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elastic waves as measured by acoustic
emission parameters
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Abstract

Apart from the quantitative parameters of acoustic emission testing, such as the total activity or the location of the sources,

much more information can be exploited by qualitative characteristics of the signals. The shape of the waveform strongly

depends on the source, supplying information on the type of cracks. Shear cracks which normally follow tensile during
fracture, emit signals with longer rise time as well as lower average frequency. However, due to the inherent inhomogeneity

of the media, which is enhanced by the nucleation of cracks, each pulse suffers strong dispersion which results in serious

alteration of the waveform shape. Therefore, classification of cracks based on acoustic emission parameters would be

probably misleading in case the separation distance of the sensors is long or the material contains many cracks. In the

present study, numerical simulations were conducted in order to examine the influence of distance on the shape distortion

of an excited wave inside concrete. Results are compared with actual experiments on steel fiber reinforced concrete,

showing that the distance between the source crack and the acquisition point should not exceed a threshold value in order

to lead to reliable crack classification.
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Introduction

Acoustic emission (AE) is a method widely used for real

time monitoring of the structural condition of different

materials and structures. It is based on the elastic energy

which is released during changes in the material struc-

ture, such as crack nucleation and propagation, changes

in microstructure, etc. This energy is transmitted

through the material in the form of transient elastic

waves and can be detected by appropriate sensors on

the surface of the material.1,2Typically, the accumulated

activity recorded by the sensors is indicative of the sever-

ity of cracking, since the existence of cracks is usually the

prerequisite for AE generation; high AE rate of incom-

ing signals indicates the existence of many active cracks

while low or no emissions denote sound material.

Certain indices based on the magnitude or the number

of the AE signals have been employed successfully in the

health monitoring of structural materials like con-

crete.3,4 When multiple sensors are applied, apart from

the number of AE hits, significant information

concerning the location of the source events can be

derived based on the time delay between acquisition of

the corresponding signals at different sensors.5,6 This

allows estimation of which part of the material needs

repair which is of paramount importance for large

scale structures.

However, there are other important aspects of the AE

testing, which are based on the qualitative parameters of

the received signals. It has been seen that the shape of the

waveforms is indicative of the fracture type, something
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very important for the classification of cracks in different

materials.7–9 In general shear cracks follow tensile as the

material fails. Therefore, the characterization of the

cracking mode can act as a precaution against final fail-

ure. It can simply be stated that when a tensile event

occurs, the sides of the crack move away from each

other. This motion leads to a transient volumetric

change in the material. Therefore, most of the energy

is released in the form of longitudinal (dilatational

waves) and only a small amount in the form of S-

waves which are slower. Consequently, the major part

of energy arrives quite early within the waveform.10

Figure 1 (left) shows a schematic representation of AE

waveform emitted by a tensile event. The delay between

the onset and the highest peak, denoted as Rise time

(RT) is quite short, leading to high Rise Angle. On the

other hand a shear cracking event (seen on the right of

Figure 1) causes mainly shape deformation which emits

most of the energy in S-waves and only a small amount

of energy in the form of longitudinal. Therefore, the

major part of energy (maximum amplitude) arrives

much later than the initial disturbance of the longitudi-

nal wave which is faster, leading to longer RT and con-

secutively lower Rise Angle, as seen on the right of

Figure 1. Recently the shape of the initial part of the

waveform is quantified by the RA value (RT over max-

imum Amplitude) and is measured inms/V, as proposed

by the relevant recommendations.11 Additionally, ten-

sile events exhibit higher frequency characteristics than

shear, as expressed by the Average Frequency (AF),

which is the number of threshold crossings over the

duration of the signal.11 It is mentioned that in AE mea-

surements a minimum voltage is required in order to

trigger the acquisition. This is called ‘threshold’ and it

is defined in such a way to exclude low ambient noise

from being recorded.

This kind of classification has proved very useful con-

cerning corrosion cracking in concrete,8 rock failure,9

fracture of cross-ply laminates,7,12 discrimination

between tensile matrix cracking, and fiber pull-out

during bending of steel fiber reinforced concrete

(SFRC),13,14 as well as damage monitoring during seis-

mic loading of reinforced concrete frames.15

However, it should be kept in mind that the AE sig-

nals are transient elastic waves, the propagation of

which depends on the distance and the quality of the

path. Specifically, when a pulse propagates in a hetero-

geneous medium, apart from the attenuation, it also suf-

fers dispersion or shape distortion.16 This has been

experimentally measured in different systems that con-

tain phases with strong impedance mis-match17,18 and it

is mainly attributed to scattering,19 which redirects the

wave beam and therefore, alters the arrival time of some

wave components. The shape of the waveform will

change depending on the heterogeneity of the path,

either due to the constituent phases, if a composite mate-

rial is examined, or/and due to the existence of cracks.20

Guided waves, such as those found in thin shell-type

structures, can have similar effect upon waveform

shape.21,22 Since the shape of the wave changes, it is

expected that the calculation of AE parameters will be

affected. This practically means that one specific event

will be recorded as having different waveform shapes for

sensors placed at close or further distances from the

source. Therefore, the influence of the distance in the

measurement of AE parameters should be studied espe-

cially in relation with standardization which is currently

being attempted for the field of concrete.11,23

In this article, the relation between the measured AE

parameters and the propagation distance through con-

crete is numerically studied. The simulations concern

elastic matrix with stiff aggregates in order to resemble

concrete, while the influence of cracks is also studied. It

is shown that the separation distance of the sensors is of

paramount importance and it should be taken into

account when crack mode estimation is attempted by

data from in-situ monitoring projects.

Numerical simulation

The fundamental equation governing the two-

dimensional propagation of stress waves in an elastic

medium, with viscous losses is as follows:
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where u¼u(x,y,t) is the time-varying displacement

vector, r is the mass density, l and m are the first and

second Lame constants, Z and x are the first and second

viscosities respectively, and t is time. The simula-

tions were conducted using commercially available

Type I (tensile)
Volumetric 
change

Type II (shear) 
Shape change 

P-wave S-wave
P-wave

S-wave

Threshold

High rise

Angle

Low RA 

Low rise

Angle

High RA

RT
RT

A
m

p

AE
sensor 

AE
sensor 

Figure 1. Cracking modes and corresponding AE signals.
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software.24 It operates by solving the above equation

based on the method of finite differences. Equation (1)

is solved with respect to the boundary conditions of the

model, which include the input source that has pre-

defined time-dependent displacements at a given loca-

tion and a set of initial conditions.25 For heterogeneous

media like the one studied herein, wave propagation in

each distinct homogeneous phase (in this case mortar

matrix and aggregates) is solved according to Equation

(1), while the continuity conditions for stresses and

strains must be satisfied on the interfaces.25

The materials were considered elastic with damping.

The numerical model included the mortar matrix, round

aggregates, and in most cases cracks, simulated by thin

films. The corresponding properties of the materials

used in the model can be seen in Table 1. Since data

on the equivalent viscosity of concrete were not avail-

able, parameters were fitted in order to match attenua-

tion from relevant experiments in cement materials.26

The material used for the cracks was assigned properties

of air, while no viscosity was included, see again Table 1.

In order for the simulation to produce reliable results,

it is essential that certain guidelines are followed con-

cerning mainly the spacing and time resolution of the

wave equation solution. The spacing resolution, was

set to 3mm which is less than one tenth of the excited

wavelength (approximately 47mm for frequency of

100 kHz), while the sampling time was 0.193ms, much

less than the period of the excited wave (10ms), enabling

each cycle to be represented by approximately 50 points,

while 20 points are considered satisfactory.27 The geom-

etry of the model is seen in Figure 2. It represents a 2m

long concrete beam with a width of 0.4m. Concrete was

modeled as a matrix containing aggregates of 20mm

diameter in a percentage of 34% by cross section area.

Apart from the case of intact concrete which was simu-

lated initially, different cases of crack densities were

examined. Cracks were simulated by thin films of dimen-

sions 20x3mm. Three different orientations were

applied, namely 90o, 45o and �45o with respect to the

horizontal axis. The horizontal and vertical spacing for

the cracks of each orientation was 50mm for 5.7% con-

tent (as measured by cross-section area). The cases 2.8%

and 1.4% were also simulated. Initially, the displace-

ment excitation was conducted at the lower left end of

the model with a direction to the right (see Figure 2 top).

It was one cycle of 10ms duration (main frequency

100 kHz), while later 200 kHz were also applied. The

‘receivers’ were placed on the top surface of the geome-

try, with a separation distance of 300mm and provided

the average vertical displacement over their length,

meaning that each receiver’s signal represents the aver-

age response over a number of nodes. At the right and

left ends of the beam, infinite boundary conditions were

applied in order to avoid reflections and resembled a

beam much longer than the measurement area.

Results

The snapshots of the displacement field in Figure 2 show

the wave spreading away from the point source at three

distinct moments after excitation. As the wave front

propagates, it reaches the adjacent transducers and the

transient responses of the sensors are recorded. The

waveforms obtained by the seven receivers are seen in

Figure 3 for the cases of intact concrete (elastic matrix

with stiff aggregates, case a) and heavily cracked con-

crete (elastic matrix with aggregates and 5.7% randomly

oriented cracks, case b). It is mentioned that contrary to

the experimental amplitude, that is eventually measured

in Volts due to piezoelectric transformation in the

sensors, the amplitude of the simulation is non

dimensionless.
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Figure 2. Geometric model and consecutive snapshots of the

displacement field.

Table 1. Properties of materials used in the numerical model

l (GPa) m (GPa) Z (Pa�s) x (Pa�s) r (kg/m3) CP (m/s)

Mortar Matrix 11.1 16.6 2500 3.26*10�4 2300 4735

Aggregates 14.3 25.4 2500 3.26*10�4 2600 5190

Cracks 10�4 10�6 – – 1.2 300

Aggelis et al. 361



Apart from the delay imposed to the waveform of the

consecutive transducers, there is also a strong influence

on the shape of the pulse. Specifically, receiver 1 which is

placed above the excitation, records a signal with short

RT, which reaches its maximum shortly after the onset

and consecutively exhibits small RA. However, as the

distance increases, the rise angle of the waveform

decreases and the maximum amplitude delays more rel-

atively to the onset, as seen for Receiver #7 in Figure

3(a). The waveform shapes change even more for the

case of Figure 3(b) that concerns concrete with 5.7%

cracks. It is characteristic that the first cycle of the

recorded waveforms is much less sharp for the cracked

material compared to the intact one, due to the scatter-

ing of the wave front. For the case of 5.7% cracks, the

waveforms of receivers 1 and 7 are separately depicted in

Figure 4, along with their basic calculated parameters.

Apart from the amplitude difference, which is expected

due to damping, scattering, and wave front spreading,

the total number of threshold crossings is lower for the

far away receiver, leading to lower AF, while the maxi-

mum peak delays relatively to the onset leading to a

longer RT of 323ms, as compared to the 29ms of the

closer receiver. Concerning RA, its value increases by

more than 30 times for the furthest receiver, highlighting

that the same source event is captured in a very different

way at different positions. It is mentioned that the

threshold is constant for all waveforms and was set

equal to 1/100 of the highest peak exhibited by any of

the signals, which is a realistic value.

By calculating the specific waveform parameters that

are of interest for AE one can draw valuable conclusions

for their dependence on propagation distance. Figure

5(a) shows the RA values calculated for the different

receivers (1-7), as a function of the horizontal distance

from the source and the different material conditions. It

can be seen that for the case of plain concrete, the RA

stays approximately constant up to the distance of 1.5m,

but becomes unstable at 1.8m. This change in the RA of

the pulse is evident at closer distances if the material

contains cracks, something reasonable due to the

increased scattering dispersion. For the case of cracks

at a percentage of 1.4%, the RA increases for distances

longer than 0.9m, while for cracks at 5.7%, the RA

becomes unstable at distances longer than 0.6m.
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Figure 3. Simulated waveforms collected at different sensors for (a) intact concrete and (b) concrete with 5.7% cracks.
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Therefore, it can be concluded that both propagation

distance and material condition strongly influence the

shape of the pulse.

Figure 5(b) shows the behavior of AF (number of

threshold crossings over signal duration) as a function

of distance for different material conditions. Despite

some fluctuations, there is a decreasing trend of AF

with distance reaching approximately a value even

40% lower than the nearest sensor. This decrease is cru-

cial since it can mask the frequency decrease due to the

shift of the mechanisms during actual fracture, as will be

discussed below.

Influence of excitation frequency

In case the initial pulse is one cycle of 200 kHz, the

results can be seen in Figure 6(a) and (b) concerning

RA and AF respectively along with the results of

100 kHz which are supplied for comparison.

Concerning RA it is obvious that for both frequencies,

consistent measurements are conducted up to the dis-

tance of 600mm, while for longer distances the resulted

RA is more than one order of magnitude higher. This

numerical result implies that there is a threshold distance

(between 600mm and 900mm) above which the

measurements lead to inconsistent values. The situation

is similar for AF, since even for an excitation frequency

of 200 kHz, the measured AF, decreases strongly. For a

horizontal distance of 900mm (Rec. 4) the AF is approx-

imately the same as that of 100 kHz pulse, exhibiting a

decrease of more than 50% compared to Rec. 1. This

highlights the severity of scattering on the aggregates

and cracks. It is clear that the frequency content of the

pulse, as measured by the oscillations of the signal within

the specified duration, reveals a decrease of 90% (AF is

approximately 20 kHz or less) compared to the excited

frequency, showing that the material inhomogeneity

acts as a low-pass filter.

Influence of orientation and wave type

The abovementioned cases were simulated with the exci-

tation at the left bottom of the model, while the transient

displacement direction was horizontal (see top of Figure

2). In order to test a fewmore indicative possibilities, the

simulations were repeated with some changes in the exci-

tation. Specifically, with the same position (bottom left

of the model, in Figure 2, snapshot at 22ms), the excita-

tion direction was set upwards. Additionally, in another

case, the original direction was used but the pulse was
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excited on the top surface (near Rec. 1). The final case

was similar to the original configuration but instead of

longitudinal excitation, shear pulse was applied. Results

concerning the RA and AF are depicted in Figure 7(a)

and (b). It is suggested that propagation longer than

600mm in cracked concrete results in much higher RA

values compared to propagation up to 600mm. The

shear pulse can be regarded as an exception, because it

exhibits high RA value even for 300mm. The AF, which

is presented in Figure 7(b), shows a consistent drop as

the distance becomes longer. For 1.5m, the AF has

dropped by 50% for any type of excitation in damaged

concrete.

Discussion

Before discussing the specific trends as measured by the

simulations, it should be highlighted that this study

focuses on the propagation of the pulse through the

medium and not on the emission from the crack itself.

Thus the applied excitation of one cycle is indicative and

not directly connected to the actual excitation imposed

by the crack tip motion. The focus is given on the com-

bined effect of aggregates and cracks on the distortion of

the elastic wave. The effect of a single crack on propaga-

tion is quite clear in wave propagation studies, modify-

ing the frequency, amplitude, and velocity readings.28,29

When a population of randomly oriented cracks is pre-

sent (which is the case for damaged concrete) their effect

is cumulative and the characteristics of a propagating

pulse are completely changed compared to the initial.20,30

Aggregates also influence the propagation; however their

density and wave velocity is quite similar to the mortar

matrix, resulting in weak scattering of the wavefront; on

the other hand cracks, which exhibit a density and wave

velocity near zero are much stronger scatterers of elastic

waves when inside a stiff elastic matrix.

From the above results, it is seen that waveform

parameters used for crack classification, like RA and

AF although may depend on the mode of the source

crack, can be severely influenced by long propagation

through damaged material. This practically means that

a specific tensile event recorded by a transducer nearby

the crack in intact concrete will be characterized as mode

I, while if the material is deteriorated and the receiver is

placed away from the source, the same event wouldmore

likely be characterized as mode II. This dependence of

RA on the material and testing parameters is crucial.

From Figure 5(a), it can be seen that for distances

within 600mm, the RA is contained between 50 and

1000, while for longer distances it increases above

6000. Therefore, the distance in combination to the

material’s condition may lead to an increase of the cal-

culated RA by 6 to 100 times, meaning that this change

would more likely mask the actual source, falsely shift-

ing the characterization in favor of the mode II. It is

highlighted that the actual change of RA based on the

cracking type alone as was measured experimentally for

SFRC, was of the order of 4–10. Specifically, the RA of

tensile cracking was less than 500ms/V, while later when

shear was active it increased to about 2000ms/V.13,14

Therefore, a change by 10 or more times due to distance

would mask the effect of the crack type itself.

As to the AF, again the change due to long propaga-

tion in damaged material may mask the effect of the

source crack type. The decrease of AF, unlike RA, is

gradual and does not become suddenly unstable after a

certain distance. Simulation results presented in Figures

5(b), 6(b) and 7(b) show a decrease of approximately

50% in the AF of a signal propagating through 1.5M

or 1.8m of concrete.This decrease is crucial since the AF

decrease caused by different failure mechanisms (matrix

cracking and fibre pull-out) as measured experimentally

is of the same order. Specifically, AF decreased from 300

to 150 kHz aftermain failure, being reduced by 50%.13,14

However, this study shows that 1m propagation away

from the source could result in decrease similar to that

imposed by the shift of failure mechanisms.

The above discussion raises a crucial subject concern-

ing AE monitoring of large structures. It can be
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concluded that the specific values of the different indices

should always be connected to the propagation distance.

Alternatively, in order to characterize the cracking

mode, data should be collected by sensors at close dis-

tances around the source event, while events located

away should not be considered for this purpose. The

present simulations imply a propagation distance of

600mm, within which, the indices measurements is con-

sistent for any type of material. It is interesting to exam-

ine the above considerations in actual AE experiments

with different type of concrete, concerning its aggregate

content and size in order to propose a robust classifica-

tion scheme with the minimum possible influence of

distance.

Apparently, the above discussion does not include the

deterministic aspects of AE, like event location, which

are not influenced by the shape of the waveform, but

only from the arrival time of the signal. In practical

terms, location of the cracking zones may be conducted

even for long distances between the AE sensors, but

when detailed assessment of the failure mode is

attempted, the receivers should be quite close, or

events located far from the receivers should be excluded

from crack classification analysis.

As an indicative example of the experimental behav-

ior of the pulses in damaged material the following case

is presented. The material was SFRC, which had been

tested in bending and developed a deep network of

cracks. The excitation was conducted with a pencil

lead fracture on the surface of the specimen, as seen in

Figure 8, which is received by two broad band sensors at

distances of 20m and 70mm. The waveforms received at

both positions are seen in Figure 8(b) with some of their

main characteristics. The AF dropped from 209 kHz at

the near-by sensor to 141 kHz after additional 50mm of

propagation, while for the same distance the RA

increased by 140 times (4757ms/vs. over 34ms/V). This

example is indicative of the influence of the propagation

distance on AE parameters in cracked material. A spe-

cific initial excitation (in this case fracture of pencil lead)

would be classified as mode I by Rec. 1, due to low RA

and high AF, while it would be classified as mode II by

the Rec. 2.

Conclusion

The present article deals with the dependence of AE

parameters to the propagation distance and the quality

of the propagation path. Numerical simulations show

that crucial indices like the AF and the RA are strongly

influenced, masking therefore, the source information

contained in the initial pulse. The source itself may be

responsible for a decrease of 50% in frequency, which is

approximately the percentage of decrease imposed by

longer propagation in cracked material. Additionally,

as recent experiments have shown, the RA value may

increase by about 4 to 10 times for a shear crack, rela-

tively to a tensile one, but long propagation through

concrete may impose a much higher increase of the

order of 30 times or more. It is obvious that the com-

bined effect of attenuation and dispersion exercises have

strong influence on the AE parameters value. This

should be seriously taken into account before applying

crack classification approaches in concrete structures

and specimens. Additionally, further study is necessary,

in order to include results in specific recommendations

concerning the separation distance of AE sensors for

characterization of cracks in concrete. As a future step,

AE monitoring during fracture experiments of mortar

specimens with a notch is scheduled. The notch will serve

as crack initiator and the parameters of the AE signals

captured by sensors at different distances from the notch

will allow experimental correlations between the propa-

gation distance and AE parameters.
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