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Abstract

This study introduces a comprehensive set of designed and tested glass/epoxy composites, AE
monitoring and signal processing techniques; (i) to investigate the effect of multiple delaminations
on buckling and post-buckling behaviors of laminated composites and (ii) to evaluate Acoustic
Emission (AE) technique ability to monitor the buckling delamination growth and to classify the
occurred damage mechanisms. The pre-delaminations were made by inserting a Teflon film at the
plies interfaces during fabrication. Three different types of specimens were fabricated and
subjected to compression loading to study the effects of the location, the number of delaminations,
and the thickness of the Teflon film on buckling and post-buckling behaviors of the specimens.
The mechanical results showed that the number of delaminations has a major effect on the critical
and maximum loads and the location of delamination and the thickness of the Teflon film have
minor effects on the critical and maximum loads. The AE signals of the specimens were then
classified using Gaussian Mixture Model (GMM) and the evolution of different damage
mechanisms was investigated. The AE results showed that AE is a robust technique to classify
damage mechanisms in buckling of laminated composites and could identify delamination

propagation earlier and with a lower standard deviation, compared with the conventional methods.
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1. Introduction

Fiber Reinforced Polymer (FRP) composites are utilized increasingly in many industries due to
their high specific strength and stiffness [1-3]. Despite their advantages, these materials suffer
from different damage mechanisms such as matrix cracking, fiber breakage, and delamination [4-
6]. Delamination is the most common damage mode in laminated composites that significantly
reduces the stiffness of the structure [4]. Delamination is particularly critical when the structure is
subjected to in-plane compressive loading. In this situation, complex interactions between
buckling, post-buckling, and delamination evolution can occur [7].

Delamination usually occurs at the interior layers of laminated composites, thus it is not visible
to the eye from the outside. In order to detect delamination in composite structures, different Non-
Destructive Evaluation (NDE) methods have been used [8-11]. Among the NDE techniques,
Acoustic Emissions (AE) have a good applicability for in-situ monitoring [12-15].

Some researchers have investigated the buckling and post-buckling behavior of laminated
composites consisting of one or multiple delaminations using experimental, analytical and
numerical methods [16-19]. Hosseini Toudeshky et al. [20] studied the effect of composite lay-ups
on the delamination propagation in specimens under in-plane compression loading. They showed
that delamination propagation could be controlled by changing the composite’s lay-up. They also
stated that delamination propagation rate decreased by increasing the vertical displacement of the
specimen. Gu and Chattopadhyay [21] investigated the effects of the location and the length of

delamination on buckling and post-buckling behavior of carbon/epoxy composite plates using



analytical and experimental methods. The results showed that the buckling mode was closely
dependent on the location and length of the delamination.

In recent years, some research has been conducted to investigate the behavior of delamination
in laminated composites under tensile, mode I, mode II and mixed-mode I&II loading conditions
using AE method [22-27]. Saeedifar et al. [22] predicted the propagation of delamination in
glass/epoxy specimens under mode I loading using AE cumulative energy parameter. Some
researchers used AE technique to classify different damage mechanisms in laminated composites
under in-plane compression loading. Mohammadi et al. [25] classified different damage
mechanisms in Open Hole Tensile (OHT) composite specimens under compression load. They
quantified different damage mechanisms by analyzing the AE signals with wavelet transform and
fuzzy clustering methods. However, as the manufactured specimens were unidirectional lay-up
([0]19) delamination did not occur. McCrory et al. [28] classified damage mechanisms in
carbon/epoxy composite plates without any pre-delamination under in-plane compression loading.
They classified damages in the specimens by three methods: Artificial Neural Network (ANN),
Unsupervised Waveform Clustering (UWC), and Measured Amplitude Ratio (MAR). Debski et
al. [29] determined the buckling load of a thin-walled carbon/epoxy channel using experiments
and Finite Element Method (FEM). They utilized AE energy parameter to determine the initiation
of buckling, without further analysis of the AE data. Zhou et al [30], studied the state of damage
during buckling of delaminated composites using Digital Image Correlation (DIC) and AE
techniques. They investigated the global state of damage, but no discriminating and detailed
attention were done regarding the damage evolution and the occurred damage types such as
delamination, matrix cracking and fiber breakage separately.

Based on the literature review, it was discovered that there is a lack in comprehensive AE-based

study of buckling and post-buckling behavior of the delaminated composites. Therefore, the main



objective of this study is to utilize AE to investigate buckling and post-buckling behavior of
glass/epoxy laminated composites with multiple pre-delaminations. To this aim, three different
types of specimens, with and without pre-delaminations and with different numbers and locations
of the delaminations were subjected to in-plane compression loading and the tests were monitored
by AE technique. The mechanical results showed that the number of delaminations has a major
effect on the critical and maximum loads and the location of delamination and the thickness of the
Teflon film have minor effects on the critical and maximum loads. The AE signals of the
specimens were then classified using Gaussian Mixture Model (GMM) and the evolution of
different damage mechanisms was investigated. The AE technique is able to identify the
propagation of delamination and the type of damage in laminated composites under in-plane

compression loading and it can be used to investigate the integrity of composite structures.

2. Experimental Procedures

2.1. Description of the Materials

The specimens were fabricated from epoxy resin EPL1012, which was mixed with EPH112
hardener and reinforced with E-glass unidirectional fibers with density of 1.17 g/cm? and 400 g/m?,
respectively. The laminates were prepared by Vacuum Infusion Process (VIP) method. Inserting a
Teflon film at the interface of different plies during manufacturing was used to create the artificial

delaminations. The specification of the specimens is represented in Table 1 and Fig. 1.



Table 1. The specifications of the specimens.

Specimens Delamination location The thickness of Teflon Lay-ups
film that serves as the
artificial delamination
(m)
Sp Without pre-delamination - [0°/907],

S, 27 interface 250 [0° /907
Sy 4™ interface 250 [0°/907],
Se 6™ interface 250 [0° /90 ]
SMK 2nd A4t and 6t interfaces 250 [0° /907,

SMN 2nd 4t and 6t interfaces 150 [0°/907],
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Fig. 1. The schematic of the specimens.

2.2. Test Method

As illustrated in Figure 2, the specimens were subjected to compression loading. Compression

loading was applied at a constant feed rate of 0.5 mm/min in displacement control mode and at a



temperature of 25°C. The applied load and the vertical displacement were continuously recorded

during all the tests by a universal compression/tensile machine (DARTEC). The load cell capacity

was 50,000 N with 10 N resolution.

In addition, the lateral deflection of the specimen was recorded by two digital dial indicators
with resolution of 0.01 mm, located at the left and right sides of the specimen. In order to record
the AE signals, two AE sensors were placed on the specimen surface at a distance of 40 mm from
the specimen center. The test process was monitored using a digital video camera. Three coupons

of each type of specimen were tested to check the tests repeatability.
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Fig 2. a) The schematic and b) the real test setup.

2.3. AE system

PICO which is a single-crystal piezoelectric transducer, from Physical Acoustics Corporation
(PAC) was used as the AE sensor. It is a broadband, and resonant-type sensor with the resonance

frequency and optimum operating frequency range of 513.28 kHz and [100-750 kHz],



respectively. The AE events were recorded by the AEWin software and a data acquisition system
PAC-PCI-2, with a maximum sampling rate of 40 MHz. Vacuumed silicon grease was used as
acoustical coupling. The recorded AE signals were enhanced by a 2/4/6-AST preamplifier. The
gain selector of the preamplifier was set to 40 dB. The threshold of receiving AE signals was
adjusted to 35 dB. The test-sampling rate was 1 MHz with 16 bits of resolution between 10 and
100 dB. A pencil lead break procedure was used to calibrate the data acquisition system for each

specimen.
3. Gaussian Mixture Model (GMM) Clustering
Discrimination of AE events due to different types of damage in composite materials is a major

problem. GMM is a probabilistic model that assumes the data are a weighted sum of a finite

number of Gaussian densities with unknown parameters [31]:
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where A4 is data, wy is the mixture weight function, and g is the Gaussian density function with

mean vector y; and covariance matrix [ly.

The GMM algorithm consists of three steps [31]:

1. The algorithm starts with some initial estimation for mean vectors and covariance

matrixes. Then, it calculates the weight function for all data and all mixture combinations.



2. Using the membership weight and the data to calculate the new parameters. If the
sum of membership weight for ki component is defined as Ng=[wj,, the new mixture

weight can be calculated by:

N,
wf{’ewzﬁk; 1<k<K 4)

The new mean vector and covariance matrix for Gaussian distributions are updated as

follows:
new 1 -
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3. Repeating steps 1 and 2 to satisfying the stopping criterion.

4. Results and Discussions

The obtained results are presented in two sections: the first section is dedicated to the
mechanical results, and the second section is devoted to the AE results.

4.1. Mechanical Results

The compression load vs. vertical displacement curve of specimens Sp is shown in Fig. 3. The
curve can be divided into three regions: I) Elastic increasing region; where there is a linear
relationship between the load and displacement. In this region, no buckling occurs. IT) Nonlinear
increasing region; at the beginning of this region, the specimen buckles. Thus, there is a nonlinear
relationship between the load and displacement. The amount of nonlinearity is small at first, but it
increases with the load. III) Load descending region: at the maximum load, the specimen cannot
withstand anymore load. Therefore, the load decreases gradually by increasing the vertical

displacement.
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Fig. 3. The compression load vs. vertical displacement curve of specimens Sp.

Fig. 4 shows load-displacement curves of the specimens with one delamination (i.e. S,, S,, and
S¢ specimens). The load-displacement curve of these specimens can be divided into three regions
similar to specimen Sp. However, the nonlinear increasing region of the load curves for these
specimens is greater than specimen Sp, due to local buckling. By comparing the curves of
specimens S,, Sy, and Sg, it appears that when the artificial delamination is closer to the specimen’s
surface: 1) the load decreases faster after the maximum load (region III), and 2) the displacement
corresponding to the final failure of the specimen reduces. This is due to this fact when the artificial
delamination is closer to the specimen’s surface, the thickness of the sub-laminate reduces, that
results in local buckling of the sub-laminate at the lower loads. After this local buckling,
delamination propagates and consequently the load-carrying capacity of the base-laminate

diminishes. Thus, the final failure of the specimen occurs earlier.
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As illustrated in Fig. 5, for specimens Sy;x and Sy,.n there is a linear relationship between the

10

load and displacement until almost load 3 kN. At this point global buckling occurs but the lateral
deflection of the specimens is less than the lateral deflection of the specimens with one
delamination. In the end of region I, the exterior delamination (i.e. 2"%) propagates and local
buckling occurs, which is due to the lower thickness of the sub-laminate for the 2"d delamination
compared with the 4™ and 6" delaminations. In region II, the load-increasing rate decreases
gradually until the maximum load. At this moment, the delamination 4™ starts growing and the
load drops instantaneously. In region III, the load-increasing rate is less than regions I and II. At

the end of this region, the delamination 6! growths and the load decreases continuously. Fig. 6



shows the side view of specimen Sy in different stages of delaminations propagation. A mixed-

mode buckling behavior (i.e. global and local buckling simultaneously) can be seen in this figure.
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Fig. 6. The growth of a) first, b) second, and c) third delamination in specimen Sy;.k.
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Fig.7 shows load vs. lateral deflection of the specimens. The lateral deflection was recorded by
two digital dial indicators. As can be seen, no lateral deflection is observed until point 1. Point 1
corresponds to the global buckling of the specimens. The lateral deflection is increased until point
2 that corresponds to the delamination induced local buckling. At this point the delamination
propagates and consequently the base-laminate and the sub-laminate split from each other.
Therefore, the lateral deflection curves of the base-laminate and the sub-laminate are separated. In
the case of specimens Sy and Sy, after global buckling at point 1, local buckling due to
propagation of the 2" delamination is occurred at point 2. Thus, the lateral deflection curves of
the base-laminate and the sub-laminate have been separated. Points 4 and 6 correspond to the

growth of the 4™ and 6™ delaminations, respectively.
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Fig. 7. Load vs. normalized lateral deflection (lateral deflection divided to the
specimen’s thickness) curve of the specimens a) Sp, S,, Sy, and S¢, and b) Sy, and Syp~.
(Base-laminate which is denoted by “Base” is the thicker part of the specimen at the side of

delamination and sub-laminate which is denoted by “Sub” is the slender part of the
specimen at the other side of delamination).

The effects of the location and number of delaminations and the thickness of the Teflon film
that serves role of the artificial delamination on the critical buckling load and maximum load are
represented in Table 2 and Fig. 8. Comparing the critical and maximum loads of specimens S,, S,
and S¢ shows that the critical and maximum loads of specimen S, are slightly higher than the other

specimens, which is in consistent with the literature [32, 33]. As the delamination moves from the
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surface (2" interface) to the inner of the composite laminate (4" interface), stiffness of the sub-
laminate increases and it leads to increasing of the buckling load, while with more growing of
delamination depth from the 4t to 6t interface, stiffness of the base-laminate deteriorates and the
buckling loads reduce consequently [33]. The number of delaminations has a major effect on the
critical and maximum loads. The critical and maximum loads of the specimens are reduced by
47% with increasing the number of delaminations from 1 to 3 (S,, S; and S¢ compared with Sy
and Syiv). The comparison of the loads of specimens Syx and Sy shows that by increasing the
thickness of the Teflon film, the critical and maximum loads are decreased about 6% and 5%,
respectively. This is due to the increase in the thickness of the Teflon film that reduces the effective

thickness of the laminate, so the global buckling occurs at the lower loads.

Table 2. The effects of the number and the location of delamination on critical buckling
load and maximum load of the specimens.

Specimen Sample p P, Mean of Meanof Fer Por-i Pmax-i
No. “ ™ P Pyax PMax Per_ Sp PMax - Sp
Sample 1  5.15 10.24
Sp Sample2 521  10.26 5.23 10.21 0.51 1 1

Sample 3 5.32 10.13
Sample 1 4.30 9.91

S, Sample 2 4.11 9.09 4.24 9.53 044  0.81 0.93
Sample 3 4.31 9.60
Sample 1  4.56 9.59

S, Sample2  4.58 9.97 4.52 9.93 045 0.86 0.97
Sample 3 4.42 10.22
Sample 1  4.21 9.49

Ss Sample2 4.21 9.29 4.23 9.21 046  0.81 0.90
Sample 3 4.27 8.85
Sample 1 2.94 5.13

Smk Sample 2 2.93 5.49 2.93 5.27 0.56 0.56 0.52
Sample 3 2.93 5.20
Sample 1 3.00 5.65

Smn Sample2  3.22 5.78 3.12 5.62 0.56  0.60 0.55
Sample3 3.14 5.43

14
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Fig. 8. The ratio of the critical and maximum loads of the specimens to the critical and
maximum loads of specimen Sp with the standard deviation.

4.2. AE results

Due to good repeatability of the tests, only one curve for each type of specimens is presented
in the following figures, to avoid complexity in the graphs. Fig. 9 shows the load, AE energy,
and cumulative AE count versus displacement curves of specimen S,. According to the AE
energy intensity, this diagram can be divided into three sections, which are consistent with the
three sections shown in Fig. 4.b. In the first section, no damage occurs, thus, no AE activity is
observable. In the second section, the specimen buckles, which leads to some micro damages.
Therefore, low energy AE events are observed in this section. In the third section delamination
propagates instantaneously, thus high energy AE events are seen. First high energy AE event is
considered as the initial growth of delamination. After the initial growth of delamination, fiber
bridging occurs in the specimen, thus the rate of delamination propagation is reduced and the

energy of the AE activities is decreased. Fig 9.b shows cumulative AE count diagram of

15



specimen S,. The cumulative AE count diagram can also be divided into three sections; based
on the slope of the curve: region I) where there is no AE event, as no damage occurs in the
specimen. Region II) where the rate of cumulative AE count curve is low. It shows the
occurrence of some micro damages, because macro damage mechanisms usually generate high
energy signals. Region III) where the rate of cumulative AE count curve is high. At the first of
this region, delamination propagates and consequently other damage mechanisms are activated

in the specimen.
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Fig. 9. a) The AE energy and b) the cumulative AE count curves of specimen S;.
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Fig. 10 shows the load, AE energy, and cumulative AE count versus displacement curves of
specimen Syx. There are three burst activities and three jumps in the AE energy and cumulative
AE count curves, respectively. According to Fig. 7 and the recorded videos during the tests, these
jumps correspond to the growth of the three delaminations. Thus, AE can precisely identify the

growth of delamination in the specimen.
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4.2.1. Sentry Function

Sentry function has been defined as the logarithmic ratio of the mechanical energy (area beneath
the load-displacement curve) to the cumulative AE energy [34]. According to the damage status
in the specimens under loading, four different trends of sentry function can be observed: I)
increasing trend: this trend shows that no damage has occurred in the specimens. II)
Instantaneously drop: it shows the severe damage such as delamination growth. IIT) Gradually
decreasing: this trend indicates the microscopic damage such as matrix cracking. IV) Stable state:
it shows the balancing of the mechanical damage and the AE activities.

Fig. 11 shows sentry function curves of specimens Sy and S4. For specimen Sy, at the
beginning of the test, sentry function shows the increasing trend (type I) followed by a big fall
(type II). This fall indicates growth of the 2" delamination. After this load drop, the second type I
function is observed which has lower slope compared with the first type I function. This fact shows
that the specimens can still bear larger loads but the stiffness of the specimen is slightly reduced.
The second and the third drops of the sentry function curve correspond to the growth of the 4™ and
6™ delaminations, respectively. After each drop, the slope of type I function is reduced, showing
the effect of delamination growth on the stiffness reduction. For specimen Sy, the first type II

function is considered as the initial delamination growth.
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Fig. 11. The sentry function curves of specimens a) Sy and b) S,.
4.2.2. Classification of damage mechanisms by AE
According to literature review, the best parameters for AE signals clustering in composite
materials are frequency and amplitude [35-36]. Thus these two parameters are selected as the AE
features of the specimens AE signals for the clustering process. Prior to the clustering, the optimum
number of clusters should be specified. To this aim, Gap criterion [37] is utilized to specify the

optimum clusters number. The highest value of the Gap index shows the best clusters number. Fig.

19



12 shows the values of Gap index for different cluster numbers. The best clusters number according

to this index is 3.
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Fig. 12. The optimum clusters number for AE signals of the specimens.
The AE signals of the specimens are classified using GMM clustering method. Fig. 13 shows
the clustered AE signals of the specimens. As can be seen, GMM partitioned data into three classes

with approximate frequency ranges of [50-180 kHz], [180-330 kHz], and [330-500 kHz].
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Now, the clustered data should be dedicated to the damage mechanisms. According to the
previous research [38], different damage mechanisms usually have specific frequency ranges.
Three main damage mechanisms in laminated composites are delamination, matrix cracking, and
fiber breakage [4-6]. In our previous study [38], the frequency range of each damage mechanism
was obtained by conducting some experiments such as tensile tests of pure resin and fiber bundle.
The results [38] showed that the peak frequency ranges of delamination, matrix cracking, and fiber
breakage are [50-170 kHz], [170-250 kHz], and [350-500 kHz], respectively (see Fig.14).
Therefore, the class with the lowest frequency is dedicated to delamination, the class with the
highest frequency is devoted to fiber breakage, and finally, the class with the medium frequency

is allocated to matrix cracking.
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Fig. 14. The peak frequency range of the AE signals of a) delamination, b) matrix
cracking, and c) fiber breakage [37].

Fig. 15 shows the cumulative AE energy of each damage mechanism. Before the delamination

growth there is no considerable damage in the specimens, while by increasing of delamination

signals that shows the delamination initiation, other damage mechanisms increase. In all cases, the

energy curve of delamination damage could well predict the initiation of delamination. The

increasing trend of the fiber breakage signals energy after the delamination growth is almost due

to breakage of the bridged fibers between two adjacent plies of delamination (see Fig. 16). The

localization of these signals confirms this claim. Fiber bridging controls and restrains the growth
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of delamination. Comparing the cumulative AE energy curves for fiber breakage and delamination
in Fig. 15 shows that both curves have a similar trend. When the cumulative curve of the fiber
breakage signals is smooth, i.e. low number of fibre breakage signals, the cumulative delamination
energy is low as well (except the second and third jumps in delamination energy curve of Sy.x and
Smn specimens that are due to the initiation of new delaminations at the other interfaces). The
smooth trend in the cumulative AE energy curves means that there is no significant fiber breakage
and delamination growth. When the bridged fibers start failing there are sudden rises in the
cumulative curves due to appearance of fiber breakage signals and at the same time the
delamination growths rapidly, therefore a significant increase in the delamination energy curve is

observable.
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Fig. 16. The fiber bridging phenomenon in specimen Sy.k.

Table 3 reports the corresponding vertical displacement to the delaminations growth in the
specimens identified by different methods. As can be seen, the AE-based methods (i.e. AE energy,
AE cumulative count, and sentry function) recognize the delamination growth earlier than the other
conventional methods (i.e. visual detection method and the load drop method). The vertical
displacements corresponding to delamination growth which were detected by AE are about 17%
lower than the displacements predicted by the conventional methods on average of all specimens.
The visual detection method offers the upper bound results due to difficulties of visual detection
of delamination growth. The load drop method does not offer a good result for specimen Sg as its
load decreases gradually without significant instantaneous drop. In addition, the variance of the
AE-based results is about 68% lower than the variance of the conventional methods results (see
Fig. 17). Thus, AE can be used in health monitoring of the laminated composite structures

subjected to compression loading.
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Table 3. The corresponding vertical displacement to the delamination growth in the
specimens identified by different methods.

AE-based methods

S . Cumulative
. Delamination  Visual Load .
Specimen . AE Cumulative  Sentry energy of
number detection  drop . gor
energy AE count function delamination
signals
Sp - - - - - - -
S, 2nd 0.81 0.72 0.71 0.70 0.70 0.68
S, 4th 0.98 0.88 0.86 0.85 0.65 0.82
Se 6t 0.98 1.14 0.60 0.60 0.59 0.60
2nd 0.36 0.30 0.28 0.26 0.26 0.24
Sk 4th 0.46 0.39 0.38 0.37 0.38 0.36
6t 0.80 0.72 0.71 0.70 0.71 0.70
2nd 0.38 0.29 0.26 0.26 0.30 0.26
Smn 4th 0.43 0.32 0.30 0.30 0.32 0.30
6 0.74 0.63 0.60 0.60 0.60 0.59
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Fig. 17. The Mean value and standard deviation of identified displacement
corresponding to delamination growth by the conventional methods (visual detection and
load drop) and AE-based methods (AE energy, cumulative AE count, sentry function, and

cumulative energy of delamination signals).

5. Conclusions

In this study, the effects of location, thickness and number of multiple delaminations on
buckling and post-buckling behavior of glass/epoxy composites were investigated using
mechanical and AE analysis. Different types of laminates, with and without pre-delaminations
and with different numbers and locations of the pre-delaminations and different thicknesses of
Teflon film as the artificial delamination were studied. Mechanical results showed that when the
artificial delamination is closer to the specimen’s surface; the load decreases faster after the
maximum load, and the final displacement before final failure reduces. The critical and maximum

loads are also reduced by increasing the thickness of the Teflon film, i.e. thickness of the artificial
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delamination. Due to the importance of delamination growth in the post-buckling analyses of the
laminate, different approaches based on AE were applied to accurately detect the point of
delamination growth. In addition, GMM was utilized to cluster the AE signals to identify the
different damage types occurred during the buckling tests and to determine the evolution of each
damage mechanism. The vertical displacements corresponding to delamination growth which were
detected by AE were about 17% lower than the displacement predicted by the conventional
methods (i.e. visual detection and load drop methods) and also the standard deviation of the AE
predictions was about 68% lower than from the standard deviation of the predictions of the other
conventional methods. Finally, it is concluded that AE is a robust technique for detection of

delamination growth and monitoring the damage evolution in buckling of laminated composites
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Table 1. The specifications of the specimens.

Specimens Delamination location The thickness of Teflon film Lay-ups
that serves as the artificial
delamination
(nm)
Sp Without pre-delamination - [0 /907],
S, 2 interface 250 [0°/907],
S, 4 interface 250 [0°/907],
Se 6 interface 250 [0°/907],
Sk 2nd 4th and 6t interfaces 250 [0°/907],
SMN 2nd 4th and 6t interfaces 150 [0 /907],




Table 2. The effects of the number and the location of delamination on critical buckling
load and maximum load of the specimens.

Specimen ~ SAmple Py, Mean of Meanof P Por-i Pmax-i
No. cr ax | Pyax Pmax Per- Sp Pmax - Sp
Sample 1 5.15 10.24
Sp Sample 2 5.21 10.26 5.23 10.21 0.51 1 1

Sample 3 5.32 10.13
Sample 1 4.30 9.91

S, Sample2  4.11 9.09 4.24 9.53 0.44 0.81 0.93
Sample 3 4.31 9.60
Sample 1 4.56 9.59

S, Sample2  4.58 9.97 4.52 9.93 0.45 0.86 0.97
Sample 3 4.42 10.22
Sample 1 4.21 9.49

S Sample2 421 9.29 4.23 9.21 0.46 0.81 0.90
Sample 3 4.27 8.85
Sample 1 2.94 5.13

SMK Sample2  2.93 5.49 2.93 5.27 0.56 0.56 0.52
Sample 3 2.93 5.20
Sample 1 3.00 5.65

SmN Sample 2 3.22 5.78 3.12 5.62 0.56 0.60 0.55
Sample 3 3.14 543




Table 3. The corresponding vertical displacement to the delamination growth in the

specimens identified by different methods.

AE-based methods

Delamination Visual Load Cumulative
Specimen number detection dro AE Cumulative Sentry energy of
P energy AE count function  delamination
signals
Sp - - - - - - -

S, 2nd 0.81 0.72 0.71 0.70 0.70 0.68
Sa 4th 0.98 0.88 0.86 0.85 0.65 0.82
Se 6t 0.98 1.14 0.60 0.60 0.59 0.60
2nd 0.36 0.30 0.28 0.26 0.26 0.24
Sk 4th 0.46 0.39 0.38 0.37 0.38 0.36
6 0.80 0.72 0.71 0.70 0.71 0.70
2nd 0.38 0.29 0.26 0.26 0.30 0.26
SyN 4th 0.43 0.32 0.30 0.30 0.32 0.30
6 0.74 0.63 0.60 0.60 0.60 0.59




