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a b s t r a c t

The fracturing behavior of materials can be nondestructively monitored by the acoustic emission (AE)
technique, using sensors that detect the transient elastic waves after any crack propagation event. In
addition to the information relatively to the total activity and the location of the cracks, certain waveform
features supply detailed information on the type of cracking. The waveform of the emitted AE signal
depends on the relative motion of the crack sides and therefore, it carries information on the mode of
cracks. Therefore, AE is used for classification of the active cracking mode. This enables characterization
of the current fracturing condition within the material and warning before final failure. Tension-related
cracks, which in most materials and loading conditions are nucleated first, emit signals with higher fre-
quency content and shorter rising time than shear cracks. However, in most cases wave propagation from
the crack to the sensor is attenuative and dispersive. This results in signal distortion which is enhanced by
geometry restrictions and material or damage-induced inhomogeneity. This results in strong change of
the waveform shape and the calculated AE parameters. This effect is stronger as the propagation distance
increases rendering crack classification troublesome for structures where the separation distance
between sensors is long. In the present study, fracture experiments were conducted in cementitious spec-
imens in order to investigate the influence of distance on the AE parameters as measured by sensors at
different distances from the source. Numerical simulations based on the finite difference method are also
used to enlighten the problem and expand to different material conditions. This is one of the first studies
of wave dispersion examined not from the classical ultrasonics point of view of phase velocity depen-
dence on frequency but from the AE view, where specific waveform parameters are of interest. Experi-
mental and numerical results show that the influence of the propagation path is crucial and should be
taken into consideration for AE characterization of large structures, while it should not be neglected even
in small-scale laboratory studies in order to improve crack characterization.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Acoustic emission (AE) is a nondestructive inspection technique
utilizing the transient elastic energy which results mainly from
crack propagation events inside a material [1,2]. The dislocation
created at the tip of the crack excites elastic waves which propa-
gate outwards and can be captured by sensors on the surface of
the material. Acoustic emission is studied in relation with the dam-
age evolution under dynamic loading or relatively to crack propa-
gation rate [3–5]. It is reasonable that the number of recorded
signals during loading can be correlated with the actual number
of active cracks within the material [6,7]. For certain structures,
the rate of incoming activity is a stand-alone criterion on which
engineering decisions are based concerning safety, while strict
ll rights reserved.

: +30 26510 08054.
standardization has been applied internationally. Apart from the
cumulative AE activity, each signal carries raw information from
its source, concerning the severity (the amount of displacement
of the crack sides under the specific load) and the mode of fracture
(opposing movement of the crack sides or parallel). Therefore, the
qualitative characteristics of the waveform, like the amplitude,
duration and main frequency may reveal crucial information on
the damage mode and fracture intensity inside a material [8,9].
The main benefit of this approach is based on the fact that for most
materials and loading conditions, shear types of failure follow ten-
sile [10,11]; therefore, the classification of cracks according to their
mode would indicate the current fracturing stage and provide an
early warning of final failure. Controlled laboratory studies in dif-
ferent material systems shed light into the correlation of AE char-
acteristics with the cracking mode. The connection between the
mode of crack and the wave recorded at a specific point is a very
complicated subject depending on the motion of the crack tip, as
well as to geometry factors like orientation of the crack relatively
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to the receiver and propagation distance. While the present
experimental and numerical study aims to enlighten aspects of
the problem, some simple remarks concerning the excited wave
modes can be stated. When a dislocation occurs inside a material,
both modes of bulk waves (longitudinal and shear) are reasonable
to be emitted. However, it is also reasonable that a tensile (or mode
I) cracking incident excites a large part of the elastic energy in the
form of longitudinal waves, due to the transient volumetric change
near the vicinity of the crack tip. On the contrary, when shear
cracking develops, the percentage of energy is shifted in favor of
the shear waves due to the shape distortion that shear action in-
duces in the vicinity of the crack tip. In the first case, the main en-
ergy carrier is also the fastest wave type leading to waveforms with
short rise time (RT), see Fig. 1, top. RT is the delay between the on-
set of the waveform (practically the first threshold crossing) and
the moment of peak amplitude. Correspondingly, the rise angle
of the waveform is high, as calculated by the Amplitude, A over
RT. Recently in the field of concrete, the inverse of the rising angle
is studied, namely RA in ls/V [10]. In the case of shear incident, the
main part of energy travels with the shear waves which are slower,
leading to longer RT and lower rise angle, (see Fig. 1, bottom). The
validity of these general remarks is very sensitive to geometric
conditions, relative orientation and the propagation characteristics
of the medium, as will be discussed in the text. However, these
assumptions have been examined in several experimental studies.
Although a literature review on the subject is not within the scope
of this paper, some main points are introduced in this section in or-
der to establish the parameters that are measured and discussed
throughout the text. The AE waveform parameters which have
been correlated with the fracture mode are mainly the RA value
and the frequency content expressed by the number of threshold
crossings over the duration of the waveform (average frequency,
AF) [10]. It has been found that the RA value increases, while the
average frequency decreases as damage is being accumulated in
bending experiments in steel- and vinyl-fiber reinforced concrete
[12,13]. Additionally, these parameters undergo a great change at
the moment of the main crack formation, which indicates the shift
of the dominant failure mechanism from matrix cracking to fiber
pull-out [14,15]. This kind of analysis has also proven useful in rock
failure [16], fracture of composite laminates [17–19] which exhibit
matrix cracking (mode I) and delaminations (mode II), corrosion
cracking in concrete [20] and damage evaluation on reinforced
concrete panels subjected to seismic load [21]. The mutual trend
in all studies is that despite differences in material, propagation
path length or specimen size, the shear type of damage usually re-
sults in waveforms with longer rise time, duration, high RA and
lower frequency than tensile.

The shifting trends of these parameters during fracture in con-
crete have been proven quite reliable in several laboratory studies.
Consequently, classification of AE signals concerning the mode of
the original crack has proven quite successful, based on AE param-
Fig. 1. Cracking modes and recorded AE waveforms.
eters like AF and RA [15,20,22]. However, the application of the
same laboratory criteria to real structures is not straightforward.
This is mainly due to intrinsic problems that usually hinder the
exploitation of this kind of information. Some of the factors com-
plicating the assessment are the specimen or structure’s size and
geometry, the heterogeneity of the material and the sensor’s re-
sponse as explicitly explained in [19]. These factors render the re-
sults case-specific and prevent from general application, especially
when the goal is other than simply crack location. As a conse-
quence, any attempt of AE material characterization, would greatly
benefit by the complementary study of the influence of the propa-
gation path on the signal acquired at different surface measure-
ment points. In this study cementitious mortar specimens were
fractured under bending while their AE activity was monitored
by two sensors. The sensors were placed at different distances from
the notch which enabled acquiring the transient wave from the
same fracturing event at two distinct points and evaluating the ef-
fect of distortion and attenuation based on the separation distance.
The problem was also numerically simulated by an available finite
differences code, which gave the opportunity to include different
contents of simulated cracks and to expand to frequencies other
than the experimental. The numerical and experimental results
show that the effect of waveform distortion is strong and it should
not be neglected in laboratory. Furthermore, it should certainly be
taken into consideration in situ in order to expand the use of sim-
ple crack classification schemes to real structures.

It is mentioned that the acquired experimental and numerical
waveforms were analyzed for their acoustic emission parameters.
Therefore, the analysis is not based on a typical ultrasonic ap-
proach, which usually employs calculations of wave speed and
attenuation. The investigation involves parameters of the AE wave-
forms, like RT, RA and AF, which although carry information on the
mode of the cracking event they suffer strong changes due to prop-
agation through an inhomogeneous medium like concrete. This
discussion is particularly important in the field of concrete where
standardization is currently attempted [10], while it also applies
in thin-walled structures due to plate wave dispersion [23,24].
2. Limitations for AE characterization

When the specimen’s dimensions are finite, reflections from the
edges interfere with the original AE waves. However, this is not the
only complication met in AE measurements. Almost the total num-
ber of AE applications concern either piezoelectric sensors attached
on the surface, or in some cases non-contact measurements, based
on laser interferometry [25]; in both cases the information comes
from the transient displacement of the surface. This introduces the
effect of geometry even in large structures, when reflections from
other sides are not expected. The reason is that as the primary
wave front of the emitted AE signal impinges on the surface, mode
conversion occurs and a Rayleigh wave is continuously excited.
Since the propagation velocity of Rayleigh is lower, the shape of
the pulse is automatically influenced, causing distortion and
changing crucial waveform parameters like duration and rise time.

Apart from the waveform distortion caused by the differential
velocity of the wave modes, excessive dispersion is caused depend-
ing on the heterogeneity of the material. It is mainly attributed to
scattering which redirects the wave energy each time the wave
front impinges on a scatterer [26]. Dispersion applies to inhomoge-
neous materials, like concrete [27–29], or other particulate and
fiber composites [30,31] and suspensions [32] and is enhanced
by the presence of damage in the form of micro-cracks and
microstructure [33–35]. It is reasonable that the characteristics
of a wave emitted by a crack are severely distorted while propagat-
ing through a heterogeneous system containing numerous other
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cracks which act as scatterers. The interaction between the micro-
structure and the propagating elastic wave has been correlated to
the damage degree and typical size, mainly through measurements
of attenuation and phase velocity in the several ultrasonic studies
[29,31,36]. It is reasonable that the effect of inhomogeneity on the
transient AE signal (which is in fact an ultrasonic wave) is equally
important. Therefore, the signal’s shape and main characteristics,
as quantified by AE analysis, also changes for different measure-
ment locations. The evaluation of this distortion is the primary
aim of this work.

3. Experimental details

Two different mortar mixtures were produced consisting of six specimens each.
One was plain mortar (PM) and the other included 0.5% (vol.) of straight steel fibers
(steel fiber reinforced mortar, SFRM). Their length was 25 mm, their diameter
0.6 mm, their density 7.85 kg/dm3 and were supplied by CHIRCU PROD-IMPEX
COMPANY SRL, Romania. The aggregates consisted of 100% crushed sand with max-
imum aggregate size 4.75 mm and fineness modulus 2.93, while water/cement ratio
was 0.55 by mass. The density and the water absorption of the sand were 2500 kg/
m3 and 2.44% respectively. The exact mix proportions were as follows: cement type
II 440 kg/m3, water 242 kg/m3, sand 1529 kg/m3, super-plasticizer 4.5 kg/m3. For
the fiber reinforced mortar the mix proportions were the same with the addition
of 39.3 kg/m3 of steel fibers and modification of sand amount to 1517 kg/m3. The
specimens were cured in water for 28 days prior to testing.

The specimens were 40 � 40 � 160 mm in size. They were subjected to three-
point bending according to EN 13892-2:2002 [37] (Fig. 2a). In order to secure that
the crack would initiate at the center of the specimen a notch was created by insert-
ing a small wooden stick in the midspan of the side to be placed at the bottom dur-
ing bending (tensile side). The load was applied at a constant rate of 50 N/s until
fracture and the loading was automatically terminated at the moment of load drop.
As to AE monitoring, two AE sensors (Pico, PAC) were attached to the side of the
specimen as seen in Fig. 2b. They are considered quite broadband with central fre-
quency of 500 kHz. Roller bearing grease was used for acoustic coupling, while the
sensors were secured by the use of tape during the experiment (see Fig. 2b). The
horizontal distance between the sensors was 40 mm and the first was placed at
the horizontal distance of 15 mm from the notch, as seen in Fig. 2b. The signals
were recorded in a two-channel monitoring board PCI-2, PAC with a sampling rate
of 5 MHz. The threshold was set to 40 dB in order to avoid ambient noise and the
acquired signals were pre-amplified by 40 dB.

4. Results

4.1. Total activity

The small size of the specimen results in relatively small level of
AE activity. Typical graphs of cumulative AE activity for PM and
SFRM are depicted in Fig. 3a and b respectively. The activity of each
(a)

(b)

notch

Sensor 1 (S1) Sensor 2 (S2)

160 mm

15 mm

55 mm

Fig. 2. (a) Schematic representation of three point bending test and (b) photo of the
specimen with AE sensors.
sensor (S1 near the crack, and S2 away from the crack) is presented
separately. The number of signals is generally less than 100 in total
and the population is divided almost evenly in both receivers. This
shows that despite the inherent attenuation, that will also be dis-
cussed later, the small separation distance enables capturing the
fracture events by both sensors. The largest percentage of AE hits
is received at the end of the experiment indicating that serious
cracking processes take place only at the latest stages of loading,
just before the maximum load has been reached. The almost verti-
cal increase of the AE activity at the moment of fracture is preceded
by small number of few signals approximately 2 s before final frac-
ture, most likely due to fast-developing micro-cracking just before
final failure.

It is interesting to observe qualitative characteristics of the AE
waveforms as captured by the two receivers. Fig. 4 shows the time
histories of AF of the AE signals of the same specimens as recorded
by the two sensors separately. The symbols represent the AF of
each signal, while the lines stand for the moving average of the re-
cent 5 hits in order to demonstrate the trends more clearly. For
both cases, after some fluctuations, AF is decreased at the moment
of final failure, which is typical for cementitious materials
[10,12,14,38]. Although the differences in average values are dis-
cussed in the next section, it is evident that generally S1 records
signals with higher AF than S2 (see Fig. 4a). The same holds for
the case of Fig. 4b for a typical SFRM specimen. Additionally, in
the case of SFRM the frequency indicator is in general at lower level
compared to plain mortar, which will be discussed along with the
average results. Fig. 5, shows the time history of RA for the same
specimens. In both cases, RA increases sharply just before the ter-
mination of the experiment as is typical for materials at the onset
of macrofracture [10,38]. For the plain mortar the initial RA values
are below 1 ms/V, while as main fracture approaches, values higher
than 10 ms/V are depicted. Again a distinct difference is seen be-
tween the two sensors, with the sensor closest to the crack (S1)
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Fig. 3. Typical cumulative AE activity of (a) PM and (b) SFRM.
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Fig. 4. AF history for typical (a) PM and (b) SFRM specimen as obtained by the two
sensors.
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exhibiting lower values for both specimens. Correspondingly, in
this case SFRM exhibits higher RA than PM, which is again attrib-
uted to the fiber action as was the behavior in AF.
4.2. AE events

The above indicative curves are based on the total number of
signals received by each sensor, including any possible source,
even though it is reasonable that the main source is the notch at
the center. Although the trends would still be clear, in order to ex-
clude any random signals, the data were strictly limited to the ‘‘AE
events’’. An AE event is the source incidence that releases elastic
energy and is captured by both receivers within a short time win-
dow. This secures that each signal recorded by the first receiver can
be compared to the same source signal as captured by the other re-
ceiver after traveling an additional propagation path. For each
specimen, the values of the AE parameter recorded during failure
by the first sensor were averaged and compared to the correspond-
ing average value of the second sensor. Fig. 6a shows the average
RA values as captured by the two sensors (S1 at horizontal distance
of 15 mm and S2 at 55 mm from the notch). Each point typically
represents the average of approximately 20 individual values
which was a usual number of identified AE events during the
bending test of a specimen. The symbols corresponding to each
specimen are connected by a straight line, while the large symbols
are the average of the individual points for each distance. The RA
values captured from S1 are between 130 and 390 ls/V. For all
the specimens there is an almost uniform increase in the RA for
S2 (between 740 and 1010 ls/V). In average, the RA of the second
receiver is increased by more than 3 times (901 ls/V) compared to
the first (278 ls/V). This is a definite indication of distortion that
occurs for the same signals, for the short additional propagation
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Fig. 5. RA history for typical (a) PM and (b) SFRM specimen as obtained by the two
sensors.
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Fig. 6. RA values for all (a) PM and (b) SFRM specimens for two propagation
distances. Small symbols represent average values for individual specimens while
large symbols stand for the average of all corresponding points.
distance between S1 and S2. This indicates how important the
propagation length is for AE analysis even in laboratory scale.
Fig. 6(b) shows the corresponding graph for SFRM. The trend is
similar, with S2 exhibiting 1057 ls/V, almost three times higher
than the RA of S1 (371 ls/V). Though distance is equally critical
for these measurements as well, a slightly higher value of RA is
exhibited for SFRM, while the variability seems much stronger.

The other basic feature of interest in crack classification
schemes is AF which is a rough but very indicative expression of
the frequency content, as explained in the introduction. It is gener-
ally well known that when a pulse propagates through an inhomo-
geneous medium its main frequency is downshifted [30,36], due to
scattering. In each specific specimen, AF decreases between the
first and second receiver. Results for plain mortar (Fig. 7a) and
SFRM (Fig. 7b) share approximately similar trends for the average
value of AF. The decrease is of the order of 20%. This change in the
additional propagation of approximately 40 mm is indicative of
attenuation and distortion mechanisms that can influence basic
AE parameters even in laboratory scale.

Concerning the wave amplitude it is expected that energy-re-
lated parameters are downgraded as the wave propagates through
cementitious material due to damping and scattering. Amplitude is
a crucial parameter of the waveform. Not only because it is directly
connected to the cracking intensity [7,8], but because it also influ-
ences most of the rest waveform parameters. Higher amplitude, re-
sults in larger number of oscillations above the threshold (counts),
influencing therefore, the duration, RT, AF and most of the calcu-
lated AE features. This is of paramount importance in actual struc-
tures, where long distances impose severe attenuation in the
signal. The exact results for both types of specimens are seen in
Fig. 8a and b. For PM, the amplitude received by the nearest sensor
is 58.4 dB in average. Inherent attenuation imposes a decrease of
approximately 6 dB for the second receiver. For SFRM the decrease
is 4 dB in average still as seen by Fig. 8 noticeable and repeatable
decrease of amplitude is exhibited even in laboratory scale.
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5. Numerical simulations

5.1. Model

Numerical simulations are generally used in order to increase
the understanding of wave propagation in specific problems. They
enable recognition of wave modes and reflections in complicated
geometries. Additionally, they can be used to expand to different
geometries and cases that are not experimentally tested. In this
case indicative two-dimensional simulations were conducted on
the specific geometry of the experimental test including different
cases of material texture, namely homogeneous (simulating ce-
ment paste), matrix with round scatterers (paste with sand grains,
mortar), and three different contents of thin cracks. The fundamen-
tal equation governing the two-dimensional propagation of elastic
waves in a perfectly elastic medium, is seen below:

q
@2u
@t2 ¼ lr2uþ ðkþ lÞrr � u ð1Þ

where u = u (x, y, t) is the time-varying displacement vector, q is the
mass density, k and l are the first and second Lame constants
respectively, while t is time. The simulations were conducted with
commercially available software [39] that solves the above equation
in time domain with the finite difference method in the plane strain
case. Eq. (1) is solved with respect to the boundary conditions of the
object, which include the input source that has pre-defined time-
dependent displacements at a given location and a set of initial con-
ditions [40]. For heterogeneous media, propagation in each distinct
homogeneous phase is solved according to Eq. (1), while the conti-
nuity conditions for stresses and strains must be satisfied on the
interfaces. In this case, the propagation of an elastic wave in mortar
is simulated. The aim is mainly to study the influence of cracks and
sand grains scattering on the propagating wave. Different excitation
types could be used to create this transient wave, such as force,
velocity or displacement. In cases of crack propagation, where a
permanent dislocation occurs, the magnitude of crack displacement
and the AE wave motion are commonly modeled [41]. Since the
source of the elastic wave in this simulation is supposed to be a
crack propagation event, a short displacement excitation was also
used as a conventional way to excite the transient pulse.

The basic geometry of the model is shown in Fig. 9. The ‘‘source’’
is placed at the bottom of the mid span, at the position of the notch
in the actual specimen with a length of 1 mm. It introduces one
cycle of 500 kHz in the longitudinal mode. This frequency is the
(a)

(b)

Fig. 9. Geometrical model and displacement field 10 ls after excitation for mat
resonant frequency of the sensors used in the experimental section
and was indicatively selected among many other possible values
since in AE the major frequency is not known a priori. Two receiv-
ing sensors (S1 and S2) are placed in the middle of the height, with
horizontal distance of 15 mm and 55 mm on the right side from the
excitation point (see Fig. 9). The receivers are simulated by straight
lines. In order to better simulate the experimental case their length
was set to 5 mm which is the diameter of the specific AE transduc-
ers used. Considering the grid of 0.2 mm, the sensor length in-
cludes 25 nodes. The sensor’s calculated response is the average
of the displacement of these nodes either in the direction vertical
to their length or parallel. Since, the experimental transducers re-
cord motion components vertical to their surface, the same re-
sponse was also selected to be analyzed from the simulation
results.

Materials were considered elastic without viscosity compo-
nents. Different cases were simulated, namely homogeneous elas-
tic matrix, matrix with 50% stiff elastic scatterers simulating sand
grains, and matrix with sand grains and different contents of crack,
namely 1%, 5% and 10% by cross section area. The properties of the
different materials are seen in Table 1. The sand grains were sim-
ulated by circles of 1 mm diameter and the cracks by thin inclu-
sions of size 0.5 � 2 mm assigned the properties of air. It is
mentioned that the above described model is indicative of con-
crete-like materials and by no means is the only appropriate case
for studying the problem in hand.

The focus, from the engineering point of view is given on simu-
lating the actual geometry examined experimentally and not on
the numerical method itself. However, certain prerequisites should
be followed in order for the analysis to lead to reliable results. Con-
cerning the mesh size, a preliminary evaluation took place to select
a suitable value for accurate as well as time-efficient simulation.
Different values of mesh size were applied, namely from 1 mm
down to 0.1 mm and the corresponding wave flight times to the
2nd receiver were calculated. As the mesh became finer, the calcu-
lated transit time increased slightly, as seen in Fig. 10. This depen-
dence seems quite linear and projecting the value of the linear fit
for infinitesimally small grid, the transit time would be
15.627 ls. For grid of 0.2 mm, the result was 15.5156 ls, resulting
in an error of 0.7% and in quite reasonable calculation time. Indeed,
for a basic frequency of 500 kHz, the major wave length is about
8 mm resulting in 80 points per wave length. Concerning the time
sampling, the time step was set at the value of 0.0182 ls. Consid-
ering that the basic period was 2 ls, it is clear that the number of
15 mm

55 mm

erial with 50% sand grains and 5% cracks (a), and homogeneous matrix (b).



Table 1
Properties of the materials used for the simulation model.

Material k (GPa) l (GPa) q (kg/m3) Cp (m/s)

Cement matrix 8.3 12.5 2100 3984
Sand grains 15.3 18.5 2600 4486
Air 10�4 10�6 1.2 316
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points representing one cycle are higher than 100, while in similar
studies the numbers of 20 points per wavelength and cycle are
considered adequate [42]. The total simulation time window was
100 ls.

5.2. Simulation results

Fig. 9a and b depict the displacement field at approximately
10 ls after excitation for the case of material with 50% grains
and 5% cracks and for homogeneous material respectively. The dis-
tortion of the wave field is evident for the heterogeneous case and
is accumulating as the wave propagates away from the excitation.
The waveforms received by the two sensors for the first case are
seen in Fig. 11. Despite the short initial excitation of one cycle, both
sensors record a long waveform due to the multiple scattering of
the wave on the several heterogeneities either in the form of grains
or in the form of cracks. One of the distinct differences between the
two waveforms concerns the rise time (the delay of the maximum
peak compared to the onset). For S1, RT equals 5.5 ls, while for S2
the maximum peak delays considerably resulting in a RT of almost
48 ls. It is mentioned that the onset of the waveform was defined
by the first threshold crossing, the threshold being 2% of the
maximum amplitude of the waveform of S1, while 5% has also been
checked without serious change in the resulting trends. Addition-
ally, the oscillations are less dense in the case of S2, implying a
downshift in the basic frequency. The exact values of RA and AF
as measured from the simulation waveforms are presented in
Fig. 12 for both receivers (S1 at 15 mm, S2 at 55 mm). Concerning
RA (Fig. 12a) there is a certain increase for the second receiver,
from three to six times between homogeneous material and mate-
rial with 1% of cracks. For 5% cracks the increase for the 2nd recei-
ver is explosive (23 times higher than the 1st sensor). Finally for
10% cracks the RA is quite high from the first receiver (480 ls/unit
amplitude (u.a.)), showing the heavy influence of heterogeneity on
the shape of the waveform. It is reminded that the RA of the ex-
cited pulse is 0.5 ls/u.a. (one fourth of the period of 2 ls over
the unity excitation amplitude). Through the propagation distance
of 58 mm, which is the straight distance between the excitation
point and 2nd receiver, this value becomes approximately 2000
times higher (1045 ls/u.a.) due to distortion of the pulse on the
cracks and aggregates. It is easily realized that the original infor-
mation of the pulse is heavily masked and that any classification
approach based on the waveform as received by the sensor would
most likely be misleading.

Fig. 12b presents the values of AF. Since the basic frequency of
the excitation is 500 kHz, reasonably the first sensor acquires fre-
quencies close to the original pulse (465–490 kHz) for all cases.
With the only exception of the geometry with sand grains, the fre-
quency is downshifted for the second receiver in all the models.
Especially for the cases of 5% and 10% cracks, AF decreases by
16% and 11% respectively. The above simulations confirm that even
for such short distances of a few cm, the signal distortion is dom-
inant owing only to elastic scattering excluding viscosity effects.
6. Discussion

The above experimental and numerical results taken from small
geometries enable drawing of conclusions towards the improve-
ment of signals classification schemes based on simple AE features.
Table 2 summarizes the average values of basic AE parameters as
experimentally measured by both sensors. The decrease of AF by
almost 20% and the increase of RA by more than 3 times for the
2nd sensor (55 mm from the notch), shows that the position of



Table 2
Experimental AE parameters.

Dist. from notch (mm) AMP (dB) RA (ls/V) AF (kHz)

Aver. St. dev. (%) Aver. St. dev. (%) Aver. St. dev. (%)

Plain 15 (Sensor 1) 58.4 5.0 278.4 33.2 134.1 14.8
55 (Sensor 2) 52.3 4.5 900.7 12.2 109.3 18.5

SFRM 15 (Sensor 1) 58.5 6.5 371.2 51.9 130.5 18.6
55 (Sensor 2) 54.5 4.9 1056.9 45.2 108.3 18.4
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the sensors with respect to the crack location is crucial. The results,
even in such close quarters include the effect of dissipation and
scattering and differ significantly from the original pulse, as emit-
ted by the source. Since the pulse suffers substantial changes for a
short additional distance of 40 mm between the receivers, it is
understandable that the effect in actual structures would be even
stronger. In real-size structures, a finite number of sensors are
placed in order to cover as large volume of the material as possible.
Therefore, a cracking incidence may have its source just millime-
ters beneath the sensor or at a distance of several meters away.
Although the signal may be acquired in both cases (provided that
its energy is high enough), its characteristics should definitely dif-
fer at various measurement points. Therefore, the event location
relatively to the sensor is crucial in order to evaluate how much
the signal has been distorted while propagating. As already men-
tioned, in the engineering use of AE, crack characterization is
important since it gives insight in the fracture stage. In laboratory
scale, assuming that distortion and attenuation are limited, classi-
fication criteria have been studied based on specific values of RA
and AF [15,22]. As an example from [15], tensile matrix cracking
in steel fiber reinforced concrete under bending was characterized
by an average AF of 400 kHz and RA less than 1 ms/V, while mixed-
mode fracture (macro-cracking with fiber pull-out) by AF of
150 kHz and RA of 4 ms/V, as seen also in Fig. 13. This classification
produced very accurate results (less than 1% overlapping points) in
beam specimens of 400 mm length and sensors placed nominally
50 mm away from either side of the expected crack. However, if
the same criteria were to be used in situ for different conditions
and sensor separation distances, the classification would not nec-
essarily be equally accurate. Under the light of the experimental
results of the present study it is understood that the RA of a tensile
event after propagation through a few cm of heterogeneous
cementitious material would increase by about 3–4 times, as was
seen in Table 2. Simulations at higher frequencies indicate a much
stronger increase of RA (from five to twenty-five times depending
on the material’s condition). Similarly the frequency content would
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Fig. 13. Cracking mode classification for steel fiber reinforced concrete beams of
400 mm size under bending.
decrease by more than 20% for propagation of a few additional cm,
as was seen in Fig. 7. When this distortion effect is incorporated in
the values of the micro-cracking population of Fig. 13 (small solid
green triangles) by multiplying the RA of each point by 3.5 and
decreasing AF by 25%, the new set of data (larger open red
triangles) it results in much stronger overlap with the original
macro-cracking (20% of the population). Therefore, the influence
of distance may easily lead to misclassification of a tensile event
located away from the receiver, as a shear event located close to
the receiver. It is evident, that any crack characterization scheme
in real structures should include certain waveform correction pro-
cedures in order to lead to meaningful results. Concerning labora-
tory specimens which are commonly used for fracture
characterization purposes, the effect of distortion is limited due
to smaller dimensions and short propagation distances. However,
as the results of the present study show, distortion does exist
and although it does not prevent from the establishment of simple
classification schemes, characterization would certainly benefit in
terms of accuracy by taking out the effect of propagation distance.

The specific problem is quite complicated and further numerical
and experimental efforts should be undertaken. Experiments of
different fracturing modes should be conducted, while the number
of sensors must be increased in order to monitor AE signals for
longer distance. Concerning simulations, these should be expanded
in three dimensions in order to more realistically simulate the ex-
act geometry and orientation of the sensors’ surface relatively to
the AE wave directions.

Without being the target problem of the present study, a few
comments can be pointed at the comparison between the AE
parameters of different materials (plain and fiber reinforced). Apart
from matrix cracking, failure in steel fiber materials includes an-
other fracture mechanism due to the fiber pull-out. For the case
of straight fibers when the material is being cracked, friction be-
tween the fibers and the surrounding matrix occurs, which resem-
bles shear. As mentioned in the experimental section, the loading
automatically stops at the first load drop; therefore, it is not possi-
ble to monitor sufficient number of pull-out events. However, it is
certain that the fibers located at the center of the specimen are
instantaneously involved in pull-out events when the main crack
is formed. This contribution of the steel fibers’ friction with the ce-
ment matrix is bound to be responsible for this slight increase of
the average RA value for SFRM (371 ls/V) compared to 278 ls/V
for plain mortar, as seen in Table 2 for sensor 1. For the same rea-
son the AF is slightly decreased for SFRM. This has been experi-
mentally seen in concrete studies [13,14,38] with extensive pull-
out stage. In this case the contribution of pull-out is instantaneous,
but still its influence is evident on the average values. On the other
hand it is interesting to comment on the variation of the measure-
ments, which is certainly higher for SFRM. Table 2 includes the
standard deviation of the AE parameters as a percentage of the
average. It can be seen that, especially for RA, the scatter of the dif-
ferent specimens is much higher for SFRM (approximately 50%
compared to 30% or less for the plain material). This is also evident
in Fig. 6b, where the scatter of experimental points is larger than
Fig. 6a. This is particularly interesting because it shows that the in-
creased inhomogeneity of the steel fiber material is reflected in
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variability of the fracturing properties along with other physical
properties, variability in which would be certainly expected.
7. Conclusions

The present study occupies with propagation of elastic wave
pulses within material with microstructure. The investigation in-
cludes AE parameters which are used for characterization of the
fracturing properties of materials, instead of the classical wave
speed and attenuation which are related to mechanical and phys-
ical properties. These parameters are mainly average frequency
and the inverse of the rising angle of the waveform (RA value)
which under controlled conditions are used for crack classification
purposes. Due to the heterogeneity of concrete, the waveforms are
continuously distorted as the wave propagates away from the
source. This results in significant shift of the original content when
the pulses are recorded by the receiver. Experiments in specimens
of mortar show that an additional propagation distance of a few cm
affects the calculated values by orders of magnitude. RA increases
by three to four times while frequency decreases by about 30%.
This strong influence would not allow the use of any laboratory-
based criterion in situ. Simulations were also conducted in order
to expand to different materials and higher frequencies. They
showed even higher influence of inhomogeneity on the propagat-
ing wave. Therefore, it is evident that the AE waveform as received
by the sensor should not be directly used for crack classification
purposes; instead the original waveform characteristics, as emitted
by the crack, should be sought for in order to exclude the distortion
that propagation in a heterogeneous medium induces.
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