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Abstract Structural elements commonly obtain plate geometries. This is usual in
aeronautics, automotive, naval applications and at the same time becomes more and
more common in civil engineering with the expansion in the use of lightweight panels
and fibrous media over bulk concrete. Acoustic emission (AE) is typically applied on
these geometries yielding excellent results in laboratory and industrial conditions.
The plate geometries however, create some specificities compared to bulk geometries.
These are mainly related to the conditions of wave propagation since “plate wave
dispersion” is exhibited, resulting in strong change of the acoustic signals as they
propagate through the material. This influences the received AE waveforms rendering
the study of “Lamb waves” of paramount importance in case someone wishes to go
into detail in the characterization of plate structures based on their AE behavior.
The present chapter offers a firm theoretical basis for guided waves, demonstrates
dispersion and tries to examine its influence compared to bulk media from the AE
point of view. Several basic applications of AE in plates are given to exhibit the level
of the state of the art in laboratory and practice and where it can be further pushed.
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1 Guided Waves in Plate-Like Structures

1.1 Rayleigh Waves

If an acoustic wave propagates along the surface of ahomogenous plate-like structural
element with a wavelength much shorter than the thickness of the plate, such plate can
be considered a homogeneous elastic half-space and the wave amplitude decreases
exponentially with depth [1-3]. This guided surface wave is called Rayleigh wave.
On the free surface these waves eliminate the stresses they produce.

The known Rayleigh wave velocity equation can be derived by considering the

displacement potentials:
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where ¢ = 2, with w being the radial frequency and k the wavenumber, ¢, is the
velocity of the longitudinal waves, and c; is the velocity of the shear waves, and A
and B are arbitrary constants.

Using the wave equations for the two potentials (1) and (2) we have,
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and applying boundary conditions by assuming zero stress at the surface, one can
obtain the following characteristic Rayleigh equation:
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As can be seen from Eq. (4) above, the phase velocity of Rayleigh waves, cg, does
not depend on the wavenumber k (i.e., it is frequency independent), therefore the
Rayleigh waves are propagated without dispersion. A simple expression of Rayleigh
wave velocity based on curve fitting is given by the following equation:
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where v is the Poisson’s ratio, which can be estimated from the longitudinal and
shear wave velocities in the material by:
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For example, for a material with longitudinal and Rayleigh wave velocities ¢, =
3740 m/s and cg = 1793 m/s, respectively, the ratio of the two velocities is C/Cg =
2.08. Considering Eq. (7), the Poisson’s ratio can be calculated, v = 0.32. Given the
relations between the elastic moduli (where E is Young’s modulus and G is the shear
modulus), the longitudinal and shear wave velocities and the material’s density, p
(which is assumed here to be concrete p = 2300 kg/m?):
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the two elastic moduli can be easily estimated: E ~ 22.5 GPa and G ~ 8.5 GPa.
The surface acoustic waves have an elliptical particle motion, as shown in Fig. 1,
and penetrate the surface of the structure at a depth of around one wavelength, which
makes them particularly attractive for characterizing sub-surface damage in materials
[4-6]. Generally, the Rayleigh wave velocity is smaller than the respective velocities
of longitudinal or shear waves (cg = 0.56¢, kot cg &~ 0.90cs). The particle motion
of a propagating Rayleigh wave is elliptical because the displacements along the x
and z axes have a phase shift of 1t/2. Vertical displacement is usually 1.5 times the
horizontal component on the surface and the elliptical movement is counterclockwise

wavelength, A particle motion

direction of wave propagation

Fig. 1 Particle motion of a Rayleigh surface wave
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along the positive x direction. At a depth of about 0.2 wavelengths, the direction of
the rotation of particles inverses from counterclockwise to clockwise [7, 8].

An important feature of Rayleigh waves is the concentration of energy near the
free surface of the material. Therefore, a nondestructive technique based on the use
of Rayleigh waves is particularly desirable for the detection of surface defects, as
well as of damage located near the surface of the material, such as damage caused
by mechanical fatigue [9].

1.2 Lamb Waves

A Rayleigh wave will gradually become a plate wave when the plate’s thickness
becomes comparable to, or smaller than, the wavelength of the surface wave. This
occurs at lower frequencies. Guided waves propagating on thin plates with two
parallel free surfaces where the stress is zero are called Lamb waves [7-10].

Lamb waves are deformations of a plate-like structure that propagate along the
structure. At the axis normal to the plate, they look like standing waves. While in a
bulk solid material only two wave modes can exist (longitudinal and shear waves),
each propagating at a given velocity (which is a property of the material) independent
(at first order) of the frequency, a plate-like structure can support a double infinity of
Lamb wave modes, each having a frequency dependent wave speed. Lamb waves do
not only exhibit dispersion, but they also have multiple velocity values for a given
frequency [11]. The different wave velocities correspond to an infinite number of
different Lamb wave propagation modes, which are divided into symmetric (S) and
antisymmetric (A) [12-14].

The symmetric modes of wave propagation [15], are also called longitudinal
modes, since the mean displacement along the thickness of the plate is in the
longitudinal direction (see Fig. 2).

On the contrary, the antisymmetric modes of propagation, are also called bending
modes, since the mean displacement along the thickness of the plate is in the trans-
verse direction (see Fig. 3). The infinite number of propagation modes exists for a
particular combination of plate thickness and ultrasonic frequency, and each mode
has its own phase velocity.

In classical ultrasonic studies Lamb waves are generated using ultrasonic trans-
ducers with a proper incoming wave angle [16, 17]. The propagation characteristics

Fig. 2 Symmetric modes of plate wave propagation (Lamb wave)
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Fig. 3 Antisymmetric modes of plate wave propagation (Lamb wave)

of Lamb waves are described using dispersion curves based on the phase velocity
of the plate as a function of the ultrasonic frequency—plate thickness product [18,
19]. The various dispersion modes are named SO, A0, S1, Al, etc., depending on
whether the propagation mode is symmetric or antisymmetric. Figure 4 shows the
phase velocity dispersion curves for a thin aluminum plate.

If the frequency of plate waves is high enough so that the wavelength is much
shorter than the plate thickness, these waves will have a velocity equal to the Rayleigh
wave velocity of the material propagating in a half-space. In this case, a combination
of a symmetric and an antisymmetric mode of equal amplitudes will result in a single
Rayleigh wave propagating on either side of the plate. The shorter is the wavelength,
the closer is the velocity and the polarization of Lamb waves to the Rayleigh wave
limit.

Although the dispersion diagrams are relatively complex, they can be simplified
using the incoming wave angle to determine the main Lamb wave mode to be gener-
ated [20-24]. A particular Lamb wave mode can be produced if the phase velocity of
the incident longitudinal wave equals the phase velocity of that particular mode of
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Fig. 4 Phase velocity dispersion curves for a thin aluminum plate
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Lamb wave. Lamb waves are extremely useful for detecting cracks in materials with
thin sheet or thin plate geometry, as well as in tubular structures [25], while their
study is essential in acoustic emission studies in plate geometries as will be seen.

1.3 Other Types of Guided Waves

There are other types of guided waves in plate-like structures that can be of interest for
nondestructive testing of materials. These types are briefly mentioned for complete-
ness and are classified according to the structure in which they are propagated, which
is called a waveguide. Below are some examples of these types of guided waves.

1.3.1 Love Waves

Love waves are dispersive surface waves resultant from horizontally polarized shear
waves. Love waves propagate in solids with velocities varying with depth. They
cannot occur in a homogenous half-space. The simplest case in which a quantitative
analysis of Love wave propagation can be performed is a thin solid layer (coating)
covering an elastic half-space [26]. This type of waves can find important applications
in nondestructive testing of coatings and layered structures, including nanocompos-
ites with thin films. These waves are observed when there is a low velocity layer
overlying a higher velocity substrate material. Love waves are slower that longi-
tudinal and shear waves, but they propagate with a higher velocity than Rayleigh
waves.

Generally, a surface Love wave is described by function g(z) which depends on
depth, with solutions that are exponential functions of depth.

g(z) = Aét? + Be kit (10)
where
2 2 Civ
kpv® =k < ——2> (11)
cs

and cry is the Love wave velocity.

Note that one of the solutions increases exponentially with depth, which was
eliminated in the case of Rayleigh surface waves.

Since the condition for a surface wave is the displacement to decrease exponen-
tially with depth in the elastic half-space, then kry in the substate material is real and
positive. Hence, from Eq. (11), ciy = w/k is lower that the shear wave velocity in
the half space cs.
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For a given ultrasonic frequency a multi-mode solution for the Love wave propa-
gation is obtained, each mode with a different velocity. A finite number of solutions
for the Love wave velocity exist, depending on the frequency, the thickness of the
coating layer, and the densities and shear wave velocities of the coating and the
substrate.

1.3.2 Interface Waves in Multilayered Plates

Stoneley waves are guided interface waves propagating along the interface between
two solid media [27, 28]. In case of a fluid—solid interface, Scholte’s waves propagate
[29]. The interface waves have a maximum intensity at the interface, while it drops
exponentially far from it. The existence and propagation of non-attenuative interface
waves depends on the interface condition and the combination of properties of the
two adjacent materials. Expanding the study of interface waves from the simple two
half-space consideration to multilayered structures with N number of interfaces can
find applications in nondestructive testing of structures for a variety of engineering
fields for detecting interface defects.

Different types of elastic waves can be propagated in multilayered plates, such as
bulk waves, Rayleigh waves, and interface waves. The propagation of bulk waves in
such media are characterized by the number of possible modes in a frequency range,
the complexity for exciting only one mode in the multilayered plate and significant
distortion of the waveform. Rayleigh waves are guided waves propagating along the
air-solid interface.

In order to ensure that the layers are relatively thick compared to the wavelength,
and hence are equivalent to half-spaces for the induced Rayleigh wave, high frequen-
cies are used. To experimentally distinguish the interfaces waves from other types
of waves propagated in an multilayered medium it is necessary to recognize the
typical features of them. First, at a given interface, an interface wave can only occur
at a single mode. If there are N interfaces in a multilayered plate, there will exist N
modes of the interface wave. Also, at high ultrasonic frequencies, the group velocity
converges to an exact value that corresponds to the group velocity of the true Stoneley
wave mode [30].

As there are many possible modes with significant wave distortion propagating in
a multilayered plate within a high frequency range, there is a difficulty to precisely
excite only a single mode in the structure. A way to generate interface waves is to
use surface wave transducers instead of oblique incidence or interdigital transducers
used for bulk waves [30].

The characteristic equation of a multilayered plate with N layers can be obtained
in determinant form considering the potential functions of the longitudinal and shear
waves in nth layer.

The displacement field of the ny, layer has to satisfy Navier’s equation of motion.
This displacement field is decomposed into two components (longitudinal and shear
waves). Taking into account that the Stoneley wave energy should concentrate at
the interfaces and decreases exponentially far from these interfaces, the potential



228 T. E. Matikas and D. G. Aggelis

functions for the longitudinal wave (¢) and for the shear wave () in every layer can
be written in the form:
For layersn=2,... N — 1)

9= {Ae—k(ln(z—dn—l) + Beka,,(z—dnfl)}ei(kx—wt) (12)
Y= {Ce*kbn(Z*du—]) + Dekb(Z*dn—]) }ei(kxfwt) (13)

where, A, B, C, D are unknown coefﬁ01ents kis the real wavenumber d indicates
the thickness of the respective layer, and a> = 1 — —2, bP=1-5% (c is the phase
L

velocity of Stoneley waves, ci and cg are the longitudinal and shear wave velocities,
respectively).

For n = 1 there is only the second term in Eqgs. (12) and (13), and d = 0, while
for n = N there is only the first term in Egs. (12) and (13).

The dispersion curves of the Stoneley waves in an elastic multilayered medium
can therefore be obtained [30]. The characteristic equation shows that the phase
velocity of Stoneley interface waves is a function of the material properties (density
and Lamé constants), the geometric parameters (thickness) of the different layers
and the wave number.

2 AE Wave Propagation in Plates

Acoustic emission in plates exhibits some specificities relatively to bulk media. The
basic point of interest is the fact that wave propagation is by definition dispersive as
already explained in the first part of the chapter. The consequence is that the waves
will propagate on different velocities depending on their frequency, see for example
the dispersion curves of Fig. 4 which clearly depicts an example of the function of
phase velocity over frequency. This also implies that the shape of the waveform will
change as one pulse will practically include a bandwidth of frequencies, with the
different components traveling on a different speed. This essentially means that the
pulse will become elongated with propagation. In bulk media, wave dispersion is also
noticed, but not due to geometry. The origin in that case is the heterogeneity which
results in scattering [31]. The effect of scattering dispersion is such that the phase
velocity in a heterogeneous medium (concrete for instance) may change by 10-15%
with an increase in frequency from 20 to 500 kHz, as seen for example in [32, 33].
However, the effect of plate geometry is much stronger as seen above, imposing
even cut-off frequencies below which specific wave modes do not propagate. It is
reasonable that the two types of dispersion (due to plate waves and scattering) may
well co-exist in the case of heterogeneous plates.



Acoustic Emission in Plate-Like Structures 229

Apart from the wave propagation itself, the influence of the excitation is strong.
The different possible orientations of the sources play a role in the acquired wave-
form. Simply, a crack propagating vertical to the axis of the plate structure results in
much different waveform than a crack in the parallel direction, as will be shown. The
reason is the different proportion of “symmetric” and “antisymmetric” wave modes
excited [34, 35]. Plate structures when made by composite laminates may suffer from
delaminations which are defects parallel to the plate. When they open (Fig. 5a), their
motion is perpendicular to the plate axis and therefore, the excited wave contains
much stronger antisymmetric components. On the contrary, when a vertical crack
opens (Fig. 5b), this gives rise mainly to symmetric waves having different propa-
gation velocities as has been shown above for most of the range of frequencies until
they fall on the Rayleigh wave velocity. Certainly, this is a consideration receiving
stochastic nature taking into account the possible orientations as well as the exact
point of the crack opening in addition to the heterogeneity of the medium but it is
backed up by many researchers in literature occupying with the characterization of
the fracture modes in plate structures [36—39].

To indicate the influence of the different specificities in AE plate monitoring, some
indicative simulations are presented below. These illustrate the strong difference that
the source and geometry can make on the AE waveform showing at the same time the
influence of propagation distance in plate geometry compared to three-dimensional
media. Examined parameters are:

(A) the thickness of the plate (essentially thin plate vs. bulk block)
(B) orientation of the source: horizontal (simulating delamination in layered
media) or vertical crack
(C) the position of the source in terms of thickness (e.g. mid-thickness or surface
breaking) and
(D) the distance between source and receiver, which is not examined separately
but in in parallel with the above-mentioned parameters due to multiple sensor
placement.
(a) (b)
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Fig.5 Schematic representation of damage event in plate with typical AE waveform: left, horizontal

crack (delamination), right, vertical (matrix) crack
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Let us go through these parameters in detail:

(A) Thickness of the plate or essentially difference between plate and surface
waves

Itis interesting to first demonstrate an example of plate wave propagation compared to
the propagation in a bulk medium, while other conditions, like material properties,
excitation, sensor distance remain the same. For the case of plate, the indicative
geometry is 1 m long with 5 mm thickness. Three receivers are placed on the top
side, with a separation distance of 300 mm between them (see Fig. 6a). A fourth
receiver is placed at the bottom, beneath the third sensor, having thus the same
distance from the source (620 mm) but on the opposite side. Their size is 1 mm and
the outcome, is the averaging of the vertical displacement on their size. This size is
deliberately small to resemble more the ideal “point” receiver and minimize “aperture
effects” that are discussed in chapter “Sensors and Instruments”. The excitation, is
placed 20 mm to the right of the first receiver and simulates initially a horizontal
crack (could be delamination in a composite) of 1 mm in the central part of the
thickness of the beam, meaning that the excitation motion has the direction vertical
to the axis of the plate. It consists of one cycle of 100 kHz (10 s duration). Infinite
medium boundary conditions are applied on the left and right sides while the space

(a)

1000

< >

Horizontal
defect §
(b) 1000
< >
300 300 200
i
A n
(=]
[=]
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Fig. 6 Schematic representation of the geometric numerical models. The vertical red arrow at the
horizontal defect indicates the motion direction, a thin plate, b thick geometry. Dimensions are in
mm
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resolution is 0.1 mm. In order to highlight the effect of the plate wave dispersion
on the received waveforms, the corresponding simulation on a bulk medium is also
presented for the necessary comparison. The top side of the bulk geometry (including
receivers, excitation) and the material properties are maintained as above, while
the thickness becomes 400 mm, in order to depart from the thin plate concept (see
Fig. 6b). The material in both cases was considered homogeneous with a longitudinal
wave velocity of 4200 m/s, corresponding to a longitudinal wavelength of 42 mm for
the selected frequency. This is much longer than the thickness of the plate (5 mm)
clearly resulting in Lamb waves for the thin case. On the other hand, it is much lower
than the thickness in the case of bulk medium (400 mm) allowing therefore, pure
Rayleigh waves with speed of approximately 2300 m/s and wavelength (and thus
penetration depth) of 23 mm, without plate influence.

Below, in Fig. 7a one can see the waveforms of the three receivers for the bulk
(thick) medium first which is considered as reference. The main part of the signal
consists of one main cycle, while small reflections from the bottom boundary can
also be observed after the main cycle. It is evident that the shape of the pulse does not
significantly change during the propagation resembling the initial form of a single
cycle. This is due to the aforementioned non-dispersive nature of Rayleigh waves

Fig. 7 Simulated (@) o5
waveforms for the case of

a thick medium, b thin plate 0.25 ’L ——Rec1 (20 mm)
after vertical excitation 0 1] — —

(simulating delamination) of -0.25
1 cycle of 100 kHz 0 g

-0.75 L -—Rec3 (620 mm
-1

-1.25
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W v W
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(like longitudinal and shear waves). It is mentioned that there is a small part of
longitudinal waves ahead of the Rayleigh but its amplitude is negligible and cannot
be clearly discerned in this scale.

In Fig. 7b the responses for the case of thin plate are depicted. Here, it is obvious
that the waveform changes with longer propagation. The second receiver’s waveform
contains several cycles while the third waveform is even longer. In addition, it is quite
obvious that the signal starts with shorter cycles (higher frequency) while longer
cycles follow, showing vividly the effect of dispersion, or else the dependence of
wave speed on frequency. Looking at the waveform from the perspective of AE,
all parameters change depending on the distance. Indicatively, the horizontal source
(delamination) which is studied herein, will have an AE signature of 1 cycle if
monitored 20 mm away (Rec. 1,20 mm in Fig. 7b), but if the sensor is approximately
600 mm away, the main signal consists of approximately ten cycles. This will already
result is serious change in the duration, the RT, the average frequency, the whole
frequency spectrum and any parameter used for damage classification in AE. For
an indicative fixed threshold of 5% of the maximum response of the 1st sensor, the
duration of the signal will change from 16.9 s for the nearby sensor, to 68.3 ps for
the 2nd and to 94.5 s for the last sensor, despite the same excitation of one cycle (of
duration 10 s, or RT of 2.5 ws). This is the reason that especially in plates, a certain
acoustic signature cannot be directly assigned to a specific failure mechanism. In any
case, consideration of the distance is crucial.

(B) Excitation direction

Now let us change the direction of excitation and simulate a matrix crack located
vertical in the plate as in Fig. 8.

The resulting waveforms are shown in Fig. 9. Comparing with the previous case
of delamination (Fig. 7b), the main part of the wave seems much shorter as it consists
of one basic cycle, followed by weaker arrivals. It is also observed that the wave is
recorded much earlier than the case of delamination. Indicatively, the first disturbance
at the last receiver (at 620 mm) arrives just before 150 s, while for the delamination
case shown in Fig. 7b above, the waveform essentially started at 235 ws. This is
indicative of the different wave modes excited: in the case of vertical defect (matrix
crack) the dominant mode is the fast symmetric, while for the horizontal defect
(delamination) this is the slower antisymmetric.

1000

< >
300 300 20 200
- *4 ﬁ‘ Lo ] »
; s3 J 23 S1) Vo
uw [ lil [ Y (%3]
'y
Vertical
defect <>

Fig. 8 Schematic representation of the geometric numerical model of a plate with a vertical source
(crack). The horizontal arrow at the vertical defect indicates the motion direction. Dimensions are
in mm
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Fig. 9 Simulated waveforms
for the case of thin plate after 0.1r
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To demonstrate another difference between the modes, the responses of the
furthest receiver (#3) for both cases are placed together in Fig. 10 in addition with
the responses of receiver #4 which is placed on the exact opposite point, below #3.

In the first case of simulated delamination (Fig. 10 top), the two sensors obtain
waveforms with opposite phase, meaning that when receiver #3 shows a positive peak,
receiver #4 shows negative and vice versa. This is indicative of the antisymmetric
mode, as the top and bottom sensors are placed on opposite surfaces, facing each
other. Therefore, an upwards motion on the plate, is felt as compressional from the
top sensor but tractional from the bottom sensor. On the other hand, when a vertical
crack is active (see bottom part of Fig. 10), this results in a symmetric mode and the
sensors record essentially the same waveform. This is a way to identify the different
contributions even in case where the waveform contains mixed modes. By subtracting
the response of the two sensors, the symmetric component mode is eliminated, and
the remaining part corresponds to the antisymmetric one.

In any case, as evident by comparing the waveforms of the same sensor (example
S3) for different excitations (horizontal or vertical defect), the received signal shows
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Fig. 11 Amplitude of two 1200
plate wave modes on a metal
plate, relatively to the 1000
orientation of excitation (0°
denotes parallel to the plate). 800
Data taken from [40]
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strong dependence on the orientation of excitation, enabling thus the effort to charac-
terize the damage mode (delamination or matrix crack) based on the sensor response.
An early experimental work [40] dealing with this issue was conducted on metal plate
geometry and through notches, excitations at different angles were performed. Apart
from the out-of-plane (90°) and the in-plane (0°, same direction with the plate axis),
two other excitation angles (30° and 60°) were examined, showing the gradual shift
of the content from the fast symmetric wave (called extensional) to the slower anti-
symmetric (called flexural), as measured by an ultrasonic transducer with relatively
flat response between 20 kHz and 1 MHz, placed on the surface of the plate. Figure 11
represents the data from this study clearly showing the dependence of the extensional
and flexural mode on the orientation exactly as the above discussed simulations.

(C) Position of excitation

In the above cases of totally central excitation the produced wave is almost purely
symmetric (vertical crack) or antisymmetric (horizontal delamination) as seen by the
output of sensors of Figs. 7b and 9. However, when the source does not come exactly
from the mid-thickness this results in a mixed mode. Let us indicatively examine the
effect of position of the excitation as in a real plate the source will not necessarily
be exactly in the mid-thickness.

Figure 12a shows the waveforms for the case of a vertical crack which is surface
breaking at the bottom with a length of 1 mm, shown in Fig. 12b. The geometric
model is the same as described above in Fig. 8 with the only difference that the crack
is not located in the mid-thickness, but 2 mm lower, thus breaking the bottom surface.
It is again seen that the response of receiver 1 does not exhibit strong changes for
the different excitation patterns because of the limited distance to the source. Indeed,
a minimum propagation distance of more than 5 times the thickness is considered
enough to form distinct Lamb modes [41]. Receivers 2 and 3, clearly record both
modes, the symmetric that comes at approximately 150 s at receiver 3 (like in the
case of central crack in Fig. 9) and at the same time the antisymmetric after 200 ps.
Certainly the amplitude of both modes is decreased compared to the previous figures



Acoustic Emission in Plate-Like Structures 235

(@)o.z2 (b)
0.1 —Recl
0
= 04 ——Rec2 (320 mm
§ -
= 0.2 | e 20mm | 4
£-03 ﬂ 20 200
< 04 | ‘ < > >
i . sfﬁ
05 I 3 |
08 Vertical
0 100 200 300 400 ok

Time (us) defect <>

Fig. 12 a Simulated waveforms for the case of thin plate after horizontal excitation (simulating
vertical surface breaking crack at the bottom) of 1 cycle of 100 kHz. b Detail of the source location
(surface breaking crack)

as the excitation energy is distributed in two modes rather than one. Similar trends in
experimental results have been shown in the past using pencil lead break excitations
at different depths in a steel bar of 12 mm thickness. The gravity of the waveform
strongly shifted just by moving the excitation a few mm from top to the middle of
the plate [42].

The influence of the width of the plate structure was examined in metal [43]
and composite plates [44]. Large plates are less influenced by reflections, while the
wave energy is dispersed to larger areas compared to a less wide plate (or beam).
This has a serious effect on the recorded wave after the same excitation, as demon-
strated on metals and cementitious composite specimens. Specifically, after pencil
lead break excitation on beam and plate geometries of the same material (see geome-
tries in Fig. 13a), sensors on beams recorded much higher amplitude for out-of-plane
excitations and especially for in-plane ones. The voltage was approximately 5 times
higher while the RT was considerably lower as seen in Fig. 13b. At the same time, and
as measured by resonant sensors at 150 kHz, although there was not an impressive
shift of frequencies, the beam specimen did register a slightly higher peak frequency
145 kHz versus 157 kHz.

Therefore, using a standard source, the differences are obvious between narrow
(beams) and wide specimens (plates). However, in an actual fracture event, the source
is not the same in a plate and a beam. In the beam case, the crack propagation
increment is restricted by the boundaries of the beam, while in a plate this restriction
is essentially removed meaning that the released energy may be much higher. At the
same time the crack tip in the case of plate may be further away from the sensor,
therefore making the predictions on the expected energy quite complicated. Actual
AE results in plate and beam specimens of the same material during the early stages
of four point bending testing (focusing thus in cracking rather than delaminations)
showed similar trends with pencil lead excitations for most of the AE descriptors;
indicatively lower RT for the beam (14 s vs. 46 s for plate), and higher frequency
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Fig. 13 a Plate (left) and beam specimen (right), b waveforms received after pencil lead excitation
on the side of the specimens (in-plane excitation) for beam and plate geometries, ¢ corresponding
FFTs, data from [44]

descriptors for the beam (170 kHz vs. 137 kHz for plate). Indicative waveforms are
also shown in Fig. 14 for plate and beam specimens from [44]. The only difference
came from the energy related parameters where plate specimens exhibited more than
4 dB stronger amplitude for plate, most likely because of the larger longitudinal
dimension of cracks in the plate. In any case, the effect of the plate dimensions is
crucial and would not allow to extrapolate the results from a laboratory scale sample
to an actual plate. Therefore, the enlargement of laboratory coupons to resemble
plates instead of beams is desirable [43].

It is seen therefore, that the type or “mode” of damage although important, is
not the unique factor affecting the waveform shape, but its position and the geom-
etry may influence the recorded signal as well. It is also understandable that the
possible cases to be examined are infinite. Namely, different angles of cracks and
excitations, different number of excitation cycles and central frequency, material
properties, layered geometry, existing damage imposing scattering and deterioration
of mechanical properties, plate dimensions. However, this chapter aims only to point
out the issues arising from the plate geometry and not to exhaust the analysis of all
cases, which are essentially infinite. A separate issue is related to the aperture effect,
or the interaction between the physical size of the sensor and the wave length, but
this is treated in the chapter “Sensors and Instruments”.
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Fig. 14 Typical AE signals during cracking in beam (left) and plate (right) TRC specimens

3 Examples of AE Application in Plates

AE is casually used for assessment of plate geometries. The above-mentioned effects
of wave distortion due to dispersion may complicate the characterization in some
cases, especially when detailed analysis is attempted, however, by no means hinder
the application of AE in numerous applications in laboratory and industrial practice.
Below lie several applications of AE in plate structures, highlighting at the same time
these effects.

Figure 15a shows a photograph of AE test during bending loading of a thin textile
reinforced cement (TRC) specimen taken from [38]. In this case four sensors were
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Fig. 15 a Photograph of three-point bending of TRC beam with concurrent AE monitoring by
sensors at different distances from the center, b AF history vs. time for sensors at different distances
from the damaged area [38]
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placed at distance intervals of 25 mm between them. Looking at specific AE param-
eters like the RA value in Fig. 15b, the moment of shift between successive frac-
ture mechanism (in this case between matrix cracking and delamination) is clearly
pointed out. It is reminded, that as explained in chapter ‘“Parametric AE Analysis”
RA is the ratio of the rise time of the waveform over the amplitude and is measured
in ws/V. The RA, as monitored by the closest sensor at 25 mm from the main frac-
ture area fluctuates around 400 ps/V during matrix cracking and increases to more
than 3000 ps/V when the dominant mode shifts to delaminations. Monitoring by
any other sensor clearly shows the transition as well. However, the interesting point,
which also reveals the influence of the propagation on the plate geometry is that the
different sensors received the same damage events with different AE characteristics
depending on the distance from the main damage zone. Specifically the curve of the
furthest away sensor at 100 mm is situated much higher at approximately 1000 ps/V.
Even after the main failure when cracks are saturated and delaminations dominate,
there is still a difference with the closer sensor indicating lower RA than the furthest.
This result and many similar others in the recent literature indicate, as will be seen,
that care should be taken when fracture mode characterization is attempted, since
the propagation distance influences the readings of the sensors.

The decrease of frequency and increase of RA of cracking signals render them
more like shear signals emitted close to the sensor and therefore, make the inclusion of
propagation distance necessary in any analysis [45]. In a numerical study concerning
homogeneous medium (metal) [46] the change of AE parameters after a simulated
cracking event in a homogeneous plate was considered using multiple receivers on
the surface. Apart from the fact that waveform shape change was obvious, the RT
and RA monotonically increased with distance up to 500 mm (as seen in Fig. 16) for
any of the simulated frequencies (500 kHz to 2 MHz). Peak amplitude on the other
hand dropped while the only parameter not much affected was the frequency content
expressed by the frequency centroid after FFT, more likely because no damping
was included in the model for the steel material. Due to the monotonic shift of AE
parameters with distance a “correction” methodology was proposed to evaluate the
original values of the waveform at the source [46].

Similar indications were given from a numerical study, which among many other
parameters, studied also the effect of propagation distance on a steel plate of 3 mm
[47] considering distances between 25 and 200 mm. The extensive waveform shape
change was attributed to the velocity difference between SO and A0, with the latter
strongly contributing in the sensors close to excitation, while for the more distant
ones, the A0 contribution arrive much later due to dispersion.

Continuing this small journey over waveform distortion, these trends are seen
in [34] where the “weight” of the signals emitted either from matrix cracking or
delamination is obviously translated to different parts of the waveform for different
sensor locations. This effect renders characterization of the source not straightforward
as propagation needs to be accounted for.

Other examples of parameters change due to propagation are briefly shown below
in indicative materials. In [48] where carbon fiber reinforced polymer composites
are monitored, the frequency centroid of AE signals due to internal cracks lost about
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Fig. 16 a Simulated strain field on a metal plate cross section at different times after the occurrence
of the excitation of 2 MHz, b simulated waveforms collected from successive sensors at the top of
the specimen

300 kHz while propagating a maximum distance of 80 mm (from an average of 800—
500 kHz). In [49] discrimination of the source of damage in carbon fiber composites
is attempted based, among others, on the amplitude of the SO and AO modes which
are characteristic of in-plane damage (cracking) and out-of-plane (delaminations).
However, the effect of attenuation is dissimilar for the two wave modes and therefore,
a correction procedure is applied depending on the propagation distance of each
wave. The “corrected” amplitude ratio of the two modes is then fed into a pattern
recognition algorithm to end up to the final classification [50].

In an earlier application AE in composite (graphite/epoxy) plates under impact
was studied. Penetrating impact caused naturally higher amplitudes of AE waveforms
than non penetrating. However, an interesting phenomenon was observed in that the
large flexural mode component, seen in any other case, was absent from the signal
when the impact particle fully penetrated through the composite plates [S1].

Several examples of AE analysis in composites are also discussed in the chapter
“Parameter-based AE Analysis”. An example of 2D (planar) localization is shown
in Fig. 17a. The event density distribution on the floor of a corroded storage tank
(Fig. 17b)is depicted [52]. Active corrosion processes cause acoustic emission, which



240 T. E. Matikas and D. G. Aggelis

(a) Fo
. fcny

(b) ) AN

Fig.17 a AE planar localization, b in corroded storage tank bottom [52], ¢ localization in cylindrical
composite petrochemical tank [54]

can be monitored and mapped during testing. The monitoring takes place normally
during operation without the need to empty and clean the tank for visual inspection.
Similar results were exhibited in [53], where the location of AE events concided with
reduced thickness due to corrosion in a tank bottom.

Another example of industrial application of AE localization in curved thin metal
plates is demonstrated in Fig. 17c. The roughly 8 m long structure operates under
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high internal pressure and temperature. Therefore, a cool down process is followed,
during which thermal gradients are developed through the wall. These give rise to
thermal strains in addition to mechanical ones and any growing discontinuities can
be detected by AE sensors located around the vessel. In the present case, certain
areas with high density of flaws (sources of red color) are identified and further
examination is due after removing the insulation layer [54].

The effect of repair or healing on textile reinforced cement plate was evident
through AE in [55]. Plates that were thermally precracked exhibited a more wide
distribution of cracking away of the central loading point. At the same time
they exhibited more “shear” AE characteristics (higher rise time, duration, lower
frequency) since cracking had already been saturated due to thermal treatment and
damage continued with fiber pull-out and delaminations. Plates that contained self-
healing agent and were treated in high temperatures to activate it, exhibited AE
parameters closer to the intact laminate, meaning that the cracking mechanism was
again activated and showing the effectiveness of healing along with pulse velocity
and attenuation measurements [55].

Localization may of course be impacted by erroneous results due to different
velocities of the wave modes [40], but in general, as also some examples above
demonstrate, AE localization works quite well and provides reasonable engineering
accuracy in plates. However, at some points Lamb waves even create opportunities
like the localization by less sensors than normally required from the dimensions of the
geometry. Although it is typically required to have multiple sensors for localization
purposes it is possible to apply localization in certain structures using only one
sensor. Specifically, in plate geometries linear localization approaches using only
one sensor have been proposed, taking advantage of the time delay between different
Lamb wave modes [56, 57]. These modes obtain different velocities and therefore,
the further away they propagate, the longer the delay between the fast symmetric
and the slower antisymmetric becomes. By knowing the elastic properties of the
plate, the velocities of the wave modes are calculated and consequently their time
lag is translated to propagating distance. The same mentality has been extended in 2D
localization using only two sensors in composite plates [58, 59]. A phenomenological
paradox is seen therefore; although plate wave dispersion may pose difficulties in
many cases in the identification of the received components, in other cases it enables
localization by less sensors than normally required! It depends on the mentality and
the focus of each experiment.

The limits may be pushed further, and this basically concerns slight improve-
ments and special cases (e.g. geometries with holes) as already results are considered
satisfactory either in laboratory or large scale.

4 Conclusions

Plate geometries are common in load-bearing engineering structures. AE in plate
structures presents some specificities compared to bulk media. These concern the



242 T. E. Matikas and D. G. Aggelis

plate waves and the associated dispersion which are activated when the wave length
starts to become of the same order with the thickness. Different modes are observed,
propagating at different speeds being also influenced by the frequency. Therefore,
the AE waveform shape changes. Basic features of AE testing like localization and
parameter analysis are very successful in plates, however, care shall be taken when
quantitative characteristics are to be analyzed. This is because energy-related and
waveform-related parameters strongly depend on the frequency as well as the propa-
gation path. While characterization produces accurate engineering results as demon-
strated in various applications in different matrix composites and metals, the limits
could be further pushed in fracture mode determination by improving the inter-
pretation of the AE parameters and isolate the source effect from the propagation
effect.
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