
http://doi.org/10.1016/j.ijsolstr.2012.06.010
http://doi.org/10.1016/j.engfracmech.2020.107041
http://doi.org/10.1177/0309324719858849
http://doi.org/10.1177/1056789513513917
http://doi.org/10.1111/ffe.12453
https://www.galdabini.it/
http://doi.org/10.3390/app8071012
http://doi.org/10.1109/ACCESS.2020.2987596
http://doi.org/10.1038/s41598-017-07371-w

	Introduction 
	Experimental Analysis 
	Test Description 
	Results and Discussions 

	LDEM Simulation 
	Model Description and Calibration 
	Simulation Results and Discussion 

	Conclusions 
	References

