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Abstract: Ultra-high-performance concrete (UHPC) is widely used because of its exceptional prop-
erties, such as high compressive and flexural strength, low permeability, and resistance to abrasion
and chemical attack. It is commonly employed for intricate constructions like skyscrapers, precast
concrete components, and infrastructure. Nevertheless, the incorporation of appropriate fibers into
UHPC is carried out in order to accomplish objectives such as augmenting strength, enhancing
toughness, and regulating cracking. This study employed magnetite as an additive to a UHPC block
in order to examine the mechanical characteristics of a newly cast UHPC block. Acoustic emission
was employed to evaluate the damage to the UHPC block for tracking purposes. Acoustic emission
is a non-invasive testing technique that does not cause harm to the specimen when it is exposed to
a load. On the basis of this, many critical locations that indicated the propagation of cracks were
analyzed, as well as various loading stages across the specimen. The b-value is a method that can
evaluate the extent of damage by analyzing the amplitude distribution. Distinct paths of b-values
were noted for each loading stage, indicating major damage scenarios based on their slopes.

Keywords: ultra-high-performance concrete (UHPC); structural health monitoring (SHM); acoustic
emission (AE)

1. Introduction

Ultra-high-performance concrete (UHPC) is a fiber-reinforced cement-based mate-
rial [1]. The main components of this mixed substance include additives such as silica fume,
quartz flour, fine silica, sand, high-range water reducer, steel fibers, and cement. UHPC
exhibits exceptional mechanical properties and demonstrates enhanced toughness [2]. It
has become a ground-breaking substance that is expanding the possibilities for concrete [3].
This newly cementitious concrete is increasingly being used in many civil engineering
projects, including infrastructure development [4] and the manufacturing of urban furni-
ture and decorative objects [5]. This product’s outstanding attributes make it well-suited
for various applications, such as bridge deck building [6], high-performance column fab-
rication [7,8], placement of architectural cladding [9], and the manufacturing of precast
components [10]. UHPC exhibits remarkable strength, flexibility, and durability, with com-
pressive strengths exceeding 150 MPa [11], tensile strengths exceeding 20 MPa [12], and
improved durability against chemical and physical deterioration [13,14]. Several studies
have been conducted to survey the mechanical behavior of UHPC when it was reinforced
with additives. In Meng’s study, the utilization of graphite nanoplatelets and carbon
nanofibers in UHPC was investigated, resulting in enhanced mechanical characteristics.
Increasing the concentration of nanomaterials from 0 to 0.3% resulted in a 56% rise in tensile
strength and a 187% increase in energy absorption capacity. Similarly, flexural strength
and toughness increased by 59% and 276%, respectively [15]. Yu [16] demonstrated that
the mechanical qualities of the mixture containing ground granulated blast-furnace slag
are superior to those containing fly ash or limestone powder, both at 28 and 91 days. The
pozzolanic reaction of fly ash is greatly delayed in UHPC due to the low water content
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and comparatively high dosage of superplasticizer. In addition, the estimations of the
embedded CO2 emission indicate that the cement and mineral admixtures are effectively
utilized in the developed UHPC, resulting in a reduced environmental impact compared to
previous UHPCs documented in the literature [16].

UHPC has various shortcomings despite its benefits. Its inherent brittleness may cause
breaking under compressive stresses [17]. One way to reduce this issue is by adding steel
fibers to increase ductility [18]. The high cost of materials and manufacture, industry inex-
perience, and lack of design protocols also hinder UHPC adoption [19]. The high cement
and silica fume requirements for UHPC manufacturing create economic and ecological
challenges that hinder its practical adoption and sustainability [17,20]. In addition, UHPC
overlays provide increased durability for bridge decks by minimizing the penetration of
water and chloride. However, it is essential to pay close attention to structural aspects
such as cold-joint details in order to ensure sustained enhancement in performance [21].
Magnetite nanoparticles are widely utilized in diverse domains, including medicine, cancer
therapy, and biosensing, due to their biocompatibility and distinctive features [22]. Colloid
magnetite particles have been employed in the field of medical nanotechnology to produce
biocompatible sorbents that have a strong ability to absorb substances and have beneficial
effects on cell metabolism. This offers a way to remove toxins from the body and regulate
cellular processes [23,24]. Furthermore, much research has been conducted on the phase
and mineral composition of magnetite to enhance its application in the manufacturing of
iron concentrate, yielding valuable insights for its utilization [25]. Although magnetite
is a valuable material, it possesses various vulnerabilities. Belov [26] observed a phase
transition in the “weak” sublattice of magnetite, indicating a low-temperature transition.
Kasama [27] examined magnetite microstructures and magnetic properties. The analysis
found closely spaced planar faults and superstructures in the material. Svindrych [28]
investigated a low-temperature magnetite magnetic anomaly that may be related to a
glass-like transition. Kobori [29] noted a distinctive localized spin-freezing phenomenon in
magnetite sinter, suggesting possible difficulties in its magnetic properties. The structural
and behavioral shortcomings of magnetite may have an impact on its performance in
different applications. Meanwhile, magnetite is used in UHPC as a replacement for river
sand. This helps to improve qualities such as compressive strength and radiation-shielding
capacities [30]. It was discovered that incorporating magnetite fine aggregate into UHPC
greatly enhanced its mechanical and radiation-shielding characteristics, resulting in a 56.8%
rise in the linear attenuation coefficient. These findings indicate that magnetite has the
potential to improve the effectiveness of UHPC in shielding against radiation [30].

Despite the numerous advantages of UHPC, there are some shortcomings of this
substance. For instance, due to the intricate characteristics of UHPC, including its distinct
microstructure and reinforcement with fibers, it is imperative to obtain a more profound
comprehension of how it undergoes damage progression when subjected to different
loading circumstances. Conventional methods such as visual inspection and strain gauges
are typically insufficient for detecting the complex micro-cracking and internal damage
development in specimens made of UHPC [1,31]. The AE approach serves as an effective
means for non-destructive damage assessment [32]. The main concept for AE testing
is to non-destructively monitor and detect damage mechanisms and failure processes in
materials during mechanical loads [33]. The above-mentioned non-destructive test provides
numerous benefits in diverse applications. One of those advantages is that it allows for
the continuous monitoring of tool deterioration in real time [34]. This technique is utilized
for nondestructive evaluation of various materials such as metal, concrete, composites,
polymers, and wood [35]. The utilization of this approach is growing in its application
across diverse civil engineering projects, encompassing infrastructure building as well
as the production of urban furniture and decorative products [36]. The AE approach
is employed to examine the progression of damage and the response of UHPC under
loading [37,38]. UHPC surface fractures and sources of internal damage can be identified
using this nondestructive testing method [39]. AE is an inherent occurrence caused by the
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abrupt release of energy within a structure [40], leading to a transient elastic wave [41].
It also operates by detecting the sounds emitted by a structure when it is under stress
or experiencing internal damage, such as delamination or crack propagation [42]. AE
equipment can detect sound frequencies between 100 kHz and 1 MHz, and can also
accommodate lower frequency ranges if necessary [43]. In general, the analysis of AE
can be categorized into two main types: waveform analysis and parameter analysis. The
output signal (waveform analysis) of this test is usually categorized into three categories:
burst, continuous, and mixed. Burst signals are brief signals that arise from internal
material damage, such as delamination and fiber fracture. In contrast, the continuous
signal arises from the superimposition of bursts that cannot be distinguished separately.
A mixed signal, commonly found in service, refers to a situation where both discrete
bursts and a continuous signal coexist [44]. This approach is capable of monitoring the
failure mechanisms of materials or structures under various failure modes. The parameter-
based analysis method is currently being widely used in many applications to monitor the
structural health of buildings due to its straightforward and uncomplicated nature [45].
Given that a single AE parameter may not provide a reliable assessment of damage to
materials, structures, or crack mechanisms, it is necessary to employ complete AE parameter
analysis methodologies, such as the b-value [46,47], the improved b-value (Ib-value) [48],
RA-AF association analysis method [49], and AE intensity analysis method, which are
extensively utilized for monitoring concrete structure damage using AE technology [50].

This study was executed to analyze and survey the behavior of a magnetite ultra-high-
performance concrete (MUHPC) block in a bending test. The objective of this study was to
observe and record the damage mechanism of the magnetite to have a better understanding
of its durability as it is subjected to a bending test. The novelty of this research is the
addition of magnetite as an additive to UHPC and simultaneous utilization of the proper
non-destructive test to monitor the damage mechanism of magnetite during the loading
process. Based on the AE charter, rapid release of energy will be released, whereas this
method is a passive test when the specimen is subjected to loading. AE parameter analysis
was used to realize the damage procedure. An investigation was conducted into the
characteristics of AE cumulative ringing counts, energy, peak frequencies, and b-value as
the load increased. The results show five distinct damage loading procedures, as well as the
micro-crack and macro-crack points, and each damage loading has its own characteristics
based on its slopes. The b-value is an approach used to assess the damage scenario based on
amplitude distribution, even without directly referring to the load parameter. The outcome
of this parameter of AE demonstrated the durability of MUHPC.

2. Experimental Setup
2.1. Material and Specimen

This experiment was a bending test (3-point bending test) for an ultra-high-performance
concrete (UHPC) block with 20% magnetite in total volume. The exact dimension of that
UHPC block was 40 mm × 40 mm × 160 mm. First, the UHPC block was prefabricated,
the mold was removed after two days, and curing continued, after removing the mold, for
28 days. Second, the UHPC block was subjected to a 3-point bending test while 4 acoustic
emission sensors were mounted on the surface of the specimen. Table 1 clarifies the mix
ratio for 20% magnetite and its details for the experiment.

Table 1. Composition and mix ratio of MUHPC (kg/m3).

Item Silica
Fume

Cement Fly Ash
River Sand/mm Magnetite/mm

Water Water
Reducer

Steel
Fiber0–0.6 0.6–1.18 0–0.6 0.6–1.18

R20 101 803 181 574 210 287 105 206 30 156

Note: R20 represents 20% magnetite for the UHPC block mix ratio while including 80% ordinary river sand.
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2.2. Test Setup

Throughout the course of the experiment, a bending test was carried out. The par-
ticular bending test that was carried out was known as the three-point bending test as it
was conducted. In this scenario, the MUHPC block was placed on two support points
while a load was imposed in the center. The loading method employed was monotonic
static loading, and the loading rate that was utilized was 0.5 kN/s. Five hundred newtons
per second was the peak pressure that was achieved as a result of this. The “TYA 300B,
Xin Luda Instrument and Equipment” model was used to evaluate the bending strength
of the MUHPC blocks. Figure 1 illustrates the schematic design of the bending test. The
three-point bending test involves applying a single focused stress to the MUHPC block
while supporting them at two fixed places that are spaced apart. The spacing between the
supports is a critical factor since it directly affects the distribution of stress within the block.
During our experiments, the span was adjusted based on the normal recommendations for
the dimensions of the blocks utilized.
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Figure 1. Bending test for UHPC block with mounting acoustic emission sensors.

The blocks were strategically placed on the support points to provide a uniform
distribution of the weight across the whole width of the block. Precise alignment is crucial
for ensuring the accuracy of the test, as any variation may result in the formation of stress
concentrations that do not accurately reflect the material’s actual bending strength.

After the sample was placed securely on the machine, the loading head, which had a
highly accurate force transducer, was positioned in line with the center of the specimen’s
top surface. The downward movement of the loading head was programmed to start at a
pace of 0.5 kN/s while a precision measurement system continuously monitored the force
exerted at each instant. The loading rate was deliberately selected to be sufficiently slow,
ensuring that the material under test can be treated as being in a quasi-static state. This
assumption allows the inertial effects to be disregarded.

As the stress intensified, the MUHPC block experienced deflection. The deflection was
continuously monitored in conjunction with the applied load. The linked laptop utilized
software to record these data points and provide real-time visualization of the load against
the deflection curve. The test proceeded until the MUHPC block failed, at which point the
maximum load-bearing capacity was determined by analyzing the highest point on the
load–deflection curve.

2.3. AE Monitoring

The AE signals were gathered and recorded using the AE data acquisition system
during this experiment. The system incorporated a DS5-16B holographic AE signal analyzer,
RS-2A sensors, and 40 dB gain pre-amplifiers. All of this equipment was bought from
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Beijing Softland Company. Four AE sensors were strategically placed on the upper and
lateral surfaces of the MUHPC block to carry out the test. Due to this configuration,
it was ensured that all of the AE signals produced during the specimen’s failure phase
were captured.

The sensors employed in this experiment were produced by Beijing Softland Com-
pany(Beijing, China). For this specific inquiry, the RS-2A sensors were chosen from the
range of sensor types offered by the company. Piezoelectric materials provide a direct
method of converting signals between the mechanical and electrical domains. The re-
versible and linear piezoelectric effect can manifest as the generation of an electric charge
(voltage) when stress is applied (direct effect) or as the production of strain (stress) when
an electric field is applied (converse effect).

Epoxy resin adhesives are typically utilized for attaching piezoelectric sensors to
concrete surfaces due to their outstanding bonding properties, durable nature, and ability
to endure environmental factors. Prior to attaching the sensors, it is imperative to clean the
surface of the UHPC thoroughly. All particles, pieces, grease, or other contaminants that
could affect adhesion should be removed. To ensure proper application, a uniform coating
of epoxy adhesive should be applied to the rear surface of the piezoelectric sensor using a
small brush or spatula. It is vital to guarantee that the entire surface is fully encompassed.
An excessive quantity of adhesive should be avoided since any extra adhesive may be
forced out when the sensor is applied to the concrete surface.

A typical AE sensor based on a PZT element can convert elastic motions with a
displacement of 1 pm into electrical signals with a voltage of 1 µV [51]. A wear plate is
attached to the surface, and the piezoelectric element is contained within a housing for its
protection. Figure 2 depicts a straightforward diagram of an AE sensor’s internal workings.
The function of each component is defined in the following sections.
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Figure 2. AE sensor piezoelectric element [51].

The primary component of the sensor is the PZT element, which is a piezoelectric
material that demonstrates the ability to produce an electric charge when subjected to
mechanical stress. Within the framework of AE, when an acoustic wave originating from
a material being examined makes contact with the PZT element, the force exerted by the
wave induces a tiny deformation in the PZT. The deformation of the PZT element generates
a voltage, which can be detected and documented. The wear plate functions as a protective
layer that is positioned on top of the PZT element. The objective of the shield is to protect
the piezoelectric material from wearing out and being damaged by the environment while
still permitting the effective transmission of acoustic emissions from the test material to
the PZT element. The housing encloses the PZT element and wear plate, creating a robust
and safe environment for the sensor components. Its purpose is to preserve the sensor’s
integrity throughout its lifespan and facilitate the transmission of acoustic signals to the
PZT element. The connector functions as an intermediary between the PZT sensor and the
equipment employed for signal processing, such as a data-gathering system. The connector
ensures the precise and dependable transmission of the electrical signals produced by the
PZT element for examination.
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The accurate identification of damage relies heavily on the careful selection and precise
positioning of suitable sensors. Attenuation pertains to the decrease in amplitude of AE
waves as they travel through a material. The determination of attenuation can be achieved
by utilizing the exponential relationship, depicted as follows:

A f = A0e−αd (1)

where Af indicates the amplitude at the sensing point, A0 represents the initial amplitude
at the source location, α represents the attenuation coefficient, and d denotes the distance
traveled by waveform [52].

The subsequent data (Table 2) present detailed information about these sensors.

Table 2. RS-2A specification [53].

Type Diameter Height Port Shell
Material

Contact Surface
Material

Frequency
Range

Center
Frequency Temperature

RS-2A 18.8
mm 15 mm M5-KY Stainless

Steel Ceramics 50–400 KHz 150 KHz −20~130 ◦C

2.4. Data Acquisition System

A data acquisition system (DAS), is a collection of hardware and software components
that are employed to capture, record, and process acoustic signals emitted by stressed
materials or structures. A data acquisition system (DAS) is a crucial element in the AE
testing and analysis procedure since it gathers and archives data for subsequent analysis
and interpretation [53–55].

To carry out this experiment, a data acquisition system designed by “Beijing Softland
Company” and bearing the model number DS5-16B was employed [56] (Figure 3).
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3. Results
Analysis of Characteristics of AE Parameters

The utilization of AE technology allows for the observation and analysis of minute
alterations in the configuration and development of fractures in materials exposed to
external forces, as well as the advancement and enlargement of these fractures. In order
to accurately determine the AE characteristics of the AE source during the bending test of
ultra-high-performance concrete (UHPC), it is essential to carefully analyze the variation
characteristics of various AE parameters. These parameters include amplitude, frequency,
ringing count, energy, and peak frequency. The failure process in the bending test of UHPC
is complex and sophisticated, making it necessary to thoroughly consider these parameters.
Figure 4 depicts the schematic representation of the gathered AE parameters and a typical
AE signal.
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• Amplitude and frequency

Figure 5 illustrates that the highest amplitude measured during the entire experiment
was at the 127th second for sensor 1 and at the 114th second for sensors two and four.
Sensor three exhibited its maximum amplitude values at the 134th second, distinguishing
it from the other sensors. The maximum magnitudes detectable by sensors one to four are
94.57, 98.6, 91.46, and 93.42 dB, respectively.
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Figure 6 illustrates the amplitude vs. frequency domain generated from the data
acquisition system tool (Beijing Softland Co., Beijing, China) for the fourth sensor. The Fast
Fourier Transform (FFT) was utilized to determine the frequency characteristics during
the gathering of parametric data in the aforementioned data acquisition system. The data
reveal that the predominant frequencies lie within the range of 87 to 283 kHz, with minor
peaks occurring between 284 and 400 kHz.
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• Acoustic Emission Ringing Count

The AE ringing count refers to the quantification of oscillations that surpass a specific
threshold, providing an approximate indication of the frequency and intensity of the AE
signal [58,59]. The slope of the cumulative ringing count in the acoustic emission count can
offer useful insights into monitoring the advance of damage, evaluating the integrity of
structures, and anticipating potential failure mechanisms in various materials and structural
elements undergoing AE testing. It can be used to study the degradation and breakage
mechanisms of materials.

As can be observed in Figure 7, the bending test of magnetite UHPC may be broken
down into five distinct stages, each of which exhibits its own set of characteristics that
are distinct from those of the previous stages. According to the cumulative ringing count
graph, the change in slopes along the graph can be used to determine when the specimen is
entering a new phase or stage. This can be done by observing the progression of the slopes.

The stages can be categorized as the initial stage (pre-cracking), the hardening stage,
the critical transition stage, the pull-out stage, and the failure stage, based on their respective
characteristics. The characteristics of each step are as follows: for the initial step, there
should be a low cumulative ringing count, while the hardening stage should show a
gradual increase in the cumulative ringing count. There is an abrupt surge in the total
number of ringing counts during the critical transition stage. There is a distinct increase in
the total number of ringing counts during the pull-out stage, followed by a rapid decrease
or significant shift in the graph displaying the total ringing counts.

In accordance with Figure 7, the initial phase for all four sensors lasted until 0.1 F/Fmax.
At this time, there was no noticeable crack, and the MUHPC experienced elastic deforma-
tion. Upon reaching a load of 0.1 F/Fmax, the hardening stage commenced and persisted
until 0.71 F/Fmax for all sensors. During this phase, when stress levels rise, the material
begins to experience damage, micro-cracking, or other forms of deformation, resulting in
a higher occurrence of acoustic emission events. The critical transition stage commenced
when the load reached 0.71 times the maximum load (F/Fmax) and persisted until it reached
0.93 times F/Fmax for all sensors. This stage potentially signifies the commencement of
cracking or the initiation of substantial harm within the material. The pull-out stage
commenced when the load reached 0.93 times the maximum load capacity (F/Fmax) and
continued until it reached 0.98 F/Fmax for all sensors. During this stage, cracks spread
and interactions between fibers led to a higher cumulative ringing count. The final phase,
known as the failure stage, commenced at 0.98 F/Fmax and continued until the material,
MUHPC, experienced complete and catastrophic failure at maximum stress.
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As previously mentioned, the macro-cracks begin to propagate within the specimen
during the pull-out stage, which is characterized by a significant increase in the cumulative
ringing count.

Another crucial aspect that warrants emphasis is the concept of the “inflection” point.
Inflection points are locations where cracks are evident and can be interpreted as instances
of changing slope, particularly when the slope alters from positive to negative or vice
versa, or when it changes from positive or negative to zero. These points may indicate
significant stages or thresholds in the material’s behavior. These points may serve as
indicators of various stages of the test or certain occurrences in the material. Figure 7
reveals the presence of inflection points, namely for sensors 1 and 4. These inflection points,
occurring during the pull-out stage, indicate the initiation of macro-cracks. Three inflection
points were found for sensor 2. One of these points corresponds to the critical transition
stage, indicating the presence of micro-cracks. The remaining two points correspond to the
pull-out stage, indicating the initiation of macro-cracks.

Table 3 presents the precise slopes for each level. Based on the data, it can be found
that sensors 2 and 3 exhibited greater activity, and the slope rate for these two sensors was
higher compared to the other two. Table 3 shows that the slope rate for sensor 2 was higher
than that for sensor 1 during the critical transition stage, whereas the slope rate for sensor 1
was higher than that for sensor 2 during the pull-out stage.
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Table 3. The slope of cumulative ringing count for the distinct loading stage (20% replacement
of magnetite).

Sensor 1 Sensor 2 Sensor 3 Sensor 4

Initial Stage
(Pre-Cracking) 0.11 0.13 0.02 0.02

Hardening Stage 0.09 0.14 0.03 0.04

Critical Transition stage 1.67 2.13 0.5 0.85

Pull-Out stage 11.3 10.7 3.09 5.7

Failure stage 0.86 0.66 0.21 0.14

To better assess the damage level, the statements below should be noted. The graph
exhibiting the highest number of ringing counts or the steepest rise in cumulative ringing
counts typically reflects the sensor that identified the most substantial damage. The sensor
is expected to display the most extreme amount of damage or the most critical scenario.

• Early inflection points: This indicates that the onset of damage occurs at lower levels
of applied force.

• A steeper slope in cumulative ringing counts indicates a higher rate of damage occur-
ring within a smaller range of loads.

• Increased overall ringing counts indicate a higher frequency of acoustic emissions and
possibly more extensive damage.

Sensor (1) displays the first points of inflection, followed by a progressive rise in
the cumulative ringing counts. This implies the beginning of harm, but not always the
most severe state. Sensor (2) displays inflection points A, B, and C, along with a notable
surge in ringing counts during phase III. This surge may suggest rapid deterioration and
a severe state of the condition. Sensor (3) shows that the slope of cumulative ringing
counts remains generally constant until phase IV, suggesting that serious damage occurs
later. Sensor (4) exhibits a similar pattern to graph (3), showing that the majority of activity
occurs in phase IV. This indicates that damage primarily occurs at greater loads.

According to this research, the sensor associated with sensor (2) exhibits the most
serious damage condition. This is evident from its earliest and most inflection points, as
well as the greatest cumulative ringing counts. This indicates that the sensor identified the
start of damage at a lower level of stress and noticed a fast progression of the damage. This
could be a sign that the worst possible scenario occurred among the four possibilities that
were offered.

Meanwhile, this statement should be noted to evaluate the stability:

• Decreased ringing counts: A reduction in the number of acoustic emissions may
represent a decrease in activity inside the material, indicating a lower occurrence of
damaging events.

• Gradual cumulative increase: A smoother and steady upward trend in the cumulative
ringing count line indicates a regular rate of sound emission without abrupt spikes,
which are usually linked to instances of damage.

Sensor (1) displays the cumulative count in this graph, showing continuous growth
in damage without any sudden spikes. However, there are some initial points where the
rate of increase changes. Sensor (2) displays several inflection points and a sharp rise in
cumulative counts, suggesting a less stable condition with the possibility of more significant
damage. Sensor (3) depicts a period of a low and steady starting phase followed by a sharp
rise in phase IV, indicating overall stability for most of the loading process but instability at
greater loads. Sensor (4) has a similar pattern to sensor (3), demonstrating stability at first
and then experiencing a sudden and significant increase towards the end.

Sensor (1) demonstrates the highest level of stability due to its steady and progressive
increase in cumulative ringing counts during the loading phases. Although there were some
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initial changes, the absence of significant increases indicates that the identified instances of
damage were rather stable and not sudden or extreme.

• Acoustic Emission Energy

The AE energy, which represents the strength of AE signals, is determined by calculat-
ing the integral of the AE signals within the detection envelope [60]. AE signal strength
corresponds to the area of the waveform envelope, which indicates the comparative energy
and intensity of AE activities [61]. This parameter may serve as an indicator of the entire
damage process, and variational characteristics are frequently employed as AE testing
criteria for structures or materials.

The graph of F/Fmax against cumulative energy, similar to the graph of F/Fmax versus
cumulative ringing count, displays the same pattern and allows for the identification of
each stage based on the slopes seen. Figure 8 highlights the presence of inflection points
during the hardening stage, critical transition stage, and pull-out stage. Sensor 1 detects
the presence of macro-cracks during the pull-out phase. Sensor 2 exhibits two micro-cracks
during the hardening stage and two macro-cracks during the pull-out stage. Sensors 2
and 3 exhibit identical signal strength patterns, with one micro-crack observed during the
hardening stage and one macro-crack observed during the pull-out stage.
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Table 4 provides the precise slopes for each sensor at the corresponding stages. During
the hardening and critical periods, sensor 3 exhibited greater activation and recorded the
highest slope value. For pull-out stages, sensor 2 exhibited the highest observed slope.
Thus, the slopes of the cumulative ringing count and cumulative energy curves during the
bending test of the MUPHC block varied at different stages. AE energy and ringing counts
can effectively differentiate between the five stages of the failure process of the multi-scale
ultra-high-performance concrete (MUHPC) block.
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Table 4. The slope of cumulative energy for the distinct loading stage (20% replacement of magnetite).

Sensor 1 Sensor 2 Sensor 3 Sensor 4

Initial Stage
(Pre-Cracking) 0.05 0 0.56 0.38

Hardening Stage 0.03 0.87 1.16 0.37

Critical Transition stage 0.4 4.05 7.70 2.13

Pull-Out stage 5.34 6.61 0.71 2.05

Failure stage 0.23 0.17 0.01 0.15

In order to assess the extent of the damage, it is important to observe the behavior
of each individual sensor. Sensor (1) displays a moderate degree of energy release and a
consistent, gradual increase in cumulative energy. This indicates a steady progression of
harm without any abrupt or catastrophic events. Sensor (2) displays a far greater and more
diverse energy release with a steep cumulative energy curve, suggesting a more severe
damage scenario with multiple large damage occurrences (inflection points A, B, C, and D).
Sensor (3) displays a modest energy release and a steady increase in cumulative energy,
followed by a sudden rise at the conclusion. This suggests that the specimen remained
stable until it neared failure. Sensor (4) exhibits a minimal energy release over much of the
loading process, followed by a sudden surge in cumulative energy towards the end. This
pattern is comparable to sensor (3), indicating overall stability during the bulk of the test,
followed by rapid damage accumulation towards the end.

In the evaluation of the stability and extent of damage, sensor (3) can be regarded as
the most stable due to its minimal overall energy release and a steady increase in cumulative
energy, which persisted until just before the conclusion of the test. Indications point to the
fact that the material exhibited elastic behavior or experienced minimal damage throughout
the majority of the test. Sensor (2) exhibited the most severe damage scenario. The test
exhibits the greatest energy release, several points of change in direction, and the most
rapid accumulation of energy, suggesting the occurrence of multiple severe damage events
and a significant build-up of energy associated with damage.

To summarize, sensor (2) represents the highest degree of destruction, whereas sen-
sor (c) demonstrates the greatest level of stability until the last stages. To ensure accurate
conclusions regarding the damaged status of the tested specimen, it is essential to verify the
interpretation of the AE data by conducting a physical inspection and gaining a thorough
understanding of the material qualities and loading conditions.

• Peak Frequency

The peak frequency of AE can be used to differentiate between different types of
damage inside materials and structures. It is employed to analyze the frequency distribution
characteristics of the signals produced by material damage [62,63]; Figure 9 displays the
AE peak frequency band ratio and AE peak frequency distribution for the five damage
stages observed during the bending test.

The scatter plot of the AE peak frequency distribution revealed that the AE peak
frequency exhibited a pattern of non-continuous interval distribution during the loading
process. The AE peak frequencies were mostly divided into six bands: the low-frequency
band (5–25 kHz), the upper-low-frequency band (44–65 kHz), the middle-frequency band
(157–205 kHz), the upper-middle-frequency band (258–302 kHz), the high-frequency band
(336–446 kHz), and other frequency bands. The other frequency bands possess a broad
spectrum, encompassing from 1 to over 400 kHz, which is considered negligible.
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The peak frequency band ratio for the five phases can be determined by interpreting
and identifying the stages indicated in the cumulative ringing count or the cumulative
energy graphs. During the initial stages of evolution, the majority of the frequency band
ratios are in the low-frequency band, with sensor 1 displaying the greatest value. During
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the hardening phases, sensor 4 recorded the highest value for the low-frequency band ratio.
However, during the critical transition stage, pull-out stage, and failure stage, sensor 3
recorded a distinct ratio in the middle-frequency band. In the final stage, known as the
failure stage, sensor 2 detected the highest value for the ratio of middle-frequency bands.
It can be inferred that during the initial stage (less than 0.1 F/Fmax) and the hardening
stage (from 0.1 to 0.71 F/Fmax), the low-frequency band ratio (44–65 kHz) was observed.
However, during the stages that followed from the critical transition stage to the failure
stage, the middle-frequency band ratio (157–205 kHz) was observed.

In summary, the variation in the ratio of AE peak frequency bands effectively indicates
the distinctive features of the five distinct loading stages in the bending test.

The subsequent statement is made in order to evaluate the extent of damage. A sensor
exhibiting a consistent peak frequency range during the loading phases can be regarded as
being more stable, indicating that the damage mechanism has not undergone substantial
changes with increasing load; meanwhile, an elevation in peak frequency or a transition
towards higher frequencies may suggest a shift from less severe forms of damage, such
as plastic deformation (often linked to lower frequencies), to more severe forms, such as
fracture propagation (linked to higher frequencies). Sensor (1) demonstrates the highest
level of stability by consistently maintaining a distribution of lower frequencies throughout
the loading stages. Sensor (2) exhibits the most prominent shift towards higher frequencies
in the later stages, suggesting a possible deterioration in the damage. This sensor appears
to be displaying the most unfavorable condition compared to the rest of the group.

In general, a transition from a lower frequency range (1–25 kHz) to a higher range
(40–55 kHz) may indicate a shift in the underlying mechanism causing damage to the
material. In broad terms, higher frequencies are linked to more fragile behaviors, such as
the spreading of cracks, whereas lower frequencies may be linked to more flexible behaviors
or events involving friction. Hence, an increase in frequencies does not usually signify a
favorable condition; rather, it implies a move towards more severe damage mechanisms
that could potentially jeopardize the integrity of the tested material or structure.

• b-value

b-value analysis is the name given to the method that is utilized to carry out damage
assessment, and is becoming increasingly significant. In seismology, b-value analysis is
comparable to the phenomenon where events of higher magnitude happen less frequently
than events of lower magnitude. The relationship can be explicitly expressed using the
formula devised by Gutenberg and Richter [64,65]:

logN
10 = a − b ML (2)

The Richter magnitude of the events is represented by ML, while the number of events
with magnitudes within the range ML ± ∆M/2 is represented by N. The empirical constants
a and b are utilized in this context:

logN
10 = a − b′ AdB (3)

where AdB represents the maximum amplitude of AE events measured in decibels and can
be expressed as:

AdB = 10 logA2
max

10 = 20 logAmax
10 (4)

The b-value represents the slope of the logarithmic-linear graph that compares the
magnitude of AE events with their occurrence rate. It has been found that the value changes
in different phases of deterioration. As an example, the b-value increases significantly when
micro-cracks first show during the initial stages of damage. However, it then decreases to a
lesser value as macro-cracks become visible [66]. Consequently, a reduction in the b-value
indicates a rise in the frequency of high-amplitude impacts, implying the development of
large cracks and substantial damage.
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The b-value can be rewritten as follows [57]:

logN
10 = a − b

(
AdB
20

)
(5)

where AdB represents the maximum amplitude of the AE signal in decibels. N indicates the
count of AE events with amplitudes over the threshold. The fitting constant is denoted by
a, while b represents the slope of the straight line used for fitting.

To analyze the b-value, initially, within the given time duration, the levels of intensity
of the b-value data points are analyzed. Subsequently, the fluctuations in the b-value during
the loading procedure are examined to discern the stages of structural deterioration.

Despite the efficiency of this method, the b-value still has the following shortcomings:

• It only confronts the peak amplitude of the AE signal and does not consider the energy
from the low amplitude part. Consequently, the assessment of structural fracture
propagation using this method is not without flaws [67].

• The principle underlying this is the Gutenberg–Richter law, which asserts that the
magnitude of acoustic emissions diminishes as damage progresses [68].

• This method may lack effectiveness in accurately discerning the exact attributes of
stress waves released from particular sources [69].

• The b-value in reinforced concrete beams reaches its minimum point around the peak
load and falls when micro-fractures merge together. However, it may not offer a
complete evaluation of the extent of damage [70].

• The amplitude distribution of impacts in rock under stress is not strongly concentrated
around a particular value, which can further complicate the application of the b-value
method [71].

Figure 10 shows the observed b-value quantity for all four sensors. The sensor with
the lowest b-value was sensor 3.
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During the initial stages of loading, sensor 1 detected the highest b-value with an
amplitude exceeding 86 dB. During this phase, the b-values for sensors 1 and 3 exhibited
several fluctuations. The b-value for sensor 1 varied from 2.75 to 3.5, whereas for sensor 3,
it ranged from 2.6 to 3. These b-values indicate the presence of starting micro-cracks.

During the hardening stage, sensors 1 and 3 exhibited the most adverse b-value sce-
nario, indicating that a smaller amplitude may have a significant proportion. According
to Figure 5c, sensor 3 did not capture an adequate amplitude. The cause of this prob-
lem remains unclear. Currently, the b-value for sensor 2 is stable, with consistent and
consecutive slopes.

During the critical transition stage, sensors 1 and 2 detected the presence of macro-
cracks, as evidenced by the drop in slopes. Sensor 3, on the other hand, demonstrated the
most stable condition, with slopes remaining reasonably consistent.

During the pull-out stage, sensor 2 exhibited a limited number of amplitude variations,
and the slopes remained consistent. In contrast, sensor 1 detected a relative reduction in
the b-value and had some macro-cracks. The condition of sensor 3 remained stable as the
slope exhibited a modest reduction.

During the failure stage, sensors 2, 3, and 4 exhibited a more stable situation as their
slopes grew. In contrast, sensor 1 revealed the presence of macro-cracks as its slopes declined.

To summarize, an upward increase in the slope of the b-value indicates increased
brittleness or higher levels of stress concentration in the material, which could be concerning
depending on the circumstances. Conversely, a downward decrease in the b-value suggests
the presence of defects, cracks, or other discontinuities within the material. It may indicate
a shift towards a more diverse material or the existence of areas of stress concentration that
facilitate the spreading of cracks.

It can be concluded that in the scatter graph of amplitude versus b-value, if the range
of amplitude recorded by the sensors becomes narrower, the b-value stays in a row. If the
amplitude recorded by the sensors has a vast dispersion from a large to a small amount,
or even vice versa, the b-value would have many fluctuations and slopes that would go
upward or downward, even if the number of recorded amplitudes was low.

These conclusions may provide valuable insights to evaluate the extent of the damage:

• A higher b-value indicates a greater number of low-amplitude AE hits relative to
high-amplitude ones. This is typically linked to smaller micro-fractures and less
serious damage.

• A lower b-value indicates a higher frequency of high-amplitude AE hits, which often
correspond to more substantial damage, such as greater cracks or failures.

• A decreasing b-value indicates that the material is transitioning to more severe damage
states, with greater AE occurrences becoming more frequent.

• Increasing the b-value indicates a shift towards less severe damage states, with a
higher occurrence of mild AE occurrences.

Based on the above-mentioned states, the precise interpretation for all graphs is
as follows:

Sensor (1): Stages I–IV have a reasonably constant b-value, indicating a consistent
level of damage occurring throughout the test. The minor decreasing trend suggests a
slight rise in more substantial damage incidents as the load intensifies.

Sensor (2): There is a significant decrease in the b-value throughout Stage IV, indicating
an escalation in severe damage events at increasing loads.

Sensor (3): The b-value exhibits fluctuations but generally shows a modest downward
trend, similar to (a), suggesting a progressive rise in more severe damage events leading
to failure.

Sensor (4): The b-value exhibits a significant decline, particularly in Stage IV, indicating
that the load is approaching its maximum and causing increasingly severe damage.

According to the b-value, sensor (1) appears to exhibit the highest level of stability.
This is evident from the rather constant trend of the b-value, indicating a consistent level of
damage without any notable increase in major events until extremely high loads. Sensor (4)
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indicates the most severe damage condition, as indicated by the lower b-value in the latter
phases. This suggests a shift towards a state where larger and perhaps more harmful AE
events are more common.

4. Conclusions and Discussion

The objective of this study was to examine the reactivity of magnetite when incor-
porated into a UHPC block and analyze the material’s behavior under various loading
conditions. The inclusion of magnetite in the UHPC block serves to augment its endurance
and mitigate cracking, which are the primary objectives when incorporating any fiber into
UHPC. The precise proportion of magnetite used in this investigation was 20%, with the
remaining 80% consisting of river sand, making up the overall volume of the UHPC block.
The specific formula and proportioning can be found in Table 1.

AE is a non-destructive test (NDT) that enables the observation of damage in any
specimen. This test is predicated on the phenomenon by which high-frequency ultrasonic
waves are produced due to the fast discharge of energy within a substance, such as from
the beginning and propagation of fractures.

The variation features of AE ringing counts, energy, peak frequency, and b-value
were studied with the increase in load to inspect damage stages. The specific results were
as follows:

(1) The observation of the five unique stages of loading was made based on the compari-
son between cumulative ringing count and F/Fmax, or cumulative energy and F/Fmax.
Based on their distinctive features, they may be categorized into the following stages:
initial stage (pre-cracking), hardening stage, critical transition stage, pull-out stage,
and failure stage. Each level possesses a distinct gradient that can serve as a criterion
for comprehending the commencement of each stage. The pull-out stage exhibited
the greatest slope, indicating a distinct increase in ringing count or energy. During
the critical and failure stages, the slopes transitioned from positive values to zero,
which are referred to as inflection points. Inflection points are locations that indicate
the initiation of cracks or transitional stages, which can be considered a shift from
elastic to plastic deformation. Typically, the occurrence of an inflection point before
the pull-out stage may indicate the presence of micro-cracks, whereas the pull-out
stage and failure stage are indicative of macro-cracks.

(2) Throughout the loading process, the dominant frequencies of AE peaks were pri-
marily found in the low-frequency range (5–25 kHz), the upper-low-frequency range
(44–65 kHz), the middle-frequency range (157–205 kHz), the upper-middle-frequency
range (258–302 kHz), and the high-frequency range (336–446 kHz). Initially, the domi-
nant frequencies seen for all sensors were in the low-frequency band ratios. Sensors 1
to 3 measured the middle-frequency band ratio during the hardening stage, critical
transition stage, and failure stage. Sensor 4 measured the low frequency, specifically
during the hardening stage. As previously stated, the failure stage was consistent
across all sensors. During the initial stage of loading, the sensors primarily detected
low-frequency band ratios. However, for the subsequent loading stages, the sensors
recorded medium frequencies.

The peak frequency cannot be considered when evaluating the damage level of the
specimen in AE, although surveying the peak frequency will provide the following conditions:

• The presence of a maintained peak frequency range during the loading phases indicates
stability in the damage mechanism, suggesting that there have been no significant
changes with increasing load. On the contrary, an increase in peak frequency or a
shift towards higher frequencies may indicate a transition from less severe forms of
damage, such as plastic deformation (typically associated with lower frequencies), to
more severe forms, such as fracture propagation (associated with higher frequencies).

(3) The abrupt change in b-value points indicates the shift in the mechanical mechanism
throughout different stages of the bending resistance test. The mechanical response of
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the specimen to withstand shear stress varies at different phases. The variability in
b-value measurements can indicate distinct levels of structural deterioration.

To evaluate the damage degree based on the b-value approach, both quantification
and slope should be noted.

• A decrease in the b-value indicates an increase in the occurrence of high-amplitude
AE hits, which are generally associated with more significant damage, such as larger
cracks or failures. Conversely, a higher b-value signifies a larger quantity of low-
amplitude AE hits compared to high-amplitude ones. This is commonly associated
with few micro-fractures and less severe harm.

• A declining b-value suggests that the material is shifting towards more critical damage
states, with an increasing frequency of acoustic emission (AE) events. An increased
b-value implies a shift towards less severe damage states, with a greater frequency of
mild AE events.

• It should be noted that despite fluctuation and verification of the b-value graph,
magnetite is still a durable additive to UHPC, whereas for both the micro-cracking
stage and macro-cracking stage, the recorded amplitudes were close together, and
black dots of amplitude dispersal demonstrated the lower amplitudes between 60 dB
to 70 dB.

• Since magnetite has not been used in any other scientific research when added to
UHPC, and there is no adequate research that has observed the damage mechanism of
this additive, it is highly suggested that additional research should be conducted to
develop new MUHPC blocks with a wide range of additives with different mix ratios
in order to understand the damage mechanism and make comprehensive comparisons.
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