
Chapter 6
Some Aspects of Applying the Acoustic
Emission Method

The direct industrial application of AE as a method of non-destructive testing of the
integrity of structures and their elements, under periodic testing or in service
conditions, is conditioned by the necessity to overcome a number of serious dif-
ficulties that arise due to the presence of significant industrial noise; the consid-
erable loss of information during the passage of acoustic waves through large-scale
structures; solving the problem of using multi-channel equipment to locate the
defects in large objects; developing effective algorithms of the AE sources’ location
and data processing for every type of structure of a very complicated geometrical
shape and welded and other types of joints, etc. Besides, malfunctions of a device
often occur during long-term experiments or NDT. Thus, for example, there is no
reliable AET that can be used in aggressive environments, at elevated temperatures
and pressure, at vibration, etc. Therefore, the structure of such an AET requires
additional technical improvements concerning the operating conditions and service
lifespan. It is necessary to develop high-speed and reliable facilities for processing
the information recorded by AET and presenting the results, which would enable
reducing the extra staff engaged in operating these systems of AE testing.

These difficulties are basically related to the lack of reliable data on the nature of
crack propagation under various loading conditions in aggressive environments.
Despite the above-mentioned difficulties, the data on the practical application of the
AE method accumulated so far, clearly indicate that this type of non-destructive
testing permits detecting and evaluating the location, and the stages of sub-critical
crack growth in large-scale structures operating in industrial conditions.
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6.1 Specific Features of Long-Term AE Testing
of Industrial Objects

The AE signals caused by crack propagation in metals can be subdivided into two
types [1]. The first represents a continuous emission and is conditioned by an
avalanche motion of dislocations and the formation of stable micro-cracks in the
process of the development of plastic zones. The second is discrete AE caused by
the crack front advance in the PZ, and by coalescence of micropores in the crack tip
area.

In general, while testing large-scale structures by the AE method, due to con-
siderable damping of signals it is necessary to record the AES caused by the crack
front movement. At sub-critical crack growth, these signals usually have the form
of short pulses of considerable amplitude. They are emitted for a certain time when
the crack front propagates, and then, for several days or sometimes weeks, the AE
can be very slight or even absent. The average value of periods of low activity of
the AE usually decreases with an increase of the stress state.

On this account, the AE testing of the investigated objects should be carried out
over a long period of time; in this way, a great amount of information is gathered.
This means that the AE testing system should have a large information capacity. It
should also be capable of selecting and quantitatively processing the information
related to the relatively short periods of a crack growth that include the AE data
obtained during the test time—which can last several weeks or months. In such
systems, it is also necessary to foresee the possibility of accounting the parameters
of aggressive environments and other features of a technological process that urge
the crack initiation and propagation.

6.1.1 Selection of a Frequency Band and AET Placing

The AES spectrum, caused by individual crack jumps at the rate of several thousand
meters per second over short intervals, is rather wide and comprises a region of high
frequencies. However, while moving away from the source, high-frequency com-
ponents decay much more than low-frequency ones. A similar type of decaying is
observed for different mechanical noises; therefore, the band of working frequen-
cies should be appropriately chosen to maximally increase the distances at which
the defects could be detected and, at the same time, to minimize the noise level by
increasing the recorded frequency band. The AE system, which consists of a res-
onance AET and a corresponding preamplifier with a band filter that has a sensi-
tivity maximum at a frequency of 200 kHz with the pass band within the range of
200 kHz [2], is most suitable for practical application, except for the cases in which
the noise level is extremely high.
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To obtain the necessary sensitivity and the maximum tested area of a structure
with a minimum number of AET, it is necessary to carry out the following
investigations:

1. Study the statistical distribution of the AES amplitudes near the sources for each
material and fracture mechanism. Since a crack often nucleates in the welded
joints, it is necessary to perform experiments on specimens with welded joints,
choosing the loading conditions and service environments close to real oper-
ating conditions.

2. Investigate the character of generation of the mechanical noises caused by the
operating equipment, turbulent liquid flows, and friction, as well as other
technological reasons by their dependence on the conditions of structure
operation.

3. Carry out experiments on the evaluation of sound dispersion in the investigated
object, especially during elastic wave propagation along a weld, and at the
presence of screening effects conditioned by geometrical features of a structure.

4. Establish the level of electric noises in the measuring system, as well as tran-
sitional properties of vibrations transmitted by signals from the AET to the AE
testing system, in order to minimize the loss of a signal and provide a reliable
screening against electromagnetic industrial noise.

The level of mechanical noises determines the threshold level during AES
recording, which together with estimation of the damping value of signals in all
important directions, determines the maximum distance from the AE source to the
AET, which is capable of detecting the propagating defects. This determines the
minimum density of AET allocation on the surface of IO.

During crack growth in welded joints of large-scale steel structures, the AES
amplitudes lie mainly in the range of 70… 80 dB with respect to the level of 1 μV,
on condition that measurements are done at the standard distance of 20 cm from the
source. The AET sensitivity is 67 dB (with respect to the level of 1 V/μBar at a
frequency of 200 kHz). In such a case, at the threshold level of 26 dB, the detection
distance of a fatigue crack attains 3 m at the initial stages of its growth in various
joints that are on an off-shore platform in extreme weather conditions.

Figure 6.1 shows the dependence of the amplitude of AES radiated by a fatigue
crack and by a calibrating generator on the distance between the AE source and
AET. A generator of pulses with an amplitude of 10 V was used to evaluate the
damping of the AES amplitudes. Proceeding from this figure, a maximal possible
distance between the AET of AES is determined, using the dependences between
sensitivity of the channel of the receiving system, sound attenuation, and the
selected threshold level.

In order to unambiguously determine and locate the AE source, only four AETs
capable of recording signals from this source are required. In this case, four AET
were placed in such a way that the greatest distance from the AE source inside the
controlled region of a structure to the receiver did not exceed 5 m.
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When the mechanical noise level changes, the threshold level should also change
automatically; otherwise, the data recording by the AE testing system will stop at
moments of a considerable increase of technological noises.

6.1.2 Calibration of an AE Testing System

The sensitivity of every AET after being mounted on the IO surface could be
evaluated using the measurement results of the AES recorded by AET during the
progress of an impact-simulated wave. The European working group on AE [3]
recommended using the fracture of a pencil lead as an impact wave source located
at a distance of 10 cm from the receiving AET center. The parameters of a pencil
lead should be as follows: hardness—2H; length—3 mm; diameter—0.5 mm.
Typical results of such experiments are shown in Fig. 6.1. Every group of AET
located on the structure should make it possible to locate such AE source at any
point of the structure region inspected by this group of the AET. At durable AE
testings of structures and objects of different types—except for the calibration
procedure described above—a generator of ultrasonic vibrations is used that is
turned on either automatically or manually, and which is used for periodic verifi-
cation of service capability of the equipment channels and their sensitivity [4].

6.1.3 Analysis and Presentation of AE Test Results

Specific types and mechanisms of fracture typical of these structures, as well as
possible fields of application of the test results, require an appropriate analysis and
specific methods of processing and presenting the results of durable AE testing of
various structures.

It is well known that sub-critical fatigue crack growth is a slow process that
requires durable observations to obtain reliable information on a defect growth. The

Fig. 6.1 Dependence of the
AES amplitudes A on the
distance R between the source
of radiation and AET for
different types of the AE
sources: calibrating generator
(solid line), fracture of a
graphite rod (dotted line) and
a fatigue crack (dots with the
indicated interval of
amplitude variation)
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average time between incremental steps of a crack propagation as well as the causes
of the crack appearance, are important characteristics of a fracture. Furthermore,
information on the stress state and the parameters of service environment, such as
temperature, pressure, vibrations that arise during the operation of a structure, and
because of friction, are very important for the evaluation of susceptibility of
structures to the initiation and propagation of defects.

High density of the difference of the AES arrival times can be used as one of the
most reliable AE parameters of—crack growth. In the case of locating four AET,
the values of the difference of the AES arrival times are relative moments of time
during which the signals from a source reach each AET, which is evaluated with
respect to the time of a signal arrival to the first AET. Since the AET and the source
positions are fixed, certain differences of the arrival time will contain a bias error
that depends both on the transmission function of the environment through which
an elastic wave propagates, and on the direction and distance of propagation, the
AET type, and the method of mounting it on the IO.

As described in paper [5], the values of the differences of arrival times for
densely localized sources that generate repeated AES usually differed by not more
than one micro-second at the distances from the source to the AET of about 6 m in
the welded joints of pressure vessels and in other structures. It should be noted that
this situation was observed, as a rule, during sub-critical crack growth.

Periods of a strong regular AE, the duration of which, in most cases, does not
exceed a few minutes, (as mentioned above), are replaced by long periods (days or
even weeks) of the AE of low activity. Since it is impossible to predict the moment
of a crack growth start in real structures, the AE testing should be carried out over
long periods. Therefore, it is important to summarize the results for a regular period
—for example, for a week or a month—using a plot for data presentation similar,
for instance, to that in Fig. 6.2. This figure represents fully enough the information
necessary for evaluating the degree of a defect danger, namely:

• The sites of the AE sources that can serve as a measure of evaluation of the
defect length in projections are shown;

• The density of the AE events that characterizes the depth of a defect location;
• The dependencies of the number of AE events on time that determine the crack

growth rate; and
• The value of various technological parameters (for instance, temperature,

pressure, and vibration) that enables forming conclusions on the causes of a
crack.

6.1.4 Stability of AE Parameters

The AES contain information on the parameters of dynamic processes in a solid that
are accompanied by an elastic wave radiation. Usually the following parameters of
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an AES are used: the number of recorded pulses; the rate of their count; energy and
duration of pulses; duration of the forward and back fronts of a pulse; duration of
the interval between pulses; frequency spectrum; the AE activity, etc.

When selecting a parameter or a group of AE parameters, one should take into
consideration their relationship with the parameters of dynamic processes (e.g., a
fracture process) that occur in a solid. Then, it is necessary to give advantage to
those AE parameters that bear maximum information and are convenient for
selection and processing, and are resistant to various factors that can affect these
parameters.

During experiments with the AE application, as a rule, considerable data scat-
tering is observed. To a great extent, this is related to the fact that the values of the
recorded parameters depend on such factors as properties of the chosen AET, the
distance from AET to the signal source, amplitude-frequency characteristics of the
recording equipment, the threshold level chosen, properties and shape of the material,
structural features of the investigated object, and so on. The effect of these factors on
the recorded AE parameters is certainly unknown, which brings about considerable
difficulties when comparing the results obtained in various conditions of the AES
recording and interpreting them. Proceeding from the above-mentioned, an important
problem to be solved while applying AE is establishing the stability of a particular
parameter under the action of different sources of elastic wave generation.

Fig. 6.2 Results of the AE testing of a weld: a is the graphic presentation of results of the AE
location of a weld region; b is the distribution of the number of AE events in different regions of
the welded joint; c is the time dependence of the cumulative AE count N; and d is the time
dependence of the technological parameter
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As follows from [6], the effect of the threshold level on the AE parameters can
be studied by changing this level within the signal amplitude range and by eval-
uating the AE parameters investigated. Within the experiment, simultaneously
changing a threshold level and any other factor, for instance, the distance between
the source and the AET, it is possible to evaluate their mutual effect.

The extent of stability of the AES parameters affected by a definite factor is
determined as follows: Measurements of cumulative count, e.g., N = km are carried
out, where k is the number of the values of the investigated factor, e.g., the number
of threshold levels. For each level of a factor t = 1, 2, …, k, m measurements of the
AE parameter Xti, i = 1, 2, …, m are done. Thus, there are k groups with m mea-
surements of parameters in each.

For every level of the factor, the average value of a parameter is calculated by
the formula

Xt ¼ 1
m

Xm
i¼1

Xti: ð6:1Þ

Having averaged overall measurements, we get

X ¼ 1
N

Xk
t¼1

mXt: ð6:2Þ

Mean-square divergence of the average values of a parameter in a group from an
overall average value is:

r21 ¼
1

k � 1

Xk
i¼1

m Xt � Xð Þ2 ð6:3Þ

and mean-square divergence of a parameter from its average value in a group is:

r22 ¼
1

N � k

Xk
t¼1

Xm
i¼1

Xti � Xtð Þ2: ð6:4Þ

If the mean-square divergence between groups exceeds the mean-square of
divergence in a group, this indicates that there is a real difference between the
groups. The ratio of the mean-square divergences can be used for the quantitative
estimation of this difference.

R ¼ r21
�
r22: ð6:5Þ

To investigate the mutual effect of several factors, it is possible to introduce a
measure similar to (6.5). The mean-square divergence for two factors is calculated
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by the formulas presented in Table 6.1, where c is the number of levels of the
second factor.

The relationship (6.5), as can be proved under some assumptions, has a
non-central F-distribution with (k − 1) and (m − k) degrees of freedom tabulated in
[7]. As a verification criterion of the hypothesis on the general effect of a corre-
sponding factor in case of accurately calculated level of significance, the ratio of
R to the tabular value of F-distribution should be taken

RF ¼ R=Fk�1;N�k;0:999; ð6:6Þ

and, with a probability of 0.999, we should estimate whether the investigated factor
affects the corresponding AE parameter. If RF > 1, the effect of this factor on the
respective AE parameter is observed, and the extent of its significance is propor-
tional to RF. Under the mutual action of several factors, the RF value describes the
variation of the effect of one of them on the AE parameters when the other factor is
changed.

In order to evaluate the degree of stability of some AE parameters in the
experiment, the distance of the AET from the AE source was changed. The
recorded signals were processed at various threshold levels. A piezoelectric trans-
ducer, excited by a pulse electric signal, was used as a stable source of acoustic
signals that permits receiving reproducible results. The experiment was carried out
on a cylindrical pressure vessel 1600 mm high and 600 mm in diameter, with an
80 mm wall thickness made of shell 12X2NMFA steel. Signals were recorded by
D9102 AET of a differential type produced by the Dunegan/Endevko Company.
The overall amplification of the receiving channel was 80 dB. An amplified signal
was recorded by a digital memory oscilloscope and then transmitted to a computer,
where the AES parameters were determined. The AES were recorded by the
sequential setting of a transducer on the investigated surface every 10 cm, and by
conducting 4 measurements at each of its positions. Cumulative count N, maximum
amplitude A, energy E, signal duration T, rise time Tr as well as signal propagation
velocity v, were calculated from these data. The parameters mentioned were found
for the AES recorded at the threshold levels that changed from 0.2 to 1 V with the
step of 0.1 V.

Changes in the AE cumulative count depending on the distance to the AET at
different threshold levels are shown in Fig. 6.3.

Table 6.1 Mean-square
divergence of the parameter
values for two factors

Source of changes Mean-square divergence

First factor
mc
k�1

Pk
i¼1

�Xi � �Xð Þ2

Second factor mk
c�1

Pc
i¼1

�Xi � �Xð Þ2

Interaction of factors
m

ðk�1Þðc�1Þ
Pk
t¼1

Pc
i¼1

ð�Xti � �Xt þ �Xi þ �XÞ
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With an increase of the distance, the value of N decreases linearly, and the
dependence on the threshold level is close to a logarithmic one. A signal duration
changes in a similar way. It was measured as the time interval between the first and
the last signal crossing the threshold level.

As seen in Fig. 6.4, a signal energy E dropped more sharply during an increase
in the distance. However, it only slightly depended on the threshold level. Similarly,
the AES amplitude A depends on the distance. Signal rise time Tr was determined,
starting from the moment of signal crossing the threshold level until the moment of
reaching the maximum amplitude.

The TH versus threshold level dependence at various values of the distance from
the AET is shown in Fig. 6.5. The velocity observed of the AES propagation was
estimated as a relation of the distance between the source and the AET to the time
of a signal arrival, recorded at the moment of its crossing the threshold level or at
the moment of reaching the amplitude maximum Amax. For all the signal parameters
discussed above, the value of stability coefficient RF, whose values are presented in
Table 6.2, was calculated. It was found that the most unstable parameter with
respect to the threshold level is a cumulative count, while the most stable is the
signal energy.

Fig. 6.3 Dependence of the
AES cumulative count N on
the distance R between the
AE source and the AET at
different values of a threshold
level, which changed stepwise
every 0.1 V starting from 0.2
(upper curve) to 1 V (bottom
curve)

Fig. 6.4 Dependence of the
AES E energy on distance
R between the AE source and
the AET at various threshold
level values, which changed
from 0.2 (upper boundary of
the shaded region) to 1 V
(lower boundary)
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As seen in Table 6.2, a relative stability of a parameter in regard to one of the
considered factors is accompanied, as a rule, by a relative instability in regard to the
other factor. The sum of stability coefficients tends to preserve to the threshold level
and the distance. Stability coefficients for the interaction of factors are lower by
about one order than the stability coefficients for each factor separately. Therefore,
the order of the values of stability coefficients at interaction is preserved if one of
the factors changes. Similarly, it is possible to determine the effect of other factors
on the AES parameters, such as the band pass of equipment, the AET type, con-
ditions of its mounting on the specimen surface, its shape, etc.

It was established that various AES parameters show different stability to a
threshold level and a distance. Therefore, one should either choose the parameters
with a maximum stability and use them as informative parameters of the AES
during the AE testing of structures, or provide procedures to reach this stability.

6.1.5 Classification of AE Sources by Their Activity

Difficulties in using the AE as a method of non-destructive testing are mostly
related to the absence of reliable criteria that make it possible to determine the risk

Fig. 6.5 Change in the AES
rise time TH during an
increase of the threshold level
Ug for distances R = 0.1; 0.2;
…0.5 m from the AE source
to the AET

Table 6.2 Stability coefficients RF for the AES parameters in relation to the change of threshold
level and a distance to the source

Factors of the change of stability coefficient Parameters

N I E A τ Vp VA

Threshold level 53 42 0.1 – 20 16 –

Distance between the AE source and AET 11 2.6 44 55 19 16 79

The interaction of two factors: the threshold level and the
distance between the AE source and AET

0.6 1.3 0 – 4.8 2 2
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degree of the defects detected in the structure investigated. The state of an object is
most often determined by the dependence of the cumulative count of AE on the SIF
[8]. This approach is considered more generally in [9, 10], where, in particular, it is
suggested to describe the dependence of the AE cumulative count on any loading
parameter, e.g., load value, number of cycles, time, and so on, using a statistical
dependence.

According to the classification proposed in [11], the AE sources are subdivided
into three groups: C are non-active sources, for which the number of the AE events
during observation increases only slightly; B are active sources, where the
dependence of cumulative count on the applied load is relatively linear for them;
and A are critically active sources, where the number of the AE pulses grows
rapidly.

Sources classified as non-active are recorded, but they are not observed later on.
Active sources need to be observed, while during the recording of a critically active
source, it is recommended that a non-destructive testing be conducted using other
methods.

Paper [12] proposes a system of classifying the AE sources used as a basis in a
Japanese standard for testing spherical vessels [13]. Each AE source in this system
refers to a certain class and type. The class of the source is determined by the total
radiated energy and its density emitted from a unit of the source area, and the type
of the source is determined by the dependence of total energy on the loading
parameter. Four classes and four types of sources are examined in this system. On
this basis, they are subdivided according to the degree of danger, into four groups:
A, B, C, and D. Group A includes sources, the presence of which requires an
immediate interruption of loading; Group B includes the sources whose localization
region should be checked using traditional methods of non-destructive testing; and
Groups C and D include the AE sources that are not dangerous and do not claim
special attention.

The method belonging to the first group of the above-mentioned classification
does not have any obvious criteria of structure scrapping, and is based on quali-
tative approaches that do not take into account a jump-like character of a fracture.
The second method differs by a very complicated procedure of estimating the
danger of defects, and there are no valid criteria of their classification.

Paper [10] formulated the problem of determining the numerical criteria of
estimating the danger of AE sources using the AE test results based on the
parameters of AES, which can be easily determined (for instance, the cumulative
count of AE, which is related to amplitude and duration of the AE pulses, and,
therefore, to the process energy). Since the AE is known to be a discrete process,
the growth of cumulative count is also a stepwise function.

If the loading parameter increases by ΔΠ, then the cumulative count of AE
increases by ΔNi. By approximating two successive values of the Πi and Ni

quantities by power dependence
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Ni ¼ A0P
mi
i ; ð6:7Þ

where A0 is the proportionality factor, mi is the power index. For ΔNi from (6.7), we
get

DNi ¼ miA0P
mi�1
i DPi: ð6:8Þ

From dependencies (6.7) and (6.8), we find the power index

mi ¼ DNiPiðDPiNiÞ�1: ð6:9Þ

Relationship (6.9) permits determining a power index at any stage of an incre-
ment of the AE cumulative count. Classification of the AE sources can be per-
formed by m values at each step of the N increase. If m is less than one unit, a
cumulative count derivative diminishes, and the AE activity of the process for this
source drops. Such a source can be classified as non-active for this growth of the
parameter. For m ≈ 1, the AE process develops with a permanent intensity. The
corresponding source is active, and on condition that 1 < m < 6, it is critically
active, and when m > 6, it is catastrophically active. It is clear that the same source
can be classified as non-active at low levels of a load, or as critical and possibly
catastrophically active at high values of the applied load. Final classification can be
made only after performing the AE research in a given range of the applied loads.

The analysis of an m variation shows that this random value has two areas that
are characterized by various average values. This is evident by the dependence of a
cumulative count of load in logarithmic coordinates. In the first area, the source can
be characterized as non-active or active, while in the second, its activity is critical or
even catastrophic.

If we represent the random value of m as a parameter of probability distribution
and we take into account the presence of the two above-mentioned areas, it is
necessary to find for each of them the distribution by different mean values of
m. For this purpose, the following exponential dependencies were chosen:

M1ðmÞ ¼ m1 expð�m1mÞ; M2ðmÞ ¼ m2 expð�m2mÞ; ð6:10Þ

where ν1 = 0.99, and ν2 = 0.33. The validity of the empiric distribution in the
sample was checked by means of the Pearson fitting criterion. Then the value of k21
for the first approximation is 11.57, and for the second—k22 ¼ 11:95. If the level of
significance α = 0.05 and the degrees of freedom are 6 and 11, the critical values of
k2kp for approximations (6.10) will be 12.6 and 19.7, respectively. The values of k21
and k22 that were obtained are smaller than the critical ones, so it is possible to
consider, with the given probability, that the experimental data are described sat-
isfactorily by the laws of distribution (6.10) with the parameters described above.

To perform an effective acoustic-emission testing, it is necessary to find such
criteria whose usage in the dependencies (6.10) permits estimating the degree of the
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AE source danger for a structure. The selection of one of the two statistical
hypotheses that determines to which type of distribution (6.10) the value of m be-
longs can be performed by successive procedures [14]. However, for a successive
analysis, it is necessary that the distribution in the investigated sample be invari-
able; this criterion is not satisfied in the given case, because one stage of the
cumulative count growth is substituted by the other one at the a priori unknown
moment. Therefore, the investigated samples will be mixed up. In this connection, it
is necessary to have a criterion that permits distinguishing the second stage of an
increase of the AE cumulative count. If the criterion is satisfied, then it is possible to
check a hypothesis on the validity of the second distribution (6.10) because it
corresponds to the critical and catastrophically active AE sources.

A successive procedure for such estimation is as follows [7]: Some threshold
value mth of m is assigned—hardly probable for the first area, and highly probable
for the second. In such cases, after a sequence of independent experiments in which
realization of the event E0 in each of them is checked, and which consists of
m exceeding the given threshold value, it is possible to get two expressions for a
number of experiments, where the event E0 took place:

Zk1 ¼ ln½a0=ð1� a1Þ�þ k ln½ð1� p1Þð1� p0Þ�
ln½p1ð1� p0Þ=p0ð1� p1Þ� ;

Zk2 ¼ ln½ð1� a0Þ=a1� þ k ln½ð1� p1Þð1� p0Þ�
ln½p0ð1� p1Þ=p1ð1� p0Þ� ;

ð6:11Þ

where α0 and α1 are the assigned probability of errors of the hypothesis H0 on the
validity of the second distribution (6.10) and an alternative hypothesis H1,
respectively, p0 and p1, are the conditional probability of the event E0 when the
hypothesis H0 and an alternative hypothesis H1 are valid, respectively.

p0ðm�mth=M2Þ ¼
Z1
mth

M2ðmÞdm;

p1ðm�mth=M1Þ ¼
Z1
mth

M1ðmÞdm:
ð6:12Þ

In the coordinates, k is the number of experiments, Zk is the number of the events
E0, and there are three regions, divided by parallel lines for the successive proce-
dure (6.11).

It follows from the analysis of the m value dependence that a hardly probable
value of m = 4 for the first stage of fracture appears quite frequently at the second
stage. Therefore, putting m = 4 (6.12) with the account of (6.10), we get p0 = 0.27,
p1 = 0.02. The probability value of the error of the first kind α0 (probability of an
active source missing) should be assigned to be smaller than for the probability of
the error of the second kind α1, i.e., over-rejection. Proceeding from this, we can put
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α0 = 0.01, and α1 = 0.05. If for the given p0, p1, α0, α1, the point (k, Zk) is located
above the region bound by two lines (6.12), it is assumed that the corresponding
source can be classified as critical or catastrophically active.

The analysis [10] of the experimental data obtained for specimens made of the
pressure vessel material showed that the point (k, Zk) was as a rule outside the
bound area for the third or fourth event E0. With this conclusion, we can set forth
other criteria that follow directly from the dependence of the AE cumulative count
on a load.

Such criteria can be formulated as follows:
Putting in the relationship (6.7) as above, m = mth = 4, we get

Ni ¼ A0P
4
i : ð6:13Þ

Then, the increment of the AE cumulative count will be

DNi ¼ 4A0P
3
i DPi: ð6:14Þ

Assuming that

DNiþ 1 ¼ 4A0ðPi þDPiþ 1Þ; ð6:15Þ

and taking into account that

Niþ 1 ¼ Ni þDNiþ 1; ð6:16Þ

then it is possible to take the ratio of (6.15)–(6.13) as a criterion

DNiþ 1

DNi
[ 1þ DPiþ 1

Pi

� �3DPiþ 1

Pi
: ð6:17Þ

When this inequality is satisfied, then m > 4.
During an accelerated growth of a crack, frequent increments of N occur, and the

intervals of the loading parameter in this case are considered to be approximately
the same and small ðDPiþ 1 � DPÞ: Then, neglecting in (6.17) the higher order
term of smallness, it is possible to get the following criterion:

DNiþ 1=DNi [ 1þ 3DPiþ 1=Pi: ð6:18Þ

However, at the initial stages of loading at large values of ΔΠ, these criteria do
not always correctly characterize the AE source activity. A more exact relationship
can be obtained from (6.13) with the account of (6.16)

DNiþ 1=Ni [ ð1þDPiþ 1=PiÞ4 � 1: ð6:19Þ
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Taking into account that power index m is a random value, the realization of
criteria (6.17–6.19) is also a random event similar to the event E0. The evaluation
with a given degree of reliability can be performed by setting additional conditions
that determine how many times the criteria should be satisfied. Similar to a suc-
cessive evaluation, we can require satisfying the (6.19) three times. Hence, a given
source should be considered a dangerous one for this structure. As is seen in
Fig. 6.6, the criteria (6.17 and 6.18) are satisfied starting from the initial stage of
fracture, and the criterion (6.19) is satisfied at the stage of accelerated crack growth.
Thus, this criterion more reliably presents the degree of danger of the recorded AE
sources. The obtained relationships (6.17–6.19) permit distinguishing the catas-
trophic stage of fracture, and together with the results of statistical analysis serve as
decision-making criteria on the degree of the AE source danger for a structure.

6.2 Using the AE Methods for Testing the Offshore
Platforms

For various technical and economic reasons, it is nearly impossible to perform an
overall inspection of all kinds of units and joints of the offshore platforms.
However, it is possible to check the individual parts that are most sensitive to crack
initiation and propagation. A special AE testing system [1, 2] has been developed
for this purpose. It consists of 4 × 32 channels and is equipped with 144 AET. The
system permits checking various service parameters and all major units, welded
joints, and places of fastenings that are on a platform.

The present system of the AE testing has the following characteristics:

• High sensitivity and low level of natural noises;
• Capability of choosing the working frequency range to get an optimum

signal/noise ratio under a minimum effect of electromagnetic background (the
average value of noises after treatment by the AES processor does not exceed
one event per second);

Fig. 6.6 Change in the
cumulative count of AES N
with load P for a 15X1M1F
steel specimen with a notch
under bending testing.
Straight lines show the range
of fulfillment of criteria
(6.17), (6.18), and (6.19),
respectively
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• Distances at which it is possible to reveal the AES of small amplitude that are
generated at early stages of crack formation in service conditions are 5…6 m;

• Reliable protection against atmospheric and mechanical damage;
• A specially protected and screened cable for transmission of high-frequency

signals of low amplitude at a distance of more than 300 m at a minimum level of
induction of electromagnetic hindrances;

• Rapid processing and assessment of the importance of the recorded AES;
• Possibility to take into account the external parameters (in the case of off-shore

platforms these are accelerations, rotations, keel swaying, slope angles and
height of waves, speed of wind, etc.) in order to predict the danger of the defects
more exactly;

• Automatic calibration of the AET and the measuring paths as well as automatic
checking of the obtained results; and

• A turn-off system acting in case a defect is located, and as a result the first four
AETs of the six that recorded the AES are chosen, ensuring the best calculation
of the defect localization.

In this case, for testing the off-shore platforms, the threshold level was selected
to be equal to 26 dB (0 dB corresponds to 1 μV, and 120 dB—to 1 V). Sensitivity
of the D9203AH AET was 67 dB in the pass band of 100…300 kHz. At this
threshold level, the maximum speed of the recorded events was about 100 events
per second.

The results of underwater testing of platforms [5] showed that the frequencies of
80 and 240 kHz were most expedient for the reduction of noise. The same fre-
quencies provide a maximal increase of distances at which the AES recording is
possible. Above 80 kHz, as the experiments showed, mechanical noise became
considerably weaker, but the noise in water was at a very high level that could be
reduced further by placing the AET in specially designed protective shrouds.
Measurements conducted in various weather conditions showed that the noise of the
highest intensity (to 60 dB) was caused by different ship engines, and it spread over
considerable distances. To decrease this noise, the required AET sensitivity during
the action of a compression wave on the rear wall of the protective shroud was at
least 26 dB lower than the sensitivity of the AET front-working surface with which
the AET was fixed to the structure surface. The application of such a method made
it possible to decrease the number of the recorded AES caused by noises in seawater
to only a few events per minute in one channel, and their total number for all
channels was close to one event per second.

As the testing of platforms [5] showed, the AES amplitudes during crack
propagation in a weld were 50…60 dB at a distance from 0.5 to 3 m from a source.
At the chosen threshold level of 26 dB, the range of distances of the recorded AE
events at the initial stages of fatigue crack growth in the joints of platforms at
extreme weather conditions reached 2.5 m.

To provide the testing of a crack initiation and propagation in the welds of
platform attachment fittings, the location of the AET should satisfy the following
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conditions: For all potential AE sources, the signal damping at a distance of 20 cm
for the four nearest AET should not exceed 50 dB, which corresponds to the
recording range of approximately 2.5 m. This value depends on the number of
welded joints through which a signal passes from a source to AET. Thus, for
example, to provide the testing of an attachment fitting of a medium size, six AET
are needed.

The systems of AE testing of off-shore platforms can be located both on a
platform and outside it. The first one is better in a general case, because there is no
need for the permanent presence of an operator. The AE data can be recorded on a
hard disk and, if necessary, can be transmitted for on-shore processing. In such a
case, an operative supervision over the work of a system implies periodic checking
of its serviceability and replacement of disks (on average, two man-days per week).

Test results are analyzed and processed over one or two weeks. To a great extent,
this period is determined by the amount of the recorded information. The major
problem with AE testing is finding the location of a defect or a group of defects
within the region of a platform surface chosen for the testing. The dependences of
the cumulative count of AE and of the average state of seaway on time can serve as
the measure of danger of defects or their groups. The results of the AE test data
processing should include the following information on [5]:

1. Determination of localization of the AE sources in order to identify and group
them;

2. Representation of the temporal evolution of each group of sources (cumulative
count of AE depending on time);

3. Establishment of correlations with seaway for every group of the AE sources
found (accounting the wave height at those moments when each AE event was
recorded); and

4. Presentation of the amplitude distribution of the AE events in every group of the
Hsu sources [3] (based on the signals recorded by the AET closest to this
group).

From the data stored on a disk for every test period (for one or two weeks), only
those of interest are preserved. Such sorting of the AE test data is performed
according to the results of their analysis outside the platform, in laboratory
conditions.

Except for a system of the AE testing of off-shore platforms considered above, in
order to inspect the joints of a simple geometrical shape, it is possible to use a
simple portable system that has four receiving AET and a calibrating generator of
ultrasonic vibrations. The AET can be mounted in the region of a unit having
defects and an elevated concentration of stresses, or it can be moved from one place
to another where there is a danger of defects forming. Such a system can be also
used to check the operation of various mechanisms placed on a platform—for
instance, for checking the growth of fatigue cracks in the rings of revolving hoisting
cranes [5].
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6.3 Using the AE for Testing the Nuclear Reactors

The possibilities of using the AE method in diagnosing nuclear reactors were
considered in many papers (see, for instance [15–17]). In particular, in [17] a
problem regarding the possibility of the AE testing of the growth of defects in
pressure vessels of nuclear reactors was studied both during hydrostatic tests and in
operating conditions. Research was conducted in the following three directions:

1. Developing the methods of identification of crack length increment using the
AES.

2. Determining relationships between the recorded AE and the crack length
increment.

3. Determining a possibility to test the pressure vessels both during hydrostatic
tests and in operating conditions.

The realization of this research program started from the laboratory experiments
on ATM A533 B steel specimens of Class 1. However, due to the fact that a direct
transfer of laboratory results to large-scale structures turned out to be very com-
plicated, the tests were conducted on the pressure vessels with the wall thickness
over 100 mm. At the third stage, the AE testing system was mounted directly on the
operating reactor.

During the preparation of hydrostatic testing in the central part of a vessel of
dimensions of 120 × 700 × 1500 mm, three fatigue cracks were artificially initi-
ated: two on the internal surface and one on the external. The sizes of all three
defects were different, which made it possible to obtain different rates of growth for
each of them in subsequent testing.

During hydrostatic testing, water temperatures were 65 and 265 °C. Three types
of AET were used for AES recording: the AET with metal waveguides twisted into
specially drilled holes on the vessel surface; three AET with metal waveguides
tightly pressed to the investigated surface; and low-frequency AET directly
mounted on the vessel surface. These AETs were used only in hydrostatical
testings.

The AE testing equipment consisted of a recording unit, where the AES that
were received were processed, and their time dependences, amplitude, difference in
the arrival time, and other characteristics were found. Then, this information was
translated into a digital code and was stored on a magnetic tape and was simulta-
neously transferred to a processor, where a defect location was determined, and it
was decided whether the given AES was related to the crack length increment.
Based on the information gathered, the degree of defect danger was evaluated.

The dependencies of the crack depth on the number of loading cycles at 65 °C
were found (Fig. 6.7) using the test results. The crack depth was estimated
according to the value of the measured crack opening displacement. The internal
defects propagated more quickly than the external ones, due to the action of the
water.
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Having analyzed the AES obtained from the investigated section of the vessel, it
was established that the emission from this region followed certain regularities. In
all tests conducted at 65 °C, the AES had large amplitude values that corresponded
to the maximum values within a loading cycle. The amplitude of over 60% of
signals was higher than 9 V. Unlike the above-mentioned laboratory testing of
specimens, only 8.5% of AES had similar amplitude values. Moreover, it was found
that the AES were densely grouped at the maximum load value in a cycle. In
laboratory research, only about 2% of the recorded signals corresponded to the
maximal load in a cycle, while the majority of the AE events corresponded to the
average value of the load. The information on the load value during these tests was
transmitted to the AE testing system and stored. For this purpose, the cycle of
loading was conventionally divided into 100 parts, and the number of each part that
was stored by the system corresponded to each load value.

The dependencies of the AES count rate against time were obtained using the
information on the defect location. Together with the results of laboratory tests that
enabled finding the rate of the AES count, the possibility of estimating the defect
growth velocity was found when no defect growth was observed. It was found that
the crack growth rate, determined from AE data, was somewhat higher than that
established by measuring the crack tip opening.

Except for the AES caused by the growth of artificially created defects, the AE
caused by natural fatigue cracks was recorded under cyclic testing. These sources
were concentrated in the area of the welds. Subsequent inspection of these welds—
using the methods of non-destructive testing—confirmed the presence of cracks in
them. It should be noted that signals from these cracks were recorded at distances of
up to 3 m, including the most remote AET. In those tests, the AET were tightly
pressed to the surface investigated. They are similarly fastened in the case of AE
testing of the reactor.

A special problem of the AES research in hydrostatical tests was to estimate the
possibility of detecting the fatigue cracks by means of the signals they emit.
However, under periodic loading, when the applied load was 1.1 times higher than
the maximum load during cyclic testing, no significant AE was recorded. The
results put the efficiency of using the AE for the detection of defects in hydrostatical

Fig. 6.7 Dependence of the
crack depth l on the number
of loading cycles n for
temperatures 65 °C (numbers
correspond to enumeration of
cracks)
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testings in doubt. It should be noted that the AE activity was considerably higher
when a vessel was not preliminarily cyclically loaded up to the level mentioned.

One of the major problems when designing the AE testing system for nuclear
reactors is developing a method for separating the AES that are generated by a
propagating crack and the signals from the sources that are safe. For this purpose, a
numerical processing of signals was carried out, which permitted selecting appro-
priate features related to spectral composition (for instance, peculiarities of power
spectrum of an individual signal, self-correlation function, or statistical moments of
power spectrum). This procedure permitted decreasing the volume of information
required for a description of the analyzed signal characteristics. Based on the
established features of the AE pulses, the regularities were obtained, according to
which the recorded signals were classified.

At first, the set of features extracted from the AE pulses did not provide satis-
factory results while testing the reactor pressure vessels. Therefore, a new group of
the AE signal characteristics was composed, which included the parameters of a
self-regression model of the tenth order describing every individual pulse. The
advantage of this group of characteristics is that it is not very sensitive to signal
amplitudes. The efficiency of these characteristics was demonstrated while classi-
fying seismic signals and while processing the AE data obtained on aluminum
specimens. As regards testing reactor pressure vessels, the correctness of such a
classification method was 75…80%. The authors [17] felt that despite the
improvements introduced, these results still cannot be considered acceptable. The
statistical analysis showed that the correct level of accuracy in classifying the
defects should provide an error not exceeding 10%. Only in this case is the
application of the AE testing system effective.

While testing the reactor power unit, the AE testing system included 16 AET
with high-temperature waveguides, which were pressed to the surface of the reactor
casing, both in the region of its bottom and near the inlet and the outlet nozzles of
the cooler circulation system. The resonance frequencies of the AET were chosen in
the range of 450…500 kHz. Tests were carried out at a continuous increase of
temperature and pressure up to their working values (292 °C and 15.4 MPa), with
subsequent holding at these values. As a result of testing, it was found that the
noises were caused by the cooler flow and depended on the service conditions, i.e.,
values of temperature and pressure, and type of reactor, as well as on the AET type
and the construction of the waveguide (Fig. 6.8). It should be noted that the values
of signal amplitudes caused by fatigue crack increment presented in the figure were
obtained in previous pressure vessel testing. As is clear from the same figure, at a
temperature of 65 °C and a pressure of 2.6 MPa, it is almost impossible to select
AES that are generated by fatigue crack growth on the background noises, even by
using the AET with a resonance frequency of 500 kHz. At higher temperatures and
pressure of the cooler, the conditions of AE recordings caused by a crack are much
better. Thus, at a temperature of 177 °C and pressure of 2.8 MPa, and at higher
values of these parameters, the AET with waveguides of a resonance frequency of
500 kHz, enables selecting the AES effectively enough on the background noises.
Besides, it is clear from Fig. 6.9 that when using the high-temperature AET without
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a waveguide, the AES amplitudes slightly differ from the noise level, which is why
it is unreasonable to use a waveguide. Such AET efficiency can be improved by
providing a waveguide and by decreasing the sensitivity to low-frequency vibra-
tions in this way.

To check whether the AE testing system is capable of recording the AES in
service conditions, a series of experiments was carried out. Compact specimens
made of instrumental steel were preliminarily loaded mechanically, then mounted
on the pipe and tightly fastened to the inlet pipeline. Furthermore, a heated brass bar
was pressed to its surface. Due to temperature differences of the coefficients of
thermal expansion, the specimen was additionally loaded and ruptured. The AES
generated by the specimens that failed in this way were recorded by the AE testing
system at various working temperatures, pressures, and conditions of a cooler flow.

As a result of all the tests, the following was revealed:

1. The AE testing permits revealing the increment of both artificially induced and
natural fatigue cracks in thick-walled pressure vessels used in nuclear reactors.

2. The possibility of the AES detection in the presence of technological noises of
the reactor is shown.

Fig. 6.8 Dependence of the
cooler noise level A on
temperature and pressure: A,
B is recorded by the AET with
a waveguide with a resonance
frequency of 500 and
375 kHz, respectively; C is
recorded by high-temperature
AET without a waveguide;
D is a level of electric noises;
E is the AES level at a
temperature and pressure,
respectively: a 65 °C and
2.8 MPa; b 177 °C and
2.8 MPa; c 292 °C and
8.4 MPa; d 292 °C and
1.4 MPa
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3. The AE data can be used for the estimation of fatigue crack growth rate in
thick-walled pressure vessels.

4. The efficiency of applying a high-temperature AET with waveguides in the
reactor operating conditions is shown.

5. The AE system permits maintaining rather reliable and continuous testing of the
state of an operating reactor for a long period of time (at least one year).

6. The AE testing system permits revealing the defects located in the sections of a
reactor that are difficult to access.

6.4 Application of AE Method for Estimation of Strength
of Pressure Vessels and Pipelines

Here we present some results obtained while using the AE for checking the initi-
ation and propagation of cracks in the models of a pressure vessel and in large-scale
pipelines. For the AES recording, the equipment of the Dunegan-Endevko
Company, type 3000, and the multi-channel system 1032 were used [18]. This
equipment permitted carrying out a spatial location, time-gating, and selecting the
AES pulses according to the parameters of an external loading that made it possible
to eliminate the effects of external noise sources and to select information on
fracture for subsequent processing and reproduction in a printed form or in a
display.

Fig. 6.9 Dependence of the
cumulative count of AES
N on the level of the applied
stresses p under stepwise
loading of a pipe without a
notch and with a notch
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In Fig. 6.10, the results of the AE recording under stepwise loading of the pipe
with a 210 mm diameter and 40 mm thick wall made of 12X1MF steel are pre-
sented. An external notch located in the axial direction was made on this pipe. Its
depth was 0.45 of the wall thickness, and the length was 250 mm. While loading
the notched pipe (Fig. 6.10), the AE from the notch region was recorded at a slight
internal pressure that confirms the development of this defect. This was also proved
by the results of the location of AES due to the fatigue crack increment. The
location of AE sources permits estimating the crack sizes and establishing the
location of an initiated crack.

Furthermore, a piece of a pipeline of 850 mm in diameter and a 48 mm thick
wall made of 22K steel with anticorrosion X18N10T steel coating welded on the
internal pipeline was tested. The pipeline contained longitudinal welded joints that
provided a considerable heterogeneity of the stress-strain state. The defects that
unavoidably arise during welding also reduced the serviceability of the pipeline.
The results of the AE sources’ location in the area of each longitudinal joint during
the loading, up to the moment of failure of the section of the pipeline that was
examined, are presented in Fig. 6.11. When the pressure increases, the AE sources
that form groups in the area of the welded joints indicate the areas of the location of
the defects that develop during testing. At a pressure of 40 MPa, the pipeline fails.
It was established that in the area of crack growth, the fracture was caused by the

Fig. 6.10 Determination of
the coordinates of the AE
sources in the region of a
weld failure by four AET for
the whole observation period

Fig. 6.11 Dependence of the
cumulative count of the AES
N on the level of the applied
stresses P during hydraulic
testing of a section of 22K
steel pipeline with cracks (1)
and welding defects in the
area of longitudinal welds
Nos.1 (2) and.2 (3)
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presence of faulty fusion welding in the joint area of the base metal, surfacing, and
the welded metal of a weld. Herein, the AES recording made it possible to find a
defect that develops long before a complete failure of the examined pipeline
section.

Repeated static testing by internal pressure of real sections of straight pipelines
made of 22 k steel with anti-corrosion coating of X18N10T steel of a diameter of
850 mm and wall thickness of 48 mm that contained circular and longitudinal
welded joints were carried out as well. In the base metal and in the coating, as well
as in the heat-affected zone of longitudinal welds, there were surface notches with a
depth of 0.25…0.35 of the wall thickness. Apart from these notches, welding
defects of sizes that exceed the admissible ones were left without healing in a
welded material. During testing, the loading parameters were recorded, and, using
the AE testing system, the AE sources were localized and the AES parameters were
recorded. The test results of one of the pipeline sections are presented in Table 6.3
(maximal nominal hoop stresses were 0.8 σ02, while the number of loading cycles
of all modes was 7500).

The analysis of recorded AES alongside the visual observation permits proving
that the crack initiation conditions are different in different regions of the welded
joints; this is explained by the difference of material properties and the presence of
typical residual stresses. Therefore, the cracks that started from the notches of
identical size but were located in different regions of the welded joints, began to
propagate after a different number of loading cycles. The moment of their growth
start was revealed much earlier by means of AE than by visual control.

A high concentration of the AE sources in certain areas of a structure and the fact
that AES was recorded in the narrow range of the applied load that corresponded to
the threshold stress intensity factor values, confirmed the beginning of the crack
propagation. It should be noted that this range for the cracks located in different
regions of the welded joints was also different, thus proving that the dependence of
fatigue crack growth kinetics on heterogeneity of the stress state is related to the
material properties in the region of the welded joints. As a result, the depth of
fatigue crack growth under the same modes of loading at identical initial sizes of
notches was different.

Table 6.3 Data on a crack length increment in a pressure vessel

Region of
longitudinal welded
joint

Notch
depth,
mm

Notch
length,
mm

Final crack
depth, mm

Number of loading cycles
for a visual revealing

Base metal 10 100 13.0 5800

14 140 24.3 3000

Welding metal 10 100 13.0 6300

14 140 18.8 3390

Heat-affected zone 10 100 13.0 6000

14 140 20.8 3200
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The AES caused by cracks initiated at the notches and at the natural welded
defects were recorded separately during the hydraulic testing of pipelines. The
results of these tests are presented in Fig. 6.11. It was found that the AE activity
caused by the defects that develop from the notches of a depth equal to 0.35 of the
wall thickness was higher than by the welded defects. Shallow defects (the notch
depth equal to 0.25 of the wall thickness) produced the AE, which was practically
the same as the welding defects. Metallographic analysis confirmed the availability
of a slight crack growth at small notches and near the welded defects.

Thus, the AE method permits defining the location of the AE sources and their
activity, which enables one to conduct the analysis of a structure’s imperfectness.
The inspection of the AE sources that were found can be further conducted using
traditional methods of non-destructive testing, which take into consideration the
available standards and provide information on the degree of danger of the defects.

The information obtained using the AE method during hydraulic testing [18] can
be used for the operation inspection of pressure vessels and pipelines. In this case, it
is enough to check only the areas of the AE activity revealed during hydraulic
testing. Based on these observations, it is also possible to establish the specific
features of the development of defects, to solve the problem of technical diag-
nostics, and to predict the lifespan of the equipment.

6.5 AE Inspection of Welded Joints

Most unique structures contain welded joints that should be highly reliable when
being used, and special diagnosing systems and complexes have been developed for
this purpose. As is known, means of non-destructive testing and diagnostics, which
use the AE method, permit testing the required volume zones of a structure or its
individual elements regardless of geometrical sizes and the type of material. The
defects in the welded joints (gas pores, tungsten inclusions, oxide films, cracks,
faulty fusion, etc.) non-uniformly distribute the loads over the volume of the tested
object which, in turn, causes some differences in the AE generation due to the
availability of the areas with and without defects. Therefore, to effectively use the
advantages of the AE method as one of the promising methods of nondestructive
testing, one needs to have the preliminary comparative characteristics of the AE
activity of structural materials under loading, when the processes of defects initi-
ation and propagation in them are observed, i.e., fracture processes. This enables us
to select the necessary conditions of recording the AE signals by a measuring
device, to compare the optimum values of their information parameters, such as
amplitude, cumulative count of the AE signals, number of events, spectral char-
acteristics, etc., as well as to maximally approach the solution of the problem of
signal identification. Such investigations of structural materials and their welded
joints are carried out in laboratory conditions and form the basis for the develop-
ment of new methods of diagnostics and non-destructive testing of products and
constructions.
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The quality of a welded joint can be inspected using the AE method at different
stages. The first stage includes the period of welding from the very start until the
end. The second stage includes the period of the weld cooling until it reaches its
equilibrium state. The third stage includes the period following the establishment of
the equilibrium stage.

The AE testing of extended welds can be carried out simultaneously at the first
two stages. Their common feature is that the AES originate under the action of
internal local stresses that develop in a near-joint area without additional external
loadings (Fig. 6.12). Internal stresses are caused by the material structure hetero-
geneity, as well as by non-uniformity and non-stationarity of thermal conditions of
the process of welding. At the second stage of inspection, a common or local
external action on a weld is necessary for the AES generation.

A successful application of the AE for weld testing is related with a possibility to
select signals generated by defects from the general amount of signals that are
generated against the background noises. A frequency band, in which the AES are
selected, is chosen, taking into consideration the spectrum of noises and acoustic
waves damping in the material. Usually, this frequency band is set within the
interval of 50 kHz…2 MHz.

The AE testing of pipe welds is performed, as a rule, during the cooling of joints,
expanding, or hydraulic testing of pipes [19]. During hydraulic tests, the recorded
AES were caused mainly by the noise due to the water flow and its friction with the
pipe wall, and due to slight leakages that were not recorded by a manometer.
However, at hydraulic testing, the defects do not emit AES. As the analysis showed,
this is explained by a volume expansion immediately before a hydraulic testing of a
pipe, when much stronger forces compared with hydraulic testing are applied to it,
and thus the KE is observed.

During expanding the pipe is deformed successively in the sections of length of
about 1 m. The degree of deformation attains 0.5…0.7%. In this case, as research

Fig. 6.12 Schematic of
temperature limits distribution
in the near-weld zones: 1 is
the melt area, 2 is the overheat
area, 3 is the re-growth area, 4
is the incomplete
recrystallization area, 5 is the
recrystallization area, 6 is the
aging area [9]
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has showed, it is very difficult to detect cracks using the AE method, due to the high
level of noises caused by plastic deformation of material and by friction of expander
elements with the internal pipe surface. During welding, it is difficult to reveal the
cracks due to the noise caused by slag film cracking.

More optimistic results were obtained in the AE research at cooling the welds.
During their cooling, the AES are emitted with defects for a long time and are
characterized by high amplitude and intensity. Specimens with high-quality welds
practically do not emit the pulses, and only single rare bursts of the amplitude and
intensity are observed (Fig. 6.13) [20]. A slag layer is removed from a weld
immediately after its welding. According to the investigation results a good cor-
relation was founded between the longitudinal and transversal cracks and the AES
in welds; however, in the case of volume defects (such as pores), the AE was not
practically observed.

The welded structures are subdivided into 4 groups according to AES radiation
intensity: 0—AES is practically not observed; 1—insignificant intensity of AES
radiation (up to 104 pulses); 2—AE of medium intensity (up to 4 × 104 pulses)
with the considerable AES amplitudes; and 3—continuous AES of high intensity
(up to 12 × 104 pulses).

The initial basic data on the AE character is required for each particular case of
the welded joints that would take into account the structure of materials, technology
of their welding, and so on. Such data are definitely obtained during laboratory
testing. We will briefly discuss some of this data.

6.5.1 Verification of Selection of Materials, the Type
of Specimens, and an Investigation Method [21]

An improvement of reliability of the welded structures takes place with a simul-
taneous decrease of steel intensity and is a basic direction of the development of

Fig. 6.13 Change in the
cumulative count of the AES
N with time t in the case of
high-quality (a) and
low-quality (b) welding. 1 are
hindrances from a welding arc
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science dealing with welding. The tolerance of this or another technological defect
of a welded joint can be established today regardless of the structural element
location, its stress state, number of cycles of loading alternation, residual stress, etc.
The absence of a profoundly considered differentiation of the damages of the
materials of the welded joints according to corresponding standards often causes the
premature fractures of the welded joints due to defects, while in other cases the
defects are quite groundlessly withdrawn without proper consideration. It is well
known that the defects being cut off from a component with the following welding
does not increase but rather decreases the load-carrying capability of the compo-
nent. The problem becomes more urgent taking into account the fact that about
one-third of all premature fatigue fractures of metal structures, machines, and
buildings, reservoirs, and pressure vessels, special technological equipment, etc.,
are today conditioned by the defects of welded joints [22].

In the world of engineering practice, the production of vitally important welded
structures, such as ships, multi-storied buildings, power equipment, aviation and
space objects, etc., is accompanied by the allocation of considerable financing for the
implementation of facilities and methods of non-destructive testing and diagnostics.
A fraction of these finances in some cases reaches 20–25% of the total cost of
structures, while labor intensiveness becomes almost the same as for the welding
processes [23]. The analysis of the welded structures’ failure shows that in most
cases it takes place in the near-weld area rather than along the weld. This is explained
by the fact that the weld is more durable than the base metal. Thus, the thickness of a
strengthening roll under two-sided welding is 1.8…2.2 times higher than the wall
thickness. Besides, the weld metal is micro-alloyed with a cast structure. The
structure of the near-weld area for arc, plasma, and electro-slag processes is
heterogeneous and has considerable residual stresses. Structural transformations in a
metal, and considerable plastic strains, appear due to abrupt changes of temperature
in this area. The defect at the base metal ends arising due to temperature effect and
deformations increase their volume and become dangerous [24]. Herein, a very
negative effect of hydrogen should be noted, which in the atomic state is released
into micro-cavities during the welding process, and later on having transformed into
molecular hydrogen, creates high pressures in them and, as a result, we observe high
stresses in the metal. It is the hydrogen mechanism that forms the basis of the
phenomenon of the so-called “cold cracks initiation” and propagation in the weld
metal and in the heat-affected zone [25, 26]. Thus, taking the above into account, the
specimens of structural materials made of the base metal (BM), weld metal (WM),
and fusion zone (FZ), became the object of the AE studies.

One of the peculiarities of inspecting the quality of the welded joints using the AE
method is that pre-conditions for its realization are available at different stages of the
technological process: during welding; during the formation of a joint and after
welding; and at transition of the welded joint into the equilibrium state or after
termination of this process [9]. All these stages are clearly expressed in themethods of
welding,which are related tomelting.At thefirst two stages, theAE is generated under
the action of internal stresses, while at the third stage there is an additional local action
of an external loading. Exactly then (at temperatures lower than 100 °C), deformation
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cracks, corrosive cracks, and deformation-corrosive cracks are formed [26]. The first
type includes cracks that appear inwelds after their cooling and in the process of aging
after welding, as well as cracks that appear in a metal during tensile deformation,
compression, impact, and other types of mechanical action. The second group
includes cracks whose initiation is predetermined by the action of only one corrosive
environment without applying an external loading, and the third type of cracks
appears in a metal under a simultaneous action of an external loading and a corrosive
environment. During exploitation, the cracks that appear due to various strengths of
some elements of a structure and phases (for instance, eutectic inter-layers,
non-metallic inclusions, pores, etc.), and due to the action of external loading forces
appearing in the process of product exploitation, are effectively revealed by the AE
method. Thus, in this study we investigate the methods that use the AES testing of the
fractured welded joints caused by a quasi-static loading, i.e., the methods for esti-
mation of the static crack growth resistance of a welded joint.

The trends in the development of welding technologies are characterized by the
transition to low-alloy steels with a simultaneous reduction of the amount of metal
in structures and by an increase of reliable service life. This is confirmed by the fact
that today about 20 grades of low-alloy steels are used exclusively for building
structures, and, taking into account the quality categories, their number has
increased more than threefold [22].

At the same time, in many branches of industry, non-ferrous metals are widely
used as structural materials in manufacturing vitally important units and even whole
structures. Aluminum alloys are of special interest. Therefore, as representatives of
the above-mentioned different grades of structural materials, the steels 10XSND,
09G2S, Steel 3sp, as well as 1201-T aluminum alloy were chosen. Specimens made
of these materials were constructed with the account of three-point bending loading
or eccentric tension [27], while cylindrical specimens used for the evaluation of
mechanical characteristics of 1201-T alloy met the requirements of [28].

According to the test method, the AE signals were recorded under the loading of
specimens in a real-time scale. The relationship between the AE (amplitude,
cumulative count N of the signals, spectral characteristics) and fracture parameters
(stress intensity factor, deformation, crack length increment), and the validity of the
KE were established using the test results. Thus, the energy of the AE signals that
accompany the processes of the fracture of welded joints was estimated in order to
use the obtained results in non-destructive testing of the real products or structures.

6.5.2 Results of the AE Research of the Welded Joints
and Their Interpretation

Investigation of the AE indices of fracture of low-alloy steels and their welded
joints. Prism-like specimens of 6 × 15 × 170 mm were prepared for testing the
10XSND, 09G2S steels, Steel 3sp., their welded joints, and FZ. The chemical
composition is presented in Table 6.4. In these specimens, after mechanical
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treatment by a polishing stress, notches were cut out and then fatigue cracks were
induced. Specimens were made in such a way that in the working area, i.e., in the
net-section, there was a failure in BM, WM, and FZ. The SVR-5 [29] loading
machine that was used to apply a load differed from serial loading devices by a low
level of generation of background noises. This permitted selecting the AES at high
amplification levels and at low threshold levels in the AE channel [30].

The scheme of testing the specimens was as follows [31]: The loading forces
were transmitted from the SVR-5 equipment through an indenter to the investigated
specimen, on which the AET was mounted to its lateral surface. The force of
pressing the AET with a clamp to the lateral surface of the specimen through a
contact layer [3, 32] was 15…20 N. During loading, the diagram “load P − crack
opening v” was recorded by an X-Y recorder, while the amplitude A and cumulative
count N of the AE signals were simultaneously recorded by a fast-acting recorder
H-338/4 in real time. After pre-amplification and processing the AE signals by the
AVN-3 device, these parameters were printed on paper.

Before every experiment, a measuring channel was calibrated by the Hsu source.
The MBS-9 microscope supplied with a set of the SVR-5 equipment was used to
inspect the changes at the lateral surface of a specimen in the crack propagation
region. Taking into account the high plasticity of steels (Table 6.5) at room tem-
peratures [32] and service characteristics of a loading machine, we have chosen the
following modes of the AE selection and processing: Mode I: amplification factor
of a measuring path is equal to 74 dB, threshold level of the AE signals is equal to
0.4 V, working frequency band Δf is equal to 0.12…0.5 MHz with the transmission
coefficient of filters of low and high frequencies equal to one. The AET possesses,
accordingly, the best working characteristics in the frequency band from 0.2 to
0.5 MHz. The results of testing 10XSND steel specimens, their welded joints, and
FZ material obtained in such measurement conditions, are presented in paper [33].
Therefore, we will briefly discuss some of them.

The AE signals were recorded both for the linear area of diagram “P-v and for
the non-linear area up to the moment of the final macro-fracture stage. Their
amplitudes at the analog output of an AVN-3 device were in the range of dozens of
mV to several volts. The AE signals were most actively generated during the
testing of the specimens cut out of the welded joint metal, and then with a decrease
of amplitude, the number of events, and the cumulative count, there come

Table 6.5 Mechanical characteristics of alloys

Alloy grade σ02, MPa σb, MPa δ, % ψ, % Fb, %
a KC, MPa√m

Steel 3sp 280 430 26 55 92 56.8

09G2S 330 500 28 58 77 69.2

10XSND 400 540 24 50 97 58.3

1201-T 350 440 4.75 7.54 – 44.3
38.04b

aFb, is the fraction of a ductile component in a ruptured specimen at t = 20 °C [32]
bIs the KIC value
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the specimens cut out of BM and WM. Thus, for 10XSND steel and its welded
joints, it is shown that the value of amplitudes and intensity of the AE generation at
a sub-critical crack propagation in specimens from various welded joint areas are
sufficient to be recorded during testing of large-scale structures or the products
under static loading (expanding). Then, the industrially produced equipment of the
AVN-3, AF-15 types and others can be used. As the experimental data (Fig. 6.14;
Table 6.6) argue, there is a margin in the amplification and threshold levels; thus it
is possible to reduce the amplification and to increase the threshold level. The AE
testing and diagnostics efficiency can be substantially improved using a resonance
or narrow-band AET, as well as by using certain methodological approaches to the
selection of the AE signals under the effect of sensible background noises [34] in
real conditions of diagnostics.

Welded joints of 09G2S steel and Steel 3sp were investigated using a similar
scheme. The AES registration regime differed from the previous one by the
amplification factor, which was 84 dB, and by the threshold level, which was 0.2 V
(Regime II). The other measurement parameters, geometry of the AET location on
the specimens, and calibration of measurement path sensitivity were the same. The
shading of the area of the crack length increment was done by heating the speci-
mens in an autoclave to a temperature of 300…350 °C and by holding them at this
temperature for 600 s with the following impact rupture of the specimens after
cooling.

Fig. 6.14 Fracture diagram
“P-v” (three-point bending)
for the metal of FZ of a
welded joint of 10XSND steel
and corresponding
distribution of the AES
amplitudes A and cumulative
count N
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As seen in Fig. 6.14, to develop the criteria approaches in laboratory conditions,
it is worth recording the AE signals in the loading ranges of specimens to a certain
value in the non-linear area of the fracture diagram (points 1, 2 in Fig. 6.14). This is
confirmed by the fact that in real loading conditions under large plastic deforma-
tions, the defects in ductile steel structures are easily revealed visually, and in this
case the macro-crack opening attains considerable value.

Specimens of 09G2S steel and Steel 3sp were loaded until a plasticity area on the
diagram P-v appeared; then they were unloaded, and the value of the fatigue
macro-crack length increment was calculated, as stated above (Table 6.6). The test
results confirm the following: The energy level of signals that accompany the
processes of initiation and propagation of micro- and macro-cracks for three grades
of steels is the lowest for Steel 3sp. After that, according to an increase of this index
and AE activity, come steels 09G2S and 10XSND steels. Concerning the welded
joint areas, all grades of steels prove the above regularity of ordering for 10XSND
steel: FZ, BM and WM. Besides, for materials of all the welded joint zones, the KE
is satisfied [33, 35].

Estimation of peculiarities of generation of the AE signals due to fracture
processes in welded joints of 1201-T aluminum alloy. Investigations were carried
out in two stages: In the first stage, the BM mechanical characteristics were cal-
culated [28], and simultaneously the AE that accompanies the processes of plastic
deformation, macro-crack initiation and propagation was recorded. For this pur-
pose, cylindrical specimens with a diameter of 4 mm were prepared. They had a
thick part in front of a threaded part on both sides, where flats were made for
mounting the AET [36].

Before each test, specimens were subjected to molding in a special conductor
according to the method presented in [37] for removing the non-informing AES
emitted from the grips area during loading. Loading forces exceeded the admissible
level by 50…80%. After that, the experiments were conducted. A tensile-testing
machine of the FPZ-100/1 model with the speed of traverse movement of 0.02…
0.84 mm/min was used as a force-inducing device. The AE chain of selecting,
processing and recording the AES was built, based on the AE MISTRAS—2001
system produced by PAC (USA), to which analog signals from the strain gauge force
dynamometer from the machine FPZ-100/1 were transmitted, together with the
displacement gauge for measuring the value of the specimen elongation or crack
faces opening (depending on the type of the specimens tested). Simultaneously,
signals from the AET with a working frequency band with linear
amplitude-frequency characteristics within the range of 0.1…1.2 MHz were trans-
mitted to the AE chain through a preamplifier. The preamplifier amplified the AES
by 40 dB in the path band of 0.02…1.2 MHz, while the threshold level of the AES
was 45 dB. The following AES parameters were obtained in this mode of selection
and processing (Mode III): time rising to the maximum of the forward front of a
signal τ1, duration of the AE signal above the threshold level τ2, amplitude, number
of pulses N, energy G. Furthermore, the measuring system made it possible to
receive spectral characteristics of the AE signals from their waveforms.
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In the second stage, the AE characteristics of fracture processes in materials of
1201-T alloy weld were investigated on 79 × 79 × 7 mm compact specimens,
which were manufactured according to standards and typical ratios of geometrical
sizes, given in [27]. Welded joints were made by means of electron-beam welding.
Figure 6.15 shows a typical diagram of tension and distribution of AES arising in a
cylindrical specimen, and Fig. 6.16 presents spectral characteristics for points 1 and
2 of this diagram. From the last figure, it is seen that the AES amplitudes that arise
during the process of macro-crack initiation and accompany the appearance of
cracks in various inclusions in a material [36] at initial stages of a stress-strain
diagram, are of slight magnitude (measured in mV). The main activity of the AES is
concentrated in the range of the relative elongation δ change of a specimen within
the limits of 0.1…0.4%.

The generation of the AE signals of the BM of 1201-T alloy is lower in com-
parison with the AE amplitudes of steels during macro-crack growth. With the
growth of σ, the spectra of signals (Fig. 6.16) tend to narrow, and dominant fre-
quencies of signals are shifted towards the low frequency values, which concurs
with the results of [38]. Figure 6.17 shows the fracture diagram P-v of a WM of a
welded joint of 1201-T alloy and the corresponding distribution of AES during
sub-critical crack propagation, where AE signals are of a specific character. A slight
amount of the AES of large amplitudes is observed, which confirms a jump-like
propagation of the macro-crack and the absence of the AES of small amplitudes.
This means that the mechanism of sub-critical macro-crack growth is quite brittle,
and its diagnostics requires an accurate interpretation of the AES taking into
account the initiation and the development of micro- and macro-cracks. The
characteristic spectra of the AES in various areas of a fracture diagram confirm the
above-described tendency of the change in a spectrum width and in dominant
frequencies of AE.

Fig. 6.15 Stress-strain
diagram σ-δ of a smooth
cylindrical 1201-T alloy
specimen and the dependence
of a cumulative count N and
signal amplitudes A on the
strain δ of a specimen
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Thus, experimental AES investigation of fatigue crack growth resistance of
welded joints of low-alloyed steels 10XSND, 09G2S steel and Steel 3sp, as well as
of 1201-T aluminum alloy, being the most widespread materials, showed that
quantitative indices of the AE events, cumulative count, and the
amplitude-frequency characteristics of the AES are specific for every type of
material and for particular areas of the welded joints, which enables making a
complex evaluation of the mechanisms of generation of the AE signals at the stages
of plastic deformation development and the beginning of sub-critical macro-crack
propagation. Using the AES spectral analysis, it is necessary to preliminarily
achieve the best reproduction of a waveform of every AE event with the account of
reflection, damping, and resonance peculiarities of the tested material of a product
or of a structural element.

Fig. 6.16 The AES waveforms and their spectral characteristics at point 1 (a and b, respectively)
and at point 2 (c, d) of stress-strain diagram (Fig. 6.15) of cylindrical 1201-T alloy specimens with
the following indices of measuring modes: sampling frequency of the AE signal—4 MHz,
sampling number—1024, threshold level—0.178 mV; a τ1 = 21 μs, τ2 = 152 μs, N = 15,
G = 2 μJ; c τ1 = 1 μs, τ2 = 1 μs, N = 1, G ≈ 0
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6.6 Selective On-Line AE Hydraulic Testing of an Oil
Storage Reservoir

The purpose of the AE testing of a reservoir with a capacity of 75,000 m3 is to
reveal, on-line, the initiation and propagation of the crack-like defects and to
evaluate the degree of their danger during hydraulic testing. To record the AES, a
two-channel AE system “AKEM” (a programmable-technological complex) was
used that permitted estimating the IO state by certain AE criteria. The system is
mobile and provides on-line processing of the recorded information and its corre-
sponding representation after termination of AE tests. Its characteristics are:

• Working band of frequencies—100…2000 kHz;
• Non-uniformity of amplitude-frequency characteristics of the amplification path

– within the frequency band—not larger than ±3 dB;

• Damping of the AE signal outside the working range during the change of
threshold

– frequencies—not less than 30 dB per octave;

• Input resistance of preamplifier—1 MΩ;
• Input sensitivity—not less than 10 μV;
• Dynamic range of amplification—40…72 dB;
• Cut-off band of high-frequency filter—9 kHz;
• Effective voltage of the noise in an amplifying path—not higher than 8 μV;
• Amplification factor of an amplifying path—not less than 60 dB; and
• Amplitude dynamic range of an amplifying path—not less than 50 dB.

A set of devices and equipment that are used for AE testing included the AET
with the devices for their installation on IO and materials for providing the acoustic

Fig. 6.17 Dependence P-
v for the eccentric tension of
compact specimens of a
welded joint WM made of
1201-T aluminum alloy and
the change in indices of the
cumulative count N and
amplitudes A of the AES that
accompany the fracture
processes
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coupling, imitators of the AE signals, and a corresponding software. A chart of a
programmable-technological complex “AKEM” used for nondestructive testing of a
reservoir is presented in Fig. 6.18.

For research purposes, the AET with the working frequency band of 100…
1200 kHz were used. They were mounted directly on IO by magnetic holders. The
amplitude-frequency characteristics of the AET are shown in Fig. 6.19.

Chemical non-aggressive “Ramzay” oil was used as an acoustic contact envi-
ronment for the AET, which provided an effective acoustic coupling of AET with
an IO. In the place where the AET was mounted, the material surface was subjected
to mechanical treatment.

6.6.1 Some Methodological Features of AE Testing
of a Reservoir

Taking into account the preliminary inspections of a reservoir by means of other
non-destructive test methods, a method for on-line exclusive AE testing of the most
dangerous parts of an IO liable to fracture was developed. Calculations and the
available experience of the AE testing on other objects showed that in this case,
these dangerous places are near-bottom joints of a shell and the location of welding
of flanges, stripping hatches, etc., which is why the AET were mounted on the IO as
close as possible to the indicated places for inspection.

Fig. 6.18 A chart of a programmable-technological AE-complex “AKEM”: I is AES amplifi-
cation path; II is a former; III is a port of data in-out; IV is a computer; 1 is an AET; 2 is an emitter
follower, 3 is a preamplifier; 4 is a high-frequency filter; 5 is an amplifier; 6 is a detector; 7 is a
low-frequency filter; 8 is an output amplifier; 9 is a generator of 10 MHz; 10 are counters; 11 is a
DAC; 12 is a status controller; 13 is an address decoder; 14 is a 16-bit output; 15 is a data buffer;
16, 17, 19, 20, 22, 23 are units of logical control; 18 is a 16-bit input; 21 is an ADC; 24 is an
amplifier; and 25 is a personal computer bus
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Taking into account the overall size of a reservoir according to State Standard
4227-2003, it was decided to carry out multi-channel AE testing. During the testing
of four channels of the AE system, “AKEM” was used. Before beginning the
measurements, according to the requirements of a Standard of the European
working group and the requirements of the National Standards of Ukraine, cali-
bration of the sensitivity of the AE path of all channels was performed using the
Hsu source. Calibrated in such a way, the channels of AE device were adjusted to
the same sensitivity as the elastic vibrations received from the sites of initiation and
propagation of crack-like defects (Fig. 6.20).

Proceeding from the above, during hydraulic tests with a simultaneous filling of
the external and internal casings of a reservoir, the AET were located on the
opposite sides of a structure at the +1.7 m mark on the external casing, as is shown
in Fig. 6.21.

In hydraulic testing of the reservoir internal casings, the AET were placed on the
internal case of the reservoir according to the chart in Fig. 6.22. In all types of
testing, the AE device was located outside the reservoir protective area, in accor-
dance with the accident prevention regularities.

The AES were recorded by four channels during the growth of reservoir loading,
and the load was kept at specific levels for an IO for 15 min with technological

Fig. 6.19 Amplitude-frequency characteristics of the AET used in the AE testing

Fig. 6.20 Dependence of the
change in amplitudes of AE
elastic waves on the distance
of AE generation by a Hsu
source

6.6 Selective On-Line AE Hydraulic Testing of an Oil Storage Reservoir 257



interruptions for 4 min. The AE information recording was realized as a continuous
monitoring of an object. When the filling of a reservoir with water stopped, the time
of the AES recording was 5…6 h.

The external reservoir was filled according to the schedule of testing
(Fig. 6.23a), and the internal reservoir—according to the plot in Fig. 6.23b.

The AE criteria taken into consideration during the reservoir testing were as
follows: a rapid growth of cumulative count of pulses, their amplitudes, total
energy, or the energy that confirms the accelerated growth of defects that caused a
fracture. If the parameters of one of the criteria reached a critical magnitude, then a
stop of the technological process of reservoir filling was provided in order to
investigate the nature of the AE source and estimate the possible danger of further
testing.

Fig. 6.21 A chart of the AET location during hydraulic testing of the reservoir external casing

Fig. 6.22 The AET location during hydraulic testing of the reservoir internal casing
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6.6.2 Criteria for Classifying AE Sources

The coefficient Kp for determining the AE signals caused by cracks characterizes
the degree of the energy density change in the recorded AE signal and is used for
revealing the crack-induced signals. The following formula is used for evaluation:

Kpj ¼ lg Ecj=s
2
j

� �
þBþC; ð6:20Þ

where: Ecj is the energy caused by the j-th recorded AE signal; τj is the duration of
the recorded AE signal; B is the correction factor for the device sensitivity; and C is
the correction factor for a threshold of the amplitude level. Coefficients B and C are
determined using the known methods.

The danger of cracking in the material of a structure under loading is evaluated
using the analysis of the kinetics of the AE development, including the analysis of
common data obtained at the stages of holding the structure under loading. To
compare and generalize the results regardless of dimension the analyzed parame-
ters are normalized to unit:

�EH ¼ f ð�PÞ; ð6:21Þ

where �EH ¼ Ei=Eimax; �P ¼ Pi=Pimax; Ei is the energy accumulation of the AE
signals while holding a specimen under loading in the selected time interval; Pi is
the load of the structure investigated; Eimax is the maximal value of the energy
accumulation of the AE signals while holding a specimen under loading in the
selected time intervals; Pimax is the maximal load of a structure during testings. The
experimental data are analyzed with approximation as described above, using the
equation

�EH ¼ a�Pb; at ti ¼ const; ð6:22Þ

Fig. 6.23 Plot of hydraulic testing of external (a) and internal (b) reservoirs
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where a, b are the constants. The absolute value of the power index b < 3 proves
that the defects that develop in the material of a structure are not dangerous in this
case.

Classification of the AE sources by the degree of their danger. Additionally, the
results of AE testing can be represented as a list of the recorded AE sources that
belong to a certain group depending on the value of the AE parameters. Such
evaluation is done for every AE source, while the state of the investigated structure
is evaluated by the AE sources of a certain type. The choice of a particular system
of the AE source classification and the criteria for assessing the state of an object
depends on the mechanical properties of the material of an IO. The classification
system and the assessment criteria of the structures’ state are chosen using the
classification systems, and the criteria for assessing the state of a structure of IO
state are given below.

The admissible level of the AE source generation in a fracture is established
while preparing a particular structure for AE diagnostics in accordance with
existing methods. The AE sources are classified by the following AES parameters:
cumulative count, number of pulses, amplitude or amplitude distribution, energy or
energy parameter, count rate, activity, and concentration of the AE sources. The
system of classification also includes the parameters of loading the tested structure
as well as time parameters.

By analogy with approaches [12, 13], the revealed AE sources were divided into
four groups: Group I—passive; II—active; III—critically active; IV—catastrophi-
cally active. The choice of the classification system of the AE sources and of a
possible level (group) of sources is performed each time during AE diagnostics of a
particular structure. Every superior group number of the AE source requires a
fulfillment of all actions stated for the sources of an inferior group number. A final
assessment of admissible AE sources, while applying additional types of
non-destructive testing is performed, with the use of defect parameters found by
linear fracture mechanics methods, strength calculation methods and other operat-
ing standards.

Amplitude criterion. An average amplitude Aav of at least three pulses with the
individual amplitude Ac is determined for each AE source for the selected obser-
vation period. The amplitude is corrected, taking into account the AES damping
during their propagation in a material.

The maximum value of an admissible amplitude At was determined in the pre-
vious experiments:

At ¼ B1 � Uth þB2 � Ac; ð6:23Þ

where Uth is the threshold value of amplitude level; Ac is the value of the AE signal
exceeding the threshold value that corresponds to the crack growth in a material;
and B1 and B2 are the coefficients determined within the range of 0…1 from
preliminary experiments.

The sources are classified as follows: Group I includes a source for which the
average amplitude of pulses was not calculated (less than three pulses are obtained
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during the observation interval); Group II—the inequality Aav < At is satisfied;
Group III—the inequality Aav > At is satisfied; and Group IV—a source that
includes at least three recorded pulses, for which the inequality Aav ≫ A is satisfied.

Specific values of At, B1, and B2 depend on the material of a structure and are
determined in the preliminary experiments.

Integral criterion. For every area, the activity F of the sources of AE signals is
calculated using the following expression:

F ¼ 1
K

Xk
k¼1

Nkþ 1

Nk
; ð6:24Þ

where

Nkþ 1

Nk
¼ 1 at Nk ¼ 0 i Nkþ 1 [ 0

0 at Nk [ 0 i Nkþ 1 ¼ 0

�
; k ¼ 1; 2; . . .;K: ð6:25Þ

Here, Nk is the number of events throughout the k-th interval of parameter
estimation; Nk+1 is the number of events throughout the k + 1-th interval of
parameter estimation; k is the number of intervals of parameter estimation. The
observation interval is divided into k intervals of parameter estimation. Estimation
of the criterion was done taking into account the dependencies: F ≪1, F = 1 and
F > 1.

Throughout each recording interval, a relative force Jk of the AE source was
determined as follows:

Jk ¼ AK

,
W

XK

k¼1
Ak; ð6:26Þ

where Ak is the average amplitude of the source throughout the interval k; AK is the
average amplitude of all AE sources throughout whole object except for that
analyzed for interval k, and W is the coefficient determined in the preliminary
experiments.

Local-dynamic criterion. To estimate this criterion in real time, the following AE
parameters were used: Ni+1 is the number of AE pulses in the successive event and
Ni is the number of pulses in the preceding event, or: Ei+1 is the energy of the
successive AE event and Ei is the energy of the preceding AE event.

The parameter U2, which is the square of AES amplitude, can be used instead of
energy. For every event, the values Wi+1 and Vi+1 are calculated using the following
expressions: Wi+1 = Ni+1/Ni, or Wi+1 = Ei+1/Ei,

Viþ 1 ¼ 1þ Piþ 1 � Pi

Piþ 1

� �4

�1; ð6:27Þ
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where Pi+1 is the external parameter value at the moment of the successive event
recording (if time is used as a parameter, then it is an interval of time from the
beginning of an observation interval); Pi is the external parameter value at the
moment of the preceding event recording (if time is used as a parameter, then it is
an interval of time from the beginning of an observation interval). Sources were
classified as follows: Group I—Wi+1 ≤ VI+1; Group II—Wi+1 = Vi+1; Group III—
Wi+1 > Vi+1; Group IV—Wi+1 ≫ Vi+1. During testings, an on-line recording of
information and processing of the AE data were done. After NDT of an object, data
were analyzed and processed by a personal computer that was included in the AE
testing system.

6.6.3 Results of the AE Testing and Their Interpretation

During hydraulic testing in the first and the second stages (external and internal
reservoirs), a moment of abrupt increase of the AES amplitude was recorded. Using
technical means, a criterion was evaluated that indicated the appearance of fracture
in the place of a stripping hatch welding. Having adopted certain decisions, agents
of corresponding services made a visual observation of the indicated place of the
AES generation. As a result, the defect was detected, which after testing by other
NDT methods caused the halt of the process of filling the reservoir with water and
hatch replacement.

After that, according to the schedule of the reservoir filling with water, the AE
testing was continued. At a mark of +13.94 m, the AES were within the limits of the
background level. During the subsequent reservoir filling above the mark +13.95 m,
the AE intensity increase was recorded (Fig. 6.24a, b). This process was observed up
to the mark of +13.97 m of the reservoir filling (Fig. 6.24c, d). The recorded increase
of the AE intensity lasted 45 min. After the water supply was stopped, additional
inspections and corresponding consultations permitted ascertaining that this increase
was caused by an abrupt increase in the water supply rate to the reservoir (to
1000 m3/h), which affected the background level of the AE signals. When the rate of
the water supply decreased to the previous level (500 m3/h), the recorded AE signals
were within the limits of the previous safe background level.

During an internal filling of the reservoir with water, the AES that did not exceed
the background level were observed. The processing of the AES using the estab-
lished criteria showed that they belong to the Group I sources, i.e., passive ones,
which under continuous monitoring did not show a tendency towards defect
development, although at certain moments, a single, non-dangerous growth of the
AES intensity was recorded. At the +17.62 and +18.39 m marks, the AES were also
recorded with somewhat higher energy and were classified as Group II sources.

The results of processing the AE signals of higher intensity using the integral
and local-dynamic criteria are presented in Table 6.7.

Thus, the results of the AE tests showed that the growth of the intensity of AE
signals at certain moments of loading was caused by the following technological
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factors: the presence of cracks propagating under loading, an increase in the rate of
water supply, and stress relaxation in the reservoir walls. In the material that was
not likely to fail, the AES parameters did not exceed the background level at all
stages of loading.

Fig. 6.24 Time variation of the factor Kp (a, b) and the AES energy (c, d) during reservoir filling
from the +13.94 to +13.95 m mark (a, b) and from the +13.95 to +13.96 m mark (c, d)

Table 6.7 Classification of the recorded AE sources

Period of AE
signals
recording

Number of sources by groups

Integral criterion
(W = 0.1)

Integral criterion
(W = 0.01)

Local-dynamic
criterion

I II III IV I II III IV I II III IV

External
reservoir

0 10 4 0 6 8 0 0 3 2 8 0

Internal
reservoir 20–
24 days

0 9 0 0 2 7 0 0 0 1 0 0

24–27 days 0 41 0 0 12 29 0 0 – – – –

27–29 days 0 31 0 0 11 20 0 0 – – – –

29–33 days 0 0 0 0 0 0 0 0 0 0 0 0
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6.7 AE Testing and Diagnostics of Building Structures

The earliest information on the efficiency of using the AE method for industrial
inspection and diagnostics of building structures in operation appeared in the late
1960s [39–42]. The method was intensively developed and improved, which is
evidenced in the papers that were published. According to the data [43], already in
the USA in the 1970s, the national standards for inspection and NDT of bridges
using the AES were developed and have been widely used ever since. These
standards require inspecting bridges at least once every two years. Earlier, the
visualization of defects of foundations and elements of their lower constructions
was performed using submarine cameras. However, it was not always possible to
reveal the cracks. Therefore, in such cases, even slight defects caused the failure of
bridges. For example, a 3 mm-long crack caused a catastrophe at the Pleasant
Bridge; the Silver Bridge failed because of a defect of less than 4 mm, and the
Mello-Mild Bridge failed due to the presence of fatigue cracks after 12 years of use.

For reinforced concrete bridges of large weight and rigidity, there is only a slight
probability of the appearance of irreversible damages due to the presence of fatigue
cracks. In such structures, corrosion of a preliminarily stressed reinforcement turns
out to be more dangerous. Besides, it is much more difficult to detect defects in
reinforced concrete. Proceedings from the above-discussed, now- effective NDT
methods are being intensively developed all over the world, and these methods are
based on various approaches. However, the methods that use the AE phenomenon
are preferable. For example, in Japan in the 1970s, the integrity of old and new
railway bridges, local railways, runways, impacting equipment and hoisting cranes
began to be checked using these methods [44]. In particular, a four-year AE
checking of the runways in airports showed that there is a correlation between the
processes of crack propagation, loading, and AES. In [45], the AE and
micro-seismic research into the estimation of the methods for testing the growth of
damage in the coatings of the same runways is described. The data collected
enabled comparing the accuracy of the methods of the AE sources’ location, i.e.,
time-related, zonal, and impact-successive. It has been shown that the last two
methods are potentially more accurate than a time-related method. In practice, they
provide a satisfactory accuracy of the active areas’ location, and it is noted that in
the conditions of high damping, an impact-successive method provides the best
accuracy. Gradually, the AE method gained more and more recognition, and
already in July 1979, information on more than 100 industrial inspections of various
structures (bridges, cranes, etc.) with the use of the AE phenomenon was published
[46]. About 20 of these structures were at the stage of being assembled, 90 were in
the process of current operation, and more than 10 objects were inspected in
in-service conditions.

A wide application of reinforced structures in transport building, especially for
building bridges, requires corresponding NDT facilities both in the process of work
execution and during exploitation. A detailed analysis of the failures of reinforced
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concrete bridges shows that in the process of construction, a principal cause of
failure is the violation of the regularities and technologies of the work performed,
while in exploitation there are cracks in structures, primarily due to the action of
corrosion of products of a pre-stressed reinforcement. Therefore, alongside tradi-
tional methods of NDT of reinforced concrete products, the AE method has also
been more widely used lately. Such studies are actual today, which is evidenced by
publications in scientific literature. In particular, in [47] the authors showed that in
the process of bridge exploitation under dynamic loading, background noise is
formed causing a distortion in the AES frequency spectrum. Analytical depen-
dencies are presented therein for obtaining a formula for the calculation of the
maximal size of the bridge tested area as well as a method that is described for
selecting the optimum working frequency band of AE equipment when distortions
of the AES spectrum are minimal.

The paper presents the results of the calculation of normalized AES spectra in
three characteristic regions of a metal bridge: 1—with a fatigue crack; 2—unfit
riveted joint; 3—non-damaged structural element. The spectra differ both by the
level of power and by the shape that can serve as a criterion for characteristics of
damages in bridges. In paper [48], the use of the AES spectral analysis is considered
to be a reliable method of corrosion cracking and crack propagation detection. Here,
the information on the methods of the AES processing based on the application of
the fast Fourier transform, as well as the charts of the design of an automated AE
diagnostics system are presented. The efficiency of this approach is evidenced by
the results obtained in [49], and by the AE testing of reinforced concrete bridge
structures. The results of the AE inspection of 36 railway bridges are also described
in [50], where some suggestions for the improvement of the AE test procedure and
data processing are presented.

The results of experimental studies on the relationship between the AE param-
eters and cracks in the elements of reinforced concrete bridges under loading and
under the action of corrosion products are discussed in [51]. Experimental data on
the determination of noises in a reinforced concrete bridge in the conditions of
intensive motion of electric vehicles are also discussed. Their classification is given,
and the physical processes of initiation and methods of AES extraction from them
are considered. The experiments were conducted using the AE analyzers of the
AVN-1M and AVN-3 type.

Using a movable multi-channel laboratory for the AE diagnostics, an inspection
of the Crimean, Velyko Kamianyi, and Velyko Ustynivskyj bridges, and a metro
bridge in Luzhnyky was carried out [52]. The inspection was done in order to assess
a bearing strength of structures and their lifespans, to detect potentially dangerous
defects, the uniformity of distribution of stresses on bearing units and elements, to
predict crack growth resistance of materials, and to study the effect of climatic and
other factors on the dynamics of load redistribution. The analysis of the dynamics
of the development of AE generation processes in real time and a correlation
analysis of distribution permitted, in accordance with the developed criteria,
detecting the highly dangerous areas, to localize the areas with defects, and to
estimate the local stress state in bearing elements. In paper [53], the authors based
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on the laboratory research on fracture of a concrete with plasticizer additives
elaborated, a method which, they believe, can be used to estimate the quality of a
roadbed.

In the 1970s, investigations aimed at using the AE method for assessing the
integrity of beam-and-girder constructions began in the U.K. [54]. They were ini-
tiated by the Committee for Construction, following the failures of these structures
made of a pre-stressed concrete. The NDT of these products by conventional
methods did not yield satisfactory results, and the AE method, in the authors’
opinion, was most effective for this purpose. This statement was scientifically
grounded in paper [55], presenting the results of the experiments on pre-stressed
pressure vessels made of concrete and on casings of nuclear reactors in the USA by
AE inspection and NDT. The AE phenomenon was used together with radiographic
and ultrasonic NDT techniques.

Cracks are formed in large-panel-bearing elements of buildings in the process of
their manufacture, transportation, stocking, and mounting. These cracks are mainly
from temperature shrink and a force-induced nature. Force-induced cracks are very
dangerous for structure operation because they propagate due to the applied loads,
considerably violate the conditions of structure exploitation, create emergencies,
and lower the reliability and lifespans of buildings. To estimate the effect of cracks
on the strength-bearing of a structure, it is necessary to determine not only their
origination but also the character of their development under loading. Therefore, in
this case, the AE method turns out to be very efficient for determining the degree of
danger of force-induced cracking in structures. On the other hand, to arrive at a
well-grounded conclusion about the state of a cracking structure, it is necessary to
observe the structure for a long period of time, and to collect and analyze statistical
data on the crack propagation dynamics and crack parameters during the early years
of object exploitation.

In [56], the crack initiation in bearing structures was inspected in the following
way: In a structure with cracks, and in a similar one without cracks, both of which
were subjected to identical loading (on the same floor of a building), the number of
AE pulses was recorded at a discrete increase of a load due to the assembling of the
next floor structures. Using the results of AE testing in the structures with defects
and in those free of defects during an increase of the load up to the calculated value,
empiric dependencies of the number of AE pulses on the level of a load were built,
as well as time series of the number of pulses for all the values of the second. The
results of testing the state of bearing wall panels having force-induced cracks,
testified to an available discrepancy between the designed operation conditions of
structures and their real service conditions. It was shown that an increase of the
rigidity of buildings with the growth of the number of stories, obviously, resulted in
a considerable and more uniform redistribution of forces and slowed down the
propagation of cracks. Therefore, structure-strengthening measures were not always
justified. This was proved by the results of durable AE observations of cracks
during the first two years of exploitation that showed the invariability of crack
parameters. As a result of the AE research, the method of estimation of crack
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formation in reinforced concrete structures using the AES was developed and put
into practice.

The AES in mountain rocks during cement solution pressurization into a dam
was analyzed in paper [57], where highly promising economic capabilities of the
AE method for diagnosing the state of such buildings were confirmed. A similar
result was obtained by the authors [58], where a possibility of applying the AE for
inspection of the bearing strength of frozen foundations during their defrosting was
considered. The method for laboratory and field testing was described, and the test
results were presented. The possibilities of integrating various diagnostic systems
were considered as well.

The problem of utilizing the AE phenomenon for estimating the displacement of
soils and for the development of displacement prevention measures was compre-
hensively discussed in [59]. The results of both laboratory and field studies were
presented. The pertinent data of such experimental testing published by scientists
from many countries were analyzed, and the positive results showed good prospects
for using the AE method, its high resolution and information capacity, and its
advantages as a technique for predicting of the state of the objects tested, such as
buildings and structures.

6.8 The AE Inspection of Bridges in Ukraine

Bridges form only a minor part of the total length of transport communications, but
their technical condition affects the transportation safety to a great extent. This is
conditioned by the fact that bridges concentrate traffic and it is more difficult to
provide their reliable and durable operation compared to roads, because they are
more complicated engineering structures and are subjected to the action of various
loadings and effects [60]. Apart from the action of transport loading and their own
weight, span bridge structures are subjected to dynamic wind effects and longitu-
dinal loadings during the braking or acceleration of vehicles, etc. Bridge footings
are also subjected to an additional pressure of ice, the impacts of floating materials,
and in earthquake-prone regions.

There is a wide network of motor roads and railways in Ukraine; it includes
16,300 road-transport national and 358 km long local bridges, 4082 communal
bridges that are 184.8 km long, and 8050 railway bridges that are 210.4 km in
length [61]. Many bridges that have damage and defects are in use in Ukraine. Data
of large-scale inspections of the bridges carried out by various organizations in the
1980s stated that [62, 63] bearing structures mainly contain the following defects:
fracture of protective coatings and corrosion of steel bridges—41% of the inspected
bridges; splitting off, cavities, and cracks in a concrete—65%; corrosion of rein-
forcement—40%; and carbonization of a concrete protective layer—60%. The
actual lifespan of reinforced concrete bridge structures is 25…30 years, at which
point the necessary expensive repair work does not promote the potential properties
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of reinforced concrete as a material [64]. The principal causes of this are the
corrosion of reinforcement and concrete.

Bridge constructions have a tendency to brittle fracture, i.e., to fracture by
propagation of crack-like defects. The fracture process in such materials is not
immediate because some time passes from the moment of crack initiation to the
beginning of reaching its critical value. Therefore, the early detection of such
defects and estimation of sub-critical crack growth stages is an important scientific
and technological problem. It is difficult to detect a considerable part of defects in
bridges because their metallic elements are covered with paint, the reinforcement is
inside the concrete in reinforced concrete structures, and crack initiation and
propagation often occur inside the material. Thus the problem of providing a
reliable and long-term exploitation of bridges becomes more and more urgent
because the ages of the bridges increase, the weight, intensity of motion and
dynamic effects on the bridge structures grow, and the aggressiveness of the
environment increases. The growing complications in providing a reliable and
durable exploitation of bridges require new approaches to their technical diagnosing
[65].

To estimate a macro-crack initiation in bridge structures by means of the AE
method, an approach proposed in [66] is used. It consists of using the estimation
criterion Kpj which is based on the rate of the recorded variation of the AES energy
density.

Kpj ¼ lg Ej=s
2
j

� �
; ð6:28Þ

where

Ej is the j�thAES energy; sj is its duration:

In order to digitally process the AES, expression (6.28) was transformed into:

Kpj ¼ lg
Xn
i¼1

ðAjiÞ2=LE2
j

" #
þ lgðDU2=DtÞ; ð6:29Þ

where Δt is the time interval of the AES sampling (Δt = const); Aji is the number of
bits of an analog-digital converter for the i-th sampling of the j-th AES amplitude;
n is the number of amplitude counts for the j-th AES; and LEj is the j-th AES
duration (LEj = n).

If the sensitivity of the AE equipment ΔU and sampling frequencies of the input
signal are set, the second part of equation (6.29) becomes constant B, that is

Kpj ¼ lg
Xn
i¼1

ðAjiÞ2=LE2
j

" #
þB: ð6:30Þ
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The AE inspection of the bridge across the Western Bug River. An object under
investigation was the bridge roadway near the village of Yahodyn in the Volyn
Oblast. The bridge was built in 1953–1954 from metallic structures taken from the
demountable bridge built in the 1930s. The bridge is of a split-type with three
spans, and its cross-section consists of two girders according to a 3 × 62 m
scheme. The size of the bridge roadway is G-7.0 + 2 × 1.55 m. Metallic girders are
riveted with parallel bridge booms with a carriageway on the bottom and triangular
grillwork. The distance between the axes of girders is 8.65 m, and top and bottom
booms are of an H-like cross-section. Diagonal webs are of an assembled,
double-T, through and grated type. The assembled buckstays are also of a box-like
cross-section, and there are horizontal crossing connections in the plane of the top
and bottom bridge booms. The bridge roadway is made of monolithic reinforced
concrete arranged on metallic sections. It lies on a beam cage made of cross-beams
of variable cross-sections that are fastened to the girder joints, and longitudinal
double—T beams fastened to the supports of cross beams. The coating of the bridge
roadway is asphalt-concrete, without coating on the sidewalks. Bridge supports
made of concrete are massive and are located on reinforced concrete hanging piles.
Unmovable supports are made of metal with top and bottom equalizers and a
cylinder hinge between them, while movable supports are metallic roll bearings.

The span structures of the bridge were subjected to static and dynamic loadings.
All three spans were loaded alternately by trailer trucks weighing from 200 to 380
kN each. The “AKEM” programming complex recorded the AES.

Static loading was applied as follows: Trailer trucks drove successively to the
roadway of every bridge span (Fig. 6.25) and then stopped. The trucks weighed
200…380 kN, and there were a maximum of eight trucks on the span roadway.
After the arrival and stopping of every truck, the AES were recorded and processed.
At the same time, the bending of girders in the middle of a span was measured with
a deflectometer, while strains of the most stressed girder elements were measured
with electromechanical strain gauges.

The AE data were recorded for 45…120 s, and the AET was mounted in the
region of maximum tensile stresses (a middle part of the span; see Fig. 6.26).
Bridge spans were numbered, beginning in Ukranian territory. Before mounting the
AETs on a bearing beam and a stiffening rib, they were cleaned of paint and rust;
the diameter of the cleaned surface area was about 20 mm. After applying an
acoustic transparent contact layer, the AETs were pressed to the metal surface by
clamps.

Fig. 6.25 Static loading on the bridge span
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While testing all bridge spans, AET No. 2 was located on the waveguide placed
directly in the concrete. The waveguide was made from a reinforced rod of 8 mm in
diameter and 150 mm long. On one of the edges of the waveguide, parallel to its
axis, the flat of a depth of 4…3 mm was made in order to mount the AET. The
waveguide was inserted into a hole (7 mm in diameter, 10–15 mm deep), which
was drilled into the concrete. The AET was mounted on the waveguide with ten-
sion, and two channels were simultaneously recording and processing the AES.

During the first kind of dynamic test, one truck with a fixed weight was driven at
a constant speed of 5, 10, 20, and 40 km/h along each bridge span. The recording
and processing of AES began at the moment the trailer truck arrived at a span, and
ended when it drove away from the bridge span. During the second kind of dynamic
test, the truck crossed a barrier placed in the central part of the bridge span. The
weight of the truck was fixed, and the speed was the same as for the first type.
A 10 cm. thick wooden square beam was used as a barrier.

The criteria estimation of the detected AE signals caused by cracks was per-
formed in accordance with a crack evaluation by the Kp factor. For instance, at the
first, second, and fourth loading degrees of span 0–1 with one, two, and three
trucks, respectively, crack propagation was not detected. The AES caused by cracks
were recorded only at the fourth stage of loading (four trucks). The analysis of the
recorded AES parameters (amplitude, energy, duration) shows that they are of low
magnitude, which testifies to the stabilization of the development of
micro-processes in the material of a structure. Further testing of the bridge using the
AE method showed that under service loadings, no defects whose growth would
endanger the span structures appeared [65].

The AE inspection of the road-transport bridge across the Pivdennyi Buh River
[67]. A bridge is located near the village of Lupolove on the Kiev-Odessa highway.
The span structure of the bridge is made of non-cut steel iron concrete, made
according to the scheme (32.9 + 43.3 + 43.3 + 32.9 m), and it consists of six main
metallic beams joined by a monolithic reinforced concrete plate of the bridge
roadway and constraints. The width clearance of the bridge includes a 3-meter
dividing strip, a 7.5 m wide dual roadway, 2 m thick safety bands, and a 0.78 m
wide sidewalk. The total bridge width is 14.14–153.3 m long, and a facade-building

Fig. 6.26 Location of the AET under the loading of span 0–1 (a) and spans 1–2 and 2–3 (b): 1 is
AET No. 1; 2 is AET No. 2; 3 is a waveguide; 4 is a lower girder boom; 5 is a reinforced concrete
plate of the bridge roadway
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height is 2.1 m. There are tower-shaped intermediate supports made of reinforced
concrete (Fig. 6.27).

The bridge span structure was subjected to static and dynamic loadings. Trucks
weighing 250 kN each were used as a test load. AE signals were recorded and
processed by means of an “AKEM” programming complex [66]. The aim of the
research was to detect the AE sources related to the defects that are active under
static and dynamic loadings of bridge structures, as well as to reveal the regularities
of the AE process.

A maximal bending moment was formed in a span 3–4, and the AET was placed
on the rib of the upright dual-T metallic beam (Fig. 6.28b) in accordance with the
loading Mode 1. The following two modes (Nos. 2 and 3) enabled creating maximal
forces in the reinforced concrete cantilever of a roadway plate, and the AET was
mounted on the concrete (Fig. 6.28c). Before placing the AET on the metal, the
paint was cleaned from its surface; after this, a layer of “Ramzay”
acoustic-transparent filler was applied and the AET was pressed to the surface by
clamps. The AET was pressed to the concrete by a magnet that was fixed by its one
end to the AET, and the other end was fixed to the metal of the dual-T beam top
shelf (Fig. 6.29).

During static testing, the AES recording began at the moment the trucks stopped
in the places determined by the testing modes, and the data were recorded for 40…
60 s. During dynamic tests, the AE was recorded from the moment of the arrival of
the trucks at the bridge up to the moment of their leaving it. The AET location was
similar to that for static testing according to Modes 2 and 3.

The criterial assessment of detection of the AE signals caused by cracks was
processed, as shown above, by means of the Kp factor. When the AET was placed
on the metal surface, the value of the criterion for extraction of the AES caused by
cracks (the Kp factor) was assumed to be 3, and for concrete it was 6. The AE
sources that were revealed, as described above, were divided into four classes:

Fig. 6.27 General view of the bridge during testing
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Class I is a passive source; II, an active source; III, a critically active source; and IV,
a catastrophically active source.

Using the integral criterion, which was also described above, the AE sources’
activity was calculated from the expression:

~A ¼ a ePb
; at ti ¼ const; ð6:31Þ

where eA ¼ AT=Amax; eP ¼ PT=Pmax; AT, Πmax are the current and maximal values
of parameters. The absolute value of the power index b < 3 proves that the defects
that develop in the material of a structure are not dangerous.

Under the static testing of the bridge span structure by Mode 1, the AES from the
defects in the metallic beam material were recorded. This is confirmed by the

Fig. 6.28 The AE “AKEM” equipment (a) and methods of mounting the AET on metal (b) and
concrete (c)

Fig. 6.29 The AET location
during bridge testing: 1 is a
reinforced concrete roadway
plate; 2 is a metallic beam; 3
is a metallic beam edge; 4 is
the AET placed on metal; 5 is
a pressing clamp; 6 is a
magnet; 7 is the AET placed
on concrete (Modes 2 and 3)
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corresponding values of the Kp parameter. The analysis concerning the develop-
ment of dangerous defects in the material structure under the loading of the span
showed the following: A relationship between the load level and the accumulated
AE energy is observed beginning at the 12th second. In this case, the values of
coefficients in the approximating expression are as follows: a = 0.0878;
b = −1.76897; σ2 = 0.02824. The absolute value of the power index is b < 3, and
while loading the bridge span structure by Mode 1, the defects that develop in the
structure of a material are not dangerous.

Under the static testing of the bridge span structure by Modes 2 and 3, the AES
caused by micro-cracks in the reinforced concrete plate of the bridge roadway are
recorded, which is proved by the corresponding values of the Kp parameter that do
not exceed 6. The following was shown by analyzing the development of dangerous
defects: Under the loading Mode 2, beginning at the 20th second, a relationship
between the accumulated AES energy, and the load of a span was observed. The
analysis of the relationship using data formalization shows that it can be described
by the expression with the parameters of approximation: a = 0.26273; b = 0.05307;
σ2 = 0.36816. Under loading by Mode 3, the dependence between the accumulated
AES energy and the loading of a span appeared after 7 s. After 11 s: a = 1.08086;
b = 1.61458; σ2 = 0.04489. The absolute value of power index is b < 3, i.e., during
the bridge span structure testing by loading Modes 2 and 3, the defects that develop
in the material structure turned out not to be dangerous.

Thus, bridge testing using the AE method showed that there are no dangerous
defects in the bridge structure that could hinder a reliable and safe use of span
structures. Moreover, these defects did not show any tendency to develop. It is
recommended that such tests be repeatedly performed after a certain period of time
in order to estimate the state of the bridge span structures and to create a system of
their monitoring. This would permit developing a database for establishing the
dependencies used to estimate the bridge lifespan according to the AES parameters.

The AE inspection of the bridge across the Prut River in Chernivtsi. This bridge
is located on the main highway of the third category M20 Zhytomyr–Chernivtsi–
Terebleche (Fig. 6.30 [68]). The bridge is made of metal, has 6 spans, and was built
according to a chart: 38.60 + (39.14 + 2 × 38.90 + 39.14) + 38.60. The bridge is
247.18 m long.

A permanent bridge passage with metallic span structures on rubble concrete
footings was built in 1927–1931 and crossed the Prut River at a right angle. During
the World War II the bridge was destroyed twice and rebuilt twice. The foundation
of the footing 2 was not destroyed and a 5-m high primary rubble concrete footing
was built on it. A temporal frame bricked with its basis in rubble concrete was
arranged over it; the bridge girders were supported by a metallic frame through a
grillage foundation. In 1961 a wooden roadway of the bridge was replaced with
reinforced concrete.

The span structures consist of two through metallic girders with parallel booms
and a carriageway on the bottom boom. Girders are of an open type and do not have
wind constraints on the upper boom. The filling is constructed as a triangular web
with additional vertical tower bodies.
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Coastal spans 0–1 and 5–6 are covered with cut girders. The river bed spans 1–
2…4–5 are covered with a non-cut, four-span girder. Every span girder is divided
into 10 panels (3.8–3.87 m long). In a transversal cross-section, the distance
between the axes of girders is 6.51 m, and their height is 4.04 m.

The sections of girder elements are made of the rolled elements of channels and
angle bars that are reinforced on the top and on the bottom booms by metallic sheets
in the middle panels and in the supporting areas of non-cut girders. In a transversal
direction, the rigidity of span structures is provided by horizontal diagonal con-
nections of angle bars (2L 90 × 90 × 10 mm) located at the bridge boom bottom
level.

Abutment spans are made of rubble concrete and are monolithic with undersides.
Supports consist of two parts and end with cornices. The lower part is widened, and
its height is about 5.0 m, with the top part about 1.5 m high. A reinforced concrete
underside is made as a monolith with sidewalk cantilevers about 7 m long. Two
concrete diaphragms are mounted on the bottom of sidewalk cantilevers at the
up-river bridge side and at the down-river side.

Intermediate supports are rubble concrete, hollow (except for the restored sup-
port 2), slush plastered, and made of two parts: The lateral sides of the bottom parts
of intermediate supports have inclinations with a ratio of 15:1. The up-river bridge
side is executed as an elongated ellipse and acts as a breaker; the down-river bridge
is semi-circular. Foundations of all supports are caissons laid 20…35 m
deep. Girders are set on the supporting mobile (bowled, rolled) and immobile
(balance) parts.

The reinforced concrete plate of a bridge roadway is an assembled struc-
ture 11 cm thick; its cross-section is a trapezoid that consists of two Γ-shaped units.
A longitudinal weld is located along the axis of the bridge roadway. The length of a

Fig. 6.30 A general view of the bridge across the Prut River in Chernivtsi
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unit is equal to the plate length, and transversal welds are located over the crossbars.
The plate is placed on a beam cage that consists of longitudinal and transversal
beams.

Transversal beams are assembled, riveted from angle bars and double-T sheets
0.74 cm high, have a calculated length of 6.15 m, and are installed in every joint of
a bottom boom. They are tightly joined with the support of the main girders and
form a semi-frame. Two stiffeners made of 90 × 90 × 10 mm angle bars are riv-
eted to the vertical ribs on both sides to provide local stability.

Longitudinal beams are made of an I-bar 30 and are tightly connected at one
level (by a supporting table) with crossbars. Six longitudinal bars are placed in the
transversal section with an axes distance of 1.0 m and an estimated length of 3.7…
3.75 m. A plate is set on the bar cage using reinforced concrete square beams of a
13.5 × 12.5 cm cross-section, made as a concrete monolith with the top boom of
the longitudinal beam. The length of the squared beams is equal to the length of the
panel.

Sidewalks are placed on the external bearing-out cantilevers made of a rolled
metal (angular bar and a channel) that are riveted to the girder parts. The channels
are inlaid in a cantilever, on which corrugated iron flooring is placed. The space
between the girder elements is covered by a metallic sheet. Communications
facilities are laid under the flooring of sidewalks.

A coating is applied over the bridge roadway that consists of a flashing, draining
triangle, and a 7 cm. thick layer of asphalt concrete. The roadway is protected by a
0.75 m high metallic barrier.

The bridge railing is metallic, riveted, and specially designed. On the underside
walls of a support 10, the railing is reinforced with concrete parapets. On support 6,
the railing is metallic, and mounted on sidewalk blocks. On the up-river side of the
bridge, the light towers made of metallic cone-shaped pipes are mounted. Over
supports 0, 1, 5, and 6, deformation welds are covered with sliding metallic sheets
at the level of a coating.

Under a static loading of the bridge 13, the modes of sequential loading of all
girders were realized. As a test loading, two tipper “KrAZ” trucks were used,
loaded with ballast weighing 270 kN each (Fig. 6.31). The deflections (vertical
displacement) were measured in the middle part of girders 0–1, 1–2, and 5–6 by
drum-gear deflectometer PAO-6 of the Aistov system; stresses (relative deforma-
tions)—in the middle of girders 0–1, 1–2, 5–6 at the top and bottom shelves of the
main bars—were measured by Aistov electromechanical strain gauges, and
micro-indicators with a 200 mm base.

The bridge was dynamically loaded by the “KrAZ” tipper trucks with a ballast
that was moving at various speeds on the bridge roadway, having passed the barrier
made of a wooden squared beam of the 10 × 10 cm cross-section, stopped and
were unmovable across the middle of a girder. The following loads were realized:
one “KrAZ” tipper truck was driven at speeds of 10, 20, 30 km/h in the direction
from support 6; another “KrAZ” truck moved across the 10 × 10 cm barrier at
20 km/h.
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Under all modes of dynamic and statistic loadings, the AES were recorded from
bearing structures of the bridge, as in previous cases, using the “AKEM” program
complex that was designed for a personal computer that used “PCLabCard” tech-
nology. To evaluate the dynamic characteristics, there a VIBROPORT 30 device
equipped with a computer produced by the “SCHENCK” company (Germany) was
used. A vibration sensor was mounted on the top boom of the girder in the middle
of the investigated bridge span (0–1, 1–2 and 5–6) [68].

The recording and analysis of AES during static testing began at the moment the
truck stopped in the places determined by testing charts. Information was recorded
for 40…60 s. The processing of the criterial estimates of the AES caused by cracks
was also done using the Kp factor as in the aforementioned research.

As a result of static and dynamic testing of the bridge across the Prut River on
the Zhytomyr–Chernivtsi highway, it was found that bridge structures do not
contain defects and damage that could reduce their bearing capacity. To lengthen
the lifespan of a bridge, it is necessary to finalize the studies on corrosion protection
of metallic structures of a bridge using modern technologies and materials and do
the repairs of bridge supports by arranging protective iron concrete shirts. It is
recommended to set the limit of the load carrying capacity of the bridge with a
maximal admissible temporary load of up to 300 kN per one span.

6.9 Prospects for Further AE Application

Thus, as numerous published data show, the second half of the twentieth century
gave an incentive to the development and application of the AE phenomenon for
NDT and technical diagnostics of various products [35, 69, 70]. For instance,

Fig. 6.31 Loading the bridge span 1–2 by two “KrAZ” tipper trucks
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already in 1965 the Aerojet-General Company (USA) under NASA contract per-
formed hydrostatic testing of the casing of a SL-1 rocket engine with a diameter of
6.6 m produced by the Tiocol Company [35, 70]. Using the AE method, the
moment of sub-critical crack initiation and propagation under pressure that con-
stituted 56% of admissible value was detected. The method of triangulation made it
possible to determine the fracture location with an accuracy of 305 mm. This
promoted the application of the AE method in research on the strength character-
istics of structural materials, their fracture and metal science problems, and con-
sequently for the determination of the coordinates of developing defects [71].
Further research effectively used the methods of AE diagnosing for testing the state
of wing crossbars in aircraft [72] and in other elements of aviation structures in
which initiation and propagation of fatigue cracks is possible [73].

Progress in microelectronics and, especially, in the development of a theoretical
basis of the AE method, urged further studies. Estimating the state of rocket engines
by 52-channel AE equipment [74] showed that using the criterion approaches, the
defects can be divided into three groups: (a) safe; (b) those that need inspection and
study; and (c) obviously dangerous. Publications appeared where the AE method
was effectively used for the quality control of rods [75, 76] under the action of
temperature and mechanical loading [77–79], and in gas flows [80]. The AE
methods for determining the characteristics of structural materials, especially their
crack growth resistance [81, 82], for locating the defects [83, 84], for determining
their orientation [85], especially during exploitation of the objects [86], are still
urgent.

Paper [87] describes the laboratory AE research of crack initiation from the holes
for rivets under fatigue loading. The corrosion of rivets was accompanied by the AE
that was recorded in the frequency band below 150 kHz. Therefore, the AE caused
by fatigue fracture was recorded by the AET at the natural resonance frequency of
450 kHz. Basic information on the mechanisms of the fatigue fracture of rivets was
obtained by amplitude distribution of the AES. Signals differ by a short time of
amplitude growth, which is typical of crack growth. The distribution of the number
of AE pulses vs. the number of loading cycles was calculated.

It is also shown there that there are other methods of utilizing the AE in diag-
nosing the state of structures and products. The most widespread are the methods of
the AE inspection of leakages in vessels that operate under pressure [69–71, 87].
The Kaiser effect is most often used for this purpose, because the AES arise from
the very start of a crack growth. They are recorded either during primary application
of pressure in a vessel or under the repeated loading above the previously attained
maximum level. During such tests, noises arising due to the leakage of liquids and
gases from vessels give a substantial contribution to the recorded AES. Even at a
slight leakage, the AE can be higher than the AE recorded during a crack growth.
Therefore, in conditions of leakage detection by means of the AE, it is necessary to
eliminate the leakage and then perform a subsequent AE testing of the object. The
state of deep-diving into a submersible chamber was examined [87] using this
method.
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Pipelines and pipeline systems can be diagnosed using the AE method during
hydrostatic testing by applying overpressure [88, 89]. The AET location depends on
the thickness and diameter of a pipe, the type of protective layer, the composition of
the soil (for an underground pipeline), the working environment in a pipeline, etc.

The wide use of the AE test methods for industrial equipment is also recognized
[87], apart from those described in this monograph. Among them are the methods
for assessing the state of the equipment for oil catalytic cracking, hydro-cracking,
blast furnace, autoclave of pulp and paper production, mine fastening, cryogenic
vessels for the storage of ammonia, spherical vessels, products of reinforced
glass-fiber material, hydrolysis equipment, devices for hydrothermal treatment,
absorption tower, materials of clock springs, surface coatings, quality of mechanical
and heat treatment of components, and food, as well as honeycomb elements of
airplane structures, buildings, geological processes, and others.

When analyzing the state and prospects of the development of studies using the
AE phenomenon to estimate damaged products, it is necessary to distinguish
between the following basic directions:

• Development of a theoretical basis in order to establish correlations between the
AES parameters and the defects, and the elaboration of effective experimental
methods for determining the crack growth resistance of structural materials;

• Creation and verification of new methods of detection of defects in structures
during semi- or full-scale testing, which, in turn, use the results of theoretical
and experimental research; and

• Development and production of new facilities for loading and for extracting the
AE signals, as well as units for their processing in order to perform the NDT and
technical diagnosing of the IO.
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