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" Continuous monitoring of the differences in fracture mechanisms of surface treated and untreated fibers concrete.
" Monitoring of the differences in fracture mechanisms of concrete with different fiber shapes.
" Correlation of mechanical toughness with nondestructively tested parameters.
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Inclusion of steel fibers is an effective way to increase the ductility of concrete. In order to achieve opti-
mal mechanical properties and especially toughness, chemical treatment of the fibers is applied. Suitable
agents improve the bonding between the stiff fiber and matrix enabling more efficient stress transfer. In
the present study specimens with plain and chemically treated steel fibers are subjected to four-point
bending with concurrent monitoring of their acoustic emission (AE) activity. Specific AE parameters dem-
onstrate that coating offers distinct characteristics to the interphase especially after the maximum load
has been reached. Parameters like average frequency (AF) and the rise angle of the waveforms, which are
used for cracking mode classification, indicate that the post peak behavior of specimens with chemically
treated fibers is more closely related to matrix cracking, while untreated exhibit clear shear behavior due
to pull-out. It is concluded that coating effectively contributes to the deflection of the cracks from the
fiber–matrix interphase into the concrete matrix. AE analysis sheds light into the fracturing behavior
of concrete in real time, in a way that is not possible by any other conventional measurement.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction matrix cracking, detachment of aggregates and aggregate crushing
Besides its low cost, easiness of forming and high compressive
strength, concrete is characterized by relatively low toughness or
capacity to absorb energy during fracture. One way to improve
its brittle behavior is the inclusion of fibers. Fibers bridging the
crack sides increase the resistance against crack opening by
absorbing energy due to friction or other mechanisms [1,2]. Fibers
have also been shown to improve tensile strength, durability in fa-
tigue, surface resistance to wetting–drying cycles as well as to pre-
vent concrete from cracking [3–7]. Steel fibers improve the bond
between concrete and reinforcement in joints [8], while they im-
prove the resistance to spalling [9] as well as the performance of
concrete structures under torsional loads [10]. Steel fiber rein-
forced concrete (SFRC), similarly to other fiber reinforced materi-
als, includes different fracture mechanisms. Specifically, concrete
which are also met in plain concrete [11], interfacial debonding of
fibers [2], frictional fiber pull-out [12], fiber plastic deformation
and possibly rupture of the fibers [11,12].

A key point for the performance of the materials is the quality of
the bonding between the fibers and the matrix. Steel possesses
considerably higher mechanical properties than concrete. How-
ever, in order to take full advantage of this potential, it is essential
to achieve good quality bonding to lead to high stress transfer
capacity [13]. In general, the more important mechanisms that
promote stress transfer efficiency between concrete and steel are
friction, mechanical interlocking (if the fibers are not straight)
and surface treatment of the fibers either by chemical coating
[14] or by other processes [15].

Acoustic emission (AE) enlightens the complicated processes
within the material [16,17]. AE enables the monitoring of crack
growth using transducers placed on the surface of the material.
These sensors record the response after each cracking event and
convert it into an electric waveform [18]. Information can be
drawn about the location of the cracks and the cumulative activity,
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Fig. 1. Schematic representation of the four-point bending experimental setup and
AE monitoring.
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while study of qualitative features leads to more detailed assess-
ment of the fracture process [19]. Several AE features have been
extensively studied in relation to the fracture process. One of them
is the AE energy, which is the area under the rectified signal enve-
lope. It is connected to the intensity of the cracking events [20].
Similarly the maximum amplitude of the waveforms depends on
the cracking source, while frequency features like the ‘‘average fre-
quency’’, AF, are indicative of the cracking mode. AF is the number
of threshold crossings divided by the duration of each signal, mea-
sured in kHz. Another index studied in relation to the fracture
mode is ‘‘RA value’’ which is the duration of the initial rising part
of the waveform, over its maximum amplitude, in ls/V. The differ-
ent types of failure processes, lead to wave emissions with distinct
characteristics enabling the classification of cracks as to their mode
[21]. Tensile cracks lead to emissions with higher frequency con-
tent as well as low RA values [22–24]. On the other hand shear
types of failure such as delaminations, or fiber pull-out have been
shown to produce signals with increased duration and RA and low-
er frequency in concrete or other materials [25,26].

Since different fracture mechanisms are activated, the AE char-
acteristics are also shifting according to the dominant mode at
each fracture stage. Several of the AE indices have been proposed
to monitor changes in the microstructure due to damage accumu-
lation. Specifically, RA has been shown to increase with damage,
while AF decreases [27–29]. This has been proven in the case of
four-point bending of SFRC, where at the initial stages of loading
during micro-cracking AF remained at high levels while instantly
after the major fracture incident, AF reduced by approximately
50–75%. RA inversely exhibited an explosive increase at the in-
stance of fracture, remaining at high levels at the post-peak stage.

In this study, SFRC beams are tested in four-point bending with
concurrent AE monitoring. Fibers were of different shapes, namely
straight, hooked and undulated (wavy). AE was monitored during
the fracture process for interpretation of the fracturing stage and
fracture mode. Detailed study of specific parameters enables the
assessment of the fracture process, which depends on the quality
of the interface bonding. It is shown that the existence of chemical
coating leaves a distinct fingerprint on the AE behavior especially
after the initial matrix crack, when stresses are redistributed and
the effect of reinforcement becomes evident. This study aims to
help characterize the different damage mechanisms (matrix crack-
ing and fiber pull-out) that occur successively or overlapping in
SFRC and help in the tailoring of the properties of the constituent
phases for improved behavior. This is the continuation of a study
on the influence of chemical coating on the mechanical and AE
behavior of SFRC [27,29] and is the first time that correlations be-
tween AE parameters and mechanical properties like toughness of
SFRC with chemically coated fibers are presented.
Fig. 2. Different stages in fracture test of SFRC with corresponding AE activity.
2. Experimental details

2.1. Materials

Concrete specimens were produced in six mixtures of four specimens each. The
maximum aggregate size was 10 mm and the water/cement ratio by mass was 0.50.
The steel fibers were added in volume content of 1% and their tensile strength was
1100 MPa. The shapes used were straight with aspect ratio 63 and length 25 mm,
undulated (wavy) with aspect ratio 43 and hooked with the same aspect ratio
and length 30 mm. Half of the mixes (three) included plain (untreated) fibers and
the other three treated for comparison. The chemical coating applied on the fibers
was a zinc phosphate (ZnPh) conversion coating introduced by Sugama et al. [14].
The formulation for the coating liquid was 0.46 wt.% zinc orthophosphate dihy-
drate, 0.91 wt.% 85% H3PO4, and 98.63 wt.% water. The fibers were immersed in
the conversion at 90 �C for 5 min and afterwards rinsed with water and dried for
10 min at 150 �C. For the four-point bending test, the ASTM C1609/C 1609M-05
was followed. Briefly, the size of the specimens was 100 � 100 � 400 mm with bot-
tom and top spans 300 mm and 100 mm respectively (Fig. 1). The experiment was
terminated at the mid span deflection of 2 mm.
2.2. Acoustic emission measurements

Two AE sensors (Pico, PAC) were placed at the bottom side of the specimen
(Fig. 1). In order to improve acoustic coupling roller bearing grease was applied be-
tween the sensors and the specimen’s surface. The sensors were also secured by
elastic tape in order to ensure their solid placement. The signals felt by the two sen-
sors were transformed into electric waveforms and digitized in a two-channel mon-
itoring board PCI-2 of PAC. The threshold and the pre-amplifier gain were set to
40 dB. The sampling rate was 5 MHz.
3. Results

As has been discussed in previous works, the AE activity of the
four-point testing of SFRC beams can be divided in three stages
[26], (see Fig. 2). The first is the initial micro-cracking stage (I),
where load is continuously increasing. It is characterized by mod-
erate acoustic emission due to minor cracks in the concrete matrix.
The next is the macro-cracking stage (II) where the load drops and
a macro-crack develops from the bottom tensile side towards the
top. The rate of AE is high due to the number and high intensity



Fig. 3. Time histories of average frequency and load for specimens with straight fibers (a) untreated, (b) treated.

Fig. 4. Time histories of average frequency and load for specimens with undulated fibers (a) untreated, (b) treated.
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of the cracking as well as the pull out of the fibers that are bridging
the crack. This is the shortest stage. The last stage is dominated by
the gradual pull out of fibers (III), while the cracking of the matrix
continues. The AE rate in this stage gradually decelerates as the
remaining number of fibers to be pulled out is decreasing
continuously.

Fig. 3 shows the AF trend line (moving average of 50 points)
along with the load history for two specimens with straight fibers;
(a) with untreated and (b) with treated fibers. For both specimens
AF lies near 400 kHz as the load is increasing. However, at the in-
stance of macro-fracture (evident by the drop of load) AF severely
decreases to values below 100 kHz. One distinct difference is that
for the ‘‘treated fibers’’ specimen the AF line partially recovers to-
wards the initial value (100 kHz to 300 kHz), while for the un-
coated (Fig. 3a) the average value remains lower than 100 kHz.

Quite similar is the behavior of specimens with undulated fiber
as can be seen in Fig. 4a and b. At stage I, before fracture both ex-
hibit average value of AF around 400 kHz. Concerning the un-
treated fibers, at the instance of macro-fracturing, the values of
the AF line strongly decrease and stay there during the whole pull
out stage. As aforementioned, low AF corresponds to shearing
mode of fracture. This is reasonable because after the load drop,
pull-out becomes the active fracture mechanism. The friction be-
tween the fiber and the matrix resembles shear, and reasonably re-
duces the level of AF produced. For the treated fibers specimen
(Fig. 4b), after the strong decrease at the main fracture instance,
AF seems to fluctuate between 200 kHz and 300 kHz. This distinct
AE behavior indicates the existence of differences in the fracturing
behavior between treated and untreated fiber specimens as well.
The frequency characteristics imply that along with the frictional
pull-out events, matrix cracking continues since frequency lies in
intermediate levels. This cracking occurs due to the deflection of
the failure surface from the fiber–matrix interphase into the
cementitious matrix, as a result of the good bonding of the fibers.

RA value also exhibits strong trends following fracture as well
as distinct changes depending on the surface treatment. Fig. 5
shows the RA moving average of 50 hits along with the load for
fibers with hooked ends in the absence of chemical coating (a)
and with chemical coating (b). In both load curves, there are two
points of load drop, marked by arrows. At these instances, an
explosive increase of RA is recorded which can be used as an indi-
cator of high intensity damage events. For the uncoated fibers
(Fig. 5a), RA continues to exhibit very strong fluctuations, reaching
values near 4 or 5 ms/V. For the case of coated fibers (Fig. 5b) after
instances of load drop, RA is usually restored at levels below or
near 1 ms/V during most of the remaining fracture process. This
implies that the fracture obtains characteristics of matrix cracking,
which tend to lower the RA of the emitted AE signals compared to
the ones of untreated fibers.

The above figures include comparisons of histories for indica-
tive specimens, while the AE trends are repeatable in all specimens
of each mixture. These distinct differences between coated and
plain fiber specimens emerge at the post peak stage. This is reason-
able since fibers start to seriously contribute to the fracture pro-
cess, after the matrix has been ruptured. Therefore, at the post-
peak stage it is more likely to monitor any differences due to fiber
surface conditioning.
4. Correlation with mechanical parameters

4.1. Toughness

From the engineering point of view, the target of fiber reinforce-
ment as well as fiber surface conditioning is the increase of tough-
ness. Toughness is calculated as the area under the load–deflection
curve until the deflection of 2 mm according to standard ASTM
C1609/C1609M-05. Since chemical coating reinforces the bonding
between the fibers and the matrix, in general the toughness of
the specimens increases. This is evident for the straight fibers,
the shape of which does not result in mechanical interlocking
and the bond between fiber and matrix is the only mechanism that
resists fracture after the matrix has been cracked at the post peak
stage. The toughness of the specimens with treated straight fibers
was approximately 40% increased compared to the corresponding
untreated ones. The purpose of coating is to reinforce the



Fig. 5. Time histories of RA value and load for specimens with hooked fibers (a) untreated, (b) treated.

Fig. 6. Average frequency (a), RA value (b) and AE energy (c) of the post peak stage
(III) vs. toughness for specimens with straight fibers. (Solid symbols denote
untreated fibers, open denote treated).

Fig. 7. Average frequency during post-peak stage (III) (a), and total AE energy (b) vs.
toughness and energy during macro-cracking stage (II) vs. peak load for seven
mixes of concrete. (Solid symbols denote steel fiber concrete mixture, open symbol
denotes plain concrete mixture).
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interphase bonding so that fiber pull out requires more energy. If
the bonding strength surpasses the matrix strength, small volumes
of cement are detached from the matrix being firmly bonded on
the fibers. This matrix cracking during pull out is an additional
fracture mechanism, and therefore, it leaves its signature on the
AE signals as demonstrated by the differences of the shifting trends
of specific indices, like AF and RA, between treated and untreated
fiber specimens. Since the actually measured toughness and the
nature of the AE signals are firmly connected to the fracture mech-
anisms, correlations between them are reasonable to exist. Fig. 6a
shows the average value of AF of the post peak stage (III, as in
Fig. 2) vs. the measured toughness for six specimens with straight
fibers appropriately tested in bending. The exponential fit exhibits
a quite high correlation coefficient of 0.96. The positive correlation
is evident for the four untreated specimens (solid symbols), and
continues for the two treated, which absorb considerable higher
energy during fracture and exhibit much higher frequency charac-
teristics on their post-peak stage. Additionally, the RA of the same
stage is also well correlated to toughness as seen in Fig. 6b. The in-
crease from 17 J to 26 J in toughness is escorted by a decrease of



Fig. 8. Load–time histories of SFRC beams (straight-untreated and hooked-treated).
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average RA from 3300 ls/s to 420 ls/V. Both these trends can be
reasonably discussed through the fracture mechanisms. Fracture
energy is consumed by matrix cracking at the pre-peak stage and
mainly by fiber pull-out later. When the bonding between fibers
and matrix allows, further matrix cracking continues detaching
small volumes of cement matrix that stick with the fibers. As al-
ready seen here and in previous studies [26,27], matrix cracking
exhibits quite distinct characteristics from fiber pull-out especially
concerning RA and AF. The fiber–matrix bonding is enhanced by
chemical coating allowing the observation of these simultaneous
trends in AE indices and toughness measurements. Another inter-
esting feature comes from the correlation of the average energy of
the hits during the pull-out stage with toughness (Fig. 6c). It seems
that as the toughness increases by about 50% from the lowest
toughness specimen of Fig. 6 to the highest, the average energy
of the AE incidents decreases substantially by 95%. This trend im-
plies that specimens with higher toughness suffer many small
intensity events compared to specimens with lower mechanical
capacity, which rupture by seemingly higher energy events.

This kind of correlations can be generalized for the whole num-
ber of concrete mixes studied herein. Stronger correlations emerge
with AE indices measured during the post-peak period, when most
of the energy is absorbed, rather than the initial micro-cracking
stage. Fig. 7a shows the correlation between the average values
of AF of the post-peak stage of the six different mixes vs. the aver-
age toughness of the specimens of each mix. Each dot is therefore,
nominally the average of four values except for the case of rejected
specimens (two of the rejected belonged to the treated straight fi-
bers’ mix). It is clear that the correlation coefficient R2, at the post-
peak stage is quite strong reaching almost the value of 0.8. As dis-
cussed above, higher frequency is connected to matrix cracking
rather than pull-out. When fiber pull-out events are escorted with
additional matrix cracking due to strong bonding between the fiber
and matrix, toughness is reasonable to increase, while the AE fre-
quency characteristics also increase. One noteworthy correlation
comes from the total energy recorded by the AE transducers.
Fig. 7b shows the total energy of the whole number of AE signals
at the post-peak stage vs. the average measured toughness for each
concrete mix. It is seen that for mixes with high toughness the
cumulative AE energy is decreased. This is reinforced by including
the data from specimens without fibers (plain concrete beams)
that have been tested with the same experimental setup and their
toughness is considered negligible compared to the SFRC. Plain
specimens exhibit higher amounts of AE energy throughout their
testing. This behavior is connected to the released energy during
fracture. For plain material, all energy is released at the instance
of macrofracture due to the brittle concrete matrix. However, in
the presence of ductile fibers, a substantial part of energy is re-
strained in the form of plastic deformation. This increases the ab-
Fig. 9. AF vs. load drop (a) and AF vs. deflection in
sorbed energy and the finally measured toughness but on the
same time decreases the released energy to be recorded by the
acoustic emission transducers.

4.2. Load drop

The action of fibers restrains cracking. For plain concrete when
the matrix starts to rupture, the crack extends to the top immedi-
ately due to the brittleness of concrete and load drops to zero as
the material fails destructively. When fibers are present, crack
propagation is restrained and the load does not drop to zero, since
the material continues to absorb energy, (see Fig. 8) with two typ-
ical load–time curves. One is from specimen with hooked and trea-
ted fibers and the other from straight and untreated. While they
reach approximately the same maximum load, there is a distinct
difference at the instantaneous load drop at the instance of major
cracking. The specimen with smaller load drop exhibits certainly
improved toughness. Thus, the amount of load drop and the deflec-
tion increase at the point of fracture may be considered an indica-
tion of the ductility of the specimen. The crack is restrained by the
action of fibers which are being pulled out while further matrix
cracking continues. This increases the volume of the material that
absorbs energy decreasing the amount of crack propagation.
Chemical coating may further increase the volume of the fracture
process zone due to the adhesion that is responsible for detaching
a small part of the cement matrix around the fibers. At the instance
of load drop the intense cracking phenomena influence the overall
toughness, while the amount of load drop and mid span displace-
ment burst correlate again with AE parameters of the signals re-
corded during macro-fracture (stage II). Fig. 9 shows the
correlation between the average value of AF of the six composi-
crease (b) at the instance of macro-fracture.
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tions of SFRC vs. the load drop at the instance of macro-fracture (a)
and vs. the deflection increment that occurs instantly at that point.
Again strong correlations are noticed, with specimens that exhibit
small load drop and deflection, having higher frequency AE charac-
teristics. As mentioned above this is justified by the extensive ma-
trix cracking that increases the absorbed energy, restrains the
crack propagation rate and emits signals with high frequency.

At this point it should be mentioned that the specific values of
AE parameters definitely depend on the experimental setup. This
includes the type and separation distance of sensors and the spec-
imens’ size. Due to material inhomogeneity the acoustic emission
signals are distorted and attenuated before being captured by the
sensors. Therefore, the specific AE values do not necessarily reflect
the waveforms emitted by the tip of the crack. The effect of dis-
tance on the values of the AE parameters is discussed by the
authors in separate studies [30,31]. The propagation of the crack
tip away from the receivers as the deflection increases poses an-
other influence mainly for the matrix cracking signals and less
for the pull-out events since fibers are dispersed in the whole vol-
ume of the specimen. In the specific case the importance lies on
two aspects of the study; first that the experimental setup was
fixed for all the tests enabling therefore, comparisons based on
the existence or not of the fiber chemical treatment. Second, that
parameters measured in a non destructive way exhibited worth-
to-mention correlations with the mechanical readings (toughness,
load drop etc.) which are always desirable especially in cases
in situ where measurements of deflection or load are not possible.
5. Conclusions

This paper describes the acoustic emission behavior of concrete
beams with and without chemically treated steel fibers of different
shape. Surface treatment of fibers results in strong bonding to the
matrix and induces further matrix cracking during fiber pull-out.
This leads to distinct acoustic emission behaviors between differ-
ent concrete mixtures. Specifically, after the main fracture in-
stance, the waveform shape parameter RA remains at high values
and average frequency is low for untreated fibers specimens due
to the pure friction between fibers and matrix. Treated fibers spec-
imens exhibit an inverse trend concerning these AE indices since
fracture includes additional matrix cracking. Analysis of the AE
behavior sheds light into the actual active mechanisms during each
loading stage. Since the measured mechanical properties and elas-
tic waves emitted during fracture depend on the actual fracture
mechanisms, strong correlations emerge between toughness or
load parameters and AE descriptors monitored during or after
the main crack formation stage. The results imply that indepen-
dently of the fiber existence, shape or coating, unified correlation
curves emerge between fracture toughness and AE parameters like
frequency, energy or RA value. This is of paramount importance
from the engineering point of view, as it enables the estimation
of mechanical performance based on non destructive monitoring.
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