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Abstract

The abrupt failure of shear-deficient RC beams may lead to harmful consequences under
dynamic loading. The use of Carbon Fiber Reinforced Polymers (CFRP) aims to convert this
brittle fracture into a ductile one. However, the complexity of the multiple damage mecha-
nisms makes it difficult to assess their condition using conventional testing methods. In this
study, the damage evolution of a shear-critical reference beam and its CFRP-strengthened
counterpart was monitored using the acoustic emission (AE) technique. After correcting
attenuated AE amplitudes, damage analysis was performed using the Shannon entropy
approach based on true source amplitudes. The entropy analysis performed with these
corrected data clearly revealed the shear failure in the reference beam through abrupt drops
in entropy, indicating damage homogenization. In contrast, the entropy remaining high and
dynamically varying over a much longer deflection range in the CFRP-strengthened beam
demonstrated that CFRP distributes damage over a wider region and that different damage
mechanisms, such as debonding and fiber breakage, in addition to concrete cracking, were
simultaneously active.

Keywords: Shannon entropy; acoustic emission; parameter correction; CFRP strengthening;
shear failure; reinforced concrete

1. Introduction

One of the most critical structural deficiencies of reinforced concrete (RC) members
under seismic effects is brittle shear failure primarily induced by insufficient transverse
reinforcement. Structures designed in accordance with older seismic codes or characterized
by deficient detailing are highly susceptible to sudden and catastrophic collapse during
earthquakes. Inadequate shear reinforcement, in particular, stands out as one of the most
critical structural deficiencies leading to sudden and brittle fracture in RC beams without
any prior warning [1]. The application of Carbon Fiber Reinforced Polymer (CFRP) pro-
vides an effective strengthening strategy [2-4]. Effects of CFRP strengthening on mechanical
behavior are multifaceted. Experimental studies show that CFRP application significantly
increases load-carrying capacity, initial rigidity, and energy absorption capacity [5]. In
addition, CFRP strengthening also functions to transform the fracture mechanism to ductile
failure due to reinforcement yielding becoming dominant, resulting in distributed dam-
age. However, the most commonly observed fracture mode in CFRP material bonded to
the external surface is debonding or delamination resulting from incompatibility at the
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CFRP-concrete interface. This prevents the full utilization of CFRP’s potential mechanical
capacity and negatively affects strengthening efficiency [6]. However, since the failure of
CFRP-strengthened components is complex and consists of multiple damage mechanisms
such as concrete cracking, interfacial debonding, and fiber breakage, conventional test
methodologies are often insufficient to provide a comprehensive evaluation of these types
of damage progression [7,8].

Acoustic Emission (AE) technology stands out as an effective non-destructive testing
method in structural health monitoring, enabling real-time and continuous monitoring
of damage mechanisms. The method is frequently used in different fields such as civil
and mechanical engineering, aircraft, nuclear, and pressure vessel industries to detect
cracks, delaminations, or leakages [9-11]. Different sources of damage in composite ma-
terials, such as matrix cracking, delamination, and fiber breakage, can be distinguished
from one another through the characteristics of the recorded AE signals [12-17]. However,
the heterogeneous nature of materials like concrete causes significant wave dispersion
and attenuation, leading to signal deterioration and velocity changes that reduce inspec-
tion accuracy [18,19]. Studies indicate that aggregate geometry [20], interface bonding
conditions [21], and void ratios [22,23] directly influence wave attenuation. Furthermore,
increased volume fractions of inclusions lead to higher dispersion and reduced wave
velocities [24]. Despite existing research, the current literature remains insufficient in fully
mitigating these propagation challenges for robust damage detection [25,26]. Therefore,
the parameter correction approach [27-29] can be implemented using Tayfur and Alver’s
3D development for concrete to improve the accuracy of the method [30,31].

In addition to evaluating the basic parameters to quantify the complexity of AE and
the damage state of the material tested, various approaches have begun to be used for AE
analysis [32-34]. As one of these, Shannon entropy is a statistical quantifier used to measure
the degree of disorder and randomness of a system [35]. When this theory is integrated
with AE signals, which are the output of the stochastic nature of the AE technique, the
accumulation of damage in the material can be monitored. Significant changes in entropy
values serve as an indicator to predict the failure of the material [36]. Studies have proven
that Shannon entropy is a more reliable and consistent parameter in separating damage
stages compared to classical AE features [37]. However, its effectiveness on AE signals
in concrete is still open to investigation with its limited number of applications [38-43].
Moreover, unlike existing studies relying on raw amplitude values, which are inherently
biased by sensor proximity, the Parameter Correction Technique (PCT) was also integrated
into this study to ensure that the entropy index represents the damage mechanism rather
than geometric signal loss.

To fill the gaps in the existing literature, this study investigates the failure mechanisms
and damage evolution of a shear-deficient RC beam and its CFRP-strengthened counterpart
using AE. The novelty in this study is the application of the Shannon entropy approach
not to raw AE data obtained directly from sensors, but to corrected AE data released
from attenuation effects. This approach aims to quantitatively characterize how CFRP
strengthening transforms the failure behavior of RC beams from brittle shear to a distributed
ductile failure.

2. Materials and Methods
2.1. Acoustic Emission (AE)

AE is based on the detection of transient elastic waves emitted by the release of energy
due to local fractures within the stressed materials [44]. Sensors placed on the surface of
the tested material are utilized to detect these elastic waves. Some parameters used for AE
analyses are: hit—a signal that the system records; duration—a time interval between the
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first and last threshold crossings; count—the number of crossings of the threshold within
the duration-; amplitude—a peak voltage of the signal; rise time—a time interval between
the triggering time and the time of the peak amplitude; energy—measured area under the
rectified signal envelope; and average frequency—a feature obtained from count divided
by duration [45].

2.2. 3D Parameter Correction Technique (3D-PCT)

PCT was implemented through a systematic four-stage workflow: (i) Initially, the
region of interest is discretized into a mesh, defining the boundaries where the correction
procedure will be applied. (ii) To characterize the medium’s attenuation map, artificial
AE sources with varying known amplitudes are generated at each node, and the resulting
AE parameters are recorded by the sensor array. (iii) Relationships for each sensor are
constructed by correlating the known input amplitudes of the artificial sources with the
parameters recorded. Required amplitude values can subsequently be estimated through
interpolation based on the transmitted-received data obtained from the artificial sources.
(iv) During structural testing, real AE events are localized in the PCT mesh. AE events
recorded during the actual tests are then localized, and their corresponding input-output
relationships are taken from the contour maps. Finally, the recorded AE signal parameters
are corrected by applying the appropriate attenuation relationships according to the event
location and the relevant sensor.

2.3. Shannon’s Entropy

Introduced by Claude E. Shannon in 1948 within the context of information theory,
Shannon entropy quantifies the degree of uncertainty or randomness within a distribution
and is widely used as a scalar descriptor of data complexity in various disciplines [35]. For
arandom sequence {xy,X2,X3, . .., Xn }, Shannon’s entropy is calculated using Equation (1):

H=-c Z?:l p(xi) *In(p(x;)) (1)

where H is Shannon’s entropy, p(X;) is the probability mass, and c is a positive constant.

In this context, since AE signals are also random discrete signals, applying Shannon
entropy to AE data makes it possible to evaluate the release of damage energy during
the structural damage process and thus, to determine statistical variability during the
progressive damage evolution. Here, the AE amplitude distribution is discretized with a
uniform width spanning. To measure signal complexity, the AE amplitude distribution was
decomposed into 10 classes by generating probability distribution functions. This number
was chosen to provide an optimal balance between statistical stability and distribution
resolution, and to prevent entropy fluctuations that might arise from over-partitioning
sparse data. The classification process was performed using a sliding window model,
where 20 hits were shifted forward for every 100 AE hits, ensuring an 80% data overlap
between sequence windows. This overlap rate was chosen to be high in order to capture
transitions in rapid activity formations without losing information. This allowed for
continuous monitoring of physical transitions between different damage mechanisms.
Finally, x-axis synchronization was performed to relate these hit-based entropy values to
structural behavior responses. The entropy value calculated for each window was mapped
to the horizontal axis by taking the arithmetic mean of the deflections of corresponding
AE hits.

3. Experimental Details

Two 2350 x 250 x 150 mm shear—deficient RC beams were produced and tested under
three-point bending. Concrete mix design used for production of the beams (W/C = 0.66)
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is presented in Table 1. Compressive strength of the standard cylinder concrete was 25 MPa,
and 5420 steel bars were used as reinforcing bars. The beams were designed for shear failure,
containing a total of four 20 mm in diameter longitudinal rebars and 8 mm in diameter
stirrups with a spacing of 500 mm. While one of the specimens (REF) was plain RC, the
other one (STR) was strengthened with U-shaped CFRP strips having a 50 mm width with
a spacing of 100 mm. After sanding the concrete surface, notches were made to ensure
mechanical bonding. Then, MasterBrace FIB 300/50 CFS CFRP strips (Master Builders
Solutions, Mannheim, Germany) having a tensile strength of 4900 MPa were bonded to
the concrete surface in two layers using MasterBrace SAT 4500 (Master Builders Solutions,
Mannheim, Germany) two-component epoxy resin (viscosity of 1500-2500 MPa-s) and left
to cure at room temperature for 7 days. Reinforcement details of the beams are given in
Figure la.

Table 1. Concrete mix design.

Cem I42.5R 0-3 mm 5-15mm  15-25 mm
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125 mm Sensor | X Y Z | Sensor X Y z
Al 0.50 | 0,125 [ 0.00 Bl 1.50 | 0,125 [ 0.00
73 mm A2 0.62 0.20 0.00 B2 1.65 | 0.20 0.00
100 mm A3 | 080 [0a425] 000 | B3 | 1.80 [0.425[ 0.00

_ A4 0.80 | 0.125 | 0.15 B4 1.80 | 0.125 | 0.15
Transmitter (On allnodes) | A5 0.65 | 0.20 | 0.15 B5 1,65 | 0.20 | 0.15
Ab 0.50 | 0.125 | 0.15 B6 1.50 | 0.125 | 0.15

Receiver AE Sansor A7 045 | 025 | 0075 | B7 1.45 | 0.25 | 0.075
AS 085 | 025 | 0075 | BS 0.85 | 0.25 | 0.075

Figure 1. (a) Reinforcement details of the beams, (b) 3D-PCT test setup and locations of AE sensors.

Two 300 mm x 250 mm X 150 mm PCT volumes were created at shear spans of both
beams, and 3D-PCT tests were conducted on these volumes, which were divided into
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100 mm x 125 mm x 75 mm grids. 1V, 5V, 10V, and 24 V artificial sine wave sources
(frequency of 50 kHz) were generated on each test node (64 nodes) by the PCI-5412 Signal
Generator (National Instruments, Austin, TX, USA). All artificial sources were recorded by
two 8-channel AE systems with sixteen AE sensors by Mistras Group (Princeton Junction,
NJ, USA), and the relationships between generated and recorded amplitudes were used to
correct AE parameters obtained from three-point bending tests. All sensors were amplified
with preamplifiers having 40 dB gain, and the threshold was set as 40 dB to eliminate
ambient noise.

4. Results
4.1. Structural Responses

Load-deflection responses of the beams are presented in Figure 2a. In REEF, the first
flexural crack was observed at a load level of 11 kN and a deflection of 1.4 mm. With
increasing load, new cracks formed and existing cracks propagated. The first shear cracks
at the left and right shear spans appeared at a load of 79.8 kN and a deflection of 7.6 mm. At
a deflection of 49.51 mm, the main shear crack in the left shear span widened significantly,
and severe damage developed in this region. The shear-deficient REF beam ultimately
failed in shear without yielding, with a maximum deflection of 51 mm.

-1 b | xovm [T
=
= 80 REF | - 101 1959
=
S 40 STR [ 82 | 101 —
ad
0 o Ductility
0 25 50 75 100 E: Rigudity
Deflection (mm) T: Toughness

@) (b)

Figure 2. (a) Load-displacement curves, (b) mechanical features of the RC beams.

In STR, the first flexural crack was observed at 57 kN load and 5 mm deflection
level. As loading progressed, additional cracks formed, and the CFRP strips began to
engage. Hairline shear cracks appeared when the load reached approximately 100 kN.
The longitudinal reinforcement yielded when the load was measured as 115.95 kN with
a corresponding deflection of 11.5 mm. Beyond this stage, CFRP activity intensified, and
audible cracking sounds were detected. A CFRP strip located at the mid-span debonded
from the concrete surface when the load was 122.30 kN. Subsequently, new cracks formed
in the compression zone of this section, and additional strips debonded. A new shear crack
developed in the left shear span at a deflection of 95 mm, and the test was terminated due
to the deflection limit of the hydraulic jack. Mechanical features of the beams are tabulated
in Figure 2b.

4.2. AE Responses

Since the main crack in REF formed on the left side, only the AE data from System
A located on that side were analyzed. A total of 4300 and 5722 AE hits were recorded
from REF and STR, respectively. Figure 3 presents the failure states of the beams and their
damage patterns determined using a 3D AE source localization algorithm using time of
arrivals of the signals based on Geiger’s iterative method. Only events recorded by at least
four sensors were analyzed for localization. Unlike conventional localization methods, a
varying elastic wave velocity model caused by progressive cracking is developed in this
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study. The wave velocity was initially calibrated through pencil leak break tests and then
updated at each calculation step to reflect the degradation of the beam. Consequently, the
identified crack locations closely match the visually observed damage. As seen from the
figures, AE activity concentrates in regions of high stress, as expected. The AE sources
calculated for the REF specimen are located very close to the observed crack locations,
whereas the STR specimen exhibits a greater number of AE sources due to its higher energy
absorption capacity. These locations of the AE events were used for correction relations.

X (m)

Figure 3. Damage patterns of the RC beams: camera shot and 3D AE source localization results.

In AE analysis, amplitude is one of the fundamental signal parameters directly associ-
ated with the size, severity, and energy released by damage. Microcracking and frictional
effects typically generate low-amplitude signals, whereas critical mechanisms such as
macro crack propagation, reinforcement yielding, and CFRP delamination are character-
ized by high-amplitude signals. Therefore, AE amplitude was selected as the primary input
for the Shannon entropy analysis to monitor damage evolution of the beams and to identify
transitions between damage mechanisms. The recorded amplitude distributions for both
beams are presented in Figure 4.

However, since AE waves propagating through concrete undergo significant attenua-
tion depending on the distance between the source and the sensors, distance-related effects
can mask the true source characteristics and lead to misleading interpretations. To eliminate
this, a parameter-correction procedure based on preliminary 3D-PCT experiments before
loading tests was applied to the recorded signals, allowing the true source amplitude of
each damage event to be estimated. The resulting corrected dataset is expected to improve
the reliability of the Shannon entropy analysis, which will be used in the next stage to
quantitatively characterize damage complexity in the beams.

Figure 5 shows corrected AE amplitude distributions for both beams. As given in some
examples in Figure 6, results from eight randomly selected events illustrate the performance
of the correction procedure. As shown, each sensor recorded different amplitude values
for the same event due to signal attenuation; however, the amplitudes converged within
an acceptable error range after correction. As the origin time of the event is delayed and
damage progresses, correction factors vary, and the spread in corrected values increases.
The trend lines fitted to the corrected amplitude values do not represent a consistently
decreasing relationship. Moreover, the R? values of the lines corresponding to the corrected
data are reduced to much lower levels compared to the R? values of the lines representing
the raw data. This finding suggests that events with different true amplitudes may be
perceived as similar by a given sensor due to attenuation effects. Moreover, the probability
of accurate detection improves as the actual amplitude of the activity increases.
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Figure 4. Raw amplitude distributions of AE activities.

4.3. Shannon Entropy Indices

Shannon entropy indices were used as an analytical indicator that measures the com-
plexity of damage in the beams [40-43]. While basic AE parameters are reliable indicators
of the extent, time, location, and type of damage, they are limited in distinguishing simulta-
neous damage mechanisms because they treat each signal as a separate count. Therefore,
Shannon entropy aids in a more advanced characterization than basic AE features, espe-
cially for complex systems where the nature of the damage is as important as its frequency.

In the context of AE analysis, a high Shannon entropy value, which quantifies the
distributional complexity of AE amplitude data, indicates that the recorded signals are
spread over a wide amplitude range, suggesting the simultaneous activity of multiple
and diverse damage mechanisms. In contrast, a low Shannon entropy value, or a sharply
decreasing entropy curve, reflects the concentration of energy release within a narrow am-
plitude range, which is characteristic of a dominant and localized damage mode. Therefore,
Shannon entropy can be considered not only as an indicator of damage intensity but also
as a descriptor of damage complexity. Consequently, it can be used to distinguish between
progressive damage and sudden damage.
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Figure 6. Examples of amplitude correction of AE events.

The obtained results are useful for evaluating both the effects of parameter correction
and the distribution of mechanical behavior of CFRP-strengthened concrete. As seen from
Figure 7, in both beams, the raw curves vary between approximately 2.5 and 3.2 without
a clear distinction, presenting practical difficulties in structural assessment. On the other
hand, 3D-PCT served to produce a smoother and more physically interpretable corrected
entropy curve by eliminating wave attenuation, boundary reflections, and sensor effects
in the concrete. The entropy values calculated using raw amplitude data, which are quite
similar across both REF and STR throughout the loading, ranging from approximately
2.90 to 3.0, indicate that the attenuation effect can mask the true damage behavior. In
contrast, corrected entropy values ranging from 2.60 to 2.75 reveal beam-specific trends:
the reference beam exhibits a lower and progressively decreasing entropy, consistent with
damage localization and brittle shear damage. On the other hand, the CFRP-strengthened
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beam maintains a higher and less variable entropy, confirming the simultaneous activation
of the multiple damage mechanisms described above.
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Figure 7. Shannon entropy analysis results of the beams before and after parameter correction.

In the phase-by-phase evaluation, during P1 in both beams, corresponding to the
elastic region, the entropy peaks circularly at 3.0-3.2, reflecting the distributed nature of
early-stage micro-cracking events occurring in heterogeneous source regions with highly
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varied AE amplitude values. During P2, which expands with more stable flexural crack
propagation, the entropy decreases particularly at the load decreases between P1-P2 and
P2-P3. In the REF beam, the abrupt drop in entropy from approximately 2.73 to 2.64 is
a numerical indication that random microcracks are merging into a main diagonal shear
crack, revealing that the damage is localized and tending towards brittle failure. Following
the P3, these curves show signs of a decrease to 2.5. This indicates a narrowing of the AE
variant as a result of concentrated damage localization in the diagonal shear plane.

In the beam STR, the difference is more dominant in P3 after parameter correction: the
corrected entropy remains constant and oscillates around 2.5-3.0 throughout the post-peak
plateau. This confirms that the CFRP maintains distributed and multi-mechanism damage
development throughout the ductile behavior. The corrected curve shows significant en-
tropy decreases beyond the 90 mm deflection level, which are visible in the load-deflection
response and not observed in the raw entropy curve. Overall, while the raw entropy
curves of both beams exhibit similar fluctuation ranges (approximately 2.5-3.2) throughout
loading, making it difficult to distinguish beam-specific damage behavior, the 3D-PCT
corrected entropy curves reveal physically consistent trends. In the REF beam, the corrected
curve is consistent with damage localization by a single dominant shear failure mechanism
in the final phase; in the STR beam, however, it shows a post-fall recovery, suggesting
reactivation of CFRP-related mechanisms with ongoing concrete cracking.

To mathematically evaluate the variations, Table 2 summarizes the mean and standard
deviations of entropy change rate per unit deflection in each damage phase before and after
correction. The raw entropy change rate in phase P1 of REF exhibits a narrow distribution
with a lower standard deviation, indicating regularity of AE sources consistent with micro-
cracking in the elastic region. 3D-PCT correction slightly lowers the mean in this phase
while increasing the standard deviation from 0.16 to 1.07. This increase is the first indication
that source variability, previously hidden in the raw data, is revealed by the correction.

Table 2. Phase-based entropy statistics and damage interpretation.

After

Beam Phase (1 £ O)Hraw (1 £ O)Heorr. Difference Correction Physical Meaning
P1 2054016 2664107  —029+091 H>0%stable Distributed
o is moderate micro-cracking
REF P2 296+159  261+£313  —035+154 M7 2 f;;fble Crack propagation
B p > 0 & stable Localized and brittle
P3 292 +431 2.70 £4.73 0.22 +0.42 o is high shear failure
P1 033 L 282 _080L740 11341458 M< 0 & variable =~ Micro-cracking & early
' ’ ' ' ) ’ o rises CFRP stress transfer
. Crack propagation
STR P2 0184433  033+348  051+0g5 W 0&variable & progressive
0 is moderate -
CFRP activation
P3 009 L 246 027 + 3.63 036 & 1.17 u> 0 & variable Distributed multi
’ ’ ’ ’ ' ' 0 is moderate mechanism failure

While the average rate of change remained almost the same during phase P2, its
standard deviation increased to 1.59, and this effect became even more pronounced in the
corrected value, where the standard deviation reached 3.13. The effect of the correction on
the average also increased compared to phase P1. This situation is consistent with increased
diversity due to both crack propagation and the formation of new cracks.
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In phase P3, the table reveals the most critical numerical finding regarding the damage
behavior of the REF beam. While the average of the raw rate of change remains similar, its
standard deviation reaches 4.31 and 4.73 for raw and corrected data, respectively. While the
standard deviation is seen to exceed the average even further, the effect of the correction
on the average narrows compared to P2, and the standard deviation remains almost
unchanged. This narrowing indicates that the sources of damage are localized to the
diagonal shear plane.

On the other hand, the fact that the average rate of change is close to zero in all phases
of the STR indicates that the increase and decrease within the phases balance each other.
This is evident from the extremely high standard deviation values in all phases of the STR,
as well as after correction, despite this low average value. Even under balanced change, the
fact that the activities exhibit different characteristics from each other indicates that multiple
damage mechanisms are alternately and continuously active in STR. In particular, phase P1
has the greatest effect on the average. Physically, this shows that the early stress transfer
events at the CFRP—concrete interface are supported by the corrected Shannon entropy, with
high-amplitude and sudden AE bursts—a behavior absent in REF-P1—observed in the early
phase (Figure 6). In other words, it has been numerically determined that simultaneous
concrete micro-cracking and CFRP activation are exhibited in the STR P1 phase, unlike
REE This pattern was observed across all loading phases of the STR beam, where the near-
zero phase-averaged mean rates combined with high post-correction standard deviation
values provide a numerical basis for distinguishing CFRP-induced AE events from those
observed in plain RC behavior. Collectively, these statistics confirm that the STR beam
progresses toward failure through distributed, multi-mechanism damage accumulation
rather than localization onto a single failure plane, and that this distinction is resolved
through 3D-PCT correction.

5. Conclusions

In this study, the ductile behavior and transformation of damage mechanisms in an RC
beam strengthened with CFRP against shear were investigated using the Shannon entropy
approach based on AE amplitude data corrected for attenuation effects. The analyses
revealed that the Shannon entropy calculated from the raw AE data was obscured by wave
attenuation and other effects, such as wave dispersion in concrete. This situation leads to
similar entropy fluctuation ranges in both the reference and CFRP-strengthened beam:s,
masking the true damage behavior. By applying parameter correction, this problem was
eliminated, reducing the uncertainty regarding the mechanical behavior of the member.

Phase-based analysis of the entropy change rate confirmed that the difference between
the raw and corrected metrics serves as a quantitative discriminator between brittle shear
localization and ductile multi-mechanism damage. Statistical changes undetectable in the
raw entropy metric were observed after parameter correction. Corrected entropy curves
yielded more distinct results for each beam and were more consistent with their damage
evolution phases. In the reference beam, the sustained entropy drop observed after the
peak load phase has a potential validation of brittle fracture, reflecting the transformation
of microcracks into a dominant diagonal shear crack. In contrast, the CFRP-strengthened
beam exhibited high and dynamically varying entropy throughout the post-peak plateau,
providing a quantitative basis for confirming the simultaneous activation of multiple
damage mechanisms, including concrete cracking and CFRP activities. Furthermore, the
entropy recovery observed in the final phase indicates the reactivation of CFRP-dependent
mechanisms, highlighting the complexity of the damage process in the CFRP-strengthened
beam. This enabled differentiation between the sudden brittle failure of the plain RC
beam and the more ductile failure with distributed damage induced by CFRP wrapping,
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thereby quantifying the strengthening effectiveness of CFRP and the associated shift in
damage mechanisms.
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