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Highlights

What are the main findings?

• The low-cost acoustic emission technique has been shown to be an effective non-
destructive method for monitoring damage progression.

• The hybrid (steel and polyolefin) fiber reinforcement enhanced the mechanical proper-
ties and crack resistance of recycled aggregate concrete.

What are the implications of the main findings?

• The composite mixture consisting of 50% steel and 50% polyolefin fibers achieved the
highest tensile and flexural strength of recycled aggregate concrete.

• The b-value analysis was a sensitive indicator of damage evolution and failure behavior.

Abstract

The mechanical properties and real-time damage evolution of sustainable concrete (SC)
containing 100% recycled concrete aggregate (RCA) under the combined action of hybrid
steel and polyolefin fibers were studied. Inspired by solving the massive effects on the envi-
ronment from construction waste, as well as to improve the lower mechanical performance
of lower-grade RCA, the effect of combining high-stiffness hooked-end steel fibers and
flexible macro-polyolefin fibers within RCA was investigated. Six different mix designs
were considered: plain, single-fiber (100% steel and 100% polyolefin) and three hybrid
composites with varying fractions of the steel/polyolefin fibers (25/75, 50/50, and 75/25).
Compressive, tensile and flexural strengths were determined by mechanical testing. During
compressive testing, the damage evolution was monitored using low-cost acoustic emission
(AE) as a non-destructive technique. Cumulative hits analysis, amplitude distributions, and
the statistical b-value parameter were used for damage characterization. The results show
that steel fiber significantly increased compressive strength (an increase of up to 13.8%),
and the 50/50 hybrid mix showed a high synergistic effect, yielding the highest tensile
(4.86 MPa) and flexural (25.54 MPa) strengths. AE analysis identified different damage
fingerprints: Based on amplitude analysis, steel-fiber composites exhibited high-amplitude
events (which may be attributable to fiber pull-out); polyolefin-fiber composites generated
medium-amplitude events (may have resulted from distributed microcracking); and hybrid
mixes displayed a mixed amplitude distribution. The b-value analysis provided insight
into progressive damage and revealed that the hybrid fibers induce stable, diffuse damage
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that prevents the brittle failure of plain recycled aggregate concrete (RAC). The results
show that hybrid fiber reinforcement can be a reliable approach to enhance the mechanical
performance and crack resistance of RAC. Furthermore, low-cost acoustic emission (AE)
serves as an effective non-destructive method for monitoring damage progression within
the material.

Keywords: acoustic emission monitoring; damage evolution; b-value analysis; recycled
aggregate concrete; sustainable concrete; steel–polyolefin fibers

1. Introduction
The fast pace of urbanization and the overhaul of outdated buildings have overex-

ploited limited natural resources, fostering a significant concern about sustainability. This
rapid expansion necessitates a paradigm shift towards innovative approaches in urban
planning and development that prioritize resource efficiency and ecological resilience [1].
In this context, concrete derived from construction and demolition waste (CDW) is recycled
and employed as a substitute for natural aggregate [2]. The use of CDW in producing
recycled aggregate concrete (RAC) not only significantly alleviates the utilization pressure
on natural aggregate resources, but also solves environmental problems such as pollution
and landfill outflow, waste management and reducing CO2 emissions based on lower
embodied carbon [3,4].

Meanwhile, studies on the application of recycled aggregate concrete (RAC) for high-
grade uses are infrequently published due to its lower compressive strength and high
scatter in mechanical properties [5]. The poor quality of RAC can be ascribed to the old,
adhered mortar on recycled aggregates, which results in poor concrete properties, such
as high porosity and water absorption and low density when compared with natural
aggregates. This leads to decreased mechanical properties and worse durability. The
presence of microcracks and several weak interfaces further deteriorates the behavior of
RAC by decreasing compressive strength and tensile strength, increasing shrinkage and
creep. As a result, the use of RAC is typically restricted, particularly for high-strength
concrete, wherein only partial replacement in combination with other reduction techniques
is considered to mitigate strength loss [5–10].

To improve the strength of RAC and mitigate the durability problems, several methods
were developed. These methods primarily encompass pretreatment of a recycled aggregate
(RA) such as mechanical, thermal and chemical treatment, addition of supplementary
cementitious materials, and inclusion of fibers to increase the RAC’s flexural and tensile
strength properties [11]. The addition of various fibers, including steel, glass, polypropy-
lene, and basalt, enhances the mechanical properties of RAC [12–15]. Steel fibers show
the most positive impact on RAC properties [12,16], with concern for corrosion issues in
aggressive environments [17,18].

Studies showed that due to the addition of fibers, compressive strength decreased neg-
ligibly for RAC. Meanwhile, steel fiber contributed mainly to enhancing compressive and
flexural ductility, as well as impact resistance, particularly in hybrid steel and polypropy-
lene fiber concretes. Hybrid combinations of steel and polypropylene fibers had a good
coupling influence on the mechanical properties of RAC compared with a single application
of steel fiber or polypropylene fiber [13,19]. Scanning Electron Microscopy (SEM) studies
indicated that adding fibers to RAC could not only improve the density and uniformity of
cement paste generally but also enhance the microstructural characteristics in the interfacial
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transition zone (ITZ). The steel fibers and the cement paste were also observed to bond
tightly, and the interfacial zone was integrated and dense [19].

Although RAC reinforced with fibers offers significant performance benefits, it is not
without imperfections. The material’s complex microstructure, combined with its fiber
reinforcement, makes conventional damage detection methods, such as visual inspection
and strain gauges, insufficient for detecting damage progression under various loading
regimes [20,21]. These techniques lack the sensitivity required to detect the complex
microcracking and evolution of internal damage within the specimens [22–24].

The acoustic emission (AE) method represents an effective non-destructive technique
for damage assessment. The underlying principle of AE testing involves the non-destructive
monitoring and detection of damage mechanisms and failure progression within materials
subjected to mechanical loading [25]. It works by identifying the elastic waves generated by
the rapid release of energy within the structure when it is initially stressed or has internal
damage, such as crack initiation and growth [26].

AE is capable of detecting damage initiation with higher precision and monitoring
its evolution [27,28]. Furthermore, the source localization can be found by determin-
ing the arrival times of elastic waves at different sensors in multiple locations on the
component [29–31]. An additional advantage is that failure modes can be identified. This
is achievable due to the relationship between AE waveform parameters and specific fail-
ure mechanisms [32–34]. Each AE signal is captured as a waveform, and the primary
parameters of the AE signal are shown in Figure 1 [35].

Figure 1. The main parameters of the typical AE waveform [35].

The AE parameters are used to characterize failure processes in concrete [36,37].
For example, the AE parameters recorded at low load levels can help predict the final
mechanical properties of steel-fiber-reinforced concrete and demonstrate the sensitivity
of acoustic emission to activities occurring within the microstructure [38]. Initial cracking
demonstrates a low rise time (RT) and high frequency values, while the fiber pull-out
mechanism shows lower frequencies and an extended rise time. This change is very
distinct, as the frequency reduces to about half of its previous value with the increase in the
rise time [39].

In addition, the fiber alignment has an effect on the recorded acoustic emission wave-
forms. Specimens with more fibers aligned to the direction of the load presented better
mechanical properties and enhanced shear characteristics of acoustic emission that could
be observed from the average frequency (AF) (duration/count) and rise time/amplitude
(RA) [40]. Comparison shows that fiber bridging by pullout is the dominant energy-
dissipating process rather than matrix failure in this case [41]. Related studies also showed
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that the fracture mode changed to shear by inclusion of fibers, which was shown in the AE
parameters recorded [42].

Using a single acoustic emission (AE) parameter may be insufficient for reliably as-
sessing material damage, structural integrity, or crack mechanisms; it is essential to adopt
AE parameter analysis techniques, including statistical analysis and b-values [43,44]. Also,
the AE system is sensitive to high-frequency sounds and is capable of receiving lower-
frequency ranges according to demand [45]. The parameter-based analysis system is
commonly adopted for monitoring the structural health of structures in different applica-
tions for its simplicity and clarity [46]. The changes in AE amplitude, the count and the
number of events are related to AE activity and fracture growth rate [47].

In general, the acquisition of acoustic emission (AE) signals has been performed
using high-cost AE sensors. These AE sensors are composed of piezoelectric crystals that
serve as sensing elements; these crystals are encapsulated for protective purposes and
bonded to a wear plate to ensure adequate acoustic transmission. The frequency content
and sensitivity of the sensor are determined by the geometric configuration and material
properties of the piezoelectric crystal [48]. In this work, piezoelectric wafer active sensors
(PWASs) were adapted for capturing acoustic emission activity in RAC under the combined
action of hybrid steel and polyolefin fibers. The PWASs operate as active sensing devices on
the basis of piezoelectric principles. These sensors have been widely adopted for ultrasonic-
guided wave excitation and detection in the domains of non-destructive evaluation (NDE)
and structural health monitoring (SHM) [49,50].

The integration of piezoelectric wafer active sensors for acoustic emission monitoring
presents a promising avenue for assessing the structural integrity and early-age strength
development of fiber-reinforced RAC [51]. This approach enables the real-time detection
of fracture behavior, microcracking, and main crack propagation within these complex
composite materials under various loading conditions [52]. This is particularly relevant
for fiber-reinforced concrete members, where damage diagnosis, especially in the presence
of synthetic fibers, remains a challenging task [53]. The use of such advanced structural
health-monitoring techniques is crucial for improving the durability and safety of civil
engineering infrastructure, particularly given the inherent difficulties in detecting internal
damage in fiber-reinforced concrete, where dispersed fibers lead to the formation of small,
thin cracks [54]. This monitoring is capable of detecting damage initiation and propagation
in fiber-reinforced concrete structures, especially in critical areas of structural members [55].
To that end, the use of piezoelectric wafer active sensors (PWASs) within the concrete
matrix offers a non-destructive and real-time method for identifying and localizing internal
damage through the analysis of stress wave propagation characteristics.

In the context of concrete recycling, six series of specimens made from recycled
concrete aggregate (RCA) and reinforced with steel fibers and/or polyolefin fibers were
prepared and subjected to compressive load testing. To assess the progression of damage
and failure in these specimens, a low-cost monitoring technique utilizing piezoelectric
wafer active sensors (PWASs) was implemented. The loading tests were performed in
conjunction with acoustic emission (AE) monitoring, a non-destructive method capable of
real-time internal damage detection. In addition to traditional and statistical interpretations
of the AE data, the development of fracture behavior was analyzed, focusing on a refined
distinction between the influence of polyolefin fibers versus steel fibers on the structural
performance of the recycled material.

2. Materials and Tests
The experimental study focused on studying the effect of using two fiber types,

hooked-end steel fibers and macro-polyolefin fibers, in concrete mixes with recycled coarse
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aggregates. The volume fractions of fibers in all mixes used in this study were fixed
(Vf = 1%). The proportions of the fibers were precisely controlled in the concrete mix by
varying their ratios from 0% to 100% for each type of fiber (including hybrids, such as
a 75% steel + 25% polyolefin ratio) to explore their respective and combined influences
on the mechanical properties of the composite material. The main mechanical properties
considered in the analysis were compressive, tensile, and flexural strength, as it was meant
for investigating the existence relationship between fiber type and fiber ratio controlling
the overall mechanical performance of the modified concrete produced. The use of recy-
cled coarse aggregates in this study contributes to mitigating environmental pollution by
enabling the recycling of construction waste.

2.1. Experimental Materials
2.1.1. Fibers

This study evaluated two types of fiber, namely, hooked-end steel and macro-
polyolefin fibers. Steel fibers are available in various shapes, like straight, hooked, and
corrugated forms; the present investigation employed hooked-end steel fibers, consistent
with the methodology of previous work [56], which indicated that the use of hooked-end
steel fibers results in a significant improvement in bond behavior in comparison with
straight ones. The used fibers are presented in Figure 2. The properties are listed in Table 1.

 

 

 

Steel fibers  Fiber length  Polyolefin fibers 

Figure 2. Steel and polyolefin fibers.

Table 1. Used fiber properties.

Used Fiber Length (mm) Diameter (mm) Aspect Ratio

Hooked-end steel 35 0.55 63.6

Macro-polyolefin 60 0.84 71.4

2.1.2. Concrete

For this study, the concrete mixtures were targeted to develop a 28-day compressive
strength of 30 MPa, as measured on standard cylinders. This value of compressive strength
was considered because most of the available studies on coarse recycled aggregate adopted
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strengths between 25 and 35 MPa. In addition, it can be obtained without the excessive treat-
ment that is needed because of the mechanical limitations of RCA. The mixture contained
potable water, recycled concrete aggregate (RCA), ordinary Portland cement type I, sand,
macro-polyolefin and/or steel fibers, and superplasticizer ingredients, as summarized in
Table 2. The physical and chemical properties are indicated in Tables 3 and 4.

Table 2. Details of concrete mix materials.

Cement (kg/m3) Sand (kg/m3) RCA (kg/m3) Water (kg/m3) Superplasticizer (kg/m3) w/c

405 608 1135 182 4.05 0.42

Table 3. Physical properties of the used cement.

Physical Properties Test Result Limits According to ASTM C150-04 [57]

Specific surface area (Blaine method) (m2/kg) 312 Not less than 280

Setting time (Vicat method) (min)
Initial setting 126 More than 45

Final setting 321 Less than 375

Compressive strength (MPa)
3 days 13.8 More than 12

7 days 23.4 More than 19

Table 4. Chemical composition of the used cement and its main compounds.

Oxide Composition % by Weight Limits According to ASTM C150-04 [57]

Lime (CaO) 62.3 ---

MgO 2.04 6.0 (max.)

Fe2O3 4.09 ---

SO3 2.10 ---

C3A 2.81 3.0 (max.)

C4AF 14.2 25.0 (max.)

Loss on ignition 2.42 3.0 (max.)

Insoluble residue 0.59 0.75 (max.)

The coarse recycled aggregates were obtained from previously tested concrete cubes,
which were found at the Construction Material Laboratory, the Civil Engineering Depart-
ment, University of Basrah. The compressive strengths of these cubes ranged between
25 MPa and 35 MPa. A jaw crusher for waste was used to crush the RCA for use as needed.
RCA with a particle size ranging from 12.5 to 4.75 mm was employed. The coarse recycled
concrete aggregate was graded according to ASTM C33–18 [58]. For each particle size
fraction, the percent passing was chosen as the midpoint between the lower and upper
limits of the specified size range. The particle size distributions of the coarse RCA and its
grading are illustrated in Figures 3 and 4, respectively. The level of replacement of RCA
was defined as the weight ratio of the RCA to the total coarse aggregate content in concrete.
In the present study, the replacement was done as 100%. The properties of the RCA are
summarized in Table 5.
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Figure 3. Particle sizes of recycled concrete aggregate (RCA).

 

Figure 4. Grading curve of the coarse recycled concrete aggregate (RCA).

Table 5. Properties of RCA.

Specific Gravity Sulfate Content (%) Absorption (%) Loose Bulk
Density (kg/m3)

Aggregate Crushed
Value * (%)

2.40 0.072 6.55 1330 30.2
* These values were evaluated according to BS 812-110: 1990.

The use of recycled aggregate has disadvantages, which include higher water absorp-
tion; this was overcome by using saturated and dry surfaces, where the recycled aggregate
quantity was submerged in a tank of water a day before casting the specimens. After the
duration of the soaking period ended, the recycled aggregate was spread out on a clean
surface in the lab, and then any water adhering to the surface was dried with a soft cloth.

The polyolefin and/or steel fibers were then manually dispersed over the dry ingredi-
ents of the concrete. The materials were homogeneously dry-mixed in the mixer machine
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to prevent fiber balling at one point. The superplasticizer was then mixed with the potable
water in the mixture machine.

2.2. Experimental Procedure and Method

For each concrete mixture, cube specimens (150 × 150 × 150 mm), cylindrical speci-
mens (150 × 300 mm), and prismatic beam specimens (100 × 100 × 350 mm) were made
to measure the compressive, splitting tensile and flexural strength. The specimens are
presented in Figure 5. The minimum average strength of the specimens was based on at
least three specimens. The test began following the completion of a 28-day curing age for
the specimens.

 

Figure 5. Concrete test specimens.

A single sensor (Piezoelectric Wafer Active Sensor-PWAS) was centrally affixed to
one lateral surface of each specimen to monitor damage accumulation during compressive
loading, as illustrated in Figure 6a. The specimens were positioned with their top and
bottom surfaces engaged between the stationary and movable platens of the testing machine
(Figure 6b). To ensure optimal acoustic coupling and mechanical fixation, the sensor was
bonded to the concrete surface using a cyanoacrylate-based adhesive.

   
(a)  (b) 

Figure 6. Test configuration: (a) sensor positioning on the specimen; (b) testing machine.
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Acoustic emission (AE) data were collected during all tests with a laptop computer
with a built-in sound interface and 3.5 mm analog audio jack [59,60]. The sensor wires were
soldered directly to the coaxial conductor to minimize signal loss and electrical noise. The
sampling frequency of the acoustic emission data was set at 48 kHz. A trigger threshold of
0.005 V was used to filter out low-voltage background and electromagnetic noise.

A calibration of the sensor according to the Hsu–Nielsen (H-N) fracture source proce-
dure [61] was performed before each test. This calibration required a controlled breaking
of several pencil leads on the surface of the sample near the sensor, producing uniform,
high-amplitude AE signals to check system sensitivity and response. A full experimental
setup is shown in Figure 6b.

3. Results and Discussion
This section includes the test results of the mechanical and acoustic emission (AE)

tests and a comprehensive discussion of the test data, which includes the observed behav-
iors, the mechanisms involved in the specimens’ failure, and the effect of using hybrid
steel–polyolefin fibers together with recycled aggregate (RA). The models are combined
using data from both mechanical testing and non-destructive testing to capture a complete
picture of the material response, degradation, and damage progression under different
loading conditions.

3.1. Mechanical Properties Analysis

The obtained values of compressive, tensile and flexural strength, as reported in Table 6,
are depicted in this sub-section, constituting the fundamental steps for determining the
macroscopic behavior of the material. The steel and polyolefin fibers, along with recycled
aggregates, with different potentials in terms of properties, considering the proportion
of these components, were investigated. The porous structure and remanent mortar of
recycled aggregates make them contain many microcracks, leading to insufficient bonding
with the cement matrix at the interface, thus decreasing their strength. Hence, the addition
of fibers helps to overcome these problems by impeding crack growth and increasing
overall strength.

Table 6. Mechanical properties of concrete.

Mix ID Steel Fiber Ratio (%)
Polyolefin

Fiber
Ratio (%)

Compressive
Strength, fcu

(MPa)

Compressive
Strength, f’c (MPa)

Tensile Strength,
fct (MPa)

Flexural
Strength, ft (MPa)

C000 0 0 36.41 30.34 2.68 5.62

S100 100 0 41.45 34.54 4.30 8.29

P025 75 25 39.66 33.05 3.89 8.11

P050 50 50 38.69 32.24 4.86 8.90

P075 25 75 38.26 31.88 3.75 7.55

P100 0 100 37.48 31.23 3.47 6.24

3.1.1. Compressive Strength

Both cubic (fcu) and cylindrical (f’c) strengths showed different performance trends for
the concrete mixes (Figure 7). The values of compressive strength for the control mix, which
did not have any fibers, were found to be 36.41 MPa (fcu) and 30.34 MPa (f’c). S100 (100% by
vol hooked-end steel fibers), meanwhile, had the maximum compressive strength, with the
compressive strengths of fcu and f’c reaching 41.45 MPa and 34.54 MPa, respectively. This
was a significant improvement over the control mix. However, P100, having 100% macro-
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polyolefin fiber, demonstrated compressive strengths of 37.48 MPa (fcu) and 31.23 MPa (f’c),
indicating a slight improvement when compared with the control specimen.

 

Figure 7. Compressive strengths of concrete mixes.

A reduction in compressive strength was found with increasing gradual replacement
of steel fibers with polyolefin fibers in the hybrid mixes (P025, P050, and P075). This
tendency reflects that the enhancement of the contribution of steel fibers to the compressive
load resistance is better than that of polyolefin fibers. Steel fibers’ contribution to the
enhancement in compressive strength can be due to the interfacial bond strength. Steel
fibers typically develop a stronger bond with the cementitious matrix, thereby more ef-
fectively bridging and restraining crack propagation, whereas polyolefin fibers exhibit
comparatively weaker interfacial adhesion, rendering them more susceptible to pull-out
and slip from the matrix.

The behavior suggests that the hybrid action between steel and polyolefin fibers is
less effective in enhancing compressive strength than steel fibers used alone. As steel fibers
provide enhanced axial strength due to the formation of robust internal networks, their
replacement with softer polyolefin fibers naturally reduces the compressive performance
of the composite. The data also indicate that the dense network of steel fibers is very
effective at conveying and spreading compressive stresses. In the presence of polyolefin
fibers, the relatively lower stiffness of these fibers could interfere with this efficient load
transfer path and can result in localized stress concentrations or premature failure of the
matrix surrounding the softer fibers. This implies that any positive synergy between
the contribution from hybrid fibers in compression is, if at all, limited and indicates that
compressive performance is, to a large extent, dominated by the stiffer steel, along with its
formation of continuous load-carrying networks.

3.1.2. Tensile Strength

The splitting tensile strength (fct) showed a remarkable increase when fibers were
incorporated. While the tensile strength of the control mix was 2.68 MPa, both fiber types
(steel and polyolefin) increased this property remarkably, and S100 (100% steel) showed
a value of 4.30 MPa, and P100’s (100% polyolefin) value reached 3.47 MPa. One of the
notable results is that P050, a composite mixture consisting of 50% steel and 50% polyolefin
fibers, achieved the highest tensile strength of 4.86 MPa.

This maximum hybrid mix performance suggests that there was a tensile-level proto-
synergetic effect in the hybrid mix, where the combined properties of both fiber types were
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more efficient in improving bond strength than individual types alone. The behavior of the
composite material under tension was such that fibers acted essentially as crack-bridging
elements that prevented or retarded their opening and propagation. The advantages of
steel fibers in this material were also due to their high characteristic tensile strength and
stiffness, which significantly increase the resistance to initial cracking and the load-carrying
capacity. Lower stiffness, however, was also contributed by the polyolefin fibers, whilst
microcracking had already taken place, believed to give ductility and absorb a considerable
amount of energy. This “hybrid effect” seems to indicate that the steel fibers mainly
increased the peak tensile load, whereas the polyolefin fibers were introduced to improve
the toughness and strain-hardening capacity of the material, resulting in an increased
ultimate tensile capacity by promoting more distributed damage rather than catastrophic
failure. This behavior is in contrast with the results found in compression, where the
flexibility of polyolefin was not an advantage.

3.1.3. Flexural Strength

Similar to the tensile strength, the flexural strength (ft) was greatly increased because of
the fiber addition. The flexural strength of the control mix was 16.13 MPa. For S100 (100%
steel), it increased significantly to 23.80 MPa, whereas for P100 (100% polyolefin), it reached
up to 17.93 MPa. Similar to the tensile findings, P050 (50% steel; 50% polyolefin) also had the
highest flexural strength, which reached 25.54 MPa, indicating an increase of 58.3 compared
with the control specimen.

The flexural strength is the tensile behavior of a material, since failure occurs by yield-
ing in bending at the extreme fiber. The uniform improvement in both tensile and flexural
strengths indicates that the interaction combination of hybrid fibers has a good performance
property that enhances the tensile properties and post-cracking ductility of concrete. This
means that polyolefin fibers contribute to bridging the cracks and redistributing stress in
the tensile zone, even when they are less stiff than steel fibers. This is in contrast with the
case of compressive load, where the dominant failure mechanism is crushing and buckling,
resulting in little benefit from being a polyolefin fiber.

3.2. Acoustic Emission

The continuous acoustic emission stream of the tested specimens under compression
load is shown in Figure 8. The acquired AE data for the C000 specimen are presented in
Figure 8a. During the early phase of testing, some low-amplitude AE activity was obtained
that indicated there were no significant or noticeable cracks occurring within the specimen.
After that, there was a quiet period of unimportance. From the onset of the final third of the
testing period, AE events were detected at a fast rate, with some high-amplitude signals.
This may indicate a burst region if a large number of cumulative events is found at a high
event rate. This behavior continued until a final failure took place at the end of the test.
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Figure 8. Cont.
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Figure 8. Acquired AE signature of the tested specimens. (a) C000, (b) S100, (c) P100, (d) P050,
(e) P075, and (f) P025.

The data acquired for specimen S100 (Figure 8b) exhibited distinct behavior. The pre-
dominant behavior consisted of a sequence of active regions followed by regions of inactivity,
continuing until around 140 s into the test. The same pattern was observed in the obtained
data of specimen P100 (Figure 8c). The AE activity of specimen P050 is illustrated in Figure 8d.
The initial phase of the test life exhibited minimal activity of moderate-amplitude signals.
Afterwards, the AE event rate increased suddenly, and high-amplitude signals were recorded.
This behavior was maintained up to the test end, which corresponded in time to fracture
propagation leading to ultimate failure. The AE data recorded for specimen P075 (Figure 8e)
showed high-amplitude activity early in the test life. The same high-amplitude activity was
observed in specimen P025 (Figure 8f), but at a lower rate in comparison with specimen P075.

Figure 9a–f show the relationship between the applied compressive load and the
corresponding AE activity for six different concrete mixes. The cumulative curve of AE
hits serves as a diagnostic tool that may offer a means of monitoring in real time, allowing
for the detection of damage initiation, stable propagation, and, ultimately, failure mecha-
nisms [62,63]. Changes in this slope mark important transitions in the fracture behavior
of the material, providing a quantitative approach for structural integrity evaluation, life
prediction [64], and failure prediction [65].

A general damage progression model that can be applicable for quasi-brittle fiber-
reinforced composites is detailed as follows [25]:

• Initial stage—elastic: Low AE activity only, corresponding to elastic deformation and
pore collapse.

• Hardening stage—stable crack growth: Shows increments in AE hit rate, suggesting
distributed microcracking.

• Critical transition stage: Features a sudden rise in AE activity and the coalescence of
microcracks into dominant macrocracks.

• Pull-out stage: Indicates a sharp, sustained increase in hits associated with fiber
debonding and pull-out mechanisms.

• Failure stage: Saturations or abrupt increments for the cumulative hits; a sign of
catastrophic damage.
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Figure 9. The cumulative hits of the AE activity of the tested specimens. (a) C000, (b) S100, (c) P100,
(d) P050, (e) P075, and (f) P025.

The response of specimen C000 was brittle in the classical sense (Figure 9a). An elon-
gated flat AE curve was then observed in the linear elastic loading, and a sudden burst of
hits occurred exponentially above an applied load greater than 819 kN. This corresponded
to a shift from a partial elastic response toward unstable microcrack coalescence, and even-
tually led to the rapid propagation of a macrocrack to failure. This brittle transformation
was promoted by the poor pre-existing cracks of RCA, especially in the weaker interfacial
transition zone (ITZ) [66].
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The ductility was higher for the S100 sample (Figure 9b). AE responses increased
steadily after an initial period of a few AE hits, which was associated with distributed matrix
microcracking. It was characterized by a rapid rise in the AE rate during and after the peak
load (933 kN), together with a slight decrease in the load. This AE burst corresponded to
the critical crack-bridging action of the steel fibers, including matrix breaking, fiber–matrix
debonding, and high-energy hook cleaning and frictional pull-out [67,68].

For P100 (100% polyolefin fibers), the behavior indicated pseudo-ductility controlled
by distributed cracking (Figure 9c). Considerable AE activity started earlier than in the
other mixes and was related to the fracture of a weak RCA matrix. The integrated AE
curve showed a very smooth, almost linear slope during the entire loading process. This
pattern indicated distributed, steady-state microcracking bridged by flexible fibers, and
the main source of AE events was the frictional pull-out applied to the smooth polyolefin
fibers instead of concentrated macro-fracture [69–71]. This led to a steady decline in the
load and a high total number of hits, which implies enhanced toughness.

The hybrid specimens (Figure 9d–f), P050, P075 and P025, exhibited a combined effect.
The stable cracking phase (Stage II) was augmented for all the hybrids compared with
plain concrete. The post-peak behavior was, however, controlled by the particular fiber
proportion. The activity of P050 (50/50 hybrid) was characterized by a coexistence of
heavy and light mechanisms. The AE count increased in a linear behavior, demonstrated
efficient control of microcracks; meanwhile, the high peak load and considerable AE burst
showed important steel fiber bridging. The post-peak phase showed sustained activity
from combined fiber pull-out [72–74]. Furthermore, P075 (25% steel/75% polyolefin) was
dominated by the polyolefin majority. It exhibited accumulations of AE hits at a high level
and a constant accumulation rate typical of distributed damage (only a less pronounced
peak-load AE spike), which suggested reduced involvement of separate steel fiber bridging
so that the failure was more gradual [73,75]. The steel-dominant hybrid of P025 (75%
steel/25% polyolefin) also exhibited a dramatic increase in AEs around the peak load,
similar to S100 but without the relatively rapid decay following the peak. The presence of
polyolefin fibers also worked to enhance microcrack distribution, and the cumulative AE
count of S100 [76,77] was higher due to this reason.

Figure 9 effectively shows the damage chronology of the sustainable fiber-reinforced
concrete and how the use of 100% recycled aggregate influenced the early-stage microc-
racking, while the hybrid fiber system significantly enhanced the material’s performance
by promoting stable cracking and providing substantial post-peak ductility.

The signal amplitude is directly related to the energy released by a fracture event,
allowing the differentiation of damage mechanisms [78]. A low amplitude is characteristic
of subcritical, low-energy events, such as micro-void collapse, friction at interfaces, and
the nucleation of microcracks within the porous RCA or its weak, pre-existing interfacial
transition zones (ITZs) [79]. Meanwhile, medium-amplitude events correspond to stable
matrix crack propagation and the primary energy-dissipating processes in fiber-reinforced
concrete: the debonding and frictional pull-out of fibers, particularly polyolefin types [80].
A high amplitude signifies critical, high-energy fracture events, such as the fracture of RCA
particles, the formation of macrocracks, and the plastic yielding, hook straightening, and
final pull-out of hooked-end steel fibers [81]. The obtained AE activity was categorized into
three classes: low (amplitudes of less than 0.1 V), moderate (amplitudes greater than 0.1 V
and less than 0.6 V), and high (amplitudes greater than 0.6 V) signals. Each test life was
divided into ten segments, and the number of hits for each class is presented in Figure 10.
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Figure 10. The cumulative hits of the AE activity of the tested specimens. (a) C000, (b) S100, (c) P100,
(d) P050, (e) P075, and (f) P025.

In Figure 10a, initial segments are dominated by low- and medium-amplitude activity
from pore closure and microcracking. The defining feature is an exponential, concentrated
surge of high-amplitude hits in the final segments. This corresponds to the unstable
propagation of a critical macrocrack leading to immediate failure. The high cumulative
hit count, dominated by these late-stage, high-energy events, quantitatively reflects the
low fracture energy and high brittleness of concrete with 100% RCA replacement, a direct
consequence of its high porosity and inferior ITZs [66].
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Figure 10b shows a significant and sustained presence of high-amplitude hits com-
mencing in the mid-load segments and continuing through the post-peak phase. This is
the direct acoustic evidence of the dominant energy dissipation mechanism: the sequential
plastic deformation and pull-out of the steel fibers [82]. Medium-amplitude activity from
matrix cracking is present but secondary. The extended duration of AE activity, even as the
load decreases, visually quantifies the high fracture toughness imparted by the fibers.

The AE profile in Figure 10c is fundamentally different from both the control and
steel-fiber specimens. It is overwhelmingly dominated by a massive and continuous accu-
mulation of medium-amplitude hits across almost all segments. This is the characteristic
acoustic of the primary failure mechanism: the widespread, progressive, and frictional
pull-out of thousands of flexible polyolefin fibers [83]. These high-amplitude events are rel-
atively infrequent, suggesting that fiber breakage and cluster fragmentation are negligible.
This phenomenon is indicative of a breakdown failure by diffuse multi-cracking with good
crack deflection and high total energy absorption over many small events.

The hybrid acoustic signature is shown in Figure 10d. This sustained level of high
medium-amplitude activity is related to a process that has been previously observed as the
continuous pull-out of polyolefin fibers and distributed microcracking. Overlaid with it
are numerous high-amplitude events, representing the distinct and discrete high-energy
steel fiber contributions. This combination of acoustical characteristics shows the synergy
between the two types of fibers: the polyolefin fibers disperse damage and control the
width opening of cracks, allowing for their more efficient use by steel fibers as high-strength
bridges at localized cracks, maximizing both strength and fracture energy [84].

The AE distribution (Figure 10e) is very twisted towards numerous medium-amplitude
events, such as P100, which attests to a marked predominance of the polyolefin fiber pull-
out mechanism. Nevertheless, the steel fibers have an acoustic signature with occasional
powerful high-amplitude hits. The observation indicates that a relatively small percentage
of steel fibers was responsible for stopping the macro-crack and avoiding brittle failure,
which was assisted by the fact that the ductile network of polyolefin was reinforced as
a “backbone”.

In Figure 10f, the AE signature is very similar to that of S100, since the high-amplitude
hits due to steel fiber action are easily identified. The key difference is an elevated baseline
of medium-amplitude activity compared with S100. This is the acoustic contribution of
the polyolefin fibers, which help to initiate and distribute microcracking more uniformly,
preventing excessive localization and potentially leading to a more gradual and higher
total energy absorption during the steel fiber pull-out process.

3.3. Crack Evolution

Investigating the evolution of cracks in concrete materials subjected to compressive
damage facilitates the effective detection of, and provides valuable feedback on, the actual
damage process occurring within the concrete. Elastic waves propagate through damaged
concrete materials in a manner similar to seismic waves. b-value analysis, originally
developed in the seismic field, was applied to evaluate the progression of cracking in
compression-damaged concrete. The method of maximum likelihood estimation (MLE) [85]
was used for the b-value calculation, which can be expressed as shown in Equation (1).

b =
nlge

∑n
1 lgAi−nlgAmin

(1)

where A: the AE signal amplitude, Amin: the minimum AE amplitude at each time, n: the
event count per discrete time interval, and e: the natural constant.
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Figure 11 presents a comparative analysis of damage evolution in concrete cubes
using the AE b-value, a statistical parameter derived from the amplitude distribution
of acoustic emission (AE) hits, plotted versus the normalized test lifetime. According
to the literature, a high b-value (>1.5) indicates a preponderance of low-energy events,
characteristic of homogeneous, distributed micro-damage, such as diffuse microcracking,
friction, and fiber debonding [86,87]. Furthermore, a low b-value (<1.0) indicates a larger
relative occurrence of high-energy events, representing damage localization along major
fractures, such as macrocrack propagation or high-energy fiber pull-out [88]. A marked
and consistent reduction in the b-value is already known as a precursor to impending
catastrophic failure for quasi-brittle materials.
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Figure 11. The b-value of the AE activity of the tested specimens. (a) C000, (b) S100, (c) P100, (d) P050,
(e) P075, and (f) P025.
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In the b-value trend shown in Figure 11a, it can be observed that a very high fluctua-
tion is present, which is usually seen for brittle failure. It starts quite high (1.76) and falls to
very low values (0.63) at 20–30% lifetime, indicating that significant cracks form early in
the lifetime of the material. A sharp spike to 2.63 at 70% life may reflect transient clustered
secondary cracking before a final decrease, including sudden failure. This behavior indi-
cates the unstable crack growth and low damage tolerance of unreinforced RAC, where
damage is localized in very unpredictable conditions quickly [89].

Figure 11b also indicates that the b-value remains consistently low (varying between
0.63 and 1.26). This is consistent with the discrete high-energy nature of the primary failure
mechanism, which is dominated by localized plastic yielding and pull-out of hooked-end
steel fibers that produce numerous high-amplitude AE hits. The lack of an extended
load level with high and stable b-values suggests little to no distributed microcracking.
The stable and low-b-value trend without a catastrophic drop was due to the ductile
energy-absorbing failure mode provided by the steel fibers, in which damage was localized
but controlled.

For the 100% polyolefin fibers (Figure 11c), the b-value starts high at 1.61, descends
to a minimum = 0.73 at life = 40%, and then consistently rises monotonically back up
to high again (1.71). The first drop is the initiation of matrix cracking. The subsequent
gradual increase is essential; it denotes the phenomenon of the large, progressive pull-out
of polyolefin fibers. This process generates an exponentially increasing number of low-to-
medium-amplitude frictional events, shifting the amplitude distribution and raising the
b-value. This behavior indicates the remarkable homogenization of damage and stable
non-catastrophic failure [90].

The hybrid (50% steel; 50% polyolefin) has a complex synergistic b-value signature in
Figure 11d. It starts high (1.75–1.94) to reflect the high initial activity of polyolefin fibers,
and distributed cracking starts from an early stage. The region in which the mechanism of
higher-energy steel fibers prevails is characterized by a sudden drop to around 0.93 at the
50% life stage. The b-value then increases and becomes stable at a moderate value (1.28–1.35),
indicating the composite mechanism, where both fiber types are active in a stable life phase
post-peak load-carrying capacity. This is an essential feature of hybrid synergy.

In the case of Figure 11e, which is under a dominant phase of polyolefin fibers, the
b-value characteristic follows that seen for P100 but with a higher baseline value and a less
significant initial fall. The values are generally stable and moderate to high (between
0.92 and 1.32). The linear rise after about 30% life most closely reflects the P100 data and,
thus, validates the dominant nature of polyolefin fiber pull-out. This slight change is the
acoustic signature of the steel fibers momentarily engaging.

Figure 11f shows that the steel-dominant hybrid yields a b-value opposite to that of
P075. It begins at only moderately high (1.60) but falls quite sharply early (to 0.78 at 30%
life) and then continues to recover fairly steadily right up to a final value of 1.14. The
first drop indicates the early, local steel fiber participation and localized damage. The
subsequent slow recovery, in contrast with the plain concrete, shows how minor polyolefin
fibers contribute to distributed cracking and decrease brittleness to greater stability in the
failure process compared with S100.

According to Figure 11, several points can be highlighted: First, polyolefin fibers in-
crease the b-value (distributed damage), whereas steel fibers suppress it (localized damage).
Second, the decreasing trend of C000 predicts brittle failure. The stabilizing or recuperative
behaviors of the fiber-reinforced specimens, in particular, of P100 and the hybrids, indicate
ductile and manageable failure. And, at last, the b-value curves for the hybrids (P050,
P075 and P025) are not just simple averages. They can react dynamically to one another,
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wherein one will help suppress the brittle nature while progressing to stable, predictable
damage, as seen in the recovery phases of P050 and P025.

4. Conclusions
This study demonstrates that a hybrid steel–polyolefin fiber combination offers an

effective and sustainable solution for optimizing the mechanical performance of concrete,
in which coarse aggregate is replaced with recycled concrete aggregate (RCA). The integra-
tion of low-cost PWAS-based acoustic emission monitoring with traditional mechanical
testing provides deep insight into underlying damage mechanisms, failure modes, and
damage evolution.

The testing results show that the hybrid fiber reinforcement improved the recycled
aggregate concrete (RAC)’s performance. Steel fibers increased compressive strength, while
a hybrid mix with 50% steel and 50% polyolefin fibers achieved the maximum tensile and
flexural strengths.

The failure modes were identified with acoustic emission (AE) monitoring. The steel-
fiber-reinforced mixes were characterized by high-amplitude AE signals associated with
fiber debonding and pull-out mechanisms, whereas polyolefin fibers generated numerous
medium-amplitude events related to distributed microcracking and interfacial frictional
slip. Furthermore, b-value analysis is a sensitive indicator of damage evolution and failure
behavior. The results of plain RAC presented brittle fracture. Compared with plain RAC,
the fiber-reinforced mixtures exhibited improved b-value responses, reflecting a more
stable damage evolution and enhanced ductile failure behavior, especially for the hybrid
fiber systems.

This combined approach constitutes a powerful tool for the design, assessment, and
structural health monitoring of high-performance, eco-sustainable concrete for modern
construction applications.
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