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Abstract: Steel-fibre-reinforced concrete (SFRC) has been increasingly used in the field of engineering
structures in recent years. Hence, the accurate monitoring of the fracturing process of in-service
SFRC has considerable significance in terms of structural safety. This paper investigates the acoustic
emission (AE) and digital image correlation (DIC) features characterising the damage behaviour
of SFRC samples in compression. For all the tests, cumulated AE, b-value, B; coefficient, average
frequency, and rise angle are considered to describe the actual SFRC failure mechanisms. The
results show that SFRC exhibits enhanced toughness compared to normal concrete (NC), with an
indicated transition from a brittle to a ductile structural behaviour. This improved behaviour can
be attributed to the bridging effect of steel fibres, which also drives the progressive tensile-to-shear
crack transition, thus being the main cause of the final SFRC failure. As the loading rate increases,
there is a corresponding increase in the number of shear cracks, leading to a decrease in the overall
ductility and toughness of SFRC. Moreover, since the number of shear cracks notably increases right
before SFRC fracture, this can serve as a safety warning of the impending failure. Furthermore,
the cumulated AE curve displays a strong discontinuity in the occurrence of an unstable fracturing
process in SFRC, which can also be forecasted by the AE time-scaling coefficient ;. The AE and DIC
features can be used as failure precursors in the field of structural surveying, offering an accurate
technical support for engineering failure warnings.

Keywords: fibre-reinforced concrete; acoustic emission; digital image correlation; failure precursor;
ductile-to-brittle transition

1. Introduction

Steel-fibre-reinforced concrete (SFRC) is a composite material that can be utilized in
civil engineering to enhance the overall performance of structures [1,2]. The incorporation
of steel fibres enables concrete to maintain a certain level of strength and deformation
capacity after cracking, substantially improving its toughness [3]. The toughening effect is
closely linked to the elastic modulus, tensile strength, and interface bonding strength of the
steel fibres [4]. Currently, SFRC has broad application prospects in bridge and structural
engineering, and the SFRC deck overlay has been rapidly applied in both newly built
and existing bridges. However, the in-service SFRC may suffer from damage, posing a
risk to the long-term durability of the engineering structures. Therefore, monitoring the
damage evolution of in-service concrete has considerable significance for structural safety.
Uniaxial compression tests can replicate the stress conditions encountered in engineering
scenarios, facilitating the evaluation of SFRC’s practical application potential in engineering
structures. Given that cracking behaviour in SFRC is difficult to observe directly, acoustic
emission (AE) technology provides a non-destructive monitoring method [5,6] useful to
detect internal damage evolution [7,8]. AE waves can be measured by sensors placed on
structural surfaces, providing crucial information on crack propagation [9-12]. On the
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other hand, digital image correlation (DIC) is a non-contact optical measurement method
that tracks the motion of points on a surface, by analysing the randomly distributed speckle
patterns, facilitating real-time observation of surface displacement and strain [13-16]. In
addition, advanced technologies like deep learning for crack detection enhance the accuracy
of damage detection and monitoring in concrete structures [17].

Considering the mechanical responses of SFRC under different loading conditions, AE
technology offers better insights into the damage mechanisms of SFRC at the microscopic
level. In particular, Meng et al. [18] investigated the mechanical properties of concrete
reinforced with steel and polypropylene fibres under triaxial cyclic compression, revealing
that changes in loading rates alter the crack size, propagation speed, deformation, and
failure patterns in the concrete material. Li et al. [19] conducted axial compression tests and
AE monitoring on SFRC samples by varying fibre volume fractions, then examining fracture
evolution and fractal characteristics. Ren et al. [20] investigated the damage characteristics
of SFRC with different steel fibre contents, detecting specific AE signal characteristics
for the different post-cracking stages. In [21], the failure of plain concrete samples is
found to be dominated by tensile cracks, changing to shear-crack failure by increasing the
fibre volume fraction. Xu et al. [22] used waste porcelain as a coarse aggregate in rubber
concrete containing steel fibres, investigating compressive strength, microstructure, and the
evolution of damage using AE technology. Cai et al. [23] introduced a damage evolution
model and examined the damage characteristics using AE. In recent studies, AE and DIC
techniques have been used together to evaluate the fracture process, which depends on the
characteristic structural size scale [24-26].

Concrete behaviour can be enhanced by adding fibre reinforcements: in this way, the
transition from micro- to macro-cracks can be effectively inhibited, as shown in Figure 1,
thus leading to a significant improvement in the mechanical properties of the material [27].
Fibres efficiently bridge the micro-cracks generated during loading and restrain the growth
of the macro-cracks [28,29], as shown in Figure 2. Ning et al. [30] ascribed the enhancement
of SFRC impact resistance to the strengthening effect due to steel fibres when micro-cracks
propagate during the impact process. Nguyen et al. [31] investigated the effects of fibres on
the tensile strength and the self-sensing capacity of SFRC.
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Figure 1. Bridging mechanism of fibre reinforcements.
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Figure 2. Micro- and macro-cracks bridged by fibres. (a) Micro-crack stage; (b) Macro-crack stage.
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Figure 3 shows a diagram of the meso-scale damage mechanism in SFRC, including
matrix cracking, aggregate—matrix cracking, fibre debonding, and fibre slippage. Con-
crete damage is caused by the propagation of pre-existing internal cracks, which expand
primarily along the weak interfaces of aggregate and mortar [32]. After primary crack
initiation, the elastic—plastic deformation of fibres, fibre debonding, and fibre slippage
become the main damage mechanisms. Fibres with a disordered distribution effectively
limit the propagation and coalescence of cracks, causing a change in the direction of cracks,
ultimately improving the cracking resistance of concrete.
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Figure 3. Meso-scale damage of SFRC.

Although several research studies have been conducted on the performance and prop-
erties of SFRC, these studies lack rigorous analyses of the failure mechanism responsible for
the main variations in AE characteristics. In addition, the crucial role of AE signals, which
are effective precursors of SFRC failures, has not yet been clarified. Furthermore, limited
attention has been paid to the fracture evolution of SFRC using combined AE and DIC tech-
niques. Therefore, further investigation on the effects of loading rate on damage behaviour
of SFRC is necessary, as well as on the role of failure precursor of AE signals in SFRC.
This paper conducted AE and DIC monitoring on SFRC samples in uniaxial compression
and proposed a new interpretation of the bridging mechanisms of fibre reinforcements in
concrete. For all the tests, cumulated AE, b-value, B; coefficient, average frequency, and rise
angle are considered to describe the SFRC failure mechanisms. The findings can provide
useful insights into the field of engineering failure warning.

2. Experimental Setup
2.1. Sample Preparation

SFRC composited with orthotropic steel decks through shear studs can increase the
stiffness of the bridge deck, improve its fatigue performance, and enhance the durability of
the pavement layer. Based on the mix ratio of SFRC material used in bridge decks of a new
bridge project, a set of SFRC samples in compression are made and tested in this study.

SFRC sample is mainly composed of cement, stone, sand, and randomly distributed
short steel fibres, as shown in Figure 4. The concrete grade is C50. SFRC consists of ordinary
Portland cement (grade 42.5), river sand with a fineness modulus of 3.0, granite crushed
stone of 5-30 mm, and a high-efficiency carboxylate water reducer with a concentration
of 10.8%. The mix ratio of cement/sand/stone/water is 1:1.49:2.51:0.32 (Table 1), with a
water/cement ratio of 0.32. The normal concrete (NC) sample uses the C50 normal-strength
concrete and the same mix ratio, without adding steel fibres. The steel fibres used in SFRC
samples are the shear-wave type with a length of 38 mm, an aspect ratio of 60, and a fibre
volume fraction of 1%. SFRC mechanical properties are listed in Table 2.
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Figure 4. Main components of SFRC: (a) Aggregate; (b) Sand; (c) Cement; and (d) Steel fibres.
Table 1. SFRC mix proportion (kg/m?3).
Component Cement Sand Stone Water Steel Fibre Carboxylate Water Reducer
Dosage 480 713 1032 155 75 9.6
Table 2. SFRC mechanical properties.
Material Compression Strength (MPa)  Elastic Modulus (GPa)  Flexural Strength (MPa) Splitting Strength (MPa)

SFRC

64.8

39.0 6.8 4.6

Figure 5 shows the prepared SFRC samples, which measure 100 x 100 x 100 mm.
During the test preparation, the cement material and aggregate are first dry mixed for
2 min, and then, water is added to achieve a sticky consistency. The steel fibres are evenly
poured into a 2 cm screen, and the final mix is obtained by stirring for another 2 min to
prevent fibre clustering. The SFRC samples are demoulded 24 h after pouring and placed in
a standard curing room for 28 days. After removal, they are dried in a natural environment,
exhibiting a compressive strength equal to 64.8 MPa (Table 2). Before testing, matte black
paint is applied to the sample surface to create speckle patterns (see Figure 5b), with a
speckle size between 5 and 7 pixels.

(a) Samples (b) Speckles

Figure 5. Overview of test samples.

2.2. Testing System

As shown in Figure 6, a 200 t MATEST actuator eproduced in Jinan, China is employed
to conduct uniaxial compression tests on SFRC samples. The AE system utilized in this
test is the Italy LUNITEK ZEMISSION® produced in LaSpezia, equipped with piezoelectric
sensors (range: 10 kHz-1 MHz). Each AE channel has independent threshold triggers,
automatically extracting AE signal parameters for continuous monitoring. One AE sensor
is positioned on a vertical side of each SFRC sample, coupled with high-vacuum grease
and fixed to the sample with tape as depicted in Figure 6b. The AE waves captured by the
sensor undergo a 60 dB amplification before processing, with the acquisition threshold set
to2mV.
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(a) Loading system  (b) Actuator (c) AE sensor
Figure 6. Test setup.

Additionally, the DIC equipment is simultaneously employed for real-time recording,
as shown in Figure 6d. The speckle patterns are analysed through the image analysis
system to detect the surface displacement and to calculate the related strain.

The entire loading process adopts displacement-controlled loading, with rates of
0.4 mm/min, 0.8 mm/min, and 1.2 mm/min, respectively (see Figure 7). Both AE and
DIC techniques are set on continuous and real-time data acquisition during the fracturing
process, allowing the initiation and growth of micro-cracks to be monitored during the
whole loading process.
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Figure 7. Loading regimes.

2.3. AE Analysis
2.3.1. By and b-Value

The number N and the total number N4 of AE events recorded up to the end of the
monitoring period are expressed as dimensionless functions of time, ¢, thus defining the
evolution of damage as follows [33]:

N £\
= — = —_ 1
TN <td) g
where By is the time-scaling coefficient that characterizes the time evolution of the damage
process. Bt > 1 reveals unstable crack propagation, whereas B; < 1 indicates that the
damaging process slows down [33].

On the other hand, b-value is obtained by the statistical distribution of the AE signal
magnitudes fitted by the GR law [34]:

loglo(NAE) =a—-bM (2)

where Amax is the signal peak amplitude, and Nag is the number of AE events with
a magnitude greater than M. The b-value represents the negative slope of the GR law
(Figure 8), which can be fitted by means of the least-squares method. b-value usually ranges
from 1.5 to 1, revealing the transition from a distribution of micro-cracks in the sample
volume (3-D) to a dominant macro-crack (crack surface, 2-D) [35].
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Figure 8. GR’s law and AE events.

2.3.2. AF and RA

The main AE characteristic parameters deduced from the acoustic waves are shown in
Figure 9a, with some qualitative information about crack classification, such as average
frequency (AF) and rise angle (RA), being obtained. According to JCMS-III B57066 [36], AF
versus RA can be calculated based on the following relationships [37]:
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RT(RiseTime)
RA = 4
Amax(Amplitude) @
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Shear crack

(a) Acoustic wave features (b) Crack classification

Figure 9. Crack type and AE.

In Equations (3) and (4), RC represents the number of signal oscillations greater than
the AE threshold, DT is the time elapsed between the first and the last signal oscillation
above the AE threshold, RT is the time between the first signal oscillation crossing the
threshold and the maximum signal amplitude, and Amax is the signal peak amplitude.
AF is measured in kHz, whereas RA is measured in ms/V. Following the RILEM Recom-
mendation [38], shear cracks are characterized by relatively low AF and high RA values,
whereas tensile cracks are characterised by higher AF and lower RA values, as shown in
Figure 9. AE signals from tensile cracks exhibit characteristics of high ringing counts, large
amplitude, and short rise time. This is because a significant amount of energy is released at
tensile crack initiation. In contrast, the AE signals from shear crack emissions have fewer
ringing counts, longer rise times, and longer durations [39].
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3. Experimental Observations
3.1. Damage Stages and Thresholds

Concrete fracture is a multi-scale phenomenon that begins with the initiation and
propagation of micro-cracks and continues with the development and propagation of
macro-cracks, eventually resulting in a catastrophic failure depending on the structural
brittleness. Although the AE data obtained at various loading rates exhibit some differences,
they consistently indicate patterns in line with the different damage stages. Thus, the
load—displacement curve of SFRC (Figure 10) can be divided into three distinct stages,
characterised by the first cracking load (Fy.) and the ultimate load (Fnax). Additionally, the
critical load in stage III (F;) is also highlighted in Figure 10.

700
600 - Initial cracking i . X
(by AE b-value) H Critical point
H of failure
500 F \ oy AE 5
: F,
400 ; Fy. ;
2 | =
— 300 : i
200 F : ;
Stage I}  Stage II : Stage III
100 |- Micro-cracki Macro-crack | Main crack
initiation ! evolution | propagation
0 1 T 1 H 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Displacement/mm

Figure 10. Load-displacement curve with indicated three stages.

Stage I involves the micro-crack initiation (see Figure 2a). As the external load
increases, the elastic stage takes place, characterized by a linear increase in the load-
displacement curve. The matrix predominantly bears the external load, and the fibres do
not play a significant role. The source of AE signals is attributed to a complex mechanism,
including matrix cracking and aggregate-to-matrix cracking (see Figure 3).

Stage Il entails the macro-crack evolution (see Figure 2b). After reaching the macro-
crack initiation point, that is, the first cracking load (Fs.), the micro-cracks transform into
localized macro-cracks, for which fibres significantly restrict the growth, as shown in
Figure 1. Then, the slope of the load-displacement curve continues to decrease, displaying
an upward convex growth until reaching the ultimate load (Fmax). Meanwhile, the primary
source of AE signals is attributed to the fibre debonding and deformation (see Figure 3).

Stage Il involves the main crack propagation. After the peak load, the SFRC sample
presents considerable ductility thanks to the softening branch envisaged by the fibre
slippage into the concrete matrix [40]. The slope of the load—displacement curve presents a
relatively rapid decline until reaching the critical load (F.;), then culminating in the final
failure. Throughout this stage, the AE signals primarily originate from fibre slippage or
pull-out (see Figure 3).

3.2. Compressive Toughness Index (CTI)

In uniaxial compression testing, the first cracking load (F¢.) and the ultimate load
(Fmax) of SFRC samples hold significant importance. The approach outlined by Khan and
Qin [41-43] and Carpinteri et al. [44,45] enables a quantitative depiction of the bearing
capacity of SFRC. This method defines the areas enclosed by the load-displacement curve as
the released energy equal to the summation of dissipated and emitted ones and equivalent
to the integral of the curve. By drawing parallel lines to the Y-axis through points (F.
and Fmay), the enclosed area is partitioned into three segments: energy released by cracks
before initial cracking (A1), energy released from initial cracking to peak (A2), and energy
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Load/kN

released until failure (A3), as illustrated in Figure 11. The sum of Al and A2 yields A4,
representing the released energy preceding the ultimate load. In Table 3, Al and A2 vary
during the pre-peak stage of each sample, with A2 gradually diminishing as the loading
rate increases, whereas A1 concurrently rises. Elevated loading rates increase the energy
dissipation for crack propagation, consequently augmenting Al.

A . 700
Fﬂl'l\ ié_ Stage I Fll'laX
9 tage II 600 - i
A3— Stage III :
Fﬁ: q 500 F
m A4 z fc
Ad=A1+A2  Zao0f :
5 ;
— 300
2001 i
A A POA
Al 100 : ’ i ’
[& Stage I{ Stage Il : Stage III
. %0 05 10 s 2.0 25
Displacement/mm Displacement/mm
(a) Energy release (b) SFRC with loading rate 0.4 mm/min
Figure 11. SFRC compressive toughness.
Table 3. Compressive Toughness Index (CTT).
Loading Rate A1/(kN-mm) A2/(kN-mm) A4/(kN-mm) CTI (A4/A1)
0.4 mm/min 173 492 665 3.84
0.8 mm/min 210 490 700 3.33
1.2 mm/min 275 489 764 2.77

Moreover, the Compressive Toughness Index (CTI), representing the ratio of A4 to Al,
indicates the crack resistance of SFRC, offering a quantification of the toughening effect
exerted by steel fibres in concrete [46]. Under uniaxial compression, steel fibres constrain
the transverse deformation of SFRC samples through bridging action, thereby enhancing
SFRC toughness [47]. Table 3 shows that, at loading rates of 0.4 mm/min, 0.8 mm/min,
and 1.2 mm/min, the SFRC CTI is 3.84, 3.33, and 2.77, respectively. This suggests that
the energy required for cracking increases as the loading rate decreases. The loading rate
significantly influences the toughness of SFRC. At a low loading rate, steel fibres effectively
diminish brittle cracking and enhance overall integrity and ductility, whereas higher rates
may entail brittle fractures.

3.3. DIC Monitoring

In Figure 12, the SFRC damage process is represented throughout various stages.
Initially, the surface of the SFRC samples exhibits no cracks (Figure 12a), and as the loading
increases, micro-cracks emerge gradually and spread within the sample volume. As
the macro-cracks initiate (Figure 12b), the deformation of samples becomes increasingly
governed by the fibre-bridging action. During this stage, there is a rattling sound of fibres
detaching from the concrete matrix. The surface of the samples is slightly bulging outwards,
and there are only a few debris falling. In the final failure (Figure 12¢,d), the sample retains
its integrity, and the fibre-bridging effect inhibits the main crack propagation, transforming
the SFRC samples from a brittle fracture to a relatively ductile failure mode.
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(a) Initial loading (b) Initial cracking (c) Fracture (d) Failure

Figure 12. SFRC damage evolution (loading rate: 0.4 mm/min).

Figures 13 and 14 present the results of the DIC strain analysis. A comparison between
SFRC and NC in Figure 13c,d and Figure 14c,d reveals that the SFRC samples exhibit
multiple dense and slender cracks, whereas NC samples during the damage process show a
single vertical crack with a larger width (Figures 14d and 15b). Results of SFRC at different
loading rates in Figures 13a—c and 14a—c show that, under low loading rates, the main cracks
in the SFRC samples are tensile types. The observed number of surface cracks is relatively
small, and samples have slight transverse deformation, with no evident fragment detach-
ment from the surface layer, as depicted in Figures 13a and 14a. Conversely, under high
loading rates, the number of surface cracks in the SFRC samples increases. The main cracks
are both tensile and shear types, accompanied by local fragment detachment at the edges,
with severe transverse deformation of samples, as illustrated in Figures 13c and 14c. In
addition, some new inclined shear cracks appear with the evolution of the damage process.

(a) SFRC—0.4 mm/min (b) SFRC—0.8 mm/min (c) SFRC—1.2 mm/min  (d) NC—1.2 mm/min
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Figure 13. DIC strain analysis at initial cracking with different loading rates.
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(a) SFRC—0.4 mm/min (b) SFRC—0.8 mm/min  (c) SFRC 1.2 mm/min (d) NC—1.2 mm/min

Figure 14. DIC strain analysis at fracturing with different loading rates.
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b-value

(a) SFRC 1.2 mm/min  (b) NC—1.2 mm/min
Figure 15. Comparison of SFRC and NC sample failures.

4. AE Monitoring Results
4.1. Bt and b-Values

The AE events are fitted into groups of 100 events to obtain S and b-value. Figure 16a—c
depicts the evolution of B; and b-value in SFRC samples, and dashed lines represent the
regression curve of b-values, and the average b-value decreases as the loading rate increases.
It can be observed that, at high loading rates, the regression curve of b-values shows a
decreasing trend, indicating unstable crack propagation. Conversely, at low loading rates,
samples exhibit relatively stable crack propagation, with an almost constant b-value.
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Time/s Time/s Time/s
(a) SFRC—0.4 mm/min (b) SFRC—0.8 mm/min (c) SFRC—1.2 mm/min

Figure 16. B¢ and b-values at different loading rates.

During the initial loading stage, there are fluctuations in the b-value, exhibiting a
pattern of initial decrease followed by an increase, consistent with the damage behaviour of
concrete. The point at which the b-value reaches its minimum corresponds to the transition
from micro- to macro-cracks, denoted as t_by,p, as illustrated in Figure 16a-c.

Specifically, at a rate of 0.4 mm/min (see Figure 16a), the SFRC sample reaches t_bmin
at 130 s, with byin = 0.9 and B¢ = 2.5 (Bt > 1), representing the coalescence of micro-cracks
(indicated by the dashed line in Figure 16a). Similarly, at a rate of 0.8 mm/min (Figure 16b),
we have by ~ 1.0 at 83 s, with B¢ = 2.7 (8¢ > 1), whereas under a loading rate of 1.2 mm/min
(Figure 16¢), we have byin = 0.9 at 50 s, with B¢ = 2.6 (B¢ > 1). It is evident that t_b;, reveals
an unstable damage condition with numerous micro-crack coalescence in a main fracture
surface, forming several macro-cracks on the SFRC sample surfaces.

The Bt curves depicted in Figure 16a—c exhibit a decreasing trend. The critical points
are marked as t_; (see Figure 16). In addition, as illustrated in Figure 17, the critical time
obtained from the B coefficient corresponds to the occurrence of the unstable fracturing
process, with all the micro-cracks organizing on the main fracture surface. These findings
confirm that in the AE time series preceding the critical point t_g;, Bt >1 indicate unstable
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crack propagation, whereas, after reaching the critical point t_g¢, Bt <1, the main energy
dissipation occurs.
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Figure 17. Cumulated AE and loading history at loading rates of (a) 0.4 mm/min, (b) 0.8 mm/min,
and (c) 1.2 mm/min.

4.2. Cumulated AE and Loading History

Figure 17 shows the cumulated AE and the loading history under different loading
rates. Additionally, t_B; and t_bpin, determined by B; and b-values, are also highlighted
in Figure 17.

In stage I, the cumulated AE curve grows linearly. In stage II, when the concrete matrix
initially cracks, the steel fibres bridge the crack faces in the concrete. As the load increases,
extensive cracking occurs in the samples around the peak load. In stage III, the samples
suffer severe damage, and the load-bearing capacity tends to decrease. The cumulated AE
in this stage decreases, and eventually, no AE signals appear, indicating a decay period.

At a low loading rate, there is an increase in the total number of AE events (Figure 17a),
signifying the initiation of numerous micro-cracks in the SFRC. Conversely, as the loading
rate increases, SFRC indicates relatively more brittle behaviour, leading to sudden cracking
and increased AE events, thereby indicating that the SFRC forms cracks with a larger width
(Figure 17b,c).

The t_p determines the occurrence of an unstable fracturing process, marked by a
significant inflection point in the cumulated AE, signalling a decrease in AE event growth.
It is evident that, by increasing the loading rate, the post-peak softening branch becomes
steeper, indicating a transition from ductile to relatively brittle behaviours (Figure 17c).

4.3. Crack Mechanisms Analysed by AF and RA

The classification of cracks in concrete materials holds significant importance in pre-
dicting the types of damage under diverse loading conditions. The damage process, as
defined in the previous sections (Figures 10 and 17), can be analysed by AF and RA
(Figures 18 and 19).

As depicted in Figure 19, the proportions of shear cracks in SFRC present a consistent
change in each stage by considering different loading rates: a gradual transition from
tensile cracks to shear cracks can be detected. In stage I, the nascent cracks are mainly
tensile. For instance, at a loading rate of 0.4 mm/min, the ratio of tensile cracks to shear
cracks is approximately 7:3, corresponding to the cracking of aggregate and matrix. In
stage Il, a significant number of new cracks emerge. The most noticeable change occurs
in the proportion shift from tensile to shear cracks, and the number of shear and tensile
cracks becomes roughly equal, with a ratio close to 1:1. In stage III, shear cracks begin to
dominate, and the ratio of tensile cracks to shear cracks is approximately 1:2. Here, shear
cracks represent 68%, 74%, and 82% of the total damage, at loading rates of 0.4, 0.8, and
1.2 mm/min, respectively. The analysis indicates that, by increasing the loading rate, the
proportion of shear cracks increases, confirming that the high loading rate reduces the
overall ductility of SFRC samples.



Buildings 2024, 14, 2039 12 of 16

300

Tensile crack 69%
250 Shear crack 31%

0 1 2 3 4 5
RA/(ms/V)
(a-1) Stage I (b-1) Stage I (c-1) Stage I
300 250 250
Tensle crack 52% Tonsie crack 4% |
250 Shear crack 48% 200t Shear crack 51% 200 [ Shear crack 53%
3 200 E’: 150 ¢
X 150 <
< £ 100 L
100 '
50 50
()J - e eee o g . 0 oaiooeet o |
0 5 10 15 20 25 0 1 2 3 4 5
RA/(ms/V) RA/(ms/V) RA/(ms/V)
(a-2) Stage II (b-2) Stage I1 (c-3) Stage II
300 2501 250
Tensile crack 32% j Tensile crack 26% { Tensile crack 16%
250 Shear crack 68% 200|r Shear crack 74% 200+ Shear crack 82%
|
N 150/ N1s0t
X x
<100 <100}
50 50
0 10 20 30 o 1 2 3 4 o 1 2 3 4 5
RA/(ms/V) RA/(ms/V) RA/(ms/V)
(a-3) Stage III (b-3) Stage III (c-3) Stage III

Figure 18. AF and RA in SFRC samples: (a-1-a-3) 0.4 mm/min, (b-1-b-3) 0.8 mm/min, and (c-1-c-3)
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5. Failure Mechanisms

The combined AE and DIC results can explain the final failure mechanisms of the
SFRC samples.

As depicted in Figure 20, during the early stage I, the initial damage primarily results
from tensile fracture, indicating the onset of matrix cracking. At this stage, fibre reinforce-
ments are not engaged in reinforcing the matrix (Figure 20a). In the following stage II, with
the increase in crack propagation, the fibres provide their action to bridge the tensile cracks
(Figure 20b). At the same time, the quantity of shear cracks begins to increase. In the final
stage III, as the shear stiffness of the fibres is relatively small, with the further increase
in the load, the matrix fractures along the shear plane; thus, the quantity of shear cracks
begins to dominate (Figure 20c).

l Load

(b) l Load (c)

Tensile Fibre Shear Crack
Crack bridging
:> s :{> o
ot}
Stress Stress \_G..
o
& l
Stage I Stage IT Stage IIT

Figure 20. Tensile-to-shear crack transition. (a) Stage I, (b) Stage II; (c) Stage III.

Therefore, at different loading rates, the cracks in the whole process gradually change
from the tensile to the shear mode (Figure 21), the latter being the main cause of the SFRC
failure, as also evidenced by the DIC results. The tensile-to-shear crack transition is essential
for the SFRC failure precursor under different loading conditions.

("):> - :D( )

Stage 1 Stage 111

(Mixed mode cracla

Stage 11
Figure 21. Variation in waveforms and crack modes during the fracturing process.

The incorporation of fibres significantly enhances the toughness and ductility of SFRC
compared to NC. This improvement can be attributed to the bridging effect of the fibres,
which effectively delay the transition from micro-cracks to macro-cracks, thus providing
additional energy absorption capacity [1,2,48]. The evidences offered by the tensile-to-
shear crack transition observed in SFRC represent critical aspect of the material failure
mechanism. This transition is driven by the load redistribution facilitated by the action of
the fibres, which enhances the concrete ability to withstand higher loads before failing.

The use of AE monitoring in this study provides reliable precursors for predicting
the imminent failure of SFRC. Parameters such as the cumulated AE curve and the AE
time-scaling coefficient B¢ are effective in forecasting the unstable fracturing processes.
The consistent results coming from the application of these AE tools, also considering
different loading rates, further validates their reliability as early warning indicators. The
loading rate has a substantial impact on the number of shear cracks, and consequently
on the ductility and toughness of SFRC. Higher loading rates lead to an increase in the
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number of shear cracks and reduced the ductility (brittle failure mode). Conversely, lower
loading rates result in dominant tensile cracks and large energy absorption, leading to
enhanced ductility and toughness. While this study focuses on SFRC, the underlying
principles of fibre-reinforcement mechanical behaviour, such as crack bridging and energy
dissipation, are applicable to other types of fibre-reinforced brittle-matrix composites [49]
and structural schemes.

6. Conclusions

The present study investigates the AE and DIC features during damage in SFRC
samples under different loading rates. The following conclusions can be outlined as follows:

(1) In the early fracturing stage, fibres did not exert their toughening effects, with the
AE signals originating from the matrix and aggregate—matrix interface cracking. In
the intermediate stage, as macro-cracks extend, fibres begin to restrain the crack
propagation, whereas AE arises from the fibre debonding. In the final stage, the fibre
bridging action prevents large-scale fracture surfaces, with AE originating from fibre
slippage or pull-out.

(2) The Compressive Toughness Index serves as a damage parameter to assess the impact
of fibres on the toughness of the concrete matrix. The toughness of SFRC is influenced
by the loading rate, where high loading rates lead to relatively brittle fracturing,
whereas low loading rates allow the samples to release energy in a more ductile way.

(3) DIC monitoring reveals that SFRC exhibits better integrity compared to NC when
damaged, shifting from brittle to ductile behaviour. SFRC cracks display dense and
slender morphology, whereas NC presents a single vertical crack with a larger width.
As the loading rate increases, the dominant cracks in SFRC shift from tensile to shear,
accompanied by large transverse deformations.

(4) AE b-value can determine the exact time of initial cracking in SFRC, whereas f; can
determine the occurrence of unstable fracturing process. As the loading rate increases,
the regression curve of the b-value shows a downward trend, revealing unstable
crack propagation.

(5) The fibre bridging action facilitates the shift from tensile to shear cracks, thus becoming
the main cause of SFRC failure. AF and RA analysis describes a progressive tensile-to-
shear crack transition. Since the quantity of shear cracks significantly increases before
SFRC failure, this can serve as a safety warning. As the loading rate increases, there is
a corresponding increase in the quantity of shear cracks, leading to a decrease in the
overall ductility and toughness of SFRC.
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