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The use of polymer and steel fibres in plain concrete appears to be an excellent solution for limiting crack
propagation and improving the post-ductility performance of concrete structures. Based on this premise, this
study investigated the fracture evolution of polyolefin fibre-reinforced concrete (PFRC) and steel fibre-reinforced
concrete (SFRC) specimens through the integrated application of two diagnostic techniques, acoustic emission
(AE) and digital image correlation (DIC), under three-point bending tests. Based on the processing of AE signals,
different AE statistical parameters such as the cumulative number of hits, amplitude distribution, and some
representative analysis methods including the b-value method, Ib-value method, and AE intensity analysis
methods were selected to analyse the early detection of cracking and post-cracking behaviour in PFRC vs SFRC
specimens during mechanical degradation. Simultaneously, the DIC technique was used to validate the fracture
evolution of the AE results. Furthermore, to verify the reliability of the AE and DIC results, the damage local-
isation and fracture evolution of the PFRC versus SFRC specimens were confirmed by integrating the AE fracture
energies and DIC outcomes. The tests and analysed results showed that the addition of steel fibres to plain
concrete significantly improved the ability to restrict crack propagation and provided higher post-cracking
resistance compared to PFRC specimens owing to their stronger fibre-matrix bonding, effective fibre bridging,
and crack-arresting mechanism. The present study indicates that the combined AE and DIC techniques are highly
effective for the early detection of damage and ductility performance in fibre-reinforced concrete structures.

addition, the fibre bridging and intermeshing effect of the coarse
aggregate reduces the activity of concrete micro-cracks at an early age

1. Introduction

Concrete is one of the most popular construction materials used in all
corners of the globe due to its ability to withstand compression,
malleability, and cost-effectiveness [1,2]. The main weaknesses of
concrete include intrinsic brittleness, weak tensile strength and low
crack resistance leading to a drop in the fracture strength once cracking
has started [3,4,5]. Concrete fracture is a multi-scale phenomenon that
commences with the formation and propagation of micro-cracks and
progresses to the development and propagation of macro-cracks,
resulting in catastrophic failure [6]. Significant progress has recently
been achieved by incorporating various fibres into concrete mixes, such
as carbon fibre [7], steel fibres [8,9,10], or polymer fibres [11,12],
which offers a productive way to avoid concrete brittleness and enhance
the mechanical properties of the fibre-reinforced concrete (FRC). In
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and delays the formation of macro-cracks [13,14]. In order to enhance
the durability of load-bearing concrete structures and thus ensure the
safety of use, the topic of evaluation of cracking patterns is constantly
investigated in the field of civil engineering [15]. Recently, many non-
destructive testing (NDT) techniques have been developed for moni-
toring crack development and early crack detection, including optical
and ultrasonic wave-based methods. The acoustic emission (AE)
[16,17,18] and digital image correlation (DIC) [19,20] techniques have
often been widely used to evaluate the fracture process of quasi-brittle
materials during mechanical degradation. Both AE and DIC techniques
are oriented on continuous and real-time data acquisition during the
fracture process, allowing the formation and progression of microcracks
to be monitored during the loading process.
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Monitoring of the fracture behaviour of fibre-reinforced cement
composites has received considerable attention in previous research.
Rucka et al.[19] used digital image correlation and ultrasonic testing to
analyze the damage progression in concrete beams reinforced with
polyolefin fibres. They came to the conclusion that phase changes and
ultrasonic wave energy can be used as damage indicators in polyolefin
fibre-reinforced concrete. Xu et al. [21] investigated the damage evo-
lution of polypropylene fibre-reinforced concrete subjected to mono-
tonic and cyclic loading using the AE technique. They concluded that
shear cracking dominates the damage evolution in polypropylene fibre-
reinforced concrete. Logon and Schabowicz [22] used AE techniques to
distinguish microcracking events in polypropylene fibre reinforcement
during a four-point bending test. Logon [23] investigated the use of the
AE approach to identify the cause of failure in quasi-brittle concrete
specimens with dispersed polypropylene fibres. He concluded that the
analysis of 2D and 3D acoustic spectra could help to identify and explain
the failure process in fibre-reinforced concrete elements. Ren et al. [6]
employed Brazilian disk splitting tests and acoustic emission (AE)
techniques to examine the damage behaviour of steel fibre-reinforced
concrete with different steel fibre contents. The mechanical deteriora-
tion of concrete specimens with and without chemically treated steel
fibres was investigated by Aggelis et al. [24] using the acoustic emission
(AE) technique in a four-point bending test. In order to understand the
failure mechanism of steel fibre-reinforced coal gangue concrete. Cai
et al.[25] introduced a damage evolution model and examined the
cracking characteristics using the acoustic emission (AE) technique. Liu
et al. [7] studied the fracture phenomena in coral concrete reinforced
with different carbon fibre dosages using the DIC method. They analysed
that the application of DIC enabled them to characterise three phases
(micro-crack commencement, the macrocrack progression, and the
major crack growth) of the flexural damage process. The fracture pro-
cesses in plain concrete and concrete with recycled steel fibres were
examined by Skarzynski and Suchorzewski [26]. They used DIC and X-
ray micro-computed tomography techniques to analyze the fracture
process on the external surfaces and inside the tested specimens. Alam
et al. [27] used the DIC and AE techniques to investigate the effect of
structure size on cracking in reinforced concrete beams. Boniface et al.
[28] investigated the accuracy of AE source localisation in concrete to
determine the fracture characteristics and used the DIC technique to
validate the comparative results. Zhou et al. [29] utilized the AE
approach in conjunction with the DIC technique in order to simulta-
neously monitor the compressive behaviour of multi-delaminated
composites. The results showed that the AE parameters were closely
related to the degradation process of composite materials, and the DIC
findings represented severe damage inside the multi-delaminated
composites.

2. Significance of the research

As mentioned above, numerous studies have investigated the me-
chanical performance, micro-cracking behaviour, and structural appli-
cations of polymer and steel fibre-reinforced composites in various types
of concrete structures using digital image correlation and acoustic
emission techniques. However, limited attention has been paid to the
fracture evolution of fibre-reinforced concrete (PFRC) using combined
AE and DIC techniques. Furthermore, there has been no significant
investigation into the comparison of polyolefin fibre-reinforced concrete
(PFRC) and steel fibre-reinforced concrete (SFRC) specimens using both
inspection approaches to characterise the fracture process simulta-
neously. It is worth noting that PFRC and SFRC could serve as alterna-
tives to normal Portland cement concrete in hot and cold regions where
dry shrinkage control and crack initiation delay are critical, as they can
provide higher durability and fracture resistance. To address this
knowledge gap, the present study undertakes a comprehensive analysis
of the characterization of the fracture process in a non-invasive manner.

The present paper is experimentally oriented. Three-point bending
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tests were performed on concrete specimens reinforced with polyolefin
and steel fibre contents of 0.3% and 0.6%, respectively. The non-
invasive inspection was based on the simultaneous acquisition of
elastic wave signals and photographs of mechanically degraded speci-
mens. The main objective is to better understand the mechanical
behaviour of fibre-reinforced concrete structures under mechanical
degradation. This knowledge is important for enhancing the safety of
concrete structures subjected to various loading conditions, such as se-
vere dry shrinkage, freeze-thaw resistance, flexural bending, compres-
sion or impact loading. Summarizing, the current experimental study
includes the following novel elements:

1) Detailed and thorough experimental investigations and analyses of
fracture evaluation in bending beams reinforced with polyolefin and
steel fibres.

2) Integration of DIC and AE techniques to provide a state-of-the-art
solution for real-time microcrack monitoring as well as increase
the accuracy and efficiency of evaluating fibre-reinforced concrete
structures.

3) Analysis of the influence of the amount and type of fibres on the
possibility of early detection of cracks using combined AE and DIC
techniques.

3. Materials and methods
3.1. Specimens and mixtures

All specimens were manufactured based on the same concrete
mixture composed of cement CEM I 42.5R (380 kg/ms), water (165 kg/
m>), aggregate 0/2 mm (648 kg/m>), aggregate 2/8 mm (426 kg/m>),
aggregate 8/16 mm (754 kg/m>), and super-plasticizer (0.8% of the
cement content). Five different mixtures were produced. The first
mixture was without fibres, i.e. made of plain concrete (PC). The other
mixtures contained the addition of polyolefin fibres (PF) and steel fibres
(SF), in the amount of 0.3% and 0.6% in the relation to the total volume
of concrete. The fibres used in the study are shown in Fig. 1. The 24 mm
long polyolefin fibres were produced as twisted bundles. The steel fibres
with a length of 25 mm were produced with hooked ends. The properties
of fibres are given in Table 1. For each of the five concrete mixtures
prepared, the compressive strength determined for the cubic samples
with dimensions of 15x15x15 cm® as well as elastic modulus were
measured. The results are given in Table 2.

The experimental analysis was carried out on five prismatic beams of
a length of 160 mm and a cross-section of 40 mm x 40 mm (Fig. 2): plain
concrete (PC) specimen, two steel-fibre reinforced concrete (SFRC)
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Fig. 1. Photograph of polyolefin fibres (left) and steel fibres (right).
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Table 1
Properties of polyolefin and steel fibres.

Type of Length Diameter Tensile strength Elastic modulus
fibres [mm] [mm] [MPa] [GPa]
polyolefin 24 0.45 600 5
steel 25 0.5 2200 200

Table 2

Compression strength of the 15x15x15 cm® cubes and elastic modulus.

Mixture Compression strength [MPa] Elastic modulus [GPa]
Plain concrete 66.1 40.3
0.3% polyolefin fibres 56.1 39.7
0.6% polyolefin fibres 57.8 39.9
0.3% steel fibres 70.3 40.1
0.6% steel fibres 77.4 43.6
N 3m nd
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Fig. 2. The geometry of the concrete beam with the location of AE sensors
(no. 1-4).
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specimens and two polyolefin-fibre reinforced concrete (PFRC)
specimens.

3.2. Experimental setup and procedure

The investigations included monitoring the fracture process in a
bending test. The experimental setup is shown in Fig. 3. Three-point
bending was performed using a Zwick/Roell Z10 universal testing ma-
chine (UTM). The beam was placed on linear supports spaced 120 mm
apart. A preload of 50 N was applied, and then bending was conducted
with a constant mid-span displacement of 0.1 mm/min. During the
bending process, crack evolution was characterised using integrated
acoustic emission (AE) and digital image correlation (DIC) techniques.
Acoustic emission signals were recorded by four multilayer piezoelectric
transducers, mounted on the front surface of the beam in the arrange-
ment shown in Fig. 2. The transducers were located outside the area of
the expected crack initiation. Data acquisition was performed using the
Vallen AE system, with a sampling rate of 10 MHz and a threshold of 34
dB. Images of the front surface of the beams were taken every 1 s using
ARAMIS MC 3D 12 M.

3.3. Digital image correlation

Digital Image Correlation (DIC) is an optical technique that enables
non-contact monitoring of displacement and strain fields. It operates by
tracking two-dimensional or three-dimensional coordinates using
random patterns. The measurements of the strain field and damage zone
locations during bending were carried out using the digital image cor-
relation (DIC) technique. The region of interest was rectangular with
dimensions 100 x 40 mm?, and it covered an area on the front side of the
beam, between four PZT sensors. The inspected region was divided into
facets of 19 x 19 pixels and a step of 16 pixels. The matching of digital
images between the non-deform state and the subsequent states during

digital image
correlation
system

Fig. 3. Experimental setup.
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mechanical degradation was calculated using the criterion of normal-
ized zero-mean cross-correlation.

3.4. Acoustic emission

Acoustic emission refers to a phenomenon in which a transient
elastic wave is immediately generated due to the rapid release of energy
following material damage. These elastic waves are detected and
recorded by AE sensors attached to the surface of the object and con-
verted into electrical signals [30,31]. The commonly used characteris-
tics of the AE signal are shown in Fig. 4, including the amplitude, energy,
ringing counts and duration. In this paper, the crack evolution of con-
crete specimens under bending was investigated using typical AE char-
acteristics such as the cumulative number of hits, peak amplitude, and
three analysis methods including the b-value method, the Ib-value
method, and the AE intensity analysis method which will be referred
to below.

3.4.1. b-value method

The b-value analysis approach was originally used in earthquake
engineering to quantify the seismic activity in the earth’s strata and has
been widely recognized by seismologists [32,33].The b-value approach
can be used to explore the AE research area because the acoustic waves
generated during AE events are comparable to seismic waves. For AE
analysis, the Gutenberg-Richter (GR) law [33] of seismic wave analysis
can be calculated as follows [34,35]:

Aap
log,)N =a—b| -~ 1
080 a ( 20 ) (€Y

where N is the number of AE hits with amplitudes greater than Agg;
Agp is the AE hit amplitude; a denotes the intercept along the log,,N axis
and b is the slope of the regression line plotted against Agp.

3.4.2. Ib-value method

An improved approach to b-value analysis was introduced by T.
Shiotani et al. [36] which is useful for the analysis of cement-based
materials. This refinement is called the Ib-value method. It has been
derived using statistical values of AE events and can be calculated using
the formula:

b — log, N(4 — a10) + (4 + a20)

I (a1 + ar)o 2

where ¢ and y are the standard deviations and the mean of the
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the AE events. The Ib-value is quite sensitive and changes with a minor
fracture, hence the parameter N is often set to 100 recent hits to monitor
the small fracture events [37,38].

3.4.3. AE signal intensity analysis method

The damage level and integrity of concrete structures can be char-
acterised using the intensity analysis of the AE signal, which takes into
account the amplitude and duration [39]. The historical index (HI) and
the severity index (log;,S;) are the analysis methods based on the AE
signal intensity, used to assess the damage intensity of concrete struc-
tures [40].The HI index measures the changes in the signal strength of
the most recent AE events to all AE events throughout the fracture
process. The HI(t) is calculated by using the following equation:

N
N i—k+150i
HI([) _ ZI—K+|

- N-K Z?IZISO,- ®

where N is the number of hits up to time t; S,; is the signal strength of
the i hit, and K is the empirical coefficient that depends on the number
of AE hits, as shown in Table 3.

Severity (S;) is defined as the average signal intensity for the J hits
with the maximum numerical value of signal strength [41]. It can be
calculated as follows:

1 J
Sr:7 S()i 4
J; 4

where S, represents the severity index,S,; is the ith—largest signal
strength, and J represents the empirical constant related to the material
for concrete structures, as shown in Table 4.

4. Results
4.1. Bending test

Fig. 5 illustrates the load-deflection and load-time curves of all
tested specimens. The peak load values were: 3283.80 N, 3651.72 N,
3579.73 N, 3923.59 N, 3756.3 N, for specimens made of PC, 0.3% PFRC,
0.6% PFRC, 0.3% SFRC, 0.6% SFRC, respectively. The mean value was
3639 N, the standard deviation (SD) was 236.95 N and the coefficient of

Table 3
K-parameter for concrete structure [39,40].

amplitude statistics in the AE event group;a; and a, are the user-defined No. of hits (V) =50 51-200 201-500 2501
coefficients related to the amplitude of AE events, ranging from — 1 to 1, K Not applicable N - 30 0.85N N-75
depending on the lower and upper limits of amplitude distributions of
qb)D“ _‘ ________________
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Fig. 4. The typical AE signal parameters.
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Table 4
J value for concrete structures [39,40].
No. of hits (N) <50 >50
J Not applicable 50
4000 :
—PC
3500 ——0.3% PFRC|
/ ——0.6% PFRC
3000 - ——0.3% SFRC| 4
——0.6% SFRC
— 2500 - B
=
2 2000 - B
S
1500 + ~ 8
1000 - B
500 | B
O | | T 1 1 1
0 100 200 300 400 500 600 700
Time [s]
0 01 02 03 04 05 06 07 08 09 1 1.1

Displacement [mm)]

Fig. 5. Load-time and load-deflection-deflection curves of PC, PFRC and
SFRC specimens.
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variation (COV) was 6.51%. It can be observed, that the global
maximum increased for the specimens made of mixtures containing the
addition of polyolefin fibres (PS) and steel fibres (SF) in relation to the
specimen made of plain concrete. The load-deflection curves for all
specimens tested have a similar shape in a pre-peak region with an
almost linear trend. They decreased sharply and exhibited a brittle
failure after reaching the maximum flexural strength. However, the
addition of reinforcing polyolefin and steel fibres to the plain concrete
beams significantly improved the ductility and bending load capacity of
the specimens. The load-deflection curve of the PFRC specimens drop-
ped immediately after the maximum stress but then exhibited a gradual
softening behaviour beyond this stage and towards the end of the test
[42]. The SFRC specimens, on the other hand, significantly changed the
post-crack behaviour of the load-deflection curves and improved the
ductility performance as the load started to decrease. This is due to
combined fibre-bridging effects between the steel and the surrounding
matrix, which reduce macrocrack propagation and increase the post-
peak residual strength [43,44].

4.2. Acoustic emission analysis

4.2.1. Characteristics of the distribution of cumulative AE hits

A characteristic of an AE hit is the number of AE signals registered by
the AE sensor attached to the surface of the specimen. The response of
the AE signals provides a quick indication of the behaviour of a material
when it is subjected to stress. This behaviour is closely related to ma-
terial durability, degradation, and failure. In this section, the fracture
process of plain concrete specimens, as well as polyolefin fibre and steel
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B 4000 et fore e 20005
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Fig. 6. Cumulative AE hits distribution diagram together with load-time curve: (a) PC; (b) 0.3% PFRC; (c) 0.6% PFRC; (d) 0.3% SFRC; and (e) 0.6% SFRC.
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fibre reinforced concrete specimens, has been comprehensively analysed
using the cumulative number of hits parameters. Fig. 6 depicts the cu-
mulative number of AE hits along with the load-time curve for all tested
specimens. It can be seen that the trend of the cumulative number of hits
development profiles was almost the same for all the specimens tested. A
small increase in the number of AE hits was recorded during the pre-
peak stage. However, at the moment of peak load, the profiles of the
cumulative AE hits increased sharply to the highest value when they
reached their maximum crack strength. After the peak stage, the AE hit
rate gradually decreased. Landis [45] found a similar pattern when
examining micro-macro fracture correlations in concrete components
employing AE hits activity. The fluctuation in the number of AE hits
activity is clearly indicative of micro- and macrostructural changes
caused by the development of cracks.

The cumulative number of AE hits profile of plain concrete rein-
forced with polyolefin fibres and steel fibres showed a significantly
higher number of hits as the fibre aspect ratio increased from 0.3% to
0.6%, as shown in Fig. 6. This was mainly due to the responses of fibre
pull-out events, which resulted in a considerably larger fracture surface
area with increasing fibre content. As a result, more AE signals were
generated. The cumulative number of AE hits profile of the plain con-
crete together with the load-time curve is shown in Fig. 6(a). It can be
observed that there was considerably fewer hits recorded. The total
number of AE hits activity of PFRC was lower than that of plain concrete
when the fibre volume fraction is low (0.3%), as shown in Fig. 6(b). Ata
low fibre dosage of PF, the concrete matrix has fibre-free zones. The
activity of the AE hits increases in the fibre-free areas as they are weaker
and more prone to fracture. As the PFRC fibres were relatively short,
they may not have been able to bridge these cracks, resulting in smaller
AE hits than PC. However, as the fibre dosage increased from 0.3% to
0.6%, a higher number of AE hits was recorded for the PFRC, as shown in
Fig. 6(c). This is because of the stronger fibre-matrix bonds, more evenly
distributed fibres, and a greater bridging effect. As a result of these
characteristics, the PFRC matrix demonstrated increased fracture resis-
tance and slower crack propagation. The maximum cumulative number
of AE hits was 9729 for the 0.6 %PF specimen, compared to 6740 for the
plain concrete. As a result, the introduction of polyolefin fibers increased
the effectiveness of crack growth inhibition, increasing the number of
AE hits.

On the other hand, at a low dose of steel fibres in PC, as shown in
Fig. 6(d), the total cumulative number of AE hits was higher than 0.3 %
PF, being only 3430, compared to 4710. This is mainly because the
hook-end shape and higher aspect ratio of the SF improved the bridging
effect compared to the PF, resulting in increased stress redistribution
and fracture propagation. This resulted in a higher AE activity than that
of the PFRC. However, when the volume fraction of steel fibre was high,
i.e.,0.6%, as shown in Fig. 6(e) the cumulative number of AE hits
recorded was 9127 compared to 9729 for PFRC. This means that a
slightly a lower number of fibre pull-out events was observed in the
surrounding matrix compared to PFRC. A comparison of PFRC and SFRC
shows that the ability of the steel fibres to bridge fractures is greater at
the main crack, which increases the ability of the concrete matrix to
bridge cracks at the microcrack level and retards crack propagation. In
addition, the emission time of the AE signals and the crack load capacity
of the SFRC specimens were higher than those of the PFRC specimens
because of the stronger fibre-matrix bonds, uniformly distributed fibres,
and a higher bridging effect, which improved the post-crack ductility
and fracture toughness of the SFRC specimens. Based on the above
analysis, it can be concluded that the AE method based on the hit ac-
tivity can accurately define the meso- and macro-scale damage extent of
the PFRC and SFRC specimens under bending.

4.2.2. Peak amplitude distribution of AE signals

In the study of fibre-reinforced composites, many researchers have
used the amplitude function based on AE events to classify the different
failure modes and strongly correlate with the crack sizes [46,47].
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According to Aslan [47], the amplitude ranges of AE events between 40
and 60 dB are usually attributed to matrix cracking while AE event
amplitudes ranging from 45 to 70 dB are responsible for fibre-matrix
debonding, and the response amplitudes to fibre pullout and break vary
from 60 to 100 dB. In this section, the crack magnitude of specimens
made of plain concrete and concrete reinforced with polyolefin and steel
fibres was comprehensively analysed using the peak amplitude distri-
bution of AE events. The high density of AE amplitudes indicates the
occurrence of a large number of AE hits. From Fig. 7, it can be observed
that the distribution of the AE amplitude was almost similar to that of
the AE hit activity and showed different cracking activity during the pre-
peak, peak and post-peak load stages. As shown in Fig. 7(a), the AE
amplitude data of plain concrete were monitored from 35 dB to 45 dB
during the pre-peak stage, and the highest value (above 90 dB) of the AE
amplitude was recorded during the peak loading stage. After the peak
stage, AE amplitude values between 35 dB and 70 dB were observed,
indicating that the aggregates have a limited role in fracture bridging.

The variations in the AE amplitude of the PFRC specimens during the
pre-peak, peak and post-peak loading stages are shown in Fig. 7(b-c). In
the pre-peak stage, AE amplitude values ranging from 35 to 60 dB were
recorded, indicating that the microcracking activities reached their peak
level due to the weaker fibre-free matrix zones leading to debonding.A
maximum value of (98) of AE amplitude was achieved during the peak
loading stage, indicating that the increased number of fibres available at
the fractures induced fibre-fracture failure. However, AE amplitudes
between 60 and 90 dB were recorded during the post-peak stage, which
may be due to the greater number of fibre pull-out and sliding events
from the matrix surface interface.

On the other hand, the values of the AE amplitude between 35 and
50 dB were recorded for the SFRC specimens as compared to the PFRC
specimens during the pre-peak stage, as shown in Fig. 7(d-e). This was
due to the presence of stronger fibre-matrix bond strength in the spec-
imen, which prevented the growth and propagation of additional frac-
tures. At the peak fracture stage, there was a significant increase in the
AE amplitude (below 90 dB), which was lower than that of the PFRC
specimen along the main crack formation path. This means that the
crack load capacity of the SFRC specimens was higher than that of the
PFRC specimens due to the higher fibre-matrix bonding strength and
greater bridging effect. After the peak stage, the values of AE amplitudes
between 60 dB and 90 dB were recorded, resulting in larger macro-
cracks due to greater fibre pull-out and sliding event behaviour be-
tween fibre-matrix interfaces [48].

4.2.3. b-value method

The b-value curves of plain, polyolefin fibre and steel fibre concrete
beam specimens with fibre dosage of 0.3% and 0.6%, respectively, are
shown alongside the load-time curves in Fig. 8. According to the
conclusion of previous studies [34,49], when the b-value exceeded 1.0,
it indicated that microcracks were dominant; when the b-value was 1.0,
uniformly distributed macroscopic cracks to occurred in the specimens;
when the b-value was < 1.0, the specimen was significantly damaged
and contained large-scale macroscopic cracks. The damage state of all
the tested specimens is shown in Fig. 8, together with load versus time
curves. A noticeable fluctuation was observed in the b-value profiles of
all the specimens tested during the whole loading stage, as shown in
Fig. 8(b)-(e).

For the PFRC specimens, the b-value was greater during the pre-peak
phases prior to the onset of major fracture. During the main fracture
stage, the degree of fluctuation increased and then decreased after the
peak stage. For the SFRC specimens, the b-value density was lower near
the region of the major fracture stage, indicating that the fracture
pattern changed from microcracks to macrocracks. After the peak stage,
the b-value density was higher in the post-peak stage than in the peak
stage. This was mainly due to the combined bridging behaviour between
the steel fibre and concrete elements. As a result, the SFRC exhibited
better post-crack ductility at fracture, resulting in improved sensitivity
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Fig. 7. AE peak amplitude distribution together with load-time curve: (a) PC; (b) 0.3 %PFRC; (c) 0.6 %PFRC; (d) 0.3% SFRC; and (e) 0.6% SFRC.

and bending capability. A comparison of the b-values of the PFRC and
SFRC specimens revealed that the variation of the b-value and crack-
growth rate of the SFRC specimens was much lower than that of the
PFRC specimens. This indicates that the stronger fibre-matrix bonds,
uniformly distributed fibres, and a higher bridging effect increased the
post-cracking behaviour and inhibited the crack propagation of the
SFRC specimens. The b-values of the PC, 0.3 %PF, and 0.6 %PF were
determined from the b-value curve profile to be 0.814, 0.885, and 0.730,
respectively. At the same time, 0.3 %SF and 0.6 %SF were found to be
0.868 and 0.583, respectively, at the moment of main crack formation.
Table 5 summarises the maximum, minimum, and difference in b-values
between the PFRC and SFRC specimens at the time of macroscopic crack
initiation. A comparison of the b values of the PFRC and SFRC specimens
shows that the fracture size of the SFRC specimens at the time of main
crack initiation is significantly smaller than that of the PFRC specimens.

4.2.4. Ib-value method

The curves of the Ib-values of plain, polyolefin fibre and steel fibre
concrete beam specimens with fibre dosage of 0.3% and 0.6%, respec-
tively, are shown together with the load-time curves in Fig. 9. The Ib
value of the AE is closely related to the propagation of microcracks and

cracks within the material. Many studies have shown that a concrete
structure with a higher Ib value during the fracture process releases
more AE hits with smaller amplitudes that can develop into microscopic
cracks. In contrast, the lower Ib-value produced fewer AE hits with
larger amplitudes and the material was dominated by macroscale cracks
[37,50]. Previous studies have suggested an Ib value of 0.05 as a
threshold for predicting the condition of a material or structure [51,52].
In the current study, the Ib value was calculated by analysing the
amplitude distribution of the last 100 hits collected during the fracture
process.

It can be seen from Fig. 9 that the Ib values of all the specimens tested
were relatively high during the pre-peak loading stage. This can be
attributed to the high number of low-amplitude AE hits caused by the
dominant microscopic cracks that occurred in the specimens. The
decrease in the Ib value for the plain concrete during the pre-peak stage
occurred significantly earlier than that for the PFRC and SFRC speci-
mens, thus providing an early warning of severe damage (specimen
cracking failure). The Ib-value decreased significantly as the load
reached its peak, confirming the severe damage to the specimens due to
the development of large-scale macrocracks at the moment of fracture.
At low dosages of polyolefin fibre (0.3 %), AE events with higher Ib
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Fig. 8. B-value profiles together with load-time curve: (a) pc;

Table 5
Maximum and minimum b-values for the main collapse stage.
Specimens PC 0.3 % 0.6 % 0.3 % 0.6 %
PFRC PFRC SFRC SFRC
Maximum b-value for the 1.561 1.485 1.828 2.013 1.477
main collapse stage
Minimum b-value for the 0.814  0.885 0.730 0.868 0.583
main collapse stage
Maximum-Minimum 0.747 0.6 1.098 1.145 0.894

values (0.075) were observed, indicating faster or unstable crack
growth. At a high dosage of polyolefin fibre (0.6%), the AE events with
smaller Ib-values (0.041) indicate that the fracture pattern shifted from
micro- to macro-cracking. A similar trend of AE events with higher
(0.073) and lower (0.042) Ib values was observed for SFRC with fibre
dosage i.e., 0.3%, and 0.6%, respectively. The curves of the Ib values of
the PFRC and SFRC specimens are consistent with the cumulative AE
hits and peak amplitude graphs. In addition, the decrease in the Ib value

Time(sec)

(b) 0.3% pfrc; (c) 0.6% pfrc; (d) 0.3% sfrc; and (e) 0.6% sfrc.

of the SFRC specimens was smaller than that of the PFRC specimens
during the main crack formation, which means that the addition of steel
fibres to the plain concrete limited the crack growth and enhanced the
cracking loading capacity. This shows that the presence of steel fibres in
plain concrete favours the post-cracking softening behaviour and shows
a gradual decrease in the strength of the specimens better than the PFRC
specimens.

4.2.5. AE signal intensity analysis method

The damage characterisation of the plain concrete specimens, as well
as the polyolefin fibre and steel fibre reinforced concrete specimens, was
comprehensively analysed by intensity analysis (IA). Fig. 10 depicts the
graphs of all specimens analysed using the historical index (HI) and
logarithmic severity index (lg Sr) methods based on the AE signal in-
tensity values (IA). Previous research has shown that a sudden rise in the
HI-time curve and abrupt fluctuations in the lg Sr curve of the AE signal
are associated with increased AE activity and serve as indicators of the
severity of damage in concrete structures. Both changes are related to
each other during crack development [51,18]. The onset of the damage
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Fig.9. Ib-value profiles along with load-time curve: (a) PC; (b) 0.3% PFRC; (c) 0.6% PFRC; (d) 0.3% SFRC; and (e) 0.6% SFRC.

mechanism of all tested specimens was monitored using these two
methods. A high peak in the historical index (HI) curve shows severe
deterioration of the material, characterised by macroscopic cracking on
a larger scale. As can be seen in Fig. 10(a), the HI-time curve for the PC
specimen contains only one peak, which is nucleated at the main crack
location (at 187 s) during the fracture process. The HI-time values of the
PFRC specimens demonstrated an increasing trend with higher fibre
dosages, ranging from 0.3% to 0.6%. In contrast, the HI-time values of
the SFRC specimens exhibited an inverse correlation than PFRC speci-
mens with increasing fibre dosages, ranging from 0.3% to 0.6%.

The addition of polyolefin fibres to plain concrete resulted in far
fewer peaks throughout the fracture process than in the SFRC specimens.
This indicates that in the PFRC specimens, due to the fibre-free matrix
zones between the fibres and the surrounding matrix, macro-cracks with
high signal intensity developed, and the degree of damage was high. The
HI time peaks of the PFRC specimens, i.e. 0.3 %PF and 0.6 %PF, during
the main crack formation were obtained at 196 s and 269 s, respectively,
indicating that the fracture duration was slightly higher than that of the
SFRC specimens. On the other hand, the incorporation of steel fibres into
plain concrete resulted in lower HI-time curve values throughout the
fracture process. This can be attributed to the improved crack-bridging
ability of the steel fibres with the surrounding matrix at the microcrack
level, resulting in a stronger matrix interface which delayed crack
propagation and convergence. Each peak in the HI-time curve indicates
the initiation of newly generated damage. The HI-time values of the
SFRC specimens at dosages of 0.3% and 0.6% at the moment of major
crack formation were at 234 s and 262 s, respectively. This means that

the fracture duration of SFRC was slightly lower than that of PFRC and
longer than that of PC. However, the HI-time curves of the SFRC spec-
imens show fluctuations even after the emergence of macroscopic
cracks, indicating a constant redistribution of shear stress between the
fibre and matrix. This is due to the stronger fibre-matrix bond strength
and greater bridging effect of the steel fibres available at the cracked
surface for bridging the crack, which improves the post-crack ductility of
the specimen and inhibits crack growth. The results of the HI-time peaks
of the SFRC specimens are consistent with the damage evolution
observed in the load versus time plot.

The damage characteristics of all the tested specimens can be
determined from the abrupt position of the 1g Sr curve in Fig. 10(b),
which coincides with the maximum of the HI curve. The results show
that the severity index values of the PFRC and SFRC were much higher
than those of plain concrete. The PFRC specimens exhibited several AE
knees during the fracture. However, fewer AE knees were observed in
the SFRC specimens because of the higher bond strength between the
matrix and steel fibres. The correlation between the historical index (HI)
and severity index (Ig Sr) values was used to assess the damage status of
the PC, PFRC, and SFRC specimens (Fig. 10 (c)). The distance between
the upper-right and lower-left corners determines the damage of the
specimens corresponding to the AE signal source. The damage caused by
an AE signal increases as the point approaches the upper-right corner
and decreases as the point approaches the lower-left corner [53]. High
HI and g Sr values indicate that the specimen is at risk. Fig. 10(c) shows
that the polyolefin fibre specimens are in hazardous conditions with a
higher AE signal towards the upper right corner. However, the steel fibre
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Fig. 10. AE intensity analysis of PC,PFRC and SFRC specimens: (a) HI curves; (b) 1g Sr curves; and (c) HI vs. Ig Sr.

specimens were located in the safe region, which was closer to the lower
left corner. A comparison of the intensity analysis between the PFRC and
SFRC specimens showed that the addition of steel fibres to the plain
concrete caused less damage before failure and had better ductility after
cracking.

4.3. DIC visualization

The DIC approach was used to investigate the fracture evolution of
beams made of plain concrete, polyolefin fibre-reinforced concrete and
steel fibre-reinforced concrete. In order to follow the progress of the
fracture, the location of the damage zone and components of the lateral
strain field at the surface of each specimen were determined. Fig. 11
depicts the horizontal strain €4, images created at various stress levels
for a chosen area of interest (AOI). These images show the distribution of
the strain throughout the AOL The fracture evolution was identified at
three characteristic time instances: 90% of the Fy,« before reaching the
peak value (90% pre-Fpqx), the peak value (Fpay), and the post-peak
stage.

Examination of selected stages allowed the fracture progression of
each specimen and its morphology to be monitored and followed. Fig. 11
shows that the pre-peak behaviour of the PFRC and SFRC specimens was
similar, with a smaller damage zone height. However, as the load
increased, the crack heights of the PFRC and SFRC specimens shifted
upwards. After the peak, the crack developed over the entire length of
the beam as the fibres were pulled out, leaving no fibres available to fill
the cracks. For the PC specimen, the crack appeared at the peak load
point. This crack caused the PC to fail catastrophically and the cracks
propagated along the entire length of the beam.
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When a low dosage of polyolefin fibre was introduced to the PC
specimen (Fig. 11b), the first crack developed at approximately 90% of
the pre-peak load value. This crack was followed by additional cracks
close to the first crack as the applied load increased. The PFRC specimen
with a higher concentration of polyolefin fibres showed a more regular
crack pattern throughout the beam (Fig. 11c), indicating an effective
crack-arresting mechanism. This indicates that when polyolefin fibres
are added to plain concrete, the matrix of the fibre concrete cracks first,
and the combined bridging behaviour of the fibre-surrounding matrix
limits crack growth. In the post-peak softening segment, the crack length
extended to the full beam height due to the debonding of the fibre pull-
out responses at the matrix interface. On the other hand, the low dose of
steel fibres in the PC sample showed a similar tendency to the PFRC
sample, where the onset of micro-cracking appearance was observed at
90% pre-peak stress as shown in (Fig. 11d). The increased combined
bridging behaviour and better fibre-matrix bonding prevented crack
propagation as the stress level approached the ultimate strength,
limiting the vertical propagation of the crack length. However, at a high
dosage of SFRC (Fig. 11e), early microcracks appeared at approximately
90% of the peak pre-stress level at the top and bottom of the beam in the
specimens. This finding suggests that the addition of steel fibres to or-
dinary concrete enhances the fibre-matrix contact, allowing micro-
cracks to be bridged more efficiently [54]. At the post-peak stage, the
fibres were entirely pulled out of the concrete matrix interfaces, and the
fibres were not present to bridge the crack. Consequently, the crack
height increased throughout the entire beam length.

According to the aforementioned DIC image analysis, it is worth
noting that the crack length of the PC specimen was consistently greater
than that of the PFRC and SFRC specimens across all loading stages. The
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Fig. 11. Snapshots of lateral strain component €; representing fracture evolution at different load levels: (a) PC; (b) 0.3% PFRC; (c) 0.6% PFRC; (d) 0.3% SFRC; and

(e) 0.6% SFRC.

comparison of PFRC and SFRC showed that the SFRC specimens
exhibited greater resistance at the post-peak stage than the PFRC spec-
imens. This was attributed to the higher bond strength of SFRC and the
uniform distribution of fibres with the surrounding interface, which
enabled the effective bridging of macrocracks and crack growth inhi-
bition. In SFRC, a greater number of fibres accessible at the crack surface
promoted crack bridging, resulting in improved performance.

5. Discussion

5.1. Discussion on integration of AE and DIC data for damage localisation
and evolution

This study aims to investigate the damage localisation and verify the
fracture evolution of plain, PFRC and SFRC specimens by integrating the
results obtained from AE fracture energies and the DIC technique.
Extensive studies have shown that the local fracture energy is one of the
most important parameters to characterize an AE event associated with
fracture zones in concrete. The absolute AE energy related to the
microcracking event was calculated by squaring the digitized AE
recorded signal voltage and integrating the results during the event.
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During crack initiation, AE energy is emitted as an elastic wave and
propagates from the crack location towards the specimen surface and
can be detected by AE sensors. The source location of each AE event was
determined based on the evaluation of the arrival time differences of the
waves at each sensor and their respective sound velocities. Based on the
arrival time difference of each sensor, a calculated velocity of 2000 m/s
was used in this study. The AE events simultaneously recorded the
damage changes in the specimens, and the acoustic events were plotted
in 2D for comparison with the DIC results. Hyperbola diagrams are
usually used for 2D planar localisation to verify the position of a selected
point in 2D utilizing the location analyzer function of AE post-processing
software [28,29].

Fig. 12 shows the 2D localisation maps of the AE events in terms of
their AE fracture energies integrated with the DIC results. Three AE
fracture energy levels were selected to identify the damage mechanism
of the plain concrete, PFRC and SFRC specimens. From Fig. 12, it can be
seen that AE events with lower energy are broader and more spread
away from the macrocrack region of the specimens. The AE events with
higher energy nucleated around the main splitting macrocracks path
[55]. These high fracture energy AE events were located close to the
centre of the localised damage zone, as shown in Fig. 12(a-e). The PFRC
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Fig. 12. 2D-localisation maps of AE Events as a function of fracture cumulative energies-integrated AE and DIC data: (a) PC; (b) 0.3% PFRC; (c) 0.6% PFRC; (d) 0.3%

SFRC; and (e) 0.6% SFRC.

and SFRC specimens had an AE fracture energy value associated with a
damage localisation area that was five times greater than that of the PC.
Because PC has a lower tensile strength, it produces a larger damage
zone. As a result, a larger damage zone area has less ability to prevent
fracture propagation. However, the addition of polyolefin and steel fi-
bres to PC strengthened the concrete and prevented fracture growth due
to the smaller damage zone around the crack. As a result, higher AE
fracture energy values correlate with a smaller damage zone. The higher
amplitude, higher energy AE events are associated with the macrocrack
and its dissipation mechanisms very close to the location of the primary
collapse stage. A comparison of the PFRC and SFRC AE fracture energies
showed that the AE fracture energies of the SFRC specimens were
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greater than those of the PFRC specimens. Because steel fibres provide a
stronger fibre-matrix bond strength and an effective bridging mecha-
nism than polyolefin fibres, they offer better reinforcement and fracture
resistance. Therefore, SFRC fractures propagate locally through the
reinforcing steel fibres, producing a higher AE fracture energy. How-
ever, polyolefin fibres have a lower tensile strength than steel fibres and
therefore may not provide as much reinforcement and resistance to
fracture propagation. As a result, the AE fracture energy generated in the
PFRC was lower and the crack pattern was discontinuous. Based on the
above analysis, it is concluded that the 2D localisation image of AE
events with cumulative fracture energies of plain, PFRC, and SFRC
specimens validates the fracture evolution, and their results are
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consistent with the acoustic emission data.
5.2. Practical implementation of PFRC and SFRC

Fracture diagnostics and characterisation in PFRC and SFRC using
combined AE and DIC techniques can detect micro-cracks, their loca-
tions and sizes, crack patterns, and fracture types. The results showed
that, compared to polyolefin fibres, hook-end steel fibres improved
crack resistance and reduced the likelihood of cracking in fibre-
reinforced concrete at a maximum dosage of 0.6% relative to the total
volume of concrete. This is due to the higher bridging effect with the
surrounding matrices, uniformly dispersed fibres and stronger
fibre-matrix bonding. This finding has important implications for the
diagnosis and characterisation of fractures in PFRC and SFRC compos-
ites, as well as for the design and performance of these materials in the
field. Some practical applications of PFRC and SFRC in both hot and cold
environments have been presented.

Both PFRC and SFRC are useful in a wide range of applications due to
their high strength, greater resistance to cracking, reduced shrinkage
and improved durability. These properties make these materials ideal
for use in both hot and cold environments. In hot climates, PFRC is
preferred for applications such as airport runways, bridge decks and
pavements where strong resistance to thermal expansion and contrac-
tion is required. Due to its high abrasion resistance, PFRC is suitable for
use in car parks and industrial floors. However, SFRC is preferred for use
in environments with temperature variations such as outdoor swimming
pools, industrial floors and car parks. In colder regions, SFRC is
preferred for retaining walls, runways and bridges due to its high
resistance to freeze-thaw cycles. In addition to its strength, SFRC offers
excellent resistance to cracking and frost heave caused by temperature
changes, making it an excellent choice for use in cold climates. However,
in cold climates, PFRC can be used for projects where excellent freeze-
—thaw resistance is required, such as retaining walls, concrete pipelines
and foundations.

6. Conclusions

This study investigated the fracture evolution and detection of early
cracking in PFRC and SFRC by using combined AE and DIC techniques.
The focus of this study is to analyse the influence of fibre dosage on the
post-cracking behaviour of PFRC vs. SFRC and their practical imple-
mentations in various concrete structures under different loading con-
ditions. Moreover, the relationships between the source location of the
AE events and AE fracture energies were investigated to verify the
fracture evolution of the integrated AE and DIC data. The following
conclusions were drawn.

1. The addition of steel fibres to plain concrete resulted in a greater
improvement in the post-cracking behaviour of the load-deflection
curves due to stronger fibre-matrix bonds and more effective fibre
bridging than that of PFRC.

2. Based on the AE evaluation parameters, SFRC exhibited post-ductile
behaviour, and the duration after the peak stage was longer than that
of PFRC, indicating a higher ductility and crack arrest mechanism.

3. The b-value and Ib-value of the SFRC decreased rapidly before the
peak load in the large fracture stage, indicating localised damage and
impending macrocracking. At the end of the decrease in b-value due
to the development of macrocracks. The b value increases signifi-
cantly after macrocrack development, indicating that more dispersed
microcracks are forming.

4. Based on the peak of HI and the abrupt increase in (lg Sr) AE intensity
signal analysis, the PFRC specimens experienced more macrocracks
with higher signal strength characteristics than the SFRC specimens.
The correlation between the HI and lg Sr values demonstrated that
the concrete specimens reinforced with steel fibres were charac-
terised by a higher safety reserve.
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5. The DIC maps revealed the initiation and development of micro-
cracks in the fracture process zone. It was observed that at the
peak load, the crack length of the PC specimen was significantly
greater than that of the PFRC and SFRC specimens.

6. The integration of the AE and DIC data demonstrated that SFRC
generated a larger AE fracture energy than PFRC due to its better
crack arrest mechanism and fracture resistance.

The results obtained show that SFRC has better post-cracking
behaviour and crack-arresting mechanism than PFRC and is a friendly
alternative to normal concrete for use in hot and cold regions and to
meet the goals of sustainable infrastructure.
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