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Abstract
In testing of structural components by the acoustic emission method, the requirement arises for quantitative prediction of the
probability of detection (PoD) of an acoustic emission signal. Motivated similar as for other nondestructive testing methods,
the suitability of given experimental settings to reach a certain likelihood of not missing relevant signals should be predicted.
In contrast to other nondestructive testing methods, two of the key factors are not only the equipment and the inspector,
but also the variability of the acoustic emission sources and the attenuation effects. As the strength of crack-based acoustic
emission sources cannot be changed arbitrarily in the experiment, their characteristic amplitude distribution is accounted
for by generation of reference datasets in small laboratory scale specimens. This assumes datasets with 100% PoD for those
signals at a particular propagation distance. The prediction of the resulting PoD at another distance in a structure is achieved by
means of amplitude reduction based on the measured attenuation values. For the latter, approaches using constant attenuation
factors and attenuation mapping approaches are evaluated and compared to an experimental assessment of the PoD values
using artificial test sources. Based on the agreement of calculated and measured PoD values, the presented approach appears
promising to predict PoD values in geometrically and acoustically complex structures.

Keywords Acoustic emission · Probability of detection · Attenuation

1 Introduction

In the field of nondestructive testing, probability of detection
(PoD) concepts are frequently applied to compare differ-
ent approaches and methods to evaluate a particular flaw
type. The National Aeronautics and Space Administration
(NASA) mainly developed that concept in the late 1960s
and the early 1970s [1,2]. Common for many nondestruc-
tive testing approaches is the aspect that the flaw to detect
is purely passive. In general, the detectability for a specific
flaw in a specific specimen investigated by a specific method
is binary, i.e., true or false. In order to turn this into a sta-
tistical prediction, a large number of flaws and/or specimens
and/or experimental settings are investigated. This provides
the database for a statistical evaluation of the relevant fac-
tors of the detectability. The result of such studies is the PoD
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curve, usually visualized as the percentage of (a known) num-
ber of flaws detected vs. the flaw size. This is a step-function
curve showing a more or less monotonous increase (as the
flaw size decreases) until a saturation at 100% detected flaws
is reached. The “flaw size” is a characteristic quantity rel-
evant for the inspection procedure. Traditionally these are
the dimensions of the flaw, but may readily be extended to
account for other factors of influence, such as system gain at
constant geometrical dimensions of the flaw.

This PoDconcept becameofwidespread use as to its direct
way of interpretation and because it is not only suitable to
evaluate the performance of technical systems, but may also
account for the analysis carried out by the inspector. As the
final PoD curve is the result of all the individual contribu-
tions along the acquisition chain, it is possible to identify and
distinguish these individual factors. Besides the influence of
the human inspector, the evaluation algorithm, the acquisi-
tion system, the sensing system and the interplay between
flaw and sensing field are key contributions to the final PoD.

For the specific case of acoustic emission analysis, Fig. 1
provides an overview of these key contributions. Other than
most of the nondestructive testingmethods, the flaw in acous-
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Fig. 1 Schematic of factors
influencing the probability of
detection (PoD) in acoustic
emission analysis
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tic emission is not of passive nature. The source is usually
considered as rapid displacement (e.g., due to crack growth)
that causes emittance of a transient ultrasonic wave, which in
turn is detected by sensors and then digitized using an acqui-
sition board [3]. Due to this active source, the interpretation
of the term “flaw size” is briefly revisited in this context.
For the acoustic emission measurement, the acoustic energy
release (strength) of the source and its orientation relative to
the sensing system are the relevant quantities to consider. It is
the matter of other approaches to translate these two factors
into geometrical quantities like the geometrical “flaw size” of
a crack (e.g., based onmodelingwork). Furthermore, the type
of source might cause additional changes to the detectability
even for similar geometrical “flaw size” [4]. In addition, the
depth position may readily cause changes in the detectable
signal strength at the surface level [5,6].

Next, the propagation effects between source and sensor
system affect detectability of an acoustic emission source.
Regardless of the specific technical implementation of the
acquisition chain, it is a requirement that the signal ampli-
tude of the acoustic emission wave is distinguishable against
the background noise floor. For all practical systems, signal
attenuation will cause a reduction of amplitude as function of
propagation distance to the sensor. Consequently, the overall
PoD depends on the distance between the sensor system and
the source. In addition, scattering of thewave field emitted by
the sourcemaycause additional reductionof signal amplitude
or may cause areas of poor detectability due to shadowing
effects. All of these factors so far are independent of the spe-
cific instrumentation and interpretation, so these are grouped
together in Fig. 1 as items related to the test material and the
structure tested.

Certainly, the choice of instrumentation will play a role in
terms of the detectability. Depending on the chosen sensitiv-
ity, bandwidth and preamplifier gain, the acoustic emission
sensor will be able to either detect the emitted signal or not
detect it. Accordingly, the specific choice of sensor system
may easily dominate the final PoD in those cases, when it
becomes the bottleneck in the acquisition chain, e.g., because
of poor sensitivity or because of limited bandwidth. Simi-
larly, the subsequent acquisition chain will add its effects.
This is highly specific for the particular approach taken, but

breaks down for most of the commercial systems into the
threshold used for detection, the trigger settings deciding on
accepting / rejecting the signal and potential bandwidth limi-
tations in the system electronics. Similar considerations may
be made for threshold-free systems, e.g., streaming systems,
where this step is simply moved to the offline step to decide
when the signal is relevant or not. In addition, system elec-
tronics and software algorithms may further cause random
(e.g., data leakage) or systematic (e.g., filter) reduction of the
signals acquired. Together with the sensor system, this forms
the instrumentation group seen in Fig. 1.

Finally, for all of the signals being available for analysis,
data reduction steps are typically necessary. These involve
manual or automated decisions to decide on the relevance of
particular signals for the specific analysis. This is beyond the
scope of this article, so it is not presented and discussed in
detail.

2 PoD Concept for Acoustic Emission

Inspired by the PoD approach proposed by Pollock et al.
[7,8] we decided to prepare a routine centered around an
experimental approach to predict the PoD in a technical
structure. For practical reasons it is impossible to validate
a PoD approach for acoustic emission experimentally in the
structure to be tested. Ultimately, this would require known
test sources inside the test structure at known positions to
check the number of detected signals versus the number of
released signals. Even if this would be possible in some cases
(e.g., with embedded actuators) this is certainly not desirable
for all test structures. Next, we limit ourselves to the detec-
tion of burst-type acoustic emission signals. For continuous
acoustic emission the concept of isolated single signals is no
longer valid and would require some fundamentally different
approaches (definition of both types, see e.g., [3,9,10]).

Hence, we propose the following three steps to assess and
predict the PoD for a test structure based on a combination
of experimental data and model assumptions:

(1) Record reference data set of burst-type acoustic emis-
sion sources at a known distance between source and
sensor
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(2) Establish a signal propagation model for the structure
under test

(3) Perform PoD prediction based on the PoD model for the
test structure considered

In the following, we elaborate the underlying assumptions of
each step and discuss briefly the technical constraints.

2.1 Reference Data

In [7,8] it is proposed to account for the acoustic emis-
sion source variability by a mix of model considerations for
fatigue crack growth and the respective model for acoustic
emission release due to fatigue crack growth. This follows
an ab-initio approach to predict the expected acoustic emis-
sion release in fatigue situations. For the procedure proposed
here it suffices if such models are able to predict the acoustic
emission amplitude distribution at given distance between
source and sensor. Besides analytical routines, use of numer-
ical methods may aid in this attempt [9,11–13].

However, it is sometimes very difficult to translate the pro-
posed concepts for other scenarios and load cases, especially
when no proper model descriptions are available. Hence, we
propose an alternative strategy to reach a reference dataset
based on an experimental approach:

For the subsequent steps, all that is required is an ampli-
tude distribution for all characteristic flaw types detected at a
constant distance between source and sensor and at approxi-
mately 100%PoD. This requirement may sound inaccessible
at first, but is feasible to do in practice, given some assump-
tions can be made.

First, the concise knowledge of distance between source
and sensor requires precise localization of the events in an
experimental settingwith negligible influence of signal prop-
agation effects (or similar propagation effects as expected in
the test structure at a given distance). In practice, exclusion
of all signals outside a narrow range of interest (e.g., few
millimeters) returns only signals at approximately constant
distance between source and sensor. Second, the selected
detection settings (e.g., sensor and acquisition chain, soft-
ware settings, filters and alike) should allow for a detection
of approximately 100% of all acoustic emission sources at
this distance. This requires operating the acquisition sys-
tem at high gain, low threshold and very conservative filters.
Likely, there are experimental conditions, where this is not
easy to realize, but loss of signals at this stage would directly
affect the calculated PoD later on, as this recorded dataset is
further used as 100% PoD reference. This assumption does
partially neglect the aspect that specific acquisition settings
may still result in a loss of detection of some acoustic emis-
sion signals. Concurrent concepts (such as signal streaming
vs. signal triggering) may well lead to different number of
signals for the same experiment. Similarly, extensive post-

processing to detect signals hidden in the noise floor (e.g.,
[14]) will certainly lead to different number of signals, than
a simple threshold based approach. Therefore, we would like
to emphasize again that the reference dataset is assumed to
be 100% PoD. Keeping the same evaluation settings for the
reference dataset and the structure under test, this should still
result in a similar effect of PoD reduction in both cases.

Furthermore, mixing the information of multiple experi-
ments, multiple types of specimens and multiple sensors of
the same type is good practice to ensure aminimum of bias in
this reference dataset. The latter puts in another assumption,
regarding the rule ofmixture of different source types.Hence,
some practical examples for generating reference datasets for
fiber-reinforced materials are provided in Sect. 3.1.

Due to the confinement effect in small samples versus
large structures acoustic emission amplitudes are generally
measured too large in amplitude in small scale samples [15].
Based on the observations of Hamstad et al., an experimental
approach to assess the reduction in amplitude is to perform
comparison of amplitudes in small-scale specimens and large
structures. The resulting difference in amplitude (i.e., typ-
ically 5–13 dB) can then be accounted for in Eq. (1) by
increasing the detection threshold by this value. For the pre-
sented approach, this is identical to a decrease of the signal
amplitudes of the reference dataset, but the increase in detec-
tion threshold is technically easier to implement.

2.2 Signal PropagationModel

As briefly discussed above, signal detectability will signifi-
cantly suffer from wave attenuation and scattering. Similar
as for the previous section, there are several possibilities how
to account for this effect. In [7,8], this step is accounted for
using a generic attenuation model. For the metallic materials
discussed therein, the effect of attenuation iswell captured by
implementation of an isotropic attenuation model assuming
a linear attenuation coefficient α. For anisotropic materials,
such as fiber-reinforced materials, an attenuation coefficient
as function of propagation angle α (θ) is generally required.
This could be obtained from model calculations (see e.g.,
[9]) or measurements. A conservative approach for a PoD
could use the highest attenuation max (α (θ)) and use this
as an isotropic attenuation coefficient. However, many times
the attenuation is not monotonous with distance. Therefore,
a better approach is to obtain the attenuation “characteris-
tics” from experimental measurements on the test structure
(see Sect. 3.2). This not only accounts for the material based
attenuation including geometric spreading and guided wave
formation, but also accounts for potential scattering along the
propagation path. Finally, this concept can be extended to an
attenuation mapping α (x, y, z). This requires test sources
applied across the test structure to map the attenuation value
to the (x, y, z)-position of the source. This data is readily
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Fig. 2 Proposed approach to
account for PoD reduction due
to attenuation
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available for source localization approaches using artificial
neural networks [16], as this is inevitably required for their
training stage.

2.3 PoDModel

The final step consists of a suitable PoD model, able to turn
the information of the two previous steps into a PoD pre-
diction value. Assuming that the reference data is sufficient
to describe the source variability and the propagation model
is able to account for the propagation effects it should be
possible to predict the detectable number of signals at a
designated sensor position. To avoid an additional influence
of the choice of instrumentation we make one key assump-
tion:

The choice of instrumentation and the detection settings
(e.g., sensor and acquisition chain, software settings, filters
and alike) are not to be changed from the reference data
measurement to the test structure measurement.

Consequently, we would expect the test structure data
to suffer from the same instrumentation PoD as used in
acquiring the reference data. Following this assumption, this
reduces the task of PoD prediction to a prediction of those
AE signals, which arrive at the sensor position after traveling
a certain distance.

To obtain the PoD value for a certain position on the test
structure, the procedure is schematically presented in Fig. 2
and works as follows:

(1) Define accept/reject criteria on the acquisition system
side (typically simple threshold)

(2) Apply attenuationmapping (or simplification thereof) to
reference data Ntot

(3) Evaluate the fraction of signals that the acquisition sys-
tem failed to detect Nfailed (e.g., amplitude falls below
threshold)

The PoD for this (x, y, z)—location on the test structure
evaluates using the number of detected signals Ndetected =
Ntot − Nfailed at sensor S1 as:

PoDS1 (x, y, z) = Ndetected (x, y, z)

Ntot
(1)

Usually, multiple sensors are attached to the test structure.
Fromageneral perspective, it suffices for the analysis process
if only one sensor detects a signal. This does not allow anal-
ysis steps requiring signal arrival at multiple sensors (e.g.,
cross-correlation or source localization), but the source itself
is detected by the acquisition system. Accordingly, the PoD
for a particular (x, y, z)—location evaluates as maximum
PoD of each individual sensor out of the list of K sensors
S1 . . . SK :

PoD (x, y, z) = max
(
PoDSi (x, y, z)

) ∀i = 1 . . . K (2)

3 Experimental

In order to demonstrate and validate our proposed concept,
the experimental section first describes different approaches
to obtain a reference dataset and then the procedure to mea-
sure attenuation.We present two case studies to demonstrate,
how the PoD concept is applied to fiber-reinforced structures.
The final step (PoD model) is then focus of Sect. 4.

3.1 Reference Datasets

For application to fiber-reinforcedmaterials, it is very impor-
tant to consider the various different source types that may
happen in a test structure under load. For the purpose of this
PoD analysis we propose to mix the information obtained
from different mechanical tests, e.g., tensile tests, com-
pressive tests, shear tests, fracture toughness tests. All data
entering the reference dataset need to be acquiredwith instru-
mentation settings identical to those used later for the test
structure and should be recorded for the same material as the
test structure. For the example in Fig. 3, we used data of 10
samples for each experiment and stacking sequence, which
were acquired in the conditions with test standards as listed
in Table 1. Details of the typical AE instrumentation for each
of these cases can be found in earlier work [9,17,18] and is
hence not discussed in detail in the following.

For the present study, the instrumentation consists of WD
type sensors, attached to a 2/4/6 preamplifier with 40 dB
gain and PCI-2 acquisition cards (all Mistras). An analog
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Fig. 3 Realistic reference dataset (a) and smooth distribution used for concept validation (b)

Table 1 Summary of test conditions used to define reference dataset

Name Standard Test condition Statistics

Tensile test DIN EN ISO 527 Unidirectional (load axis parallel to fiber axis) Cross-ply 20

V-notched rail shear test ASTM D 7078 Unidirectional (load axis perpendicular to fiber axis) Cross-ply 20

End-notched-flexure test Unidirectional 10

Double-cantilever-beam test Unidirectional 10

4-Point bending test DIN EN ISO 14125 Unidirectional (load axis parallel to fiber axis) Cross-ply 20

Sum 80

bandpass was included in the preamplifiers ranging from 20
to 1200 kHz. Acquisition was made based on a 35 dBAE

threshold value at 10 MSP/s sampling rate with 10/80/300
(PDT/HDT/HLT) trigger settings. Data reduction at approx-
imately 50 ± 5mm distance between source and sensor was
carried out after localizing acoustic emission events with�t-
based algorithms and sensor geometry corresponding to the
respective experiment (see examples in [9,17,18] for imple-
mentation).

For the five different experiments listed in Table 1, theway
of mixing the single datasets together puts some bias into the
amplitude distribution of the reference dataset. Assuming
some of the tests result in higher amplitude acoustic emis-
sion signals (on average) than other tests, it is important to
consider the number of signals taken from each test. As some
of the tests exhibit several orders of magnitude higher num-
ber of signals (e.g., Double-cantilever-beam test) than others
(e.g., tensile test), the latter would not be statistically repre-
sentative. Hence, we decided to first mix all datasets of the
same test condition (i.e., all ten measurements after filter-
ing to 50 ± 5mm distance) and then select a random subset
of 1000 signals from this mixed dataset. As next step, we
then combined the 1000 signals of each experimental set-
ting into one reference dataset (now holding 8000 signals),

thus giving equal weight to each experimental configuration
(laminate layup and load condition). An example of such a
distribution is given in Fig. 3a.

However, there is an obvious bias inherent to this
approach. There is no guarantee, that the later test struc-
ture will show a source distribution that is equal to the mix
used for the reference dataset. In addition, the list of poten-
tial experiments to combine for the reference dataset is open
ended, as more stacking sequences and test conditions could
be added. Consequently, an alternative approach would con-
sist in selecting the test case with the lowest amplitude values
as refeðrence dataset, as this would be the most conservative
choice. Another alternative is to focus only on a particular
failure mode (e.g., tensile failure) and calculate PoD only for
this failure mode scenario.

However, for a general situation, without knowing the
potential mode of failure and likely occurrence of mixed
failuremodes, we are convinced that amix of different exper-
imentally obtained datasets is the most unbiased approach to
calculate for the acoustic emission PoD.

In order to demonstrate the proposed PoD concept with-
out additional bias in the reference dataset another approach
will be used in this study. As it is hard to induce natural
acoustic emission sources with controlled amplitudes in a
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Fig. 4 Result of attenuation measurement on a cross-ply plate in 0◦, 45◦ and 90◦ direction (a) and attenuation map of fiber-reinforced structural
part for channel 1 (b)

structure, a piezoelectric pulser is used instead in order to
generate test signals with varying amplitudes. As seen in
Fig. 3b, we apply a relatively smooth source distribution for
this purpose. To generate a test signal, we use a conical piezo-
electric element with brass backing as used in [19] as pulser
system. The piezoelectric material is driven by an Agilent
33210A arbitrary waveform generator using a step function
pulsewith 20 ns edge time and hold times of 5ms to avoid ini-
tiation of another acoustic emission within the observation
window, i.e., the acquisition settings were chosen accord-
ingly to ensure the second signal falls in the lock-out time
of the measurement system. To reproduce the distribution
of Fig. 3b, an arbitrary number of 2258 signals are excited
at each position with varying maximum signal voltage. We
choose a signal amplitude high enough to yield a 100% PoD
at distances close to the pulser. For statistical reasons, the
experiment is repeated five times at each position. To facil-
itate a good coupling, we use Korasilone grease (Bayer) to
compensate effects of dry contacts or entrapped air gaps at
the contact interface. Details of the geometrical arrangement
between the pulser and sensor are provided in Sects. 3.3 and
3.4 for each of the test conditions.

3.2 AttenuationMeasurement

In addition to the reference dataset, a measure of signal atten-
uation in the structure is required. As experimental approach,
we used a WD type sensor, attached to a 2/4/6 preamplifier
with 40 dB gain and PCI-2 acquisition card (both Mistras).
An analog bandpass was included in the preamplifiers rang-
ing from 20 to 1200 kHz. Acquisition was made based on a
75 dBAE threshold value at 20 MSP/s sampling rate in syn-
chronized acquisition mode (all channels trigger at threshold

crossing at one sensor). The sensor positionwas kept constant
and test signals were generated at distinct positions using a
Hsu-Nielsen source according to ASTM E 976. Five repeti-
tions were made at each designated position. Distances were
chosen starting close to the sensor and then incrementing
20 mm typically until the signal was barely detected, or the
outer dimensions of the test structurewere reached. Figure 4a
shows an example of the measurement result of a cross-ply
plate along 0◦, 45◦ and 90◦ direction. The absolute values of
signal amplitudes of Fig. 4a depend on the coupling quality
of the test sensor, so these are not useful for the evaluation of
the attenuation factors. Instead, the attenuation factors were
determined from linear regression of the slopes of Fig. 4a as
− 8.9 dB/m for 0◦ propagation direction,− 4.9 dB/m for 45◦
propagation direction and − 6.3 dB/m for 90◦ propagation
direction.

As alternative approach to provide a measure of attenua-
tion, we evaluated the attenuation map for the test cases of
Sects. 3.3 and 3.4. The final result for the example of Sect. 3.4
is shown color-coded in Fig. 4b. To measure the attenuation
map, we used fourWD sensors attached to the structure at the
designated positions of Fig. 4b. Test signals were generated
at distinct positions using a Hsu-Nielsen source according to
ASTM E976. Acoustic emission signals are recorded using
a 2/4/6 preamplifier with 40 dB gain and PCI-2 acquisition
card (both Mistras). An analog bandpass was included in the
preamplifiers ranging from 20 to 1200 kHz. Acquisition was
made based on a 75 dBAE threshold value at 10 MSP/s sam-
pling rate in synchronized acquisition mode. For each of the
attached WD sensors (channel 1 in Fig. 4b) it is possible to
calculate the reduction of amplitude in �dBAE as function
of the (x, y, z)-position when relating the test signal dBAE,i

to the maximum of the series dBAE,max as:
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Fig. 5 Schematic of PoD
measurements in case study 1
(a) and in case study 2 (b)
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�dBAE = dBAE,max − dBAE,i (3)

As seen in Fig. 4b, this allows to “map” inhomogeneous
attenuation values and allows to improve the accuracy of the
PoD prediction in a given test case as will be discussed in
Sect. 4.

3.3 Case Study 1: Fiber Reinforced Plates

In order to demonstrate the feasibility of the proposed PoD
prediction approach, we decided to use two case studies for
the comparison of experimental results to the PoD predic-
tion. As first case study, we use a set of three carbon fiber /
epoxy plates made from the prepreg system Sigrafil CE1250-
230-39 with a size of 570 mm × 570 mm and a thickness
of 1.3 mm. As stacking sequences, unidirectional [03]sym,
cross-ply [0/902]sym and quasi-isotropic [0/60/ − 60]sym
were used. In the notation used, subsets indicate repeated
layers and “sym” indicates symmetry at the plate midplane.
All plates were cured according to the material supplier’s
recommendation. For the experimental assessment of the
PoD, independent measurements were made along the 0◦,
45◦ and 90◦ direction of each plate. For these measurements,
the piezoelectric pulser is placed at the centre position of the
plate and the sensor is moved to several distances (20 mm
increments, details see schematic in Fig. 5). Each position of
the sensor was checked five times, applying the settings and
distribution described in Sect. 3.1. Acoustic emission sig-
nals were recorded by a WD type sensor attached to a 2/4/6
preamplifier at 40 dB gain and a PCI-2 acquisition card (both
Mistras). An analog bandpass was included in the preampli-
fiers ranging from 20 to 1200 kHz. Acquisition was made
based on a 25 dBAE threshold value at 10 MSP/s sampling
rate with 20/200/700 (PDT/HDT/HLT) trigger settings.

3.4 Case Study 2: Fiber Reinforced Structural Part

For proper exploration of the predictive capabilities of the
approach, we decided to use a realistic structural composite
part for case study 2. To this end, we apply the same con-
cept as described for the three plates to a structure with steep
curvature changes, thickness variations, cutouts and realistic
complexity of the stacking sequence. As the latter changes
throughout the structural part, it is not feasible to provide
a global stacking sequence, but overall it consists of fiber
directions along ± 45◦, 90◦ and 0◦ as well as interspersed
fabric layers. The part is fabricated using a carbonfiber epoxy
system following a curing cycle in accordance with themate-
rial supplier’s recommendations. As indicated in Fig. 5b, the
piezoelectric pulser was kept at constant position and the
sensor distance was changed along four different directions
relative to the pulser at 20 mm increments. Acoustic emis-
sion signals were recorded by a WD type sensor, attached
to a 2/4/6 preamplifier with 40 dB gain and PCI-2 acquisi-
tion card (bothMistras). An analog bandpass was included in
the preamplifiers ranging from 20 to 1200 kHz. Acquisition
was made based on a 25 dBAE threshold value at 10 MSP/s
sampling rate with 20/200/700 (PDT/HDT/HLT) trigger set-
tings.

4 Results

In the following, we present the results of the PoD mea-
surements and discuss these relative to model calculations as
obtained by our proposed method. This is first demonstrated
using a quadratic fiber reinforced plate with various stack-
ing sequences, then is demonstrated in application to a fiber
reinforced structural part with reasonably complex attenua-
tion characteristic.
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Fig. 6 Typical amplitude distribution of acoustic emission signals detected at 40, 100 and 240 mm at 0◦ orientation (a) as well as measured and
computed PoD along 0◦ (b), 45◦ (c) and 90◦ (d) direction for the cross-ply plate

4.1 Case Study 1: Fiber Reinforced Plates

Based on the experimental approach described in Sect. 3.3,
measurements of the number of detected signals as function
of distance to the sensor position were carried out along three
principal directions of each plate. In Fig. 6a, the measured
signal amplitude distribution is shown for three distances to
the sensor. For the cross-ply plate at 0◦ direction of propaga-
tion, at 40mm distance, still almost all signals were detected,
i.e., 2218/2258 were recorded. Accordingly, the measured
PoD evaluates as 98.2%.At 100mmdistance, the less intense
signals approach the detection threshold and partially fall
below the value of 25 dBAE, as seen by the significant left-
shift of the amplitude distribution. At 240 mm a significant
number of signals fall below the threshold, so that the PoD
evaluates as 28.2% only. This is also seen in the reduced
height of the signal distribution. The shape of the distribu-
tion curve of all three cases follows the shape of the input
signal distribution (cf. Fig. 3b). The full evaluation in terms
of experimental PoD data is shown in Fig. 6b, c and d for the

cross-ply plate in propagation direction 0◦, 45◦ and 90◦. The
dotted data represent the measurement results.

Superimposed to the measured PoD values, two approa-
ches of model calculations are presented. For each propaga-
tion direction, the solid line represents the approach using
a constant attenuation factor as described in Sect. 3.2. In
addition, the dashed line represents the same PoD approach
using the attenuationmapping data selected along the specific
propagation directions. For the 0◦- and 90◦ direction of prop-
agation, there is good agreement between the experimental
data and either of the two calculated approaches. Generally,
the constant attenuation factor results in a smooth fall-off,
as there is no change in the attenuation values as function
of distance. In contrast, the attenuation mapping approach
results in more changes of slope, as local deviations in the
attenuation behavior are taken into account. This difference
is seen best for the 45◦ direction of propagation. In this case,
the constant attenuation factor would significantly overesti-
mate the real PoD. Using the attenuation mapping approach,
the sudden drop of PoD at 75 mm and the evolution there-
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Fig. 7 Comparison of resulting PoD for a scenario with four sensors applied on a quasi-isotropic plate, assuming a constant attenuation profile of
the worst case measured in 0◦ direction (a) and using the attenuation mapping approach (b)

after is capturedwell. In general, the discrepancy between the
experimental data and the calculated results of the attenua-
tion mapping approach is mostly due to the number of points
used to establish the attenuation map, which is still much
better than a constant attenuation value for each propagation
direction.

For practical applications, the PoD curves may be turned
into a color-coded representation of PoD values as function
of position. Such information is provided in Fig. 7 for the
quasi-isotropic plate. The visualization requires two pieces
of information besides the sensor position. A measure for
the attenuation in the structure and a relationship between
PoD and distance to sensor. In the approach of Fig. 7a
the quasi-isotropic plate assumes the worst case attenuation
value of − 9.1 dB/m measured for this case and uses a cor-
responding PoD-curve of the quasi-isotropic plate (similar
to Fig. 6b, c, d). Given the a-priori knowledge of directional
dependency of attenuation values for different propagation
directions as discussed above, this may seem too simplistic.
However, this approach represents the typical scenario for a
more complex technical structure, where proper evaluation
of the attenuation values as function of angle is impossible,
as this may easily depend on the position of detection. As
second approach, the attenuation map is used to visualize the
corresponding PoD values in Fig. 7b. For better comparabil-
ity, both figures use a common color scale to represent PoD
values in the range of 0–100%. For the attenuation mapping
approach of Fig. 7b, the values measured in 11 rows and 11
columns (121 in total) are interpolated to yield a more uni-
form rendering. Obviously, the PoD values calculated using
the attenuation map take into account the inhomogeneity of
the propagation medium, as there are strong differences of
the resulting PoD not solely as function of distance to the
sensors. This is owed to different fiber orientations, as well
as inhomogeneous fiber distribution and voids present in the

test laminates. In addition, spots of low PoD are predicted for
different locations than in the approach with constant atten-
uation. Based on the good agreement of this PoD prediction
with the measured PoD values this is considered a more real-
istic view of the actual situation.

4.2 Case Study 2: Fiber Reinforced Structural Part

As second case study, we present results from a fiber-
reinforced structure with reasonable geometrical and acous-
tical complexity (cf. Sect. 3.4). Similar as for the case study
before, we evaluate the approach to use a constant attenuation
factor and the approach using the attenuation mapping. As
seen in Fig. 5, experimental datasets were collected along
four different tracks on the surface of the structure (cf.
Fig. 5 for position). From attenuationmeasurements we eval-
uated values of − 4.1 dB/m (track 1), − 5.9 dB/m (track 2),
− 10.7 dB/m (track 3) and − 10.4 dB/m (track 4) using a
linear regression approach.

For the experimental data it is worthwhile to note that the
falloff generally does not have a smooth tendency, but has
several ups and downs as function of distance to the test sen-
sor. This is due to the different cutouts of the structure as
well as specific changes in laminate thickness and stacking
sequences at designated positions. This is especially pro-
nounced for track 2, as the laminate sequence changes three
times along the selected direction. Accordingly, three differ-
ent regions and transition zones are observed in themeasured
PoD curves. The simplified approach to apply constant atten-
uation values leads to fairly smooth PoD curves, which are
superimposed relative to the experimental data points as solid
lines in Fig. 8. Except for Fig. 8c the agreement with the
experimental data is relatively low. The measured PoD val-
ues are either under- or overestimated. Especially for track
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Fig. 8 Measured and computed PoD for the four different tracks on structural part (see Fig. 5), track 1 (a), track 2 (b), track 3 (c) and track 4 (d)

1 seen in Fig. 8a, the calculated PoD overestimates the mea-
sured values significantly.

In contrast, the PoD values of the attenuation mapping
approach match the measurement values much better. Based
on the concept of the approach this is not unexpected, as it is
possible to take into account the inhomogeneous attenuation
values. Except for the first part of track 2, this generally leads
to a reasonably good description of the measurement values.

Considering the same visualization approach as for case
study 1, the aim of Fig. 9 is to contrast a simple approach
with constant, isotropic attenuation values and the approach
using attenuation mapping. Taking into account the conser-
vative attenuationmeasure of− 10.7 dB/m, the resulting PoD
values in the structure solely depend on the distance to the
sensor as seen in Fig. 9a. In the given situation this indi-
cates that large parts of the structure reach PoD values close
to zero. For the attenuation mapping approach presented in
Fig. 9b, the PoD values are based on a measurement grid of
190 equally distributed test points, which are interpolated to
yield a smoother representation. Based on the high attenua-
tion value chosen for the PoD calculation of Fig. 9a, the real

detectability of acoustic emission sources is highly underes-
timated. The PoD calculation of Fig. 9b reveals that a large
part of the structure still has PoD values above 50%. Accord-
ingly, the proper evaluation in this case not only provides a
more realistic view on the expected PoD values as function
of position, but also allows the selection of an appropriate
sensor network density.

5 Conclusion

The presented approach for probability of detection calcula-
tion considers an experimentally obtained reference dataset,
which appears more accessible than a theoretical, model
based approach. The strength and weaknesses of this choice
are briefly contrasted in Table 2 below. The calculus of
detectable signals at a given distancewas demonstrated using
two different approaches using experimental measurements
of attenuation as basis. As conservative approach, the maxi-
mum attenuation coefficient found in the test structure may
be applied, while less conservative, yet more accurate predic-
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Fig. 9 Comparison of resulting PoD for a scenario with four sensors on the test structure, assuming a constant attenuation profile of the worst case
measured in track 3 (a) and using the attenuation mapping approach (b)

Table 2 Comparison of strengths and weaknesses of the approach using an experimentally obtained reference dataset

Strength Weakness

No model assumption of failure probabilities required Mix of different failure types and datasets crucial for PoD values

Mix of failure modes readily available Amplitude bias if no correction for confinement effect is made

If acquisition settings are identical in reference case and test case, no
need to implement PoD changes due to equipment

Need to generate 100% PoD measurements at short distance and keep
acquisition settings constant for reference case and test case

tion is expected for attenuation mapping approaches, which
was validated against an independent experimental approach.
As the presented approach seems properly established, the
predictive capabilities are intrinsically linked to the proper
choice of the reference dataset.

For some applications, it might even be interesting to use
different philosophies than the approach presented in Sect. 3.
In some cases, it might be relevant to calculate PoD only for
a particular failure mechanism, such as fiber breakage. Given
the availability of signal classification methods (e.g., follow-
ing the approach in [9,18]), the reference datasets may be
reduced to finally hold only signals belonging to this mecha-
nism. Then the resulting PoD calculation can be interpreted
in terms of detectability of this failure mechanism only. Fur-
ther, in many test cases, the test structure may not necessarily
be loaded to final failure.With this inmind and the aspect that
higher amplitude signals tend to appear in later stages towards
failure, the reference datasets may also be limited until a cer-
tain load percentage to failure (e.g., up to 60% ultimate load).
Consequently, the PoD calculation for the test structure are
then more strictly representing the expected type of failure
modes and amplitudes. This may result in stricter require-
ments for sensor placements in case the signal amplitudes
are lower for these reference datasets.
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