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Summary 

Contemporary engineering applications require materials with 
high toughness and durability. The safe infrastructure 
management calls for time- and cost- effective as well as global 
characterization techniques. Acoustic methods offer many 
advantages in that they are non invasive and can be applied 
during the normal service of the structure without interruption. 
The information obtained is related to the geometric location of the 
damaged zones and the severity of the condition. Current research 
aims to standardize the procedure of concrete Acoustic Emission 
testing and analysis in order to be reliably applied for in-situ 
monitoring. Acoustic emission indices can be used to predict final 
failure and characterize between different cracking modes 
enabling maintenance decisions based on robust engineering 
criteria. In the chapter, the basics of acoustic emission are 
described along with advanced indices and parameters, the 
validity of which is supported by experiments and simulation. 

Keywords: Acoustic emission; Cracks; Infrastructure; Non 
Destructive Inspection. 

8.1 INTRODUCTION 

The aging of civil infrastructure calls for immediate and 
effective Non Destructive Evaluation (NDE) techniques. 
Information on the structural integrity, estimation of remaining 
strength, evaluation of the damage type and content can be 
considered in a process of safe and economic infrastructure 
management. Concerning large concrete structures, it is not 
always possible to determine the exact integrity condition of the 
whole volume. Still, NDE results can act as a warning before the 
structure deteriorates to a critical degree endangering human lives. 
Due to the large cost of building new infrastructure, the 
engineering community grows a standard interest on repair of 
existing structures with the aim of extending the safe service life of 
the structures for decades. Therefore, inspection methods which 
enable engineering decisions based on specific criteria are highly 
sought. These inspection methods should be global, reliable as 
well as time- and cost-effective. 

The term "global" refers to the assessment of the largest 
possible volume of the material in one testing. Consequently, some 
specific parts of the structure can be targeted by more detailed pin­
point inspection methods, in case it is deemed necessary. 

Additionally, the results of the methods should be reliable and 
lead with little or no doubt to the correct conclusion concerning 
the structural integrity and consequently to the further steps of 
repair action. Therefore, certain procedures should be followed 
concerning the application of the method, as well as establishment 
of specific sensitive indices measured in a non destructive way 
with the capability to characterize the damage status of the 
structure. In case these features can be achieved by a testing 
method which can also be relatively cheap and fast, a large 
number of old structures can be scanned and prioritized 
concerning their risk assessment, something that will significantly 
contribute to the safe and economic infrastructure management. 
This is a field concentrating the effort of the engineering 
community, and different scientific committees are active 
investigating the standardization of NDE methods in concrete 
[8.1,8.2] . 

Methods based on elastic waves have proven very useful in 
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several cases of mo nitoring and repair of large structures. These 
methods include both activ e (ultrasonic testing, UT) as well as 
passive techniques (acoustic emission, AE). In the first case , an 
excitation is in troduced at several specific po in ts of the stru ctu re 
[8.3, 8.4]. This propagates as an elastic wa ve through the ma terial 
of the structure an d can be received by su itable transd ucers at 
d ifferent poin ts. Characteristics of the transien t pu lse, such as 
velocity and atten uation can provide useful insight of the in terior' s 
conditi on, visualize defects, as well as correla te wi th the elasticity 
mo dulus an d strength of the ma terial. Pulse ve locity has been 
correlated with mix composition [8.5, 8.6] str en gth [8.7, 8.8] and 
damage [8.9-8.11] of concrete materials, offering rough bu t 
valuable estimations, since the dam age condition influences the 
me chanical properties and hence wave speed and attenua tion . 
Employing a number of sensors, the ve locity structure of the 
ma terial can be constru cted and the in ternal condition visualized, 
highlightin g the existence of voids or cracks, [8.12-8.14]. 

On the other hand, Acous tic Em ission (AE) utilizes the transient 
waves which are emitted by the initiation and propagation of 
cracks when the material is under stress, hence there is no external 
tr igger [8.15]. These transient wa ves (AE signals) are detected by 
AE sensors attached to the surface of the material, (in a general 
case they operate in a similar way to the UT sensors). The source 
of the transient signals is an AE "event" that is rela ted to the 
fracture process (e.g. one crack nucleat ion or propagation 
incidence). One event leads to a str ess wave propagating in all 
directions w hich is recorded almost simultaneously by different 
sensors. Analysis of the wave characteristics and the origin can 
provide useful information about the internal condition of the 
structure. The advantage of AE is the record ing of the damage 
process during the entire load history, which enables 
de termination of the onset of fracture and tracking of all 
subsequent failure stages. In several studies AE parameters have 
been correla ted with the failure modes and damage evolution 
under bending test [8.16-8.20], pu ll ou t [8.21, 8.22] and splitting 
tests [8.23], even cracking due to dr ying shrinkage of fre sh 
concrete [8.24]. Specific AE indices have been used to identify the 
moment of critical failures much earlier than visual observation or 
drop of mechan ical load readings [8.25, 8.26]. Therefore AE is 

Health monitoring 

employed in the monitoring of full scale structures like bridges 
[8.27], railway concrete piles [8.28, 8.29], dams [8.30] and land slide 
mo nitoring [8.31, 8.32]. 

8.2 ACOUSTIC EMISSION 

The first referenced application of acoustic emISSIOn was 
tho usands of years ago, when pottery manufacturers listened to 
the audible so unds from pots that had been cooled off more 
quickly than others. The pots that emitted this cracking sound 
were of lower quality and would fail before serious usage [8.33]. 
One of the first systema tic examinations of AE was conducted by 
Kaiser at 1950s. It w as observed that acoustic emission would be 
de tected on ly after U1e prev ious maximum load had been 
overpassed [8.34]. Materials which are rela tively intact follow the 
"Kaiser effect" , while as dam age is being accumulated acoustic 
emi ssion emerges even at lower str ess levels. 

In general, acoustic emission can be define d as transient elastic 

waves which are genera ted by the release of energy mainly due to 

crack initiation and propagation incidences in a material [8.35]. 

Acoustic emission, which occurs in mo st materials, is caused by 

irreversible changes, such as dislocation movement, phase 
transformations, crack initiation, and propagation, debonding 

between continuous and dispersed phases in composite materials, 

corrosion and others [8.36-8.40]. In AE testing, the minor events 

created by slight fracture incidents are especially tar geted in order 

to act as a precursor of the large scale fracture that could be 

catastrophic. AE signals (which are similar to the seismic activity 

of the Earth's cru st but in a sm aller scale) can be recorded by 

suitable sensors attached on the surface of the material. In a typical 

case the AE sensors are piezoelectric, transforming the pr essure 

applied on their surface under the transient excitati on of the AE 
signal to electrical voltage. For concrete applications the resonant 
frequency of the sensors is usually below 200 kHz for in-situ 
application [8.16, 8.28-8.30], while in laboratory when attenuation 
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is not an issue due to reduced size of specimens more broadband 

sensors can be used. 

A schematic representation of the AE testing technique is 

depicted in Figure 8.1. The normal sequence of the procedure 

includes the stressing of the examined material or structure. This 

could be a controlled experiment in laboratory conditions in order 

to examine the AE behavior during the fracture process within a 

material under monotonic or fatigue loading. In case of in-situ 

monitoring the stress is applied by the service load of the structure, 

(e.g. traffic on a bridge). Consequently, fracture phenomena (or 

In laboratory In -SItu 
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Figure 8.1 Typical acoustic emission procedure in laboratory and 
in-situ. 
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friction between alread y formed cracks sides) emerge and release 
transien t elastic w aves which propagate from the source crack as 

elastic waves. They are detected by the sensors attached on the 
surface, in the form of AE w aveforms. Th ese waveforms are 
digitized and stored in order to be analyzed. Most of the 

characteristics however, such as the total activity, AE signal 
parameters or the loca tion of the sources can be seen on the screen 

in real time. 
Consider ing that the acoustic acti vity depends on the number 

of crack pro pagation incidences, the hit rate can supply 
in formation about the activity of cracks. Under the same testing 
and load ing cond itions, high activity indicates increased rate of 

crack propaga tion events, w hile lower is connected to negligible 
crack in tensity . Figure 8.2a shows an example of cumulative 
acoustic emission activity during a triangular loading cycle of a 
coupon of composite mater ial [8.41]. Acoustic emission hits are 
be ing recorded from th e start of the cycle but the rate starts to 
increase when load reaches half of the maxim um . Seconds later, 

w hen the load decreases, AE activity rate reduces but hits are still 
recorded even during unloading. In certain materials, like 
reinforced p olymers or metals used for pressure vessels or pipes, 
experience has indicated certain values of AE activity to be used as 
thresholds between intact, questionable and damaged material 

[8.42, 8.43]. However, due to the severe inh omogeneity of concrete, 

similar standards have yet to be defined. 
Apart from the number of acoustic events, valuable information 

concerning the location of the cracks can be exploited. Considering 
that a number of AE sensors are located in the near vicinity of a 
crack tip, each one will record a signal (hit), which originates from 
the cracking event. In case the sound velocity of the medium is 
kn own, the relative delay between acquisition by the different 
sensors will depend on the actual location of the source crack. 
Therefore, using back-calculation algorithms, geometric location of 
the cracks is possible [8.16,8.17,8.21,8.24,8.44]. For a small tensile 
coupon of material, two sensors are enough to produce "linear" 
location, while for three dimensional location, at least six sensors 
are necessary. An example is seen in Figure 8.2b, where linear 
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Figure 8.2 (a) Typical cumulative AE activity vs. load and time for 
a composite specimen, (b) linear location of AE events in a span of 
70 mm in a specimen. 

Health monitoring 

location on a 70 mm span of a composite sp ecimen shows the 
crack density at specific locations. AE location indicates which part 
of the structure/ specimen ha s suffered extens ive deterioration and 
leads to specific action, like cement injection for a large concrete 
structure. 

As stated earlier, when a material or structure is stressed, AE is 
produced . Additionally, the behavior during unloading is also 
crucial. In the case where th e material is intact or the applied load 
is low, the AE acti vity during unloading is of low intensity, as seen 
in Figure 8.3. For damaged material though, the emission s are 
in tense even during unloading, see again Figure 8.3. The number 
of AE events during unloading divided by the number of events 
during the whole cycle is defined as the calm ratio (CR) and values 
ne ar 0 indicate intact material condition, while higher than 0.05 
imply qu estionable quality [8.16, 8.27-8.29,8.45,8.46] . 

The parameters can be conside red as quantitative, since th ey 
de pend only on the sensitivity of the AE system to acquire signals. 
Source location and accumulated hit acti vity can be monitored 
regard less of the qualitative characteristics and shape of the 
acquired w aveforms. Information bas ed on the shape of each 
signal is also crucial to characterize the damage mode and 
intensity, but first two exam ples of large structures AE monitoring 
based on the number and the location of the even ts are presented. 

Load 

\ , I 
~ Time 

A few or no events after pE Significant events after peak 
load, CR ----> 0 load,CR» 0 

Figure 8.3 Representation of AE acti vity with damage process. 
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8.3 AE MONITORING OF A PRE-STRESSED CONCRETE 
BRIDGE 

As an exam ple of linear event location in a large structure the 
case of a prestressed concrete bri d ge is de scribed along w ith some 
impor tant details [8.13]. The length of the examined spam w as 45 
m . Due to the elongated shape of the structure the sensors were 
pl aced in one line along the center lon gitudinal axis of the bridge. 
The 28 sensors (R6 fro m Physical Acoustics Cor p . (PAC») were 
attached to the bottom surface of the bridge using electron wax. 
Their separation w as 1.5 m. The approximate positions are shown 
in Figure 8.4. The R6 sensor has a resonant freq uency of 
approximately 60 kHz and is w idely used for concrete. Before the 
test, pencil lea d breaks w ere performed near each sensor an d the 
results were within 1. dB margin at the top of the voltage range, 
show ing that all transducers were adequately mounted . The 
detected AE signals were pre-amplified by 40 dB and acquired in 
two synchronized data acquisition sys tems, na mely a 16-channel 
DiSP and a 1.2-channel Mistras of PAC. Strain gauges were also 
placed in three locations of th e top surface of the bridge, as shown 
in Figure 8.4. 

8.3.1 Acoustic emission activity 

The load for th e AE monitoring was supplied by a 20-ton crane, 
w hich passed over the bridge with a constant speed of 
approxima tely 0.5 mls (see Figure 8.4). As the crane mo ved over 
the bridge, the strain on the top surface of the bridge at the mid­
sp an was mo nitored and can be seen in Figure 8.5. The maximum 
strain was recor ded at 88 s, when the truck was in the middle of 
the span, as the highest tensile stress due to bending was applied 
at the bottom layer of the structure, w he re the sensors w ere 
attached. In the same figure, th e cumulative number of AE hits 
recorded by all the sensors is depicted for one passage. It can be 
seen that the rate of AE hits was more inten sive before the crane 
reached the center of the bridge a t 88 s. Up to that moment more 
th an 70% of the total number of hits was recorded, implying that 
more active sources were located in the first half of the bridge. 
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Figure 8.4 Representation of the crane passing over the bridge and 
sensor location. 

The interpretation of .I.E information is not always easy. This is 

the reason why different indices have been introduced. Some of 

them utilize the relative number of hits during the loading and 

unloading process, or the load at which the AE activity starts 

compared to the previous maximum load [8.26,8.27]. Others take 

advan tage of the amplitude distribution of AE events [8.11, 8.20, 

8.25, 8.47] and will be discussed later. However, in this case just 

the total number of AE events during the crane passage sufficed 

the requ iremen ts of the test. The sen sor separation of 1.5 m, 

enabled the recording of most events by at least two adjacent 

sen sors , leading to the calculation of the exact position of the 

sources in the longitudinal axis of th e spam. Figure 8.6 shows the 

results of linear location for the tree passages of the vehicle. It is 

obvious that one half of the bridge exhibited much higher activity 

compared to the other part. This was consistent for all the passages 

of the crane revealing that the acoustically " active" part was 

deteriorated, either due to some differential effect of a 

deteriorative force (the structure was 3 m above sea surface) or 
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Figure 8.5 Time history of strain at the center and cumulative AE 
hits during crane passage. 

due to inadequate construction. It is well known that the AE 
activity is connected to the extent of damage through primary 
(crack growth) and secondary (crack side friction) mechanisms. 
Therefore, the area which exhibited the highest activity was the 
most likely to have sustained more serious damage than the rest of 
the structure examined. Consecutively, this area was selected for 
the more detailed monitoring using elastic wave velocity which 
actually revealed a zone of deteriorated material [8.13]. This 
sequence of procedures reveals that AE can be used as a global 
monitoring tool in order to scan the whole structure in a fast way, 
highlight the areas of troublesome integrity of a large structure. 
Consequently, more detailed examination can be conducted by a 
pin point method. 
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Figure 8.6 Number of events vs. distance from the start of the 
bridge. 

8.4 AE MONITORING DURING BENDING OF LARGE 
CONCRETE BEAM 

Another example comes from the 4-point bending of large 
concrete beams. The target application of this kind of beams is 
ground support for tunnel construction. The length was 6.5 m 
while the cross section was 0.65 m (height) by 1 m . They consisted 
of two layers of concrete, the lower of which has a thickness of 150 
mm. After the complete hydration of this layer (at 28 days) the 
second layer was cast on top . This layer has large aggregates of 100 
mm and quick setting and hardening grout. More details on the 
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construction, such as composition and aggregate size can be found 
in [8.16]. 

8.4.1 Mechanical Testing 

The beams were loaded in a four-point-bending test. The 
overall span between the sup ports was 6 m, and the load was 
applied from the top surface as seen in Figure 8.7. Several strain 
gauges and deflection meters were attached to the surface of 
concrete, as well as on the reinforcement bars before casting. The 
loading consisted of 5 cycles: the first two were up to 500 kN, the 
third and fourth up to 750 kN and the last up to failure . 

8.4.2 Acoustic emission monitoring and results 

Sixteen piezoelectric sensors R6 of Physical Acoustics, PAC, 
were employed for the AE monitoring. The specific sensors exhibit 
high sensitivity at the band below 100 kHz and are widely used in 
AE monitoring projects . They were attached using electron wax on 
the positions 1-16, shown in Figure 8.7. The signal was pre­
amplified by 40 dB, digitized with a sam pling rate of 1 MH z and 
stored in a PAC, DiSP 16 channel system. Apart from the analysis 
of parameters and waveforms, the AEWin software of PAC 
provided automatic, real-time event source location during the 
experiment. 

In Figure 8.8 one can see the time history of the cumulative 
number of AE events along with the applied load. As seen, the AE 
events are recorded shortly after application of the load. During 
any cycle of loading and unloading the events increase, finally 
reaching a number of approximately 8000. This is by itself an 
indication of intense cracking that happened in the joint beam. 
What is more important though, is the value of AE indices, like the 
calm ratio that was mentioned earlier. The activity of the beam 
was intense even from the first unloading (maximum load of 500 
kN) . The number of the events during unloading (807) was almost 
of the same order with loading (1291), leading to a calm ratio of 
0.39. This value is related with high degree of damage in relevant 
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Figure 8.7 Geometry of the experiment and sensor location. 

works [8.27, 8.28, 8.45, 8.46, 8.48]. An empirical threshold value of 
0.05 is defined, above which severe deterioration is implied. This 
shows that the damage of the beam was extensive even from the 
first loading cycle . 

8.4.3 Event location 

It is interesting to focus on the location of the events. In Figure 
8.9 one can observe the location of the events for the first loading 
and unloading step for the beam. The projection on the different 
planes (axes x-y and x-z) are presented in different graphs. The 
events are indicated by circles, the center of which is the location 
of the source and the diameter stands for the amplitude of the first 
detected signal of the event. During loading of the 1st cycle there is 
extensive AE activity, distributed in the whole of the monitored 
volume. After the maximum load (unloading phase-right graphs 
of Figure 8.9) the activity is certainly lower, but does not stop, 
while again the events are located in the whole volume. 
It is interesting to discuss the AE activity of the 2nd cycle, which is 
characterized by the same maximum load as the first (500 kN), as 
seen in Figure 8.10 . The activity is certainly lower, something 
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location of damage but also on the type of the cracks and the 
damage status. Typical waveforms of AE can be seen in Figure 
8.11. 

One crucial characteristic of AE testing is the level of the 
"threshold" which is set by the user. It should be set at a value 
high enough to avoid the acquisition of weak ambient noise 
(environmental, electric) but on the same time low enough to 
allow recording of the actual cracking signals. Given that a signal 
voltage is higher than the threshold and it is recorded by the 
system, its parameters are calculated and stored. Some of the basic 
parame ters of the incoming AE signals are the arrival tim e (onset), 
which is the moment of the first threshold cro ssing, the 
"Amplitude, A" , which is the maximum voltage (either in Volts or 
dB) exhibited by the highest peak of th e waveform, the "Duration" 
wh ich is the time span between the first and the last threshold 
crossing. The total number of threshold cro ssings (which in most 
cases is equal to the number of w aveform peaks) is called 
"Counts", while the time between the onset and the peak of the 
highest cycle is call ed "Rise Time, RT" in ps. The ratio of 
Amp litude to Rise Time is called Rise Angle or Grade in literature 
[8.31, 8.49]. Recently th e inver se is utilized (RA=Rise 
Time/ Amplitude, lls /V) as suggested by the relevant technical 
committee [8.1]. The number of Counts divided by the Duration is 
called "Ave rage Frequency, AF". 

In general, the amplitude correspon ds to the scale of fracture, 
since the energy emitted from the source depends on the crack 
opening displacement; small di splacements emit waves of low 
energy, while lar ge cra ck propagation incidences generate higher 
amounts of energy. Characteri stics like RT, RA and AF have been 
corre la ted to the cracking type (tensile or shear) as will be 
d iscussed in more detail later in the chapter. It is ge n erally 
acceptable that fracture starts from tensile matrix cracking before 
re su lting in shear cracks [8.1, 8.22, 8.40, 8.50]. Therefore, the 
characterization of the cracking mode can act as a precaution 
against final failure. The w av eform shape depends primarily on 
the crack type. It can be simply stated that when a tensile event 
occurs, the sides of the cracks move away from each other, leading 
to a transient volumetric change in the material and th erefore, 
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Figure 8.8 AE hits and load history for the joint beam 

reasonable due to Kaiser effect; th e cracks that may be nucleated or 
propagate under this load , have already done so in the first cycle. 
Therefore, only fewer and of lower magnitude even ts occur. 
However , even thi s slight acti vity for the same load shows that the 
integrity of the structure has already been compromised. Finally at 
the last step, which is shown in Figure 8.10b, the acti vity is again 
increased, since the maximum load was rai sed to levels higher 
than before and new cracks were nucleated or propagated . 

8.5 ACOUSTIC EMISSION IN DICES 

Apart from th e deterministic asp ects of AE, such as the number 
of hits and the location of cra cks, other qualitative characteristics 
offer more precise characterization not only on the existence and 
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Figure 8.9 Locati on of AE sources during the first loading cycle. 
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Figure 8.11 Different crack modes and corresponding AE signal. 

most of the energy is released in the form of longitudinal 
(dilatational waves). The other slower wave types that may be 
emitted (mainly S-wave) by the same event contain less energy. 
Therefore, the major part of energy arrives quite early in the 
waveform, leading to short Rise Time, and high Grade, see Figure 
8.11. On the other hand a shear cracking event, includes 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 P-wave, leading to 
longer Rise Time and consecutively to lower Grade, as seen again 
in Figure 8.11. 

Additionally, the amplitude of the events is of primary 
importance since it correlates with the energy of the source as 
stated above. However, making use of the amplitude solely could 
be misleading as it also depends on the attenuation of the medium. 
As damage is being accumulated, the density of micro-cracks 
increases and therefore, so does the scattering attenuation. 
Therefore, a certain event emitted with a specific amplitude at the 
source w ill be m ore attenuated in damaged state than in an earlier 
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state, making amplitude not a adequate descriptor to solely 
characterize the material condition. Moreover, different fracture 
modes generate different types of acoustic emission signals with 
varying frequency ranges and amplitudes. Microcracks generate a 
large number of small amplitude acoustic emissions. Macrocracks 
generate not so many events as microcracks do; however, the 
macrocracks are of higher amplitude. When the recently generated 
macrocracks open up, most of the energy is released. Next, many 
small amplitude events are again created. The occurrence of 
primary events alters the stress field in the neighbourhood of the 
source region. Therefore, it is reasonable to affect also the relative 
d istribu tion of small and large events. The "Ib-value" represents 
the ratio of weak to strong events [8.20]. As mentioned above, 
microcracks generate a large number of weak acoustic emissions. 
Therefore, microcracking leads to a relatively high Ib-value, which 
is the absolute value of the slope of the cumulative distribution of 
the amplitudes of the recent 50 hits (see Figure 8.12). 
Macrocracking, instead, leads to relatively low b-values since it 
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Figure 12 Acoustic emission peak amplitude cumulative 
distribution. 
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creates relatively more of the strong even ts. With increasing stress 
levels, the fractu re process moves from micro- to macro-cracking 
and the Ib-value decreases. Thus, an Ib-value decrease can be 
interpreted as a success ive stress accumulation due to a 
propagating rupture front. For the thorough analysis of Ib-value, 
the interested reader is directed to the original work of Shiotani et 
al. [8.25] 

The formula for the Ib-valu e calculation is defined as: 

Ib = 109,0N(p - a , . ())- 109,0N(p + a 2 · (J")(8.1) 
(a, +a2 )(J" 

where a is the standa rd deviation of the magni tude dist ribution of 

one group of recent hits (in our case 50), Il is the mean value of the 

magnitude distribution of the sa me group of even ts, and Q1 and Q 2 

are constants that define which part of the po p ulation will be 

taken into account. Usua lly Q 1 and Q 2 are given the value of 1 and 

the population, N, of recent hits employe d in the calculation is 50 

or 100. It is understood that the Ib-valu e is a transient feature, 

updated with each new hit recorded during the fracture process. 

In order to study the different mechanisms, one suitable 

material is steel fiber rein forced concre te (SFRC). The sequence of 

crack types (tens ile to shear) can be eas ily realized during bending 

of SFRC. Due to the tensile stresses on the surface, tensile matrix 

cracks are initially nu cleated . How ever, as they propagate towards 

the compression zon e they may be deflected and change 

orientation, following strong shea r stres ses vertical to the load 

direction. Additionally, after the initial matrix crack, fiber pull out 

events start to happen. These, resemble the shear type due to the 

di splacement of the interfa ces parallel to the original orientation of 

the crack. An example of the effect of the failure mode to the AE 

waveform shape and amplitude distribution can be seen below. 

The study involved 4-point bending of SFRC specimens . 
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8.6.	 ACOUSTIC EMISSION OF STEEL FIBRE 
REINFORCED CONCRETE 

8.6.1 Experimental details 

The specimens used in this study were 100x100x400 mm in size. 
The fibre content was 1% by volume, while the shape of the fibres 
was wavy with length of 25 mm and diameter of 0.75 mm. The 
water to cement ratio by mass was 0.5 and the maximum 
aggregate size was 10 mm. The specimens were tested in four­
point bending. The bottom and top spa ns were 300 mm and 100 
m m respectively, as seen in Figure 8.13a. The displacement rate 
wa s 0.08 mrn /rnin and the maximum mid spa n deflection was 2 
mm according to ASTM C1609/C 1609M-05. Details on the 
mechanical testing can be found in [8.51]. Two AE broadband 
sensors (Pico, PAC) were attached to the bottom tensile side of the 
specimen (Figure 8.13b). Roller bear ing grease was used for 
acous tic coupling while the sensors were secured by the use of 
tape during the experimen t. The signals were recorded in a two­
channel monitoring board PCI-2, PAC with a sa mpling rate of 5 

MH~ . 

8.6.2 A E activity and lb-ualue 

Typ ical Load and AE cumulative hits vs. time curves are shown 
in Figure 8.14. The rate of AE hits is progressively increasing as the 
load reaches the ma ximum valu e. At the moment of fracture, 
which is evident by the instant dr op of the load , the AE hit rate 
exhibits a maximum as seen by the almost vertical hit line. In mo st 
cases there was a multi-peak behavi or, and each of the instant load 
drops was accompanied by a vertical increase of the hits line . This 
is reasonable due to the numerous events of matrix cracking, as 
well as fiber pull out that occur in a tim e span of less than 1 s. 
Specifically, more than 100 hit s were recorded during each main 
cracking incidence. After the load drop, the AE rate decreases but 
the activity does not stop. The typical activity recorded in each test 
was approximately 1000 hits. 
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(a) 

SFRC beam : 
I
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,I

,,
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, :.. 100 mm . ' 
:.. 300 mm . : 

400mm 
~ . 

Figure 8.13 (a) Schematic represen ta tion of four point bending of 
concrete with AE monitor in g, (b) close up of the AE sensors 
during experiment. 

Figure 8.15 shows the Ib-value hi story for th e same specimens, 
which as mentioned earlier quantifies the slope of the cum ula tive 
amplitude di stribution of a recent number of hits (usually 50). For 
each specific case, a strong drop of the Ib curve is exhibited much 
earlier than the load drop and is marked by an arrow. In all cases, 
the Ib-value curve exhi bits a strong decrease at least 100 s before 
the macroscop ical load drop, and w hile the load is approximately 
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Figure 8.14 Cum ula tive AE activity and load vs. time for three 
SFRC specimens. 

I 



Health monitoring 356 
355 Health monitoring 

at 50 to 75% of the maximum. It is worth to mention that at this 
early time, the hit rate did not sho w any significant change. Thi s 
highlights the need to study more parameters than the hit rate and 
focu s also on the qualitative parameters of the signals. The Ib­
value is a parameter which consistently acts as a warning much 
earlier than macroscopic failure. Therefore, its use in case of 
remote monitoring of lar ge structures should be stressed ou t. 
Apart from the early drop of Ib-value, the minimum value of each 
Ib curve was exhibited at the moment of fracture, (values of 
approx imately 0.02 to 0.03). In literature the value of 0.05 is 
genera lly considered the threshold below which severe damage is 
ind icated [8.11, 8.16, 8.20, 8.25, 8.47]. Although in laboratory 
conditions identification of the fracture moment is not an issue 
due to the load drop, as well as, the appearance of visible cracks, 
this is not always the case for a real structure where a sim ilar crack 
of width less than 1 mm, will not produce visible deflection due to 
the size of the structure. Therefore, the sudden drop of the Ib­
va lue will indicate the upcoming failure with the minimum value 
itself being related to the severity of the structural condition of the 
material around the sensors. 

8.6.3 Average Frequency 

Apart from the Ib-value, another parameter that has been 
stud ied in respect to the failure mode is the average frequency 
(AF) of the signals as mentioned above. This feature is calculated 
from the number of threshold crossings of the waveform divided 
by its duration. It has been shown that cracks resembling mode I 
(tensile) produce signals with relatively high frequency, while the 
shear type of crack (mo de II) results in lower frequency [8.1, 8.22, 
8.40, 8.50J. In the present case, the logical sequence of events starts 
w ith the type I matrix cracking which is initiated at the bottom 
surface due to tensile load s. As the crack extends to the top, fibre 
friction and pull out even ts (shear, mode II) start to occur. At the 
last stage when most of the specimen's cross section has been 
ruptured and the two parts of the specimen get more separated , 
the fibre pull out events dom inate the process. 
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For the materials of this study, AF exhibited a consis tent strong 
drop of approximately 200 kHz a t the momen t of main failure. 
This can be seen in Figure 16 for three indicative cases. The dots 
correspond to the AF of each AE hit while the solid line is the 
moving average of the recent 30 hits in orde r to show the trend 
clearly. The AF shift to low er values at the moment of failure is 
connected to the failure mechanism as discussed above. It is 
reasonable that prior to the main fracture, the ma tr ix is being 
ruptur ed by microcracks starting from the tensile side. After the 
main network of cracks has been developed, the tensile cracking 
events give their place gradually to the she ar mode due to fibre 
debonding and friction which occurs during fibre p ull ou t. This 
behavior resembles the shear type of failure which is connected to 
low average frequ ency. In this case, due to the broadban d 
response of the sensors this sh ift is adequately recorded, com pared 
to the use of resonan t sensors [8.50]. The downs hift of frequency at 
the stage of fibre friction has also been reported in fibre pull out 
experiments [8.22]. It is mentioned that several fluctuations of the 
curve may be exhibited throughout the duration of the experiment 
(see Figure 8.16). All should be attributed to the dynamic fracture 
behavior; however, the moment of main fracture is the most 
ind icative of the shift of the dominant failure mode from matrix 
cracking to fibr e pull out and results in severe dr ops of the moving 
average of frequency in period s of less than one second. The 
requency decreases from 250-320 kHz to the level of 100-150 kHz. 

It is mentione d that the actual frequency of the sour ces could be 
different than the one cap tured by the specific sensors. Although 
they are considered broadband still their frequency response 
shou ld have an effect on the fina lly calculated parameters. 
Ho wever, since the beh avior of the specimens throughout the 
experimental series were recorded by the same se t of sensors and 
acquisition parameters, any di fference of average frequency is 
connected to the material condition itself, which except the 
changing of failure mode could even include the increasing 
attenuation due to accumulating damage. 

The average frequency seems to be very indicative of the failure 
mode in small specimens bu t proved sensitive also for the case of 
the large beam which was tested in 5 cycles bending and was 
discussed in section 4. The AF measured from all the sensors 

Health monitoring 

throu ghout the whole cycle duration con siderably decreased as 
3rJ the load increased. Specifically for the 1st , and 5th cycle, the AF 

val ues where 60.2 kHz, 55.6 kHz and 49.2 kHz respectively, 
showing the accumulation of damage, and the shift from ten sile 
matrix cracking to shear. 

8.6.4 RA value 

As mentioned above, the shape of the AE waveforms is related to 
amage typ e and accu mulation . The shape of the first part of the 

waveform is quantified by "RA" which is defined as the ratio of 
the waveform Rise Time to the Amplitude in ps/V. This value 
shifts to higher va lues as damage is being accumulated . 
Additionally, the trans ition of the fracture type from the initial 
tensile to the shear before failure also cau ses this kind of RA value 
shift [8.1, 8.11, 8.40, 8.50]. Similar behavior has been reported in 
lam ina ted com posites concerning the shift from matrix cracking to 
delami nations [8.41]. This can be simply explained by the wave 
modes excited by the different crack types, as discussed earlier in 
th e chapter. Figure 8.17 shows three typical cases of RA moving 
average w ith time along w ith the load history. Before the main 
fracture event which is demonstrated by the sudden load drop, RA 
averages around 500 to 1000 ]JsjV. At the moment of main 
fracture it exhibits strong local maxima up to more than 4000 us/V 
and afterwards it exhibits some fluctu ations on a generally 
increasing trend, usually reaching 2000 ps/V. This trend has also 
been observed on vinyl fibre concrete [8.11], and shows that 
differen t mechanisms insid e the material produce different 
signatu re AE signals. The initial even ts are caused by matrix 
cracking and therefore, due to their tensile nature they exhibit low 
RA. 

At the moment of main fracture the mid span de flection of the 
specimen instantaneously increases by some tens of a mm and a 
great number of pull-out events occur, leading to a sharp peak of 
the RA curve at that moment. After the ma in crack ha s been 
formed the pull-out events obtain a more con trolled rate due to the 
constant displacement rate, leading eventua lly to higher RA 
valu es than before main fracture. 
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Figure 8.16 Average frequency and load vs. time for three SFRC 
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It is seen that AE parameters, which quantify the shape of the 
waveforms follow the fracture process closely. This is evident 
especially at the moment of main crack formation before which 
only tensile matrix cracking occurs while after, the main 
mechanism is fiber pull out. This shift of failure mechanisms is 
primarily reflected on the average frequency of the signals, which 
is instantly reduced by hundreds of kHz, and secondarily on the 
RA value, which exhibits strong local maxima at those moments, 
while it retains an increasing trend throughout the duration of the 
experiment. These strong di screpancies throughout the failure 
process confirm that SFRC is an adequate model material to study 
the correlation between AE behavior and the different fracture 
mechanisms. Additionally, they build an understanding on the 
sequence of the fracture mechanisms and their fingerprint on AE 
signals, which can be u sed for actual monitoring of concrete 
structures, 

8.6.5. Effect of propagation distance 

Th e above measurements are quite consistent in laboratory 
conditions, for a specific specimen size and loading pattern. 
Therefore, they are useful to evaluate which are the most sensitive 
parameters of the AE signal s to the materials integrity. As 
mentioned above, the ultimate goal of AE is to be implemented in 
situ and estimate the condition of the material. In order to do so, it 
would be desirable that specific values of these indices should be 
established characterizing the different conditions of the material 
(hea lthy-qu estion able-p oor). Althou gh this w ou ld be ea sy in 
lab oratory con ditions, the situation at a real structure employs 
many more random parameters. One is the distance between the 
source crack and the receiving transducers. Due to logistics and 
time restrictions in actual AE monitoring ca ses, the sensors 
distance is usually longer than 1 m. This means that most of 
thesignals will travel distances of the order of 1 m or more until 
they are recorded by one or more adjacent sensors, In case the 
m ateri al behaves in a completel y homogeneou s way, the 
waveform shape and the corresponding parameters will not 

specimens. change in 3-dimensional bulk propagation, However, since the AE 

5 



361 362 Health monitoring 

25000 ' 
(a) 

4000
 i
 

3500
 
20000
 3000
- 2500 ~ ~ 15000
 

2000 3
 
~ 
.3 10000
 1500 ~
 

1000
 
5000
 

500
 
o
 

400 700 1000 1300
 
o 

Time (s) 
25 •. I 4000
 ' I
 I
 

.... 3500
(b)
20
 3000
 - 2500~z 15
 

~ 
2000 3
 

~ 10
 1500 ~ ...J 

1000
 
5
 

500
 

o
 o 
o 500 1000 1500 2000
 

Tirne Is) 

(c~ ' 

W 
' ~ " ' SJ~ -.'~ ••-'f! '-~ .; , .- -

. ~.il 1.AtJ:;'~!l?t!.•:~ 

3500
 
24 r' ~--Tt~~s--r-- ••-- 4000 
22
 

3000
 _ 20
 
z 2500 ~ 
~ 18
 

2000 3
 
~ 16
 1500 ~
 

14
 
...J 

1000
 
12
 500
 
10
 o
 

400 700 1000 1300
 

Time (s) 

Health monitoring 

sensors are attached on the surface, Rayleigh waves will also be 
included in the received waveform, since part of the energy will be 
con verted from P- and S- wave to Rayleigh when the wave meets 
the surface. Due to the different velocity of the distinct modes the 
waveform will constantly change shape, as the shear and Rayleigh 
wav es will progressively delay more after the initial P-wave. 
Furthermore, in concrete which is inhomogeneous by nature, 
incl ud ing sand and aggregate grains, as well as air voids and 
cracks, the shape of a propagating pulse will be distorted due to 
scatter ing. This is called "dispersion" which is a phenomenon that 
dicta tes that different w avelengths propagate with different 
velocity [8.5, 8.6, 8.52, 8.53]. Since the original pulse consists of 
different frequency compone nts it is reasonable that the shape of 
the pulse is distorted and its duration increased. Therefore, any 
par ameter calculated on a signal at a specific distance will likely 
differ from the same sign al after propagation to a further sensor. 

8.6.6. Numerical simulation 

In order to s tudy the effect of propagation distance in an 
inhomogeneous material like concrete, numer ical simulations 
were conducted as explained in the following. 

The fundamental equation governing the two-dimensional 
propagation of stress waves in a perfectly elastic medium, 
ignor ing viscous losses is as follows : 

a2U 
p at 2 = ,LlV 

2
U+(A+ ,Ll)V V , U 

(82) 

where u=u(x,y,t) is the time-varying displacement vector, p is the 
mass density, A and p are the first and second Lame constants 
respectively, and t is time. In simulation, certain prerequisites 
should be followed in order for the analysis to lead to reliable 
results. The simulations were conducted wi th commercially 

Figure 8.17 RA and load vs . time for three SFRC specimens. available software [8.54]. It operates by solving the above equation 
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based on the method of finite differences. Equation (8.1) 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 location and a set of initial conditions 
[8.55]. For heterogeneous media wave propagation in each distinct 
homogeneous phase (in this case mortar matrix and inclusions) is 
solved according to Eq. (8.1), while the continuity conditions for 
stresses and strains must be satisfied on the interfaces [8.55]. 

The materials were considered elastic with damping. The 
numerical model included the mortar matrix, round aggregates 
and in some cases cracks, simulated by thin rectangles of 20x2 mm. 
The corresponding properties of the materials used in the model 
can be seen in Table 1. Aggregates were assumed slightly stiffer 
than the matrix, while damping parameters were also included 
guided by relevant experiments [8.56]. The material used for the 
cracks was assigned properties of air, see again Table 1. 

The spacing resolution was set to 3 mm which is less than one 
tenth of the excited wavelength (approximately 47 mm), while the 
sampling time was 0.193 us, much less than the period of the 
excited wave (10 us) , enabling each cycle to be represented by 
approximately 50 points, while 20 points are considered 
satisfactory in similar simulations [8.57]. The geometry of the 
model is seen in Figure 8.18. It represents a 2 m long concrete 
beam with a width of 0.4 m. Apart from the case of 

Table 8.1 Properties of materials used in the numerical model 

A p. p Cp
 

GPa GPa kg/m3 m/s
 

Mortar Matrix 11.1 16.6 2300 4735 

Aggregates 14.3 25.4 2600 5190 
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inhomogeneous but intact concrete which was simulated initially, 
different cases of crack density were examined. Specifically, the 
cases concerned cracks at percentages of 1.4%, 2.8% and 5.7% of 
the whole cross section of the specimen. The "receivers" were 
placed on the top surface of the geometry, with a separation 
distance of 300 mm and provided the average vertical 
displacement over their length, meaning that each receiver's signal 
represents the average response over a number of nodes. The 
snapshots of Figure 8.18 show the wave spreading away from the 
point source at three distinct moments after excitation. The 
excitation was one cycle of 100 kHz. It is worth to mention that 
due to the strong scattering that the inhomogeneity of concrete 
imposes, the S-wave is not easy to be recognized. 

As the wave front spreads it reaches the adjacent transducers 
and the transient response of the sensors is recorded . Typical 
waveforms of 4 receivers are seen in Figure 8.19. 
It is evident that apart from the delay imposed to the waveform of 
the following transducers, there is also a strong influence on the 

Infinite 
Infi nite boundary 
boundary condition 
condition 

22 IlS 

, . 

.../ ~~~.". 

3 us 

~ I 
Cracks 10-4 10-6 1.2 300 Figure 8.18 Geometric model and consecutive snapshots of the 

displacement field . 
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shape of the pulse. Specifically, Receiver 1 which is placed vertical 
from the excitation records a signal w ith high grade, wh ich 
reaches its maxim um shortly after the onset. How ever, as the 
d istance increases, the grade of the wavefor m de creases and the 
maximum amplitude delays more, relatively to the onset, as seen 
for Receiver #7 in Figure 8.19. By calculating the specific 
waveform parameters that are of in terest for AE one can d raw 
valuable conclusions for their dependence on propagation di stance. 

Figure 8.20a shows the RA va lues calculated for the differen t 
receivers, as a function of the horizont al d istance from the source 
and the different material cond itions. It can be seen that for the 
case of plain concrete, the RA stays approximately constant up to 
the distance of 1.5 m, but becomes unstable at 1.8 m. This change 
in the RA of the pulse, is evide n t at closer di stance if the material 
co n tai ns cracks, some th ing rea sonable d u e to the increased 
scattering di spersion . For the case of cracks at a percen tage of 
roughly 6%, the RA becomes unstable at distances longer than 0.6 
m. Therefore, it can be concluded that bo th propagation d istance 
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Figure 8.19 Simulated waveforms collected at different sensors 
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and material condition strongly influenc e the shape of the pulse. 
The rise angle and other waveform parameters although depend 
on the mode of the cra ck, can be severely influenced by 
propagation through damaged material. Thi s practically means 
that a specific tensile even t recorde d by a close transducer in intact 
concre te will be characterized as mode 1, while if the material is 
deter iorated and the receiver is placed away from the source, it 
would more likely be characterized as mode II. Thi s dependence of 
RA on material and testing parameters is crucial. The distance in 
combination to the material's condition may lead to an increase of 
the RA by 30 to 200 times, meaning that thi s cha nge would more 
likely mask the actual source, falsely shifting the char acterization 
in favor of the mode II. It is reminded that the actual change of RA 
based on the cracking type alone as w as measured experimentally 
for SPRC an d descri bed earlier in the text, was of the order of 4-10. 
Specifically, the RA before the ma in crac king wa s less than 500 
J-l s / V, w hile later it increased to abou t 2000 fls/V. Even at the 
moment of fracture the local maximum reached approximately 
4000 ps / V. increasing by a factor less than 10 (see again Figure 
8.17). Therefore, a change by 30 or more times due to distance 
would probably mask the effect of the crack type itself . 

Figure 8.20b shows th e beha vior of av erage frequency, AF 
(number of threshold crossings over signal duration) as a function 
of d istance for different material conditions. Despite some 
fluctuations there is a decreasing trend of AF with distance 
reaching approximately a value 20-30% lower than the nearest 
sensor . This is also crucial since the cha nge in AF after the main 
failu re of the specimens, and the shift from matrix cracking to fiber 
pull ou t, was also of the same order (50%, i.e. approx imately from 
300 to 150 kHz, as exhibited in Figure 8.16). 

Therefore, the value of the sp ecific indices is strongly 
dep endent on the distance, as w ell as the inhomogen eity of the 
p ropagation path. The specific va lues of the different indices 
shou ld alw ay s be connected to the propagation di stance, since the 
average frequency may suffer a decrease of as much as 30% for 
p ropaga tion of 1.8 m, while the RA increases in an unstable way 
for di stances longer than 60 cm . The above di scussion raises a 
cru cial subject concerning AE monitoring of large structures. It 
shows that in order to characterize the cracking m ode, data should 
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be collected by sensors at close distances. In case the separation 

distance of the receivers is longer than a threshold value (60 ern, as 

su ggested by the above simulations) the data should not be treated 

as a group but should probably be categorized according to their 

distance from the source in order to be used for cracking mode 

characterization. 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 

crac king zones may be conducted even for long distance between 

the AE sensors, but when detailed assessment of the failure mode 

is attempted, the receivers should be quite close, or take into 

acco unt the events located very close to the receivers. The above 

considerations after proper study will hopefully enhance the 

characterization for in-situ applications. 

8.7	 EXAMPLE OF IN-SITU MONITORING BASED ON 
AE IN DICES 

As an example of characterization of materials concerning the 

damage type, the AE monitor ing of roc k is described. Rock failure 

and landslides are some of the frequent disasters [8.31]. The rock 

material is of brittle nature and therefore, micro- and macro­

fracture progresses as a transient phenomenon. It may start with 

slight movement between the joints of the rock masses. The signals 

emitted by the dislocations may be evaluated in order to predict 

the slope failure. Due to the inherent attenuation of the materials, 

low frequency sensors should be employed. Moreover, AE waves 

generated within the rock are certainly reflected by the joints 

within the material, and therefore, the sensors are placed in a 

waveguide which greatly enhances wave propagation [8.32]. The 

waveguide is a tube including a steel bar which effectively acts as 
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the wave carr ier, on w hich the sensors are attached. The re st is 

filled with cemen titious ma terial. In this case, the mo ving mass of 

rock will cause fracture of the tube and the cementitious material 

w ithin [8.31]. Therefore, AE waves are generated by the frac ture of 

the filler itself (Figure 8.21). The properties of the filler are defined 

by tests on the actual rock material after borehole excavation . 

Similar specimens are prepared and tested in four-poin t bendin g 

in order to monitor the AE due to their fracture in laboratory. The 

fracture of the waveguide-filler specimen is similar to this of the 

deformed rock. As a result , the characteristics of the AE waves, 

generated within the waveguide would be compatible to the actual 

rock deformation. Therefore, compar ing field data with the 

laboratory data obtained for bending experimen ts, the fracture 

state of the rock can be readily available. 

Results from laboratory tests concerning the "Grade" of AE hits, 

are show n in Figure 8.22 [8.32]. It is shown that grade experienced 

an almost constant decrease throughout the bending load increase. 

Failure starts by vertical tensile cracks but later it is deflected to 

other orientations, due to strong shearing, decreasin g the grade of 

the AE waveforms. 

Health monitoring 

From this test it can be concluded that Grade values above 5 are 
re lated to low damage level, w hile tensile fracture is still dominant. 
However, later Grade red uces indicating the final stage of fracture, 
as we ll as the shift of the cracks from tensile to shear. 
After installation of the sensors in the borehole of inside the rock, 
monitoring commenced and was continued for long periods of 
time w hile the resu lts were recorded . Differen t parameters were 
continuously analyzed. The time history of the Grade monitoredby 
3 sensors is indicatively shown in Figure 8.23. 

It is seen that for most of the mo nitoring period, grade lies 
above 10, which shows relatively low stress on the waveguide and 
therefore, low rate of movem ent on the rock. However, on a 
specific date (around 12/1) the re was a strong and abrupt decrease 
in the grade of the acquired signals. Especially sensor #3 recorded 
a grade of 5, which impl ies the generation of shear fracture around 
the location of sensor 3. 

The AE hit rate is also depicted along with the strain rate which 
wa s monitored inside an adjacent borehole (Figure 8.24). 
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Figure 8.22 Variation of AE grade according to the applied loadFigure 8.21 Representation of rock dislocation with waveguide. 
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It is seen that at the date when the abrupt change of grade was 
exhibited, a strong change of the strain rate occurred. The 
combination of these measurements, led to the conclusion that the 
slope had experienced a local fracture at the beginning of 
December. 

The above procedure shows that the combination of laboratory 
and in-situ measurements can be used to establish specific criteria, 
based on the AE behavior during fracture. 

8.8 CONCLUSION 
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large structures. Certain parameters like the crack activity and theFigure 8.23 AE Grade history for 3 sensors for a period of 10 
location of the failure zones are the kind of critical informationmonths, 
usually offered by the test. More detailed analysis of the 
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characteristics of the acq uired waveforms can enh ance the 
understand ing on the s tructural condit ion of the structu re. 
Specifica lly the cracking mode lea ves its fingerprint on the em itted 
wave enabling the characterization of th e process, through 
alterations on the frequency and the general shape of the acquired 
waveform. Laboratory exper iments, as well as numerical 
simulations impro ve our un derstanding on the interaction 
between frac ture and AE para meters . Th is helps to establish 
specific en gineering criteria based on AE parameter val ues 
measured nondestructively which will contribute to the extension 
of th e service life of the st ructure m inim izing possibilities of 
destructive failure. 
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