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Abstract: Concrete beams are elements used in many civil structures; unfortunately, they can contain
cracks that lead to the collapse of the structures if those defects are not detected early enough. In this
article, a new method to determine the structural condition of concrete beams subjected to bending is
proposed. In general, it is based on the processing of the acoustic emissions (AE) signals, which are
generated during the application of a load, by using the mathematical tool called wavelet transform
(WT). The sound of the internal energy/crack is recorded as a hit or AE signal event; then, those
signals acquired as waveforms are post-processed with the continuous WT (CWT); then, the wavelet
energy (WE) is calculated for each hit by using an adequate scale range and the most convenient
mother wavelet. Thus, with this method, it is possible to determine the structural condition (healthy
or damaged) of concrete beams subjected to bending just by calculating the WE of any hit at any
time and, even more, it is possible to define more precisely the stage of the structural condition as
a healthy condition, micro-cracks appearance, the manifestation of a principal crack (hit with the
highest WE), propagation of the principal crack, and final rupture. This method is experimentally
validated in the laboratory, and additionally, ultrasonic pulse velocity tests (UPVT) are performed for
some specimens to confirm the change between healthy and damaged conditions. The results are
promising in order to apply this effective method in concrete beams of real-life structures.

Keywords: acoustic emission signals; bending load; concrete beams; damage detection; ultrasonic
pulse velocity test; wavelet transform

MSC: 68V99

1. Introduction

Concrete beams are elements used in civil infrastructure; despite being robust ele-
ments, they are continually affected by environmental conditions (extreme weather events)
and damage caused by accidents and inherent operating conditions of the structures [1].
Therefore, it is crucial to evaluate the structural elements’ performance and condition to
ensure the whole structure’s integrity [2–4].

Among many available non-destructive testing (NDT) techniques, the acoustic emis-
sion (AE) test stands out because this non-destructive tool can be used to evaluate structural
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elements subjected to a live load without the need to interrupt the operation [5–8]. In par-
ticular, the materials generate transient elastic waves due to the release of stresses or energy
from one or more sources inside the self-material. Therefore, this technique uses sensors
that act similar to stethoscopes to “listen” to events that lead to an element failure [9,10].

Figure 1 illustrates the generation of the AE wave by a source, subjecting the material
to a load [11]. The elastic waves propagate inside the material and eventually reach its
surface, producing small temporary displacements on its surface, which are detected by
the sensors.

Figure 1. AE source generates an AE wave due to a load applied to the material. AE process chain:
sensor, AE signal, and acquisition system [11].

The non-destructive AE evaluation method is recognized by its high capacity to
monitor the structural integrity of elements in real-time, detect the appearance of defects
and incipient failures, as well as for the characterization of materials [12,13]. Unlike the
ultrasound and radiography methods, the AE method is passive because the test element
does not have to be excited with any wave. Only the AE waves are received when the
structural component is subjected to stress [14,15].

Thus, the main advantages of this technique from other ones include the following:

(1) The AE wave originated from the inspected element.
(2) This technique detects movements in real-time (dynamic processes) and not geometric

discontinuities without movement previously existing in the material.
(3) It can detect damage with unknown discontinuities located in inaccessible areas that

other methods cannot.
(4) It is a non-directional technique in the sense that the energy from the AE source

is released in all directions; that is, a sensor placed anywhere near the source can
detect the resulting AE. This ability is another significant difference from other NDT
methods, which use a priori knowledge of the probable location and orientation of
the discontinuity.

Likewise, the AE technique includes technology with great potential for use in a wide
range of applications in the field of NDT, such as:

(a) Monitoring of civil engineering structures, especially in elements with reinforced
concrete and steel, such as bridges, tunnels, and buildings, among others [16–19].

(b) Diagnosis of pressure tanks and storage containers [20–22].
(c) Detection of failures due to cracks in aerospace structures and other structures of

fiber-reinforced composites or plastics subjected to mechanical stress [23–26].
(d) Research the properties of materials, mechanisms of failure, and behavior against

damage [27,28].
(e) Quality control and inspection of different processes, such as welding, wood drying,

ceramic components, and coatings, among others [29–31].
(f) Detection and location of leaks in real-time, either in small valves or even in the

bottoms of large tanks or buried pipes [32–35].

For the case of civil structures, regardless of the significant advantages of the AE test
and the efforts of many researchers for providing methods based on this technique to detect
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damage in elements of entire structures [16–19,36], there is still a need for counting with a
reliable and simple method for this purpose; for instance, in recent works, a historic index
is used to detect damage in concrete beams [16], which is complex, involves significant
computing time and, moreover, it was not possible to determine clearly the different stages
of damage; on the other hand, in [17,18] the AE signals are analyzed for monitoring long
corrosion processes in structural elements, nevertheless the study does not delve into
detecting cracks that can cause sudden fractures; and, lastly, in [19,36] digital images are
needed for performing a correlation with the AE results and detecting damage in concrete
beams, increasing the costs and complexity due to the use of a second equipment additional
to the AE equipment. Thus, the method proposed here overcomes those disadvantages
since it is simple, uses only one piece of hardware (AE equipment), involves low computing
burden, results are provided in real-time, and just one damage index is used to determine
the health state of the element according to different stages of its structural condition with
the presence of cracks.

Therefore, in this article, an innovative method is provided in order to determine
the structural condition of concrete beams subjected to bending loads, where, firstly, the
continuous wavelet transform (CWT) is applied to the AE signals generated from different
hits (events) and, then, the wavelet energy (WE) is computed for diagnosis. The value of
the WE for any hit allows knowing the current structural state of the element according
to different stages: healthy condition, micro-cracks appearance, the manifestation of a
principal crack, propagation of the principal crack, and final rupture, which represents a
significant advantage when using this method since just one parameter is required to know
the precise structural condition of the analyzed element instead of classifying its state only
as healthy or damaged. This type of result is important in order to make the right decisions
about a complete structure in the function of the precise current structural state of one of
its elements analyzed. The results obtained from laboratory tests are promising to apply
this effective method in concrete beams used as critical elements of real-life infrastructure
since it presents important advantages compared with other methods, such as a filter is
not required for the AE signals, low computing burden, results provided in real-time, AE
sensors do not need to be placed in the exact position of damage, and only one damage
index is used to know the health condition according to different stages.

2. Methodology for Damage Detection

The proposed methodology to determine the structural condition of concrete beams
subjected to bending consists on (see Figure 2):

1. Instrument the concrete element with AE sensors and acquire the corresponding hits
generated using the most convenient AE configuration during a bending test in the
form of waveform signals.

2. Perform a mother wavelet (MW) and scale range (SR) analysis to define parameters for
the specific element under study. This analysis must be carried out by obtaining the
maximum WE for all the AE hits generated during the initial test by using different
MWs and SRs until the best combination of both parameters is found in order to
distinguish the different stages of the structural condition of the element with an
acceptable computing time. It should be noted that the maximum WE for each AE
hit must be calculated by considering the complete image of the corresponding CWT
diagrams; that is, the total duration of each hit must be taken into account, and then
the corresponding maximum value of WE is considered. The detailed explanation
for obtaining the maximum WE for each AE hit is provided in the Section 2.1, and
specifically, it refers to the application of Equation (10).

3. Define the WE magnitude values and conditions for which an AE hit must represent
the different stages of the structural condition of the element: healthy condition, micro-
cracks appearance, the manifestation of a principal crack, propagation of the principal
crack, and final rupture. Repeatability of results tendency must be ensured.
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4. Once the element’s behavior is known under this kind of test, and all the configurations,
parameters, values, and stages have been defined, the WE value of any hit during
a bending test or during real operation under similar scenarios will determine its
structural condition.

5. Determine the precise stage of the structural condition of the tested element according
to: healthy condition, micro-cracks appearance, the manifestation of a principal crack,
propagation of the principal crack, and final rupture.

Figure 2. Proposed methodology schematic diagram.

2.1. Wavelet Energy

In order to obtain the WE for any AE hit, firstly, the corresponding AE signal must be
post-processed using the CWT.

Wavelet is characterized by being a suitable tool for processing the vibrational re-
sponses of civil infrastructure in order to provide an assessment of it [37,38] because
wavelet allows discovering relevant patterns in the analyzed signals due to its good resolu-
tion of both time and frequency that neither the Fourier transform (FT) nor its improved
version called the short time Fourier transform (STFT) can identify [39]. In general, the
Fourier analyses are not adequate for detecting subtle damages (as the ones generated into
the acoustic signals by initial cracks) by associating specific characteristics/changes (e.g.,
very short duration transient signals) produced by damage into the signal and throughout
all the duration of the analyzed signal; whereas the wavelet analyses are capable of doing
that [38,39]. In particular, a wavelet is a wave oscillation with an initial amplitude of zero,
which increases and decreases back to zero. In other words, the wavelet is considered a
small wave with a null average value localized in time, which descends to a value of zero
after a few oscillations. In general, a wavelet is intentionally crafted to present particular
properties with the capability of processing signals in order to identify useful patterns from
many different types of data [38,40], including deflection data from image analysis [41].

Wavelet transform (WT) is deemed the most significant tool for analyzing non-linear,
transient, non-stationary, and stationary signals in the frequency-time domain, being the
CWT the most employed version of WT because it offers a frequency-time representation
of a signal employing a variable-size windowing procedure concurrently (see Figure 3). In
particular, it decomposes the analyzed signal in a set of small waves or wavelets, which
can be complex or real functions, through a mother wavelet (MW). In general, its selection
can change according to the analyzed signal or application, so it is selected by means
of a trial and error process. Consequently, MW (a finer and coarser scale indicates high
and low-frequency components, respectively) is translated and dilated over the analyzed
signal in order to recognize the similarities between the signal and MW in order to obtain
a frequency-time representation, unlike the Fourier transform, where time-localization
information is lost [39,40].
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Figure 3. CWT representation, showing its capability to exhibit multi-resolution characteristics of a
signal using a size-varying wavelet.

MW function is described by [39]:

ψ(t) ∈ L2(<) (1)

where its time domain is limited. Hence, ψ(t) presents only values in a particular range
and zeros in the other ranges. MW is characterized by having a mean of zero, and it is
normalized. Its last two properties are mathematically represented by:

∞∫
−∞

ψ(t)dt = 0 (2)

‖ψ(t)‖2 =

∞∫
−∞

ψ(t)ψ∗(t)dt = 1 (3)

MW properties, translation, and dilation to allow the formation of a basis set estimated by:{
ψs,u(t) =

1√
s

ψ

(
t− u

s

)}∣∣∣∣
u∈<,s∈<+

(4)

where s and u are the scaling and translating parameters, respectively. In particular, the
estimated set {ψs,u(t)} is considered orthonormal due to the multi-resolution property.
Hence, CWT is the coefficient of the basis ψs,u(t) denoted by:

W f (s, u) = 〈 f (t), ψs,u〉 (5)

W f (s, u) =
∞∫
−∞

f (t)ψ∗s,u(t)dt (6)

W f (s, u) =
∞∫
−∞

f (t)
1√

s
ψ∗
(

t− u
s

)
dt (7)

By means of this transformation, 1D signal f (t) is mapped to a 2D coefficient W f (s, u),
which allows for performing the time-frequency evaluation. Therefore, it is possible to
locate a particular frequency (parameter s) at a particular time instant (parameter u).

If the f (t) is deemed a L2(<) function. The inverse CWT is calculated by:

f (t) =
1
cψ

∞∫
0

∞∫
−∞

W f (s, u)
1√

s
ψ

(
t− u

s

)
du

ds
s2 (8)

where Cψ is estimated by:

cψ =

∞∫
0

|Ψ(ω)|2

ω
dω < ∞ (9)
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where Ψ(ω) indicates the FT of the MW ψ(t). This operation is also known as the admissi-
bility condition.

Finally, the WE (parameter proposed for indicating the structural condition of the
element) is estimated by calculating the area under the curve, Equation (10), of wavelets
coefficients along the selected SR for each time instant of the duration of each AE hit
as follows:

WE =

smax∫
smin

f (W f )ds (10)

where smin and smax indicate the minimum and maximum values for scale from the SR se-
lected, respectively. On the other hand, f (W f ) is the function of the curve of the coefficients
along the selected SR just for one time instant of the total duration of an AE hit. In this way,
after obtaining the maximum value of WE for all the complete AE signals produced during
a bending test with a concrete beam, the hit with the highest value of maximum WE will
indicate the critical hit corresponding with the manifestation of the principal crack, which
will lead to the final rupture. In contrast, according to their values of maximum WE, the
other hits will indicate the healthy condition, micro-cracks appearance, propagation of the
principal crack, and final rupture. The most convenient MW and SR must be selected.

The great advantage of applying the CWT for the AE signals is that the hit corre-
sponding with the manifestation of the principal crack has a rich content of AE frequencies
which can be captured by using a convenient MW and SR for the CWT diagrams, then the
corresponding WE will show a high value due to the accumulation of that energy along the
selected SR; hence the most critical hit can be quickly identified. On the other hand, the
other hits will have lower WE values due to lower coefficients from the CWT diagrams and
more limited content of AE frequencies, resulting in a poorer exhibition of WE accumula-
tion. Therefore, the hits corresponding to the states of “propagation of principal crack” and
“final rupture” will appear after the hit of “manifestation of the principal crack” and will be
the second ones in WE magnitude. In contrast, the hits related to “micro-cracks appearance”
and “healthy condition” will be the third and fourth ones in WE magnitude, respectively,
and they will appear before the hit corresponding to the state of “manifestation of principal
crack.” The hit of the final rupture is not essential to be analyzed since it is obvious to be
the last one, and the fractured element will be visually evident; moreover, the WE of that
hit can be influenced by other noises during the rupture/fall of the element.

3. Laboratory Tests

In order to validate the methodology to detect cracks in concrete beams, laboratory
tests were designed and carried out. For this purpose, simple ordinary Portland cement
(OPC) type concrete blocks were designed and fabricated with a compressive strength of
330 kg/cm2 and a slump of the mixture of 10 cm. In order to obtain the desired physical
properties, the specimens were subjected to a curing time of 120 days, and the design of the
mixture considered a maximum limestone aggregate size of 20 mm. In total, 37 specimens
were manufactured with the geometry indicated in Figure 4. The characteristics of the
specimens were selected together with the characteristics of the compressive load applied
in order to ensure the final rupture in less than 10 min, avoiding long tests. A group of
30 specimens was initially tested to follow the methodology, and then, three of the seven
remaining specimens were selected to validate the method by acquiring at the same time
AE and ultrasonic pulse velocity (UPV) data.

The experimental process was designed to perform a bending test with a four-point
support device (Figure 5) to ensure a constant bending moment in the zone where cracking
of the specimen was expected to occur. For all the tests carried out, the length between
lower supports was 45 cm, whereas the load increment was constant with a load growth
rate of 8172 N/min until rupture. The average maximum applied load was 28.83 kN
(2.94 tons), which resulted in an average Modulus of Rupture of 3.844 MPa and an average
maximum moment of 6631 kN-m.
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Figure 4. Geometric design of simple concrete specimens.

Figure 5. Experimental arrangement for flexural specimens with four support points.

To carry out the experimental tests, an Instron© servo-hydraulic machine, model 8801,
with a maximum capacity of 100 kN (Figure 6a) was used, where the compression load was
applied with linear increment (Figure 6b).
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Figure 6. (a) Instron© servo-hydraulic machine, model 8801. (b) Compressive load recorded during
a test.

To measure the acoustic emissions signals during the tests, three wide-spectrum
piezoelectric sensors fabricated by Physical Acoustics©, model WSα, were used, with a
frequency range from 100 to 1000 kHz. The sensors were placed on the bottom, near both
specimens’ edges. Sensor 1 (S1) and sensor 3 (S3) were placed on both sides of the cracking
zone, close to the specimen’s front face, as shown in Figure 7; whereas sensor 2 (S2) was
placed close to the opposite face (back face) and around the cracking zone (mid-span).

Figure 7. (a) Location diagram for AE sensors and (b) Experimental setup prior to a test.

In order to record and store the acoustic emissions, a Physical Acoustics© equipment
model mDisp with three channels was used (see Figure 8a), which operates with a sampling
frequency of 1 MHz per channel and was configured to measure data based on a criterion
of triggers by hits or events. The three sensors were configured with a trigger threshold
(threshold) of 20 dB, a pre-amplification of 40 dB, a Peak Definition Time (PDT) of 50 ms, a
Hit Definition Time (HDT) of 200 ms, and a Hit Lockout Time (HLT) of 300 ms.

According to the experimental process described above, all the hits exhibited in each
test were recorded as typical waveform signals (time–amplitude) to be processed with the
WT and determine the structural condition of each specimen during the tests by calculating
the WE for each hit. In this way, only by knowing the WE of each hit could the users know
if they correspond with a healthy stage, micro-cracks appearance, the manifestation of a
principal crack, propagation of the principal crack, or final rupture.
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Figure 8. (a) Physical Acoustics© mDisp© AE equipment, (b) Controls© E48© UPV meter, and (c)
M.C.Miller© 400A© resistance meter.

Additionally, in order to validate the time corresponding to the change between
healthy and damaged conditions (i.e., the moment where the hit with maximum WE
occurred), ultrasonic pulse velocity tests (UPVT) were performed along with the AE
acquisition for three specimens, to ensure results repeatability. The UPVT is an in-situ,
non-destructive test to check the strength and quality of concrete. This test is conducted
by passing an ultrasonic pulse through the concrete element to be tested and measuring
the time taken by pulse to propagate through the structure. Higher velocities indicate
good quality and continuity of the material, while slower velocities may indicate concrete
with many cracks or voids [42]. In this way, the time instant related to the maximum WE
hit from the AE should correspond well with the respective time instant where the value
provided by the UPVT equipment (wave propagation velocity/time) changes drastically.
Thus, for the UPVTs, a Controls© UPV meter, model E48, was used, see Figure 8b.

Lastly, it should be noted that resistivity tests were also performed to evaluate the
quality of the concrete and select the three specimens with the most similar resistivity
values to be used for the last bending tests acquiring AE signals as well as UPV values. The
equipment used for those resistivity tests was a Miller 400A© resistance meter fabricated
by M.C.Miller© [43]. See Figure 8c.

4. Results Analysis and Discussion

Before performing the bending tests and applying the methodology for detecting
damage, UPVT was performed for all the specimens, obtaining a minimum value of
126.0 µs and a maximum value of 131.2 µs, which resulted in a velocity of 3968.25 m/s
and 3810.97 m/s, respectively; then, according to [44], the quality of the concrete for all
specimens was high. Figure 9a shows a picture of a UPVT. Moreover, those tests were
useful to know the UPVT values for the three selected concrete beams in a healthy state
before carrying out the bending tests and acquiring data with the AE and UPVT equipment.

Figure 9. Pictures from tests for some specimens: (a) UPVT and (b) Resistivity tests.
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Likewise, in order to select those three concrete beams for AE and UPV acquisition at
the same time during bending tests, resistivity tests were performed in the last seven healthy
specimens, and it was found that the beams marked as UPT-2, UPT-4, and UPT-7 produced
the most similar values: 103.50 kΩ cm, 90.00 kΩ cm, and 94.50 kΩ cm, respectively,
and those specimens were selected for the final tests. Moreover, according to [44], those
resistivity values correspond with a moderate risk of producing corrosion in the elements.
Thus, the main damage could be focused on cracks. Figure 9b shows a picture of a resistivity
test. On the other hand, the average values considering three different measurements of
UPVT for those specimens selected were 128.63 µs, 131.07 µs, and 127.33 µs in time and
3887.12 m/s, 3814.76 m/s, and 3926.80 m/s in velocity, respectively for beams UPT-2,
UPT-4, and UPT-7; which correspond with the reference values of healthy condition before
the bending tests.

Now, following the proposed methodology for determining the structural condition of
the concrete beams subjected to bending tests as explained in the two previous sections, first,
one test of the original group of 30 was selected randomly, and the WE was obtained for
each AE hit generated during the test but changing the MW and the SR. This initial process
allowed the establishment of a base test and performing an MW and SR analysis in order
to start the characterization of the behavior of this kind of elements under bending loads
and determine the most convenient MW and SR to differentiate among the diverse stages
of the structural condition (healthy condition, micro-cracks appearance, the manifestation
of a principal crack, propagation of a principal crack, and final rupture). Moreover, the
remaining 29 tests could be compared against this base test by using the same established
post-processing parameters and allowing observation of the repeatability of results to
ensure the efficiency of the method. Thus, the selected test was number 14, where the
WE was calculated for the 208 AE hits generated by using different MWs, with an initial
SR proposed from 1 to 100 according to an acceptable computing time to see results in
a congruent time. Ninety different MWs were applied by using the MATLAB© code
developed for this methodology, and regardless that all the MWs allowed the damage
detection, it was found that the Gaussian MW called “gaus6” (see Figure 10) was the
most useful for detecting damage and clearly differentiate among the different stages of
the structural condition due to its satisfactory properties/results. On the other hand, as a
reference of the type of signals analyzed, in Figure 11, one of the typical AE signals obtained
during a test is shown.

Figure 10. Gaus6 mother wavelet.
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Figure 11. Typical AE signal analyzed.

In Figure 12, the WE is shown for seven of the most promising MWs, which correspond
with different wavelet families: shan2-3 (Shannon wavelet), db1 (Daubechies wavelet),
morl (Morlet wavelet), fbsp2-1-0.5 (frequency B-spline wavelet), cmor1-0.5 (complex Morlet
wavelet), mexh (Mexican hat wavelet), and gaus6 (Gaussian wavelet); whereas in Figure 13,
the WE is presented just for the MW selected as the most convenient (gaus6) for determining
the structural condition of the element. Those results correspond with sensor 2 since the
position of that sensor was the nearest to the zone of the principal crack beginning, and
then, the results were more overwhelming; nevertheless, the other sensors exhibited the
same tendency.

Figure 12. Maximum WE for each AE hit of test 14 and S2 using different MWs.

Analyzing Figure 13, it can be observed that from hit 1 to hit 20, the concrete beam can
be considered healthy due to the shallow values of WE; in this range of hits, some micro-
cracks appear, where hit 21 clearly corresponds with the manifestation of the principal
crack; after that, from hit 22 to 207, the principal crack propagates until rupture in final
hit 208. It is important to note that once the principal crack manifests, the WE will not be
equal to nor lower than the maximum WE value of the healthy stage anymore; thus, both
the healthy and damaged conditions can be easily distinguished with this method and the
specific stages of the structural condition can be defined.
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Figure 13. Maximum WE for each AE hit of test No. 14 and S2 using gaus6 MW.

It is also important to mention that the micro-cracks could not be visually observed,
nor were their sizes measured because they may start as internal defects and the propa-
gation/fracture is sudden and brittle; however, with this method, it is possible to know
the moment of their appearances because those micro-cracks generate WE peaks before
the big WE peak corresponding to the manifestation of the principal crack. Moreover,
the magnitude of the WE peaks of the micro-cracks will always be lower than the ones
corresponding to the manifestation of the principal crack and propagation of the principal
crack. In this sense, by applying this methodology, it is possible to have an idea of the size
of the micro-cracks (before the manifestation of the principal crack) and macro-cracks (after
the manifestation of the principal crack) by observing/analyzing the magnitude of their
respective WE (the larger the WE magnitude, the bigger the size of the cracks).

Figure 14 shows pictures of the fractured beam after the bending test is finished. Due
to the type of material, the fracture is brittle, which is why the manifestation of the principal
crack is sudden, and the WE value of any other AE hit after the manifestation of the
principal crack will warn that the element can fail at any time during the crack propagation
stage due to the WE values higher than the healthy condition WE values.

Figure 14. Concrete beam No. 14 fractured after the bending test, showing the lower view and the
fractured faces at the ends (cross-sectional areas).

Likewise, the SR analysis consisted of varying that parameter above and below the
range considered for the results shown in Figure 13, but always using the MW already
selected (gaus6). Then, a total of 12 SRs were tried (including the original SR proposed
from 1 to 100), being the minimum value equal to 1 for all of them and the maximum 50,
60, 70, 80, 90, 100, 110, 120, 130, 140, 150, and 180. Figure 15a shows the corresponding
results, and, as can be observed, the change of SR does not significantly affect the WE
values of the healthy condition stage nor the propagation of the principal crack. However,
the corresponding WE value of the manifestation of the principal crack can be altered in an
important magnitude (see Figure 15b for a zoom around the region of the manifestation
of the principal crack), which is very important. If the maximum value is set too low, for
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example, 50, the WE values for the manifestation of the principal crack and propagation of
the principal crack could tend to be similar, and consequently, the differentiation of both
stages might not be very evident (see Figure 16). On the other hand, if the maximum value
is set too high, for example, 180 (see Figure 16), the WE for the AE hit of the manifestation
of the principal crack will increase exponentially, and in both stages, healthy condition
(with micro-cracks appearance) and the propagation of the principal crack, could look
every time more similar at a glance.

Figure 15. (a) Scale range analysis and (b) Zoom around the region of the manifestation of the
principal crack.

Moreover, the computing time will increase significantly as long as the SR increases,
which is not convenient for continuous online acquisition in real-life structures. Therefore,
the original SR used from 1 to 100 resulted in an excellent range for distinguishing clearly
the different stages of the structural condition of the elements with a congruent computing
time. For an easy and quick differentiation of the many curves presented in both plots
of Figure 15, the highest curve at any hit corresponds with the first SR mentioned in the
legend, the widest one (1–180), and then, sequentially, the order of the SRs of the legend
must be followed until the lowest curve corresponding with the narrowest range (1–50). In
this way, marks on the curves are avoided for better visualization.
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Figure 16. Scale range analysis considering the two most different ranges: 1 to 50 and 1 to 180.

Thus, once the AE/WE behavior of the concrete beams has been studied by MW
and SR analyses and those two latest parameters have been defined, the method can
be systematically applied for all elements working under similar conditions. As it was
mentioned above, 30 bending tests were originally performed, and for all of them, the
tendency toward the same results to evaluate the structural condition of the beams was
obtained by using the established MW and SR parameters (gaus6 and 1–100, respectively),
as in test 14 (Figure 13). Nevertheless, due to brevity interest, it is not possible to show
all the test results; however, tests No. 8, 20, and 21 (Figures 17–19, respectively) were
selected to demonstrate the results’ tendency toward repeatability as well as to analyze
other interesting aspects.

Figure 17. Maximum WE for each AE hit of test No. 8 and 2 different sensors.



Mathematics 2023, 11, 719 15 of 19

Figure 18. Maximum WE for each AE hit of test No. 20 and S2.

Figure 19. Maximum WE for each AE hit of test No. 21 and S2.

As for test No. 8 (Figure 17), 123 AE hits were acquired, where the same tendency of
results was obtained as in test No. 14, allowing damage detection and distinguishing the
mentioned structural condition stages. In this case, sensor 3 (S3) was the nearest sensor
to the region of the beginning/propagation of the principal crack, and that is why the
WE values are evidently higher for this sensor position during the propagation stage.
Nevertheless, the results using the opposite sensor (S1), the furthest one, also allowed
determining the structural condition of the specimen for each AE hit, which is essential
since the sensors may not be on the damage location. Finally, it should be noted that,
compared with test No. 14, the manifestation of the principal crack required more AE
hits, but it occurred with a higher WE. On the contrary, fewer hits were needed for the
propagation until the rupture, which is congruent; moreover, again, low micro-cracks
activity was observed. Regardless that this kind of material is complex in the sense that it
is not uniform and it is impossible that the different stages always appear at the same time
and with the same characteristics and energy (WE), the tendency of results is the same in
order to know the structural condition for each hit, which is very valuable. Additionally,
in future works, this method will be applied to other materials, such as reinforced con-
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crete [45], in order to perform a comparison with other works and validate its usefulness in
other scenarios.

On the other hand, by analyzing test No. 20 for S2 (Figure 18), as it occurred for test
No. 14, again, all the structural condition stages can be distinguished. For test No. 20,
170 hits were generated, and the principal crack was manifested at hit number 143 with a
WE of 2.07, which is significantly higher than the corresponding for test No. 14 (0.24) at hit
number 21. The large number of hits before the manifestation of the principal crack and the
low quantity of micro-cracks, and the low WE magnitude during the healthy stage could
have contributed to a late and huge release of accumulated energy corresponding to the
manifestation of the principal crack for test No. 20.

Lastly, test No. 21 for S2 (Figure 19) presents a reduction in the WE at the manifestation
of the principal crack compared with the previous test analyzed (test No. 20), which can be
because fewer hits occurred before this point and the appearance of several micro-cracks
(some of them with a significant WE magnitude), which helped to release energy, avoiding
to be accumulated and released almost all of it at the manifestation of the principal crack.
Nevertheless, if comparing against test No. 14, the maximum WE is still more prominent
for test No. 21 because the manifestation of the principal crack for test 14 occurred very
early at hit 21, avoiding too much energy released at that event. As it happened for tests No.
14, 8, and 20, all the stages were clearly identified for test No. 21, including the appearance
of important micro-cracks in this latest test.

On the other hand, as for the bending tests simultaneously acquiring AE and UPV
data, those experiments were useful to validate the advantage of the proposed methodology
for detecting the most important stage of the structural condition corresponding to the
manifestation of the principal crack, which marks the evident difference between a healthy
and damaged condition.

For the three specimens tested, the time differences between the manifestation of the
principal crack stage detected by using the proposed methodology and the first damage
stage detected by observing a drastic change of UPV value were: 26.20 s, 8.81 s, and 7.96 s
for specimens UPT-2, UPT-4, and UPT-7, respectively (see Table 1), being always higher the
times of the UPVT technique. In this way, the proposed methodology was able to detect,
once again, all the structural condition stages (including the manifestation of the principal
crack), whereas the technique using UPVT was not able to detect micro-crack appearance
nor the manifestation of the principal crack. The first damage stage detected for specimen
UPT-2 was the propagation of the principal crack, and for specimens UPT-4 and UPT-7, the
final rupture; therefore, the UPVT technique is not reliable enough.

Table 1. Comparison of time instants when damage is identified with the proposed methodology
and with UPVT technique.

Test/
Specimen

Proposed Method Based on AE-WT Conventional Method Based on UPVT

Capable of
Detecting the

Manifestation of
Principal Crack

Time Instant of
the Manifestation

of the Principal
Crack

Capable of
Detecting the

Manifestation of
Principal Crack

Time Instant of a
Significant

Change in the
UPVT Value

Damage Stage
Detected

UPT-2 Yes 218.80 s No 245.00 s Propagation of
principal crack

UPT-4 Yes 211.19 s No 220.00 s Final rupture

UPT-7 Yes 187.04 s No 195.00 s Final rupture

The inability of the UPVT technique to detect the manifestation of a principal crack,
as it was verified by the significant time differences when compared against the proposed
methodology, is due to two main factors: (1) the crack identification by using UPVT
depends on placing both transducers aligned with the direction where the crack appears
(directional technique). That direction can be predicted in some controlled tests but cannot
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be assured with certainty, whereas the proposed method (non-directional) uses data from
sensors that can be placed randomly since the AE sources are released in all directions.
(2) The low sampling frequency of the UPVT equipment (10 Hz) compared to the AE
equipment (1 MHz).

Thus, the proposed non-directional method overcomes the limitations of the UPVT
technique and similar techniques since it uses a high sampling frequency AE equipment
with sensors that can be placed randomly for acquiring signals that are processed with WT
for identifying with high precision all the structural conditions stages of concrete beams
subjected to bending, which represents significant advantages compared against other
methods similar to the UPVT method tested in this article.

5. Conclusions

This article developed an innovative, efficient, and straightforward method to detect
damage in concrete beams under bending loads, based on processing, employing the
CWT and the AE signals recorded. The magnitude and characteristics of the WE obtained
for each AE hit generated during the operation of the elements allow for identifying the
different stages of its structural condition: healthy condition, micro-cracks appearance, the
manifestation of a principal crack, propagation of the principal crack, and final rupture.

The convenient MW and SR selection are fundamental to distinguishing the different
structural condition stages clearly. This method presents important advantages to be
applied in elements of real-life structures: a filter is not required for the AE signals, low
computing burden, results are provided in real-time, AE sensors do not need to be placed
in the exact position of damage, and only one damage index is used to know the health
condition. As part of the continuation of this research, in future works, this methodology
will be evaluated considering other kinds of elements, operating conditions, types of
damage, and kinds of materials (e.g., reinforced concrete, wood, metal, composite materials,
etc.); so that a complete structural health monitoring scheme can be provided and the scope
of this method can be delimited.
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