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Abstract: Steel fiber reinforcement in concrete strongly enhances its ductility and toughness. This is
basically due to the additional fracture mechanisms and energy used to overcome the interlocking
and adhesion between the fibers and the cementitious matrix. The enhancement of the final properties
is measured by mechanical tests and can be assessed only at the end of loading. These processes can
be targeted and monitored by acoustic emission (AE) indices offering real-time characterization of
the material’s performance much earlier than the final failure or the termination of loading. In this
study, steel fiber reinforced concrete (SFRC) beams were tested in bending with simultaneous AE
monitoring. Tests conducted independently in different laboratories confirm that the AE behavior
at low load levels is very indicative of the amount of reinforcement and consequently, of the final
mechanical properties. The reason is that the reinforcement phase is activated through shear stresses
in its interphase, a mechanism that is more profound in the presence of higher fiber content, and
correspondingly is absent in plain unreinforced material. This finding opens the way to character-
ize the effectiveness of reinforcement with just a proof loading at less than 30% of the final load
bearing capacity.

Keywords: AE parameters; bending; concrete; RA-value; duration; interphase; steel fibers

1. Introduction

The acoustic emission (AE) technique has proven very sensitive to the damage process
of concrete. AE can detect the onset of failure more accurately than any other technique,
something that is one of the great advantages of AE [1,2]. It also enables localization of
sources due to the arrival times of elastic waves to different stations (sensor positions) [3–6].
Another important feature is the identification of the failure modes. This is feasible due to
the correlation between the AE waveform parameters and the crack tip displacement [2,7,8].
It is widely accepted that the tensile mode of fracture leads to higher frequencies and shorter
signals than the shear mode in cementitious media [2,9–11]. When displacement occurs in
an elastic medium (i.e., crack propagation event), this disturbance propagates as an elastic
wave (similar to ultrasound) through the medium. There are two basic wave modes in bulk
media: the fast longitudinal and slower shear wave mode. Depending on the displacement
of the crack tip, the proportion of the different wave modes is defined. Shear events due
to the shape change they impose on their vicinity, generate most of their energy in shear
(transverse) waves, while the volumetric transient change of tensile cracks gives rise mostly
to longitudinal waves, as shown in Figure 1a. Therefore, due to the components of the
wave and their different propagation velocity, the shape of the waveform is also influenced.
AE signals originating from shear tend to obtain longer waveforms, as the main energy
arrives later while tensile signals obtain shorter durations and higher frequencies [2,12–14].
Recently it was shown that AE is also sensitive to the preliminary displacements imposed
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by the stress field and can therefore, provide information on the stress field a long time
before the manifestation of cracks in any measurable way [15]. The reason for this is related
to the shear stress developed on the interphase between the matrix and the reinforcement
(either in the form of steel bars or fibers, under the assumption of perfect bonding). Indeed,
the effective contribution of the reinforcement is realized by load transfer through shear
stresses between the matrix and the reinforcing element, with this either being a steel
bar, patch or fiber. When load is applied, shear stresses (and strains) are automatically
developed on the interphase. Even at a low level, these displacements give rise to AE that
can be picked up due to the sensitivity of the sensors and allow the understanding of the
stress field. This is the reason why AE behavior differs, as will be seen, between the two
types of materials (plain and steel fiber reinforced concrete). While Figure 1a demonstrates
a depiction of tension and shear for a general case, Figure 1b shows a case closer to the
typical events expected in a matrix with reinforcement like concrete with rebar or fibers.
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Figure 1. (a) Correspondence between stress mode and AE waveform, (b) illustration of typical
tensile (top) and shear (bottom) events in reinforced concrete.

The waveform parameters that appear mostly sensitive to the stress field and the
crack tip displacement are presented in Figure 2 and are namely the rise time (RT) or
delay between the onset and the highest waveform peak, and the RA value, defined as
RT over maximum amplitude (A). The frequency content can be easily assessed by the
average frequency (AF) which is the number of threshold crossings over the duration of
the waveform, as well as the central frequency (CF) which is the frequency with the highest
magnitude after Fast Fourier Transform. Due to its definition, RT receives information
by both aforementioned wave modes. Concerning the “tensile” events that carry mostly
longitudinal waves, the main energy arrives also with high speed; therefore, the RT is short.
In the case of a shear event, the major part of energy comes later due to the lower speed of
shear waves. Therefore, the RT (and consequently RA) tend to obtain higher values, while
the total duration is also increased. This characteristic renders RT very indicative of the
fracture mode [9,11,12,14,15].

Steel fibers are used in concrete to enhance its mechanical behavior by bridging the
crack surfaces and transferring tensile stresses [16]. Tensile stresses are transferred across
cracks which decrease the width of the cracks, resulting in an increase in the ductility
and toughness of the fiber reinforced concrete element [17,18]. Due to their high stiff-
ness, strength and aspect ratio, steel fibers are more commonly used than other types
of fibers. The most common applications of steel fiber reinforced concrete (SFRC) are as
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industrial slabs, tunnel linings, high performance concrete members and precast structural
members [19].
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Figure 2. Typical AE waveform with main parameters.

In the field of SFRC bending, AE has been applied to monitor the different stages
of the fracture process. Initially, the AE behavior is influenced by the tensile bending
cracking exhibiting low RT and high frequency values, while just after the moment of main
cracking, a sudden shift to lower frequencies and longer RT is noticed. This is interpreted
through the addition of the fiber pull-out mechanism, that before main cracking seemed
inactive. These changes can be as strong as a 50% drop in AF and even higher increase in
RT, showing the sensitivity of AE to the fracture process [11]. Studies on SFRC have been
conducted with regard to the orientation of the fibers. Specimens with fibers more aligned
to the load direction exhibited higher mechanical properties and a more shear character of
AE expressed by AF and RA [20] or a higher AE energy [21]. In general, the conclusion in
similar studies is that the addition of fibers shifts the mode of fracture towards shear based
on the AE parameters calculation [22]. However, this behavior is addressed for the whole
duration of the loading, including the post-peak stage after the main cracking event, when
the damage is even visually obvious and when the effect of fibers is stronger. Therefore,
the possibility of prediction of the final mechanical performance is not exploited.

The present paper studies the AE behavior in SFRC, focusing on the early load AE.
Although the main contribution of fibers is expected in the post-peak regime by increasing
the toughness, the sensitivity of AE can help in gathering signals before the main fracturing
events, therefore supplying more information on the initial contribution and allowing
projections to the final mechanical properties. Experiments were independently conducted
in different laboratories with different experimental protocols (3point- and 4point-bending)
while different concrete mixes, specimen sizes and fibers were used. A higher content of
fibers renders the reinforcing character more effective. Since the reinforcement is activated
through shear stresses, it is assumed that early load AE will exhibit more shear character as
the fiber content increases, and this is the hypothesis that the present study wishes to test.
In general, the failure process in both cases (4p- and 3p-bending) reasonably starts with
tensile cracks of the matrix. Concerning 4p-bending, it is also true that nominally there
is no shear between the load application points (center of specimen) for a homogeneous
material. However, it is a point to be highlighted that although the external loading does
not nominally cause shear in the center, the local fields responsible for AE creation are
influenced by the fiber presence. Due to heterogeneity (difference between stiffness of
concrete matrix and steel fibers) the externally imposed load creates local variations in the
stress field. Although the purpose of the paper is not the exact correspondence between
AE values and stress values, this has been recently shown in [15], where even in the
center of the specimen, shear strains develop in the interface between the matrix and the



Appl. Sci. 2021, 11, 3850 4 of 13

reinforcement. Therefore, it is normal that AE recorded in plain unreinforced specimens is
triggered by pure tension, while for the reinforced specimens, AE is largely triggered by
tension, but with elements of shear leading to a more mixed mode character. The received
AE at low load shows a satisfactory correlation to the final mechanical properties, opening
the way for possible prediction based on a low proof loading.

2. Experimental Details

In order to check the hypothesis under different conditions, two versions of the
bending test were followed in parallel (three-point bending and four-point bending) while
in both tests, three content of fibers were applied. Details for the individual tests follow.

2.1. Three-Point Bending

Three concrete specimens with 0%, 0.5% and 1% volumetric fraction of fiber content were
prepared. The dimensions of the prismatic concrete specimens were 100 × 100 × 600 mm.
The water to cement ratio by mass (w/c) of the mix was 0.6 and the cement was Cimentas
CEM I 42.5R type. In addition, crushed limestone aggregates were of three classes: 0–3 mm,
5–15 mm and 15–25 mm. The mix proportions of the concrete were: cement 295 kg/m3,
water 177 kg/m3, 0–3 mm aggregate 960 kg/m3, 5–15 mm aggregate 394 kg/m3, 15–25 mm
aggregate 591 kg/m3, plasticizer 3 kg/m3, steel fiber 39 kg/m3 for 0.5% and 78 kg/m3 for
1%. The bulk density of the concrete was 2378 kg/m3. The slump of the concrete mixture
was measured as 8.2 mm. Fibers used in concrete were BetonFiber HE 0735 type hooked
steel fibers. The fibers type was cold-drawn with a length of 35 mm, diameter of 0.7 mm
and tensile strength of 1400 MPa. After casting, the concrete specimens were cured in the
standard conditions for 28 days (20 ± 2 ◦C and 95% relative humidity). The distribution
and orientation of fibers are known to affect the final properties of the beam [23]. The fibers
were added to the dry mixture to enable a good distribution. The volumetric distribution
of fibers in the beam was not verified after casting. However, after the tests, when the
fracture surfaces were examined, a relatively good distribution of the fibers throughout the
cross-section could be seen.

In the experimental study, flexure tests were conducted on each specimen in accor-
dance with the TS EN 12390-5 standard [24] with a net span of 500 mm. Load was applied
with a speed of 0.2 mm/min at the center of the mid-span by Shimadzu AG-IS 100 kN
Universal Testing Machine (Figure 3). Simultaneously AE data were recorded during the
loading. AE activities were recorded by an 8-channel AE system with six R15a AE sensors
by Mistras Group (resonant at 150 kHz). Received AE activities were amplified with pream-
plifiers having 40 dB gain and the threshold was set as 40 dB to eliminate ambient noise.
The sensors were hot-glued on the concrete surface to eliminate displacement, especially
on the vertical surfaces. Hsu-Nielsen calibration (pencil lead breaks) was applied to ensure
the acoustic coupling of the sensors. These experiments were conducted in Ege University,
Izmir, Turkey.
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2.2. Four-Point Bending

Five concrete mixtures were produced at the laboratory for the manufacture of the
three different fiber reinforced concrete specimens per category. The specimens shape was
a prismatic beam of size 100 × 100 × 400 mm for conducting the four-point bending test.
As far as the concrete mixture is concerned, the aggregates consisted of 56% crushed sand,
13.95% fine gravel and 30.05% coarse gravel with a maximum aggregate size of 31.5 mm,
while the water/cement ratio was 0.69 by mass. The crushed sand’s density and water
absorption were 2611 kg/m3 and 0.97%, of fine gravel 2631 kg/m3 and 0.74% and of coarse
gravel 2685 kg/m3 and 0.62%, respectively. The cement type was CEMII/A-M(P-LL). The
precise mix proportions were as follows: cement (type II 42.5 N) 80 kg/m3, cement (type II
32.5 N) 200 kg/m3, water 195 kg/m3, crushed sand 1055 kg/m3, fine gravel 265 kg/m3,
coarse gravel 570 kg/m3, retarder—plasticizer (CHEM I) 1.54 kg/m3, retarder—plasticizer
(CHEM II) 1.96 kg/m3. The concrete’s actual bulk density was 2365 kg/m3 while the
ambient temperature was 21 ◦C. For the fiber-reinforced concrete with 0.5% vol. of fibers,
the addition of 39.3 kg/m3 of hooked and waved steel fibers was made, while 2% was also
applied. Their diameter was 0.6 mm, their length was 25 mm, their density was 7850 kg/m3

and they were provided by Chircu Prod-Impex Company Srl, Romania. The addition of
the steel fibers was applied during the mixture of the wet concrete with the maximum
uniformity. The workability as measured by the slump test was 11 cm. The specimen was
cured in water saturated with calcium hydroxide at 23 ± 2 ◦C.

The four-point bending set up is in accordance with ASTM C1609M-05 [25] standard
and can be seen at (Figure 4) with the AE sensors mounted by tape. The sensors were of
R15a type by Mistras Group. The experiments were conducted in the MSS-NDE laboratory
of the University of Ioannina, Ioannina, Greece.
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3. Results
3.1. Three-Point Bending AE Results

Figure 5 shows the cumulative curves of individual specimens with a different vol.%
content of steel fibers (SF). It is obvious that SFRC produces much more AE activity than
reference plain concrete. This is a reasonable trend, as fibers add another failure mechanism
(pull-out from the matrix) that does not physically exist in the reference concrete. Indeed,
the total activity of reference concrete is almost negligible compared to the SFRC, as shown
in Figure 5.
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Apart from the basic behavior as shown through the cumulative activity, it is interest-
ing to check specific waveform parameters. Figure 6 shows the RT of the same specimens.
The difference in the level of RT is indicative of this extra shear character imposed by
the fibers. The plain specimens break with a large crack from the tensile side, without
exhibiting a serious shear character. Hence the RT of AE signals stays at relatively low
levels. However, when fibers are present, this shear character is enhanced and results in
higher RT values for 0.5% and even higher values for 1% of steel fibers.

In Table 1, one can see the average values of some of the main AE parameters for the
different fiber contents. The values were taken from the activity before the main cracking
occurs, since we focused on the early behavior and the influence of the reinforcement on
the initial stress field. It is obvious that the RT increases with the increase of fibers from
0% to 1%, showing the reinforcing effect of fibers as their content increases. Inversely,
frequency indicators decrease even though slightly, something that will also be seen in the
4-point bending part of the study. The mechanical test results also depicted in Table 1 show
that secant stiffness and toughness values increase with the increase of the fiber content.
Hooked fibers work as a bridge to prevent and delay the crack progress which provides a
more ductile behavior than the plain concrete. A correlation between AE parameters and
toughness is noted with more details in the discussion section.

3.2. Four-Point Bending AE Results

Moving to the four-point bending, the mechanical results revealed the reinforcing
effect of the fibers, as expected. Table 2 shows the average maximum load bearing capacity
for all mixes. A volume content of 0.5% of fibers considerably increased the load capacity
from less than 14 kN of the reference to 16–17 kN, while further addition of fibers to 2%
increased the capacity further, especially for the hooked fibers (almost 25 kN).
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Table 1. Basic AE parameters and mechanical test results for different fiber contents after the three-
point bending test.

Fiber Content
(Vol.)

AE Parameters Mechanical Test Results

Rise Time (µs) Central
Frequency (kHz)

Secant
Stiffness (N/mm)

Toughness
(mJ)

0% 39.5 165.6 5969 3195

0.5% 48.8 155.3 7405 19,589

1% 58.7 150.2 10,816 35,693

Table 2. Load capacity for concrete specimens with a different type and content of fibers.

Specimen Type Flexural Load (St. Dev.)
(kN)

Plain 13.82 (3.22)

Waved 0.5% 16.22 (0.53)

Hooked 0.5% 17.20 (3.48)

Waved 2% 21.37 (1.58)

Hooked 2% 24.94 (2.44)

Indicative cumulative AE activity curves are shown in Figure 7. The trends are quite
similar to the previous of three-point bending, with SFRC showing much higher activity
than plain concrete.
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The most interesting trends come from the behavior of certain AE parameters before
the main cracking, as seen in Figure 8. Figure 8a shows the RA value for different contents
and types. While the RA value of reference specimens is between 200 and 600 µs/V, this
increases up to 1400 µs/V for 0.5% of fibers and even higher for 2%. This shows the certain
enhancement of the shear character by the addition of more fibers. At the same time, the
effect of fiber shape does not seem similarly influential, as hooked and wavy fibers exhibit
close averages.

As reported above for the three-point bending case, here as well, the frequency shows
an inverse trend but again the change is proportionally smaller than the one of RA. While
the average AF for reference is 310 kHz, this drops to 250 kHz for 2% of fibers.
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Figure 8. (a) RA value and (b) average frequency AF vs. steel fiber content for different fiber shapes.

Figure 9 shows a correlation plot between AF and RA, as proposed by the RILEM
recommendation [2]. For each content area, it includes the data of both fiber types (wavy
and hooked) since the results were close. As the fiber content increases from 0 to 0.5%,
the RA exhibits a jump from 300 µs/V to more than 1000 µs/V. The further increase of
fibers to 2% has a clear but relatively weaker push to higher RA values on average. This
RA shift according to the recommendation shows the shift towards shear nature of the
fracture. From the frequency point of view, there is a clear drop between 0% and 0.5% in AF
values, while further addition of fibers does not seem to have an evident effect on further
reducing the frequency content. It seems that the crucial change happens between 0 and
0.5% because in the first case there is no reinforcement at all and therefore, no influence
on the early AE readings, while at 0.5%, the new shearing mechanism of fiber pull-out is
already added. Once this mechanism is present, it may become more intense by adding
more fibers, but there is no strong evidence to substantiate that this relation should be
linear and that a certain change in fiber content should result in a proportional change
in the AE parameters. The relatively large error bars and the overlap between classes is
mentioned in more detail in the next section, along with other interesting discussion points.
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4. Discussion

The above results based on experiments conducted in different laboratories, following
different experimental protocols by different people, prove the sensitivity of AE to the
fracture mode of concrete. The study was conducted in different setups (3p- and 4p-
bending) to show the effect of the reinforcement on the stress field towards shear, even in
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the case that nominally there is no shear in the middle (4p-bending). Resonant sensors were
used which despite being very sensitive, may also mask the original frequency content of
the elastic waves. It is possible that broadband sensors allow better characterization in the
frequency domain, decreasing the overlap between different groups.

One of the points of the study that shows strong potential is the possibility to charac-
terize the behavior of a fiber composite material by a low-level proof loading. As shown
herein, the sensitivity of AE allows us to track the influence of fibers even during the elastic
regime and before cracks are nucleated. This can help in examining or comparing the
adhesion between different types of fibers and matrix and lead to an easy way to investigate
the suitability for application, helping in material development.

Although this would need further study, the correlations between the AE parameters
obtained at low load and the final load capacity or toughness are certainly encouraging
towards the final aim of predicting the mechanical properties of SFRC. For such a purpose
large numbers of specimens should be tested, a project that is under way by the authors.
Figure 10 includes correlations between early load AE and final mechanical properties.
Figure 10a shows the RT and CF vs. the toughness of the SFRC measured in the 3p-bending
test. A strong correlation is obvious, since a decrease of CF and increase of RT at the initial
part of the loading is well correlated with an increase in the final toughness. Figure 10b
exhibits correlations between early age AE parameters and the load bearing capacity of the
beams under 4p-bending. The RA value obtained before the main cracking correlates in a
monotonic way with the maximum load for both types of fibers. Therefore, it is implied
that the AE during the elastic regime can give serious insight on the final mechanical
properties. Although this has not been widely utilized, it is normal, as it expresses the
bonding between the matrix and the fibers as mentioned above. Obviously, further study is
needed to allow engineering predictions of mechanical properties based on data obtained
before cracking. In any case concerning prediction of mechanical properties, one should be
very cautious, as absolute values would be important. A standardized procedure should
be in place to allow researchers to obtain reliable results, since as previously mentioned,
many test parameters influence the absolute value of AE parameters.
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Another point which is noteworthy in experimental studies and in particular in AE
is the relatively large error bars or the overlap in the parameters of different groups of
specimens, as seen for example in Figures 8 and 9. However, this is inherent to the damage
process. The reason for this is that AE is the consequence of fracture, which is an extremely
random process. It is reminded that the source of AE in this case is fracture propagation
events. Even though the loading pattern does not change, the new crack increment depends
on the local stress conditions that have been developed after the previous crack incidents.
From the moment the fracture starts, and especially in a heterogeneous material, the process
zone is affected “by the stress field generated by the fracture itself” [26]. Thus, it is argued
that the stress field is dynamic and changes continuously after each crack propagation
event compared to the initial static field. This dynamic character is inevitably transferred
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into the AE signals, increasing the scatter and it is the reason that pattern recognition
approaches have been effectively used in the field for classification of the signals based
on different mechanisms [27–29]. This stochastic character can only be increased by the
heterogeneity and propagation effects. The final parameters measured from the recorded
waveform are influenced by several factors, including the wave propagation distance and
conditions in general. Although the location of the sensors is constant throughout loading,
the sources are not the same, meaning that an event close to a sensor will be recorded with
a higher amplitude, while an event similar in mode and intensity further away would
be recorded with a lower amplitude and frequency due to attenuation. Obviously, this
influences the RA (rise time/amplitude) and frequency content values. In a material like
concrete with numerous potential cracking sources (pores, voids, fiber/matrix interphases)
the results carry a degree of distortion, so it is normal to expect overlap between different
classes. However, the importance is not in accurately defining each one of the recorded
hits. This would be an extremely difficult task (if not practically impossible in absolute
terms) but also of doubtful significance, since as previously mentioned, the exact values
are a function of many conditions apart from the crack itself (wave propagation, sensor
sensitivity). Therefore, the importance lies on the comparisons between different cases,
since the relative trends between specimens and the fluctuations during loading clearly
indicate the correlations between AE and the fracture process in the early or later stages.

RA and RT values have been known to increase throughout the loading of a compo-
nent as the damage increases, because the mode of stresses shifts from tensile to shear as the
material approaches the final failure [10–13,30–32]. Therefore, in the literature, high values
of RA have been associated with a higher degree of damage. While this is a universal
trend and holds in usual cases of fracture for each single component or specimen, the
importance in this study is focused on the comparison between specimens with different
level of reinforcement. The AE indices obtained at low load and before damage is mani-
fested in any measurable way, reveal the effect of the reinforcing mechanism thanks to the
development of the necessary additional shear stresses. Enhancement of the fiber content
increases the occurrence of local shear stress fields, leaving its signature on the AE parame-
ters by increasing durational characteristics of the waveform and slightly decreasing the
frequency content.

5. Conclusions

It is well known that the fibers exercise a strong effect on the mechanical properties
of concrete, increasing the strength and mostly increasing the toughness. However, their
influence can be seen early, even before the major cracking evolution, because they locally
modify the stress field. As the reinforcement effectiveness increases, the local stress field
under loading obtains a more shear character naturally due to the fiber-matrix bonding.
This reinforcement effectiveness was in this case enhanced by increasing the fiber content.
Mechanical tests monitored by AE and performed at different laboratories exhibited that
the increase of the reinforcement phase of concrete (in this case steel fibers) apart from
increasing the mechanical capacity, at the same time left its fingerprint on the AE behavior
through the modification of the stress field. The AE monitoring during low load proved
sensitive to this stress field modification, since an increase in the fiber content had a clear
influence on increasing the AE waveform parameters like RT, RA and to a lesser extent on
decreasing the frequency content of the AE activity. This on one hand shows the sensitivity
of AE to processes that are generated in the microstructure. On the other hand, it opens the
way for characterization of reinforcement effectiveness based on low proof loading, since
the aforementioned sensitivity of AE to the imposed stress field allows correlations to the
final mechanical properties before damage is inflicted.
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