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Abstract

Conducting damage diagnostics on stiffened panels is commonly performed using a single SHM technique. However, each
SHM technique has both its strengths and limitations. Rather than straining the expansion of single SHM techniques going
beyond their intrinsic capacities, these strengths and limitations should instead be considered in their application. In this
work, we propose a novel fusion-based methodology between data from two SHM techniques in order to surpass the
capabilities of a single SHM technique. The aim is to show that by considering data fusion, a synergy can be obtained,
resulting in a comprehensive damage assessment, not possible using a single SHM technique. For this purpose, three
single-stiffener carbon—epoxy panels were subjected to fatigue compression after impact tests. Two SHM techniques
monitored damage growth under the applied fatigue loads: acoustic emission and distributed fiber optic strain sensing.
Four acoustic emission sensors were placed on each panel, thereby allowing for damage detection, localization, type
identification (delamination), and severity assessment. The optical fibers were adhered to the stiffener feet’ surface, and
its strain measurements were used for damage detection, disbond localization, damage type identification (stiffness
degradation and disbond growth), and severity assessment. Different fusion techniques are presented in order to inte-
grate the acoustic emission and strain data. For damage detection and severity assessment, a hybrid health indicator is
obtained by feature-level fusion while a complementary and cooperative fusion of the diagnostic results is developed for
damage localization and type identification. VWe show that damage growth can be monitored up until final failure, thereby
performing a simultaneous damage assessment on all four SHM levels. In this manner, we demonstrate that by proposing
a fusion-based approach toward SHM of composite structures, the intrinsic capacity of each SHM technique can be uti-
lized, leading to synergistic effects for damage diagnostics.
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Introduction allows one to perform online damage diagnostics,
which can aid in maintenance planning decisions and
ultimately lead to the implementation of a condition-
based maintenance (CBM) scheme in the aerospace
industry.

Stiffened composite panels are commonly used in the
aerospace industry in which they are subjected to a
variety of loads when used in-service, including fatigue
loads and unexpected events such as foreign object
impacts. When an impact occurs, the subsequent dam-
age in the panel does not necessarily have a severe 'Structural Integrity and Composites Group, Faculty of Aerospace
influence on its structural integrity. However, under the 2Engineering, Delft l%niversity of Technolf)gy, Pelft, The Netherlands
t faticue loads. the damase caused by the impact Laboratory of Applied Mechanics and Vibrations, Department of
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can grow, posing a risk for the structural integrity of  Greece
the panel. Therefore, it is of interest to have the capa-
bility of monitoring the damage growth by placing Corresponding author:
I Agnes Broer, Structural Integrity and Composites Group, Faculty of
structural health monitoring (SHM) sensors on the o N
R R . Aerospace Engineering, Delft University of Technology, Kluyverweg |,
panel and using its measurements for damage diagnos-  7¢79 Hs Delft. The Netherlands.
tics. Implementing such a diagnostic monitoring system  Email: A.A R Broer@tudelfe.nl



uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/14759217211007127
journals.sagepub.com/home/shm
http://crossmark.crossref.org/dialog/?doi=10.1177%2F14759217211007127&domain=pdf&date_stamp=2021-04-24

Structural Health Monitoring 00(0)

When considering damage diagnostics, one can eval-
uate it at four SHM levels: (1) damage detection,
(2) damage localization, (3) damage type, and (4) dam-
age severity. In order to obtain a comprehensive image
of the damage in a panel, an assessment on all four
SHM levels is needed. The latter is especially of impor-
tance when considering CBM: one not only wants to
know whether damage is present (level 1) but also have
information on its location (level 2): for example, is the
damage located in a primary structure or high-risk
area? In addition, the type of damage (level 3) is of
interest when considering composites: does the damage
solely consists of matrix cracking or is there a disbond
present between a stiffener and a skin panel? Finally,
information on the damage severity (level 4) is required
to assess the health state of the panel: is the present
damage severe and are maintenance actions required?
Here, a base can be formed for the step after diagnos-
tics, that is, prognostics, in which the remaining useful
life of the structure is assessed.

To address the different SHM levels, a variety of
SHM techniques is available, including, but not limited
to, acoustic emission (AE),"? guided waves,® strain
sensing,’ vibration-based methods,*'® eddy cur-
rents,'""* and electrical impedance tomography.'* ¢
Each technique has its own strengths and the selection
of SHM techniques should rely on its application pur-
poses. For example, vibration-based methods can be
employed for anomaly detection, but are not suitable
for precise damage characterization due to their inher-
ent global approach. Furthermore, static strain sensing
using optical fibers (OFs) can provide precise damage
localization information because it measures the strains
directly at the location of the OF; however, this makes
it blind to damage located further from the OF.
Contrarily, AE can be used to globally monitor a larger
area, but shows poorer performance for precise damage
localization in composites.

In this work, focus lies on the fusion of two SHM
techniques, namely, AE and distributed fiber optic
strain sensing (DFOS). These two techniques are
selected based on the considered application: the diag-
nostic assessment on all four SHM levels of stiffened
composite panels, containing impact-induced damage
and subjected to fatigue compression loads. On the one
hand, AE can be used to monitor the entire panel,
thereby providing information on the initiation and
propagation of damage, including approximate loca-
tions, indications of the type of damage, as well as a
severity assessment. On the other hand, DFOS can be
used to closely monitor damage growth near the stif-
fener, which can pose high risks for the structural integ-
rity of the entire panel, by providing precise damage

localization and an assessment of the damage severity.
In this manner, it is hypothesized that the two tech-
niques are complementary in terms of damage assess-
ment. To illustrate and further understand the strength
of the AE and DFOS techniques in addressing the dif-
ferent SHM levels, applications of each technique are
discussed next, with focus on studies considering stif-
fened composite panels.

AE

AE has long been used for SHM of a variety of struc-
tures, including for composite structures.!” Damage
assessment of composites has been studied on all four
SHM levels and prognostics, as shown by recent review
studies,’? and their applications to stiffened composite
panels are discussed in the following. Yet, we must first
shortly discuss the power and considerations of the AE
measurements, as these diagnostic and prognostic algo-
rithms rely on the recorded AE data. AE data can be
considered quite powerful as it has been used to,
among others, detect damage initiation,'®!? distinguish
different damage types,’>*' and to predict residual
strength®*?* and remaining useful life.>*>* Yet, a great
challenge with implementing AE technique is that its
measurements are influenced by a variety of factors,
such as sensor type, placement, and coupling.®® As the
selected AE features are consequently used as input to
diagnostic and prognostics models, such factors can
alter conclusions made on damage progression.
Moreover, the selection of AE features must be per-
formed carefully, as each shows different performance
in terms of describing damage initiation and propaga-
tion.?®” In this regard, the benefits of employing mul-
tiple AE features should not be overlooked as it can
improve the robustness of damage assessments with
respect to the use of single features.?’ Finally, one must
consider the relation with the damage state of a struc-
ture, especially in larger structures: what does the
detection of an AE source mean for the actual integrity
of a structure?”®

For AE source localization, multiple AE sensors
must be placed onto the panel, with a minimum of
three sensors for planar localization. Employing these
AE sensors in a cooperative fusion setting combined
with a localization algorithm allows for localization of
damage. A commonly applied localization method is
the time-of-arrival method that assumes a constant
wave velocity and uninterrupted wave propagation
path. In a composite panel, the acoustic wave is
affected by the anisotropy of the composite panel, caus-
ing differences in the propagation in different direc-
tions, including impacts on its wave velocity. Therefore,
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an appropriate method for the time-of-arrival determi-
nation must be selected, for example, using waveform
modal analyses, as it will result in more accurate source
localization.”® Yet, such approaches are not always
practical, for example, in cases with long-running tests
under fatigue loading with a large number of hits being
recorded, such as the ones considered in this work. In
such cases, when applying the time-of-arrival technique,
the first crossing of the threshold is considered and the
analysis of the wave mode is neglected. The application
of such a time-of-arrival method and assumption of
constant wave velocity can then potentially introduce
errors in the obtained localization results. When apply-
ing such an approach for larger and complex structures,
these errors can be mitigated by, for example, only con-
sidering zonal localization.’® In addition, several other
localization methods have been proposed that take into
account the direction-dependency of the wave velocity.
For example, the Delta T-Mapping method was intro-
duced that uses a localization algorithm trained with
artificial Hsu—Nielsen sources.’’ The method was
applied to different composite structures containing
assembly details,>>* and several studies have shown
the improvements with respect to the time-of-arrival
method in terms of localization accuracy for composite
structures.>* ¢ Even though the Delta T-Mapping
method addresses the localization errors, its artificial
mapping approach introduces disadvantages: the
trained localization algorithm is both structure- and
lay-up-dependent. Moreover, manual mapping makes
its application user-intensive, which can be infeasible
for larger structures. To mitigate the need for manual
mapping while simultaneously considering the
direction-dependency of the wave velocity, a localiza-
tion method relying on sensor placement was intro-
duced.’”*® This approach provides several advantages
and can show a high accuracy (e.g. on average a 3-mm
error for impact source localization in a composite
panel);>” however, a higher number of AE sensors is
required (a minimum of four).*

Besides localization, AE data can be employed for
damage type identification by clustering its feature data
sets, after which each cluster is related to a damage
type.>**4! These approaches are often considered when
assessing coupons and are less common for structural
components such as stiffened panels; a few studies have
been conducted in which the damage type is identified
in (stiffened) composite panels. One study employed
AE feature data recorded during the quasi-static com-
pression of a single-stiffener carbon fiber skin panel in
(post-)buckling and manually categorized it into four
groups based on their peak frequency values.*” Each
group is subsequently related to a type of damage,
namely: (1) matrix cracking, (2) fiber/matrix de-bond-
ing, (3) delamination, and (4) fiber breakage. Damage

type identification by applying clustering methods is
shown for two stiffened carbon fiber skin panels sub-
jected to quasi-static compressive and fatigue loads,*
where disbond growth is monitored by clustering AE
data into four clusters using the k-means method.
Subsequently, the feature values of each cluster were
evaluated, as well as their time of occurrence during the
fatigue cycle. Contrary to the previously discussed
study, the four clusters were not all related to a damage
type; instead, only the corresponding damage type of
one cluster was identified, namely, that related to dis-
bond growth. A final example of applying clustering
methods for AE damage type identification in compo-
site panels is seen for a carbon fiber panel subjected to
buckling loads.** The AE data are clustered into two
groups using both the k-means and Fuzzy C-means
methods. Subsequently, a complementary fusion of the
clustering results is performed by combining them with
localization results obtained using a Delta T-Mapping
approach. The localized and clustered AE data are then
reviewed in a time-based assessment, resulting in the
correlation of the two clusters to (1) matrix cracking
and (2) delamination.

DFOS

OF-based strain measurements have been used for the
damage monitoring of various structures.*> *” The tech-
nique has been employed for the assessment of several
SHM levels, and several applications for the diagnostics
of composite structures are discussed in the following.
Before diving into these diagnostic algorithms, the con-
cept behind OF-based diagnostics must be discussed.
OFs can be used to measure strain at the location of the
fiber. The presence of damage in a structure causes a
change in the strain fields, and with developed diagnos-
tic algorithms, these changes can be associated with
damage. Hence, if one wants to use OFs for damage
diagnostics, the selection of OF technique and fiber
topology is of importance.**® Fiber Bragg Gratings
(FBGs) are often employed, which provide point strain
sensing at the location of the FBG. Moreover, multiple
FBGs can be combined in a single fiber to provide
multi-point sensing. Meanwhile, DFOS provides dis-
tributed strain measurements along the entire length of
the OF with a spatial resolution as low as 0.65 mm.* A
last consideration is that measured strain values are not
only affected by the presence of damage, but they are
also affected by other factors such as changing load and
temperature conditions. In order to be able to employ
the strain measurements for damage monitoring, the
effects of the damage on the strain values must be dis-
tinguished from those caused by applied loads, noise,
vibrations, and environmental variations.” Several stud-
ies have been conducted toward wusing strain
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measurements for damage monitoring and its applica-
tions for composite structures, which are discussed next.
Here, we place focus on Rayleigh-backscattering—based
distributed fiber optic sensing, which is considered in
this work as the selected technique for damage monitor-
ing along the stiffener foot.

A straightforward manner of monitoring damage
growth using strain measurements is by comparing a
strain measurement with a previously obtained baseline
measurement. When keeping all conditions constant,
that is, loading and environmental conditions, and by
minimizing noise levels, any difference in the strain
measurements can be attributed to damage. Following
this approach, a composite-based unmanned aerial
vehicle (UAV) was monitored using DFOS and subse-
quent strain measurements were compared for anomaly
detection, although it was concluded that no changes
occurred in time.® Likewise, impact damages can be
detected in a multi-stiffener panel subjected to quasi-
static compression by comparing strain measurements
along different stiffener feet: the presence of an impact
damage will cause the corresponding strain measure-
ment to be different from the others.’' Delaminations
caused by an impact can also be detected in a composite
panel by embedding OFs and comparing the strain
measurement before and after impact.”® The presented
strain measurements in the latter study additionally
show indications that the location of impact-induced
delaminations can be extracted. This potential for loca-
lization creates options to perform damage growth
tracking. Specifically for double cantilever beam (DCB)
specimens, it has been shown that by embedding an OF
near the crack surface, the growth of the crack can be
monitored under the applied loads.>*>* The crack tip
causes a local strain peak, which moves corresponding
to the crack tip location and can be tracked in the strain
measurements.

In the previous studies, OFs were embedded inside
the material; however, when bonding an OF to the sur-
face of a stiffener, as is the case in this work, the strain
peaks near the crack tip are not as apparent.” Not
only are the strain peaks less distinctive but also a
larger strain area is affected by the damage.’'*® The
latter effects make both damage localization and sizing
assessments more challenging when employing surface-
bonded OFs. In this regard, a finite element model
(FEM) can be used to assess the relation between the
damage and the strain measurements. For example, an
artificial neural network can be trained to relate strain
measurements to the disbond length,>" > or to create
an empirical relation between the peak-intensity ratio
and the disbond length.®® Despite these studies showing
the potential of using FEMs to relate strain measure-
ments to damage size, they lead to structure- and lay-
up-specific algorithms. The latter can be a disadvantage

since it makes the approach less generally applicable.
One way to mitigate this is by not considering an
assessment of the actual damage size but instead by
monitoring disbond growth using health indexes (HIs).
For example, such an HI was proposed based on
numerically simulated strains for the monitoring of dis-
bond growth in a composite stiffened panel.®’ The
applicability of this method for disbond monitoring
was subsequently demonstrated for two artificially dis-
bonded composite panels subjected to fatigue loading
by employing FBG strain measurements.®>

Objectives

As seen, previous studies have not yet combined AE
and DFOS for damage monitoring. In general, studies,
in which these SHM techniques are applied, aim at
improving the damage assessment on one SHM level
rather than moving toward an integral diagnostic
framework containing assessments on all four SHM
levels. In addition, it is seen that most studies employ
only one SHM technique for damage monitoring and
that when multiple techniques are employed, those are
mostly used for validation or comparison purposes
rather than in a fusion setting. A fusion approach can
be beneficial by allowing one to utilize the strength of
each technique, thereby obtaining a comprehensive
damage assessment and increased confidence in its
results. Finally, current studies involving AE- or
DFOS-based damage monitoring focus on coupons or
(stiffened) panels subjected to quasi-static compression
or impacts; studies aimed at monitoring impact damage
growth under compression fatigue loads are not
common.

This study works toward the implementation of a
fusion-based framework by fusing AE data, DFOS
data, and damage diagnostic results to obtain a damage
assessment on multiple SHM levels for stiffened panels.
In this regard, three single-stiffener composite coupons
(SSCs) are subjected to fatigue compression after
impact (FCAI) tests. For each SSC, the four SHM lev-
els, that is, (1) damage detection, (2) damage localiza-
tion, (3) damage type, and (4) damage severity, are
assessed simultaneously by employing the strengths of
both AE and DFOS. We identify the strengths of both
techniques and use AE data to detect damage initiation
and propagation throughout the SSC, as well as to
localize and identify the damage type. Moreover, we
recognize that the strengths of the strain data from the
DFOS system lie in disbond growth identification and
localization, as well as in the identification of stiffness
degradation. We exploit the strength of each SHM
technique and propose a novel fusion technique—based
SHM methodology that allows for a holistic damage
assessment on all four SHM levels, alongside
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Figure |. Test setup with pointers indicating various aspects of the experimental campaign, including the fatigue test bench (MTS

machine), the placement of the SSCs, and the five SHM systems.

addressing new challenges arising from selecting such a
fusion approach, as well as the formulation of fused HIs.

This article is organized as follows: first, we discuss
the conducted experimental campaign and the
employed SHM techniques. This is followed by a con-
ceptual explanation of the behavior of the strain distri-
butions along the stiffener foot under loads and
damages. Next, the methodological framework for
damage monitoring based on fusion techniques is pre-
sented, after which its performance on the experimental
data is discussed in the section “Results and discus-
sion.” Finally, we present our conclusions on the bene-
fits and challenges of implementing such a fusion-based
approach for damage diagnostics of composite struc-
tures. For clarity purposes, an overview of the mathe-
matical notations is provided in Appendix 1.

Experimental campaign

Three composite SSCs were subjected to FCAI tests
with compression—compression fatigue loads. The test
setup including indications of the used SHM systems is
shown in Figure 1. Each tested SSC is similar and con-
sists of a co-cured skin panel and a single T-stiffener:
an example is shown in Figure 2 including its dimen-
sions. For manufacturing of the SSCs, IM7/8552 car-
bon fiber-reinforced epoxy unidirectional prepreg was
used, and the lay-ups of the skin and stiffener are
[45/—45/0/45/90/—45/0]¢ and [45/—45/0/45/—45],
respectively. Two resin tabs were added to the bottom
and top of each SSC to allow for a distributed load
introduction. In order to create a barely visible impact
damage, each SSC (called L1-03, L1-04, and L1-05)
was impacted on its skin-side with a 10 J impact using
an impact tower before the fatigue test. The location of
impact for each SSC is presented in Figure 3.

Before performing the fatigue tests, a quasi-static
compression test was performed on a single SSC to
assess the buckling and the collapse load. The buckling
load was estimated at 12.8 kN and the SSC collapsed
at a final compressive load of 104 kN. Based on this
preliminary test, the fatigue loading conditions for the
three SSCs were determined. For fatigue testing, each
SSC was placed inside an MTS test machine with a
maximum load of 500 kN. Sinusoidal compression—
compression fatigue loads were applied with a stress
ratio (R-ratio) of 10, a frequency of 2 Hz, and a mini-
mum and maximum compressive load of —6.5 and
—65.0 kN, respectively. These load conditions were
kept constant until the final failure of the SSC, which is
defined as loss of the load-bearing capacity of the SSC.
The applied fatigue loads, the impact location, and the
number of fatigue cycles until failure n, are summar-
ized in Table 1.

The damage initiation and propagation in each SSC
is monitored using five monitoring systems, namely:
(1) AE, (2) distributed Rayleigh-backscattering fiber
optic strain sensing, (3) FBGs, (4) Lamb wave (LW),
and (5) digital image correlation (DIC). For this work,
only the data of the first two systems are used. To
allow for measurements by each technique, the fatigue
load is interrupted at pre-defined intervals. The load
cycle is indicated in Figure 4 and repeats itself every
5000 cycles. Every 5000 cycles, the applied load is
reduced to 0 kN to allow for LW measurements. Every
500 cycles, except for the 5000th cycle, the SSC is sub-
jected to a quasi-static load from the minimum to the
maximum fatigue load level under a constant displace-
ment rate of 0.5 mm/min. The FBG and DIC systems
take measurements throughout the quasi-static loading,
while the distributed strain is recorded at the minimum
and maximum load. Finally, the AE system is
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Figure 2. (a) Single-stiffener coupon as seen from stiffener side, including points to the AE sensors and the SMARTape. (b) A schematic
representation of the SSC, indicating its dimensions, location of the AE sensors (represented by gray circles with number), and location of
the SMARTape (represented by blue square) and the DFOS fiber (represented by red line).
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49.75 65.5 49.75 49.75 65.5 49.75 49.75 65.5 49.75

Figure 3. Locations of impacts (indicated by red circles) for each tested SSC, as seen from the stiffener side.

Table I. Summary of each SSC, specifying the applied fatigue load, the initial impact location, and the number of cycles to failure nr.

SSC Minimum load Maximum load Impact location [x, y] Number of cycles to failure n¢
L1-03 —6.5 kN —65.0 kN [115.25,80.0] mm 152,458
L1-04 —6.5 kN —65.0 kN [140, 80.0] mm 280,098
L1-05 —6.5 kN —65.0 kN [160.0, 50.0] mm 144,969

SSC: single-stiffener composite coupon.
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Figure 4. Applied load cycle to each SSC including indications of measurement intervals of each SHM system.

continuously recording throughout the load cycle. In
the next two sections, the AE and DFOS data acquisi-
tion is discussed in more detail.

AE. Four VS900-M broadband sensors from Vallen
Systeme GmbH with an operating frequency range of
100-900 kHz were clamped onto the skin of the SSC
on the stiffener side. To record the hits, an AMSY-6
Vallen acquisition system was used, as well as external
pre-amplifiers with a gain of 34 dB. To prevent the
capturing of noise signals, the amplitude threshold was
set at 60 dB. The four AE sensors were placed on the
skin of the SSC to form a parallelogram. The [x, y]
location of each sensor is indicated in Figure 2, and
equals [20.0, 190.0], [20.0, 20.0], [145.0, 50.0], and
[145.0, 220.0] mm for sensors 1, 2, 3, and 4,
respectively. Placing the four sensors at these locations
allows for localization of the recorded AE hits. To
determine the AE event locations, the internal Vallen
processor for planar location, based on Geiger’s
method,®® was applied, which is further discussed in
section “Methodology.” In the remainder of this work,
only AE localized events are considered when
discussing AE data.

DFOS. The distributed strain measurements are made
along the surface of the stiffener foot at the minimum
and maximum load during the quasi-static load segment.
For this purpose, a SMARTape is used (a glass fiber—
reinforced polymer—epoxy tape containing an OF used
for DFOS), which is adhesively bonded (co-polyamide-
based adhesive) to the surface of the stiffener foot.®
Two SMARTapes are used, one placed on each

stiffener foot, which were subsequently connected by
splicing them. Furthermore, a coreless fiber was
included at the end of the SMARTape to minimize
noise caused by unwanted reflections. A LUNA
Optical Distributed Sensor Interrogator (ODiSI-B)
was employed for recording the distributed strain
along the stiffener feet. Measurements were made with
an acquisition rate of 23.8 Hz and a spatial resolution
of 0.65 mm.

Influence of load and damage on strain
measurements

Before discussing the diagnostic methodologies used in
this work, it is of importance to have a profound
understanding of the obtained measurements, in partic-
ular the strain distribution measurements along the sur-
face of the stiffener foot. In order to employ the strain
measurements for damage diagnostics, the aspects
influencing the strain values must be identified. Based
on the strain behavior observed during testing, it can
be derived that four factors affect the strain values,
namely:

Applied compressive load.
Buckling.

Stiffness degradation
Presence of disbond.

b e

It is essential to note that it is assumed that the
SMARTape itself did not disbond or was damaged
during the fatigue test. This was both visually checked
throughout the fatigue test and checked post-test
through taken camera images. The shape of the strain
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Figure 5. Four factors influencing the measured strain values:
(a) axial compression: a compressive load is applied on either
end of the SSC, (b) buckling: the skin moves in out-of-plane
direction. The symbols ® and ® indicate movement in the out-
of-plane direction, either out from or into the page, respectively,
(c) stiffness degradation: causes larger displacements and
changes in the strain distribution as indicated by the red arrows,
and (d) disbond: the presence of a disbond (red squares) causes
changes in the strain distributions (indicated by red arrows).
The diagrams of the SSC are shown as seen from the stiffener
side. In addition, the strain distribution ¢ along the stiffener foot
y is shown for each foot (I and 2).

distribution is different for each stiffener foot. This is
mainly caused by the buckling behavior and placement
of the OF, which have a substantial influence on the
measured strain distributions. The expected behavior
of the strain distribution during testing, following the
previously identified four factors, is discussed next and
summarized in Figure 5.

Applied compressive load

A distributed compressive load is axially applied onto
the SSC through the centerline, causing a constant com-
pressive strain in the SSC. This axial strain causes equal
values in both the left and right stiffener foot, as shown
in Figure 5(a).

Buckling

The buckling of the SSC results in a bending moment
through the thickness, which has a subsequent effect on
the measured surface strains on each stiffener foot.
Namely, due to the placement of the SMARTape,
strains are not measured on the neutral axis but are
instead measured on the surface of each stiffener foot.
The presence of buckling causes a tension on the sur-
face of one stiffener foot, while the strains measured on
the other stiffener foot show compressive values. This
buckling effect is combined with the uniform axial
compression previously described and is depicted in
Figure 5(b). Here, stiffener 1 experiences larger com-
pression, whereas the compression on stiffener 2 is par-
tially relieved by the tension loads caused by buckling,
although remaining in the compression regime. Note
that an opposite effect is seen on the skin surface due
to its placement on the opposite side of the neutral
axis.

Stiffness degradation

In stiffness degradation, the Young’s modulus
decreases under the fatigue loads. Keeping the applied
load constant causes an increase in the axial compres-
sive strain (section “Applied compressive load”), which
leads to increased strain values on the surfaces of both
stiffener feet. However, a second effect is present,
namely, that stiffness degradation also changes the
influence of buckling on the strain values: stiffness
degradation leads to an increase in the out-of-plane dis-
placement of the skin. The latter causes a change in the
moment and subsequently affects the strain increase
and relief on the surface of the stiffener foot. This com-
bination of effects results in the following observed
behavior in the measured strain distribution under stiff-
ness degradation. Namely, stiffness degradation causes
the compressive strain on the surface of the stiffener
foot to reduce on the more compressed side (stiffener
1). On the other side (stiffener 2), it is observed that the
strain remains approximately constant under stiffness
degradation. Therefore, for the latter stiffener, it is rea-
soned that the two effects cancel out one another. The
effects of stiffness degradation on the measured strain
distribution values are presented in Figure 5(c).

The presence of disbond

A disbond affects the strain distribution locally,
although the affected area is not equal to the disbonded
area: the surrounding area is also affected.’’~*® The lat-
ter means that, from a longitudinal perspective, the
region above and below the disbond is affected. From
a lateral perspective, it means that the measured strain
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on a stiffener foot can be influenced by a disbond
located at the opposite stiffener foot. Secondly, the
presence of a disbond has a different effect on the
strain curve, dependent on the stiffener side. On the
one hand, if a disbond is present on the more com-
pressed side (stiffener 1), it causes a local compressive
strain increase, resulting in a change in the strain distri-
bution shape that grows in both size and width with an
increasing disbond length. On the other hand, if a dis-
bond is present on the tensed side (stiffener 2), a local
compressive strain reduction is observed with two adja-
cent compressive strain increases on either side, result-
ing in a local valley-peak-valley shape as indicated in
Figure 5(d). Similarly, this bump grows in both size
and width with an increasing disbond length.

Methodology

This section addresses the steps needed to fuse AE and
DFOS data for a four-level damage assessment of the
SSCs. The strengths of the AE technique and of the
DFOS technique were previously identified and are
employed for the design and proposal of fusion-based
diagnostic methodologies for each SHM level. Several
challenges that arise from the application of fusion
approaches are addressed such as practical challenges
related to differences in acquisition intervals and discre-
pancies between the different units. Moreover, appro-
priate HIs are formulated for the various levels that
not only work for single SHM techniques but that also
complement one another when joined in the fused HIs.

The fusion-based approach in each SHM level is dis-
cussed separately in each of the next sections. Section
“Level 1: damage detection” covers the first SHM level
in which we build a single hybrid feature developed
from AE and strain features. This fused feature is sub-
sequently employed for damage detection of the SSC.
Next, in section “Level 2: damage localization,” a
method for damage localization is considered, which
relies on AE data for all damage localization, and
strain data for disbond localization in particular. For
the latter, we develop a disbond localization algorithm
relying purely on DFOS data and the results of the
damage identification algorithm from section “Level 3:
damage type identification.” In this third section, a
methodology for damage type identification is designed
that relies on changes in strain data, which is used for
the identification of stiffness degradation and disbond
growth. In addition, AE data are clustered into two
groups of which one is related to delaminations (includ-
ing disbonds) by fusing the clustering results with the
localization results, as well as with the disbond growth
identification results derived from the strain data. In
this manner, we present a methodology that is capable

of relating partial AE data to a specific damage type
(delaminations) by linking the AE- and DFOS-based
results. In the last section “Level 4: damage severity,” a
methodology is presented that assesses the fourth SHM
level. In this regard, a DFOS-based HI is designed that
relies on the changes in strain mean values over time.
The DFOS-based HI is subsequently fused with a com-
mon AE-based HI, namely, the cumulative energy,
after which we build a fused HI based on both AE and
OF data in order to assess damage severity throughout
the test.

Level |: damage detection

The damage detection methodology is presented next.
This section commences with a short description of
how each technique can be used individually for dam-
age detection, followed by a proposal for fused damage
detection.

AE. The source of AE signals can be damage initiation
and propagation, friction, or an external source. Using
filtering and localization, the AE signals from external
sources and friction are filtered. In addition, as stated
previously, only localized AE events are considered in
this work. In this manner, the recording of an AE event
can be directly linked to damage detection. The cumu-
lative AE events for each window of 500 cycles are col-
lected in a vector y,g. Evaluating changes in successive
values results in indications of the cycle intervals at
which damage occurs.

DFOS. From the OFs, two strain distributions are
obtained: one for each stiffener foot. These measure-
ments are available every 500 cycles, except for the
5000th cycle. In a period in which no damage occurs,
the strain distribution along each foot remains con-
stant. If the strain distribution changes, this can be an
indication of the initiation and propagation of damage
as explained in the previous section. Thus, by compar-
ing strain distributions in time, damage can be detected.
Comparing strain distribution curves in time is a
tedious process and does not provide immediate insight
into the moment at which damage occurs. Therefore,
we develop the following method to extract a feature
from the distributed strain measurements that can be
used to indicate the occurrence of damage.

For each strain curve, we calculate the arithmetic
mean of all datapoints of the curve. Next, these are
combined into a vector yop, and yop, for the com-
pressed and tensed stiffener foot, respectively (next
referred to as yop when discussing its general behavior).
The mean values are stationary if no damage occurs; if
it changes, it can be stated that damage occurs.
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Although, a limitation in the use of these mean values
needs to be noted, namely, that yop is not necessarily
monotonic. If disbond growth occurs in combination
with stiffness degradation, specifically on the side of
the more compressed stiffener, it can cause the value of
Yor to remain constant (section “Influence of load and
damage on strain measurements”). In this regard, dam-
age propagation might go unnoticed when solely using
Yor as a damage detection curve.

Fusion. We mitigate the limitation of ygr by proposing
the following fusion-based damage detection methodol-
ogy in which we fuse ygp with the AE-based y,g. As
we previously identified, AE and DFOS have different
capabilities in the type of damage that they can detect.
Therefore, when assessing the detection of damage in
the SSC, it is of interest to perform data fusion on the
data sets of both techniques. For this, we follow a fea-
ture in-feature out (FEI-FEO) type of data fusion, for
which the methodology is described next and depicted
in Figure 6.

From the AE, a single vector describing the cumula-
tive AE events was obtained. From the OF, two vectors
were extracted, each describing the mean strain value of
one stiffener foot. To perform a fusion of the three, two
challenges are identified that first and foremost must be
handled before fusion can be performed, namely: (1)
the discrepancy between units and (2) the value range
of each feature. Currently, y,g and ygp are substan-
tially different in both aspects. Therefore, in order to
ensure compatibility for fusion-purposes, we propose
the implementation of a unity-based normalization for
each vector to the range [0,1] using

,_y—min(y) (1)

¥~ max(y) — min(y)

Besides compatibility in terms of units and value
range, it is of interest to have the initial value of y',p
and y o to be equal to 0, as this allows for an equal
assessment of each feature where a value of 0 indicates
that no damage has yet occurred. For the AE feature
Y g, this is already the case, although this is not true
for y'og. Therefore, we subtract the initial value of y' o
from all subsequent values, resulting in a vector with
values in the range of [—1,1].

After performing these initial processing steps, the
features are summed, following a simple sum rule with
each curve having equal weight, given as

Y=Y AR+ Y/OFc - y/OFt (2)

I Compressed foot | | Tensed foot |
A 4
Feature Feature Feature
extraction: extraction: p extraction: u
cumulative hits for each N foreach N
v - v
Normalized to Normalized to Normalized to
[0,1] [0,1] [0,1]
v v
Difference with Difference with
first value first value
| |
v
Fusion of
features

Sliding window

Changepoint t
detection

v

Damage
detection: n,

Figure 6. Flowchart depicting damage detection methodology.

which results in the fused feature yp with values in the
range of [—2,3]. For damage monitoring, it is of inter-
est to obtain a monotonic function with respect to dam-
age propagation. Therefore, the inclusion of the mean
strain values at the tensed stiffener (yop,) requires a
subtraction due to its opposite behavior under damage,
as indicated in section “Influence of load and damage
on strain measurements.”

From the step in equation (2), another emerging
challenge arises, namely, the differences in acquisition
intervals between the two SHM techniques. It needs to
be noted that yp has values every 500 cycles, starting at
0 cycles. However, before applying equation (2), yor,
unlike y, g, does not have values every 500 cycles. In
order to allow the fusion step, the value intervals of
each feature must be similar; therefore, we must address
each “missing” interval. In order to solve this mismatch
between acquisition intervals, we substitute the preced-
ing value. For example, whereas y,g has a value at
5000 cycles, yor does not have a corresponding value
and the one provided at 4500 cycles is taken instead.

Similar to the single features, we argue that if the
fused feature values change, damage is initiating or pro-
pagating in the SSC. Thus, in order to detect damage,
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the cycle at which the value changes, the so-called chan-
gepoint 7, must be identified. For this purpose, we pro-
pose the implementation of a changepoint detection
algorithm, which details are presented next.

If the values of yr do not change in time, the sample
mean remains constant. When it does change, the mean
changes correspondingly. This can be stated as

Ye~N(p,0) if 0 <t <7—500
Ye~N(1p, 0) if 7 < t < ngy (3)
with p; # u,

where u and o are the estimated unbiased mean and
variance, respectively, 7, is the last measurement cycle,
and 7 is the changepoint at which the value of yg
changes. For yg, it is expected that multiple change-
points can be present. To assess this, a window sliding
algorithm is applied with a window size of length 5.
Note that this window size corresponds to a range of
2000 cycles, given that a value for yy is available every
500 cycles. Note that a larger window causes a larger
smoothing and a less accurate result, while a smaller
window leads to a higher sensitivity to signal variations,
including noise. Next, the means of consecutive win-
dows are compared, and a changepoint 7 is detected if

My — py =20 (4)

is met. Here, o is calculated as the arithmetic mean of
the window variances and is assumed to be constant
throughout the test. By setting the threshold at 2o,
both the natural variations in the measurements and
insignificant increases in yg are neglected. The output is
collected in np, describing the cycle numbers at which
damage is detected.

Level 2: damage localization

The method for damage localization is presented next.
First, localization using solely AE data is considered,
followed by strain-based damage localization. For the
latter, we build an automatic disbond localization algo-
rithm that employs information from the “Level 3:
damage type identification” algorithm. Note that due
to our approach, it is implied that we will perform lev-
els 2 and 3 in a simultaneous manner. Finally, in this
section, we propose a methodology for the fusion of
the AE and DFOS results for damage localization.

AE. Damage can be localized throughout the SSC using
AE data, for which four AE sensors were placed to
form a parallelogram. In this work, a planar localiza-
tion algorithm is applied that follows the Geiger
method,®® and which is included in the internal Vallen

processor. The Geiger method follows the time-of-
arrival approach and assumes a constant wave velocity.
For its application on composites, this implies that it
can result in large localization errors. In section
“Introduction” of this work, several localization meth-
ods to reduce these errors were introduced, although
these were not selected in this work. Namely, because
they require a training process (Delta T-Mapping
method)®' or additional sensors (sensor clustering
approach).’”*® Even though a variant of the latter
method could have been applied in this work since four
AE sensors are available,®® this approach was not
selected, because it would not allow for redundancy.
Namely, if one sensor would fail during testing, AE
localization can no longer be achieved. Moreover,
applying four sensors for the Geiger method (one more
than the minimum of three) allows estimation of the
location uncertainty (LUCY), which could have other-
wise not been accomplished.

Before performing the FCALI test, the wave speed is
measured using Hsu—Nielsen sources in both longitudi-
nal and lateral directions, equaling 6107 and 4423 m/s,
respectively. The average of both values is taken, which
equals 5265 m/s. This wave speed is used as input to the
Geiger method, resulting in the localization of the AE
events. The localized events are filtered, and only those
events adhering to LUCY<50mm are considered. In
addition, a second filter is applied to include only those
damage events that are localized within the parallelo-
gram formed by the AE sensors.

DFOS. Besides the AE data, also the strain data can
provide damage localization, in particular for more
precise disbond localization. The strain on each stif-
fener foot is measured along the OFs, thereby provid-
ing indications of damage at and near the stiffener
foot. As previously discussed, the measured strain is
affected by the surrounding area and it is yet to be
determined to what extent. Nevertheless, strain mea-
surements can provide indications of the location of
damage along the stiffener foot because damage such
as a disbond will alter the shape of the strain distribu-
tion only locally. Once a disbond is large enough, a
well-defined peak/valley (dependent on the stiffener
side, as explained in section “Influence of load and
damage on strain measurements”) is identified in the
strain distribution, which can be used to derive an
approximate location of the disbond along the length
of the stiffener foot.

We can profit from this knowledge on the physical
concepts in order to develop a methodology for dis-
bond localization using the disbond identification algo-
rithm that is defined in the next section (“Level 3:
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Figure 7. Flowchart depicting damage localization methodology. The green-colored elements indicate an extension of the
proposed damage localization approach with the damage type identification algorithm.

damage type identification”). First, we apply the dis-
bond identification algorithm as defined in the next sec-
tion. This results in the computation of a vector npg
that contains the cycles at which a disbond is detected.
Subsequently, we can estimate the location of the local
peak/valley in the strain distribution for these cycles.
The latter of which provides us with the obtainment of
an approximate location of the disbond.

Fusion. On the one hand, we have identified that AE
data can thus be used for damage localization in the
region enclosed by the AE sensors, although results can
be less accurate due to the anisotropy of the composite
SSC. On the other hand, strain data can provide an
approximate location of a disbond along the length of
the stiffener foot. Because of these differences, we
believe that a localization algorithm can benefit from
employing both techniques. Therefore, this study pro-
poses the following approach in which these two tech-
niques can be used in a complementary fusion fashion,
providing results on both the global localization of
damage throughout the SSC and a more precise locali-
zation of disbonds. Here, the sensor data from both
sensors are processed independently, after which a
fused result on the damage location is obtained. This

complementary fusion approach of the results is pre-
sented in Figure 7.

Besides the initial complementary fusion between the
AE and DFOS results, we see additional opportunities
for further extension and improvements. Specifically,
the fused damage localization algorithm can be
extended to include the damage type identification
algorithm discussed in the next section. Namely, the
AE data can be clustered to identify the type of dam-
age. If these cluster results are combined with localiza-
tion, not only a general damage localization can be
provided, but this can also be specified to the type of
damage. Such an extension will allow for direct disbond
growth localization using AE data and a subsequent
complementary fusion with the disbond localization
based on the strain data. The proposed extension is
indicated in Figure 7 by the green-colored elements.

Level 3: damage type identification

For the identification of the type of damage that propa-
gates in the SSC, we propose a methodology that relies
on both AE and strain data. This section commences
with a discussion on AE clustering, used for the identi-
fication of delaminations. This is followed by the
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Figure 8. Scree plots for the AE data of each SSC.

development of a damage type identification methodol-
ogy using merely strain data, and that is capable of
identifying both stiffness degradation and disbond
growth. Subsequently, the results are complementarily
fused with the localization results of section “Level 2:
damage localization” to allow for meaningful interpre-
tation of the AE cluster outcomes.

AE. The type of damage is identified by applying a
clustering method to the AE data. For this purpose,
five features are extracted, namely, amplitude A, rise
time R, duration D, energy FE, and counts/duration
CNTS/D. A principal component analysis (PCA) is
applied, from which the first two principal components
are selected as they retained approximately 70% of the
variance, as indicated by the scree plots in Figure 8.
Next, these are used as input to a k-means clustering
algorithm to cluster the data into two groups, with an
aim of finding the AE events related to delaminations
(including disbonds) and to separate them from those
having a different source. After the events are clustered,
the meaning of each cluster needs to be interpreted,
which is done by combining the results with the locali-
zation results and strain results, as further discussed at
the end of this section.

DFOS. The strain distributions can provide information
on stiffness degradation and the presence of a disbond
along the stiffener foot. Both cause a change in the
recorded strain levels, resulting in a changing curve in
time. Since each one affects the strain values differently,

this inspired us to investigate whether they can be auto-
matically identified by evaluating in which manner the
strain curve is affected. Where section “Influence of
load and damage on strain measurements” visually
described how stiffness degradation and disbonds affect
the strain values, we develop this further in this section
into a method that can identify the damage type in an
automated manner. This methodology is discussed
next.

As previously explained, stiffness degradation affects
the strain measurements on a global scale, causing the
strain distribution curve to shift. In contrast, a disbond
will affect the strain measurement only locally, leading
to a change in the shape of the strain curve. The differ-
ent effects of each damage process on the strain curve
necessitate a damage type identification method consist-
ing of two sub-procedures. In the first sub-procedure,
we aim at identifying the occurrence of stiffness degra-
dation. We suggest to do so by developing a methodol-
ogy that assesses global behavior by detecting changes
in the mean strain values in time. In the second sub-pro-
cedure, we identify the growth of a disbond by imple-
menting a methodology that assesses changes in the
strain values in time for measurement locations along
the stiffener foot. Each sub-method of our proposed
damage type identification method is separately dis-
cussed next.

Stiffness degradation. For the development of the stiff-
ness degradation methodology in this section, we
observe that stiffness degradation has an effect on the
strain along the entire length of the stiffener foot, where
its effect is most apparent at the compressed stiffener
foot. Consequently, only the strain measurements from
the more compressed stiffener foot are employed for
the identification of stiffness degradation. By estimating
the mean strain value at each measuring cycle interval
and monitoring any changes, stiffness degradation can
be identified. If stiffness degradation occurs, the com-
pressive strain values reduce, causing the strain curve to
shift upward and the mean strain value to reduce in
absolute value. Similar to the previously defined dam-
age detection method, a windowing approach is taken
with a window size of five measurements. If the differ-
ence in mean of two consecutive windows satisfies

My, — pq =20 for the compressed side (5)

stiffness degradation might be occurring. Here, o is the
arithmetic mean of the unbiased window variances. For
the identification of stiffness degradation, an additional
constraint needs to be met, namely, that the stiffness
degradation is identified for five consecutive measure-
ment intervals. This reduces the number of false
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positives and is derived from the observation that stiff-
ness degradation generally occurs over a longer cycle
period than one measurement interval. The fatigue
cycles, at which stiffness degradation is identified, are
collected in a vector called ngp.

Disbond identification. In this section, we discuss the
methodology for disbond growth identification. The
development of such a methodology requires a method
to assess local changes. The presence of a disbond
causes a local compressive strain increase on the com-
pressed side and a local compressive strain decrease on
the tensed side. We can deduce that such changes can-
not be identified when only assessing the mean strain;
instead, we need to develop a methodology that is
capable of examining the strain behavior of each mea-
surement point along the stiffener foot, as described
next.

First, the change in strain value in time is evaluated
for each measurement location along the stiffener foot.
Similar to the previous sub-method, a windowing pro-
cedure is applied and consecutive windows are com-
pared. A change is detected if the absolute change in
strain value is larger than 20, where o is the arithmetic
mean of the window variances for the considered mea-
surement location. Note that for the compressed stif-
fener, an increase in absolute value is required, while
for the tensed stiffener both a decrease and an increase
in absolute value are needed. The latter is based on the
notion as described in section “Influence of load and
damage on strain measurements,” where we discussed
that a disbond on the tensed side leads to the creation
of an adjacent valley-peak-valley strain distribution.
Similar to stiffness degradation identification, an addi-
tional constraint needs to be fulfilled, namely, that five
consecutive windows need to be flagged (i.e. a period
of 2000 cycles). In addition, we implement a third con-
straint stating that at least five neighboring measure-
ment locations need to show this behavior before
identifying the occurrence of disbond growth. The lat-
ter constraint is a user-imposed constraint, taking into
account that a disbond affects the strain values over a
larger area, while simultaneously preventing the detec-
tion of local fluctuations. In this regard, the selection
of a larger window will lead to delayed disbond identi-
fication, while a smaller window can lead to more false
identifications. Summarizing, in our methodology, dis-
bond growth is identified if, over a range of approxi-
mately 3 mm, the strain values show a consistent
increase or decrease for 2000 consecutive cycles for the
compressed or tensed side, respectively. The cycles at
which disbond growth occurs are collected in a vector
called npg.

Fusion. In the previous section, we developed a method
that can directly identify disbond growth from the
strain measurements. Yet, looking at the AE-based
localization approach, the assigning of clusters of AE
events is still pending. In this study, we do so using
both the strain results and the AE localization results.
For this, we propose the implementation of a coopera-
tive fusion approach, in which the former is used to
identify the cycle at which a disbond growth has
occurred. Using these cycles (collected in npg), we can
link this with the AE events: if the AE events in a clus-
ter have similar timestamps, this provides strong indi-
cations that the data in that cluster is related to the
disbond. Furthermore, since disbonds are in essence
delaminations due to the co-curing of the skin and stif-
fener, it is expected that these are clustered in the same
group as delaminations in the skin. Therefore, by also
combining the clustering results with the AE localiza-
tion results, we obtain an indication of the locations
where delaminations in the skin are present.

Finally, after identifying the AE cluster related to
delaminations, we complementarily fuse the cluster
results with the identification results of the disbond
growth and stiffness degradation based on the strain
data. This last fusion step results in the establishment
of a damage identification method allowing for the
identification of delaminations, disbond growth and
stiffness degradation, based on both AE and strain
data. The methodology in this study for damage type
identification is illustrated in Figure 9.

Level 4: damage severity

The last SHM level, level 4: damage severity, can be
assessed through both AE and strain measurements. As
each technique can provide different information on
damage growth and severity of damage growth, we fuse
the two in this section. In this regard, a fused HI based
on the simultaneous assessment of both data sets is
designed. In this section, first, the HIs based on the
data sets from each technique are extracted separately,
which includes the presentation of a DFOS-based HI
for damage severity assessment. This is followed by a
final fusion step, which results in a single fused HI
capable of assessing damage severity throughout the
test.

AE. For assessment of the fourth SHM level with AE
data, we employ the commonly used cumulative energy
feature. Advantages of using such feature are its inher-
ent monotonic behavior with the number of fatigue
cycles and its relation with damage propagation.” For
the assessment of the SSCs in this work, bins of 500
cycles have been considered, resulting in HIg.
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Figure 9. Flowchart depicting damage type identification methodology.

DFOS. For the distributed strain measurements, we
adopt an approach that develops a DFOS-based HI in
which a change in the mean value of the strain mea-
surements is considered to be an indication of damage
occurrence. In this section, we make the connection to
severity as follows: an HI is established that consists of
the changes in mean strain value with respect to the
first strain measurement, with a larger change in the
mean strain value directly leading to a larger change in
HI value. Since two strain measurements are available
(one for each stiffener foot), two sub-HIs are obtained,
given as Hlpp, and Hlgp, for the tensed and com-
pressed stiffener, respectively. To allow for simulta-
neous assessment in a single Hlgg, the two sub-HIs are
fused as

Hlor = Hlor, — Hlor, (6)

where we give equal weight to each index, and we
subtract Hlpp, due to its opposite behavior under
damage.

Fusion. After establishing the separate HIs from the AE
technique (HIog) and DFOS technique (HIgf), we fuse
the two in order to obtain the hybrid Hlg. In this

regard, we follow an FEI-FEO fusion approach.
However, before fusing the two HIs, a discrepancy
arises due to differences between the HIs that must first
be cleared. Namely, the units of each HI must be con-
sidered: where HI,g is given in attojoule, and Hlgy is
given in microstrain. To allow for a fusion, we include
a normalization step beforehand, in which we normal-
ize the values of each HI to the range [0,1] using equa-
tion (1). After solving this inconsistency between units,
we can fuse the HIs as

1 1
HIF = E HIAE + E HI()F (7)

with each HI having equal weight of 1/2. We selected
the weight value of 1/2 with an aim of obtaining an HI
with a value near 0 at the start of testing and a value
near 1 at final failure. Moreover, in this manner, we can
provide equal importance to each technique.

Note that, similar to the considerations for the dam-
age detection methodology, the measurement intervals
of AE and OF are not equal, posing challenges when
fusing the HIs. Therefore, to allow for a fusion, we
adopted a similar method as specified for the fused
damage detection, in which we substitute the preceding
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Figure 10. Flowchart depicting damage severity methodology.

value for any “missing” value. The procedure to estab-
lish the fused HI Hlp, including the establishment of
HI g and Hlgp, is summarized in Figure 10.

Results and discussion

Fusing AE and DFOS data and their diagnostic results
enables damage monitoring of each SSC throughout
the fatigue test. The damage assessment of the SSCs is
discussed following the four SHM levels, commencing
with the first level: damage detection. This is followed
by section “Level 2 and 3: damage localization and
damage type identification,” in which a simultaneous
assessment of damage localization and type is made due
to their interdependence. Finally, the damage severity
(level 4) is assessed using fused HIs.

Level |: damage detection

The extraction of the fused damage detection feature yg
is performed for each tested SSC. The results are
plotted with respect to the number of fatigue cycles in
Figure 11, where the red vertical lines indicate the
cycles at which damage initiation and propagation is
detected. For L1-03 (Figure 11(a)), it is seen that dam-
age is detected in the first 10,000 cycles and after 25,000
cycles. The next damage detection occurs around
70,000 cycles and is subsequently detected up until the
final failure of the SSC. On the opposite is L1-04
(Figure 11(b)), where damage is only detected at the
start of the fatigue loading and after 240,000 cycles.
Although a subtle constant rise of yg is seen between
140,000 and 190,000 cycles, this increase is not large

enough for the damage detection algorithm to detect it,
which requires its increase to be larger than 20 (equa-
tion (4)). Finally, Figure 11(c) presents the damage
detection results for L1-05. Noticeable is the initial
decrease in value, which is not observed for the other
SSCs. This decrease is caused by the behavior of the
strain values on the surface of the tensed stiffener. On
the edges of the measurement region, the strain values
are reducing with an increasing number of cycles, while
the center region remains constant in time. The latter
can also be observed in the strain data results presented
in the next section. Similar behavior was seen for the
other SSCs, although its reductions were lower, causing
it to not be evident in the yy curve. Taking into account
that this behavior is seen for each SSC immediately
from the first applied fatigue loads, it is believed that
this behavior is caused by the SMARTape itself, which
acts under the tension loads of the post-buckling.

Level 2 and 3: damage localization and damage type
identification

In this section, the damage localization and type identi-
fication results are presented. The diagnostic results for
the second and third levels are discussed together
because the proposed methodology employs an integral
fusion of their (sub-)results. For example, the disbond
identification results are employed in order to deter-
mine strain-based disbond localization, and both the
disbond localization and identification are combined
with AE localization to interpret the AE clustering
results. Before assessing each SSC separately, the diag-
nostic results from the strain and AE data are shortly
introduced next.

DFOS. Strain data are used to identify stiffness degra-
dation and disbond growth following the proposed
damage type identification algorithm. From the strain
measurements, this results in two vectors containing
fatigue cycles, namely, nsp and npg. For each SSC,
these results are indicated in the lower bars of Figure
12. The colorplots shown above the bars indicate the
change in strain value with respect to the strain mea-
sured at 500 cycles. In addition, the disbond location
based on the strain peaks is indicated using the black
scatterpoints. To ensure correct identification of stiff-
ness degradation, a comparison with load—displacement
curves obtained from the quasi-static loading segments
was made, of which the results are included in
Appendix 2. The results were deemed accurate, except
for L1-04, for which the identification of stiffness
degradation in the first 30,000 cycles is considered
erroneous.
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Figure 1 1. Fused damage detection curves yg based on AE and strain measurements for each SSC: (a) L1-03, (b) L1-04, and (c) LI-
05. Red vertical lines indicate the cycles at which damage is detected.

AE. The localized AE events are clustered using PCA
and k-means clustering following the proposed metho-
dology. For evaluation of the results, two types of x-y
localization plots are employed. First, a kernel density
estimation is presented in which the AE events are split
per cluster. This allows one to interpret the intensity of
the number of AE events in certain regions; information
that is lost when plotting all localized events on top of
one another. Second, to allow for a time-wise interpre-
tation of damage growth, clustered localized AE events
are plotted separately for several cycle periods. The
results are indicated for L1-03 to L.1-05 in Figures 13 to
15, respectively. Note that the presented cycle periods
differ per SSC and are based on the obtained measure-
ment data. In addition, the localized events were clus-
tered into two clusters. From the presented clustering
results for each SSC, the inference is drawn that cluster
1 contains AE events caused by the propagation of
delaminations (including disbonds), while the remain-
ing events are included in cluster 2. For each SSC, most
AE events in cluster 1 are located near the impact or
centered in areas at the stiffener. Contrarily, cluster 2

shows localized events with a wider spread throughout
the SSCs, including the skin.

L1-03. The SSC L1-03 was impacted at the edge of the
stiffener foot before applying fatigue loading. The loca-
lized and clustered AE events in Figure 13(e) indicate
that the impact caused delamination growth (cluster 1)
in the first few thousand fatigue cycles with an exten-
sion of the delaminated region inward of the skin.
Moreover, the strain measurements (Figure 12) indicate
some delamination growth near the right stiffener foot
during the first few thousand cycles. After 10,000 cycles,
little delamination growth is observed in either of the
diagnostic results; although, stiffness degradation is
identified from 69,000 cycles onward. AE data indicate
a disbond growth after 130,000 cycles in the upper half
of the left stiffener foot, which continues to grow until
final failure. The identification of disbond growth based
on the strain measurements is slightly delayed with
respect to the AE results, indicating the first disbond
growth at 143,000 and 146,000 cycles for the right and
left stiffener foot, respectively. Moreover, disbond
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Figure 12. Colorplots indicating the change in strain with respect to the strain curve measured at 500 cycles for each SSC: (a) and (b)
L1-03, (c) and (d) L1-04, and (e) and (f) L1-05. The x-axis indicates the number of cycles, y-axis indicates the location along the stiffener
foot, and the color indicates the change in strain. In addition, the identified location of the disbond is shown by the black scatterpoints.
Below the colorplots, the cycle numbers at which stiffness degradation or a disbond is identified are presented (nsp and npg).
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Figure 13. Kernel density estimation (a) to (d) and time-wise (e) to (h) plots for the clustered and localized AE events results of
L1-03. In (e) to (h), clusters | and 2 are indicated using blue and red scatterpoints, respectively.

growth is detected in two regions: for the left stiffener
foot in the upper half and for the right stiffener foot in
the lower half and closer to the center of the SSC, which
continues to grow until final failure. Note that this infers
that although the impact caused a delamination that sub-
sequently grew during the first 10,000 cycles, it was not
the main source leading to the final failure of the SSC:
this was caused by a disbond originating in the upper half
of the left stiffener foot that subsequently grew across its
length and width, resulting in the loss of the load-bearing
capability of the SSC, hence in final failure.

LI-04. The SSC L1-04 was impacted in the right bot-
tom half of the skin. Figure 14(e) and (f) indicates little
AE activity in the first 240,000 cycles and no large
activity near the impacted region besides some events
located 2 cm above the impact location, as well as more
spread throughout the SSC. The strain measurements

seem to confirm that no disbond growth occurs as no
activity is identified by the damage type identification
algorithm. Only some initial stiffness degradation is
identified in the first 30,000 cycles, which was previ-
ously deemed erroneous. No further stiffness degrada-
tion is identified hereafter until the interval of 151,000
to 194,500 cycles and after 229,500 cycles. Diagnostic
results indicate that disbond growth in the right stif-
fener foot (Figure 12(d)) is first identified at 239,500
cycles and is subsequently identified up until final fail-
ure. Simultaneously, AE events are localized in the
lower bottom half of the SSC. Between 260,000 cycles
and final failure, the activity of cluster 1 (delamina-
tions) accumulates at the bottom center half of the stif-
fener, which is clearly visible in Figure 14(c). The AE
data indicate that the disbond grows both upward,
toward the center of the SSC, and through its
width. The latter is confirmed by the first disbond iden-
tification in the left stiffener foot at 272,000 cycles
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Figure 14. Kernel density estimation (a) to (d) and time-wise (e)

to (i) plots for the clustered and localized AE events results of LI-

04. In (e) to (i), clusters | and 2 are indicated using blue and red scatterpoints, respectively.

(Figure 12(c)). The identified disbond growth along the
length and width of the bottom half of the stiffener in
the final 40,000 cycles of the FCAI test resulted in the
final failure of the SSC.

Although the diagnostic results seem to be consis-
tent, the disbond localization algorithm based on strain
data is not performing sufficiently. On the one hand,
for the left stiffener foot, the disbond location is indi-
cated only slightly above that of the AE results. On the
other hand, for the right stiffener foot, the disbond
locations as indicated in Figure 12(d) are not in agree-
ment with those of the AE results. Where the strain-
based localization algorithm initially localizes the dis-
bond in the center region of the SSC, it is subsequently
identified in the upper region and it is localized down-
ward in the final stages of the test. Contrarily, the AE
localization results indicate that most events, including
those related to the disbond, are located in the bottom
half. It is hypothesized that this difference is caused by
the location of the disbond, which affects the buckling
pattern and subsequently also affects the strain distri-
bution. Whereas for the other SSCs, the disbond is con-
centrated in one of the stiffener feet, the results for L1-
04 seem to indicate that the disbond initiated in the
center width of the stiffener before growing outward.

Consequently, this led to an erroneous disbond locali-
zation based on the strain measurements.

LI-05. The SSC L1-05 was impacted at the top of the
left foot stiffener. Some initial AE events in cluster 1
are localized around the impacted region, but no sub-
stantial AE activity is recorded in the first 100,000
cycles (Figure 15(c) and (d)). Although a short period
of disbond growth is detected by the damage type iden-
tification algorithm, as seen in Figure 12(e), where
between 66,500 and 69,500 cycles, disbond growth is
identified in the upper region of the left stiffener foot.
As indicated by Figure 12(e), stiffness degradation is
identified between 68,000 and 82,000 cycles, and again
between 98,000 and 123,000 cycles. After 100,000
cycles, the clustered AE localized events indicate a dis-
bond growth downward and toward the center of the
stiffener, as seen in Figure 15(e¢). Disbond growth at
the left stiffener foot is identified shortly afterward
based on the strain measurements, as displayed in
Figure 12(e). In this figure, the disbond localization
results based on the strain measurements indicate a
similar growth pattern downward, as well as toward
the right stiffener foot, as confirmed by the first dis-
bond growth identification around 110,000 cycles in
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Figure 15. Kernel density estimation (a) and (b) and time-wise (c) to (f) plots for the clustered and localized AE events results of
L1-05. In (e) to (h), clusters | and 2 are indicated using blue and red scatterpoints, respectively.

the right stiffener foot (Figure 12(f)). From 130,000
cycles onward, the AE events indicate a continued dis-
bond growth in the upper half of the stiffener toward
the right stiffener foot (Figure 15(f)). This disbond
growth in the right stiffener foot was also identified
based on the strain measurements from 129,000 cycles
onward. The propagation of the disbond growth along
its length and width ultimately led to the final failure of
L1-05.

Level 4: damage severity

The fused HIs for each panel are presented in Figure
16, together with the HIs based solely on AE (HI,g) or
strain (HIpr) data, in which the results are plotted with
respect to the number of fatigue cycles. Note that both
(HILg) and (HIpp) have been normalized for this pur-
pose using equation (1). It can be clearly seen that for
each SSC, the fused HI accounts for the damage pro-
cesses monitored by each individual monitoring tech-
nique. For example, for L1-03, HI,g indicates a steep
increase within the first 10,000 cycles while HIgg shows

a more gradual increase that picks up after 70,000
cycles (Figure 16(a)). The strong increase of Hlug is
caused by the delamination growth of the initially
induced impact damage within the first 10,000 cycles,
as discussed in the previous section, which subsequently
dominates the obtained HI g values. In addition, the
previous section showed damage propagation leading
to stiffness degradation after 70,000 cycles, which is
subsequently reflected in Hlgg. Fusing the two, result-
ing in Hlg, clearly combines them by displaying both
the initial increase as well as the subsequent damage
propagation after 70,000 cycles.

For L1-04, similar results are obtained, although dis-
playing opposite behavior: whereas the strain-based
Hlor shows a constant increase with the number of
cycles, HI,g only steeply increases after 260,000 cycles.
Thereby, a consistency is shown with the discussion in
the previous section on the damage localization and
identification results, in which it was considered that
most damage propagated close to final failure, with the
disbond growth first identified around 240,000 cycles.
The latter leads to a steeper increase of Hlpg at 240,000
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cycles as observed in Figure 16(b). Evaluating the fused
HI in Figure 16(b), it can be concluded that performing
a fusion of both HlIs into Hly allows for a comprehen-
sive assessment of the damage severity throughout the
test.

For the third SSC, L1-05, the obtained Hlog
demonstrates slightly different behavior with respect to
L1-03 and L1-04. Namely, the value of Hlpg is not
equal to 0 at the start of the fatigue testing and subse-
quently reduces until 70,000 cycles before showing an
increase. This correspondingly affects the obtained
HIF, causing it to be non-monotonic. As previously dis-
cussed for the damage detection results, it is believed
that this behavior of the strain values is caused by the
SMARTape acting under tension loads. After 70,000
cycles, a continuous upward trend is observed and the
advantage of employing a fused Hlg is displayed,
thereby taking leverage of the capabilities of each mon-
itoring technique.

Conclusion

A fusion-based approach for damage diagnostics of
SSCs subjected to FCAI tests was presented in this
work. A complementary and cooperative fusion method
was proposed to combine AE and strain data, where the
strengths of each SHM technique were identified and
exploited to make a diagnostic assessment on the four
SHM levels, namely: (1) detection, (2) localization, (3)

damage type identification, and (4) damage severity.
However, we learned that its fusion is not straightfor-
ward, as a variety of aspects must be faced first, such as
the discrepancy between units, range values, and differ-
ences in data acquisition intervals. We implemented pro-
cedures to mitigate these challenges, including missing-
value replacement and unity-based normalization,
allowing for a successful fusion.

For the first level, that is, damage detection, feature-
level fusion was performed on two features: one
extracted from the AE data set (cumulative AE events)
and one developed HI from the strain data set (a fea-
ture derived from the mean strain values). The fused
feature was subsequently used in the development of a
damage detection algorithm. By implementing such a
feature-level fusion to obtain a hybrid feature, we
showed that stiffness degradation, disbond growth, as
well as other damage initiation and propagation unre-
lated to the disbond, can be detected in a synchronized
manner. In contrast, if only AE data are employed,
then stiffness degradation cannot be detected; if only
strain data are employed, then the detection of damage
outside the stiffener region is overlooked and the dis-
bond growth detection is delayed.

Similar conclusions were drawn when assessing the
damage propagation throughout the SSC during the
fatigue tests, based on both the damage localization
and damage type identification results. This work sug-
gested a damage localization methodology that fuses
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AE and strain data in a complementary manner. The
AE data allowed damage localization throughout the
SSC, despite being affected by uncertainty errors caused
by the anisotropy of the SSC. For disbond localization,
a disbond identification and localization algorithm was
presented that resulted in indications of the disbond
location based on strain data, although the localization
of the disbond edges requires further investigation. As
these two techniques and their results clearly supple-
mented one another, a complementary fusion approach
was introduced. The localization results from the differ-
ent techniques were consistent for two SSCs, thereby
showing agreement and conformity in the damage loca-
lization results, yet those for one SSC (L1-04) were
competing and differed substantially. It is hypothesized
that this was caused by the location of disbond initia-
tion, although further research is required to confirm
this hypothesis.

Furthermore, a second fusion approach was intro-
duced that relies on both complementary and coopera-
tive fusion techniques. This methodology was proposed
to fuse the localization results and the damage type
identification results. This resulted in a simultaneous
time-based assessment of stiffness degradation, delami-
nations, disbond location, and disbond growth.
Hereby, we concluded that a fusion of both damage
location and damage type results based on both AE
and strain data allows for a damage diagnostic through-
out the fatigue load cycle up until the final failure of the
SSC.

This study assessed the fourth SHM level, which
considers damage severity, by implementing a feature-
level fusion methodology that employs the AE cumula-
tive energy and a DFOS-based HI relying on the change
in mean strain value. This feature-level fusion led to the
implementation of a fused HI with which we showed
that performing a fusion allows for an improved assess-
ment of the damage severity throughout the fatigue
cycle. The fused HI takes into account both the infor-
mation provided by the AE and the strain data, thereby
resulting in the capability of assessing the severity based
on the damage propagation in the complete SSC.

This work has demonstrated the advantages of a
fusion-based framework on SHM data for damage
diagnostics of complex composite structures such as
stiffened panels subjected to realistic loadings as fatigue
and impact. Fusion allows one to achieve a broader
assessment of the damage initiation and propagation,
thereby allowing for the inclusion of multiple damage
types that cannot always be monitored by a single tech-
nique. Moreover, it enables us to move toward a full
SHM level assessment rather than fixating on improv-
ing methodologies on a single level. This is of interest in

the SHM application on complex structures used in-ser-
vice, where a full damage diagnostic on all four SHM
levels is required.

Although this work has shown the first steps toward
a full SHM assessment, further analysis of the behavior
of the considered SSCs is needed, as well as the effect
of initial damage type and location. For example, the
identification of impact damage has not yet been
included in this work since the impact was performed
before the start of damage monitoring. Only damage
initiation and propagation occurring during the fatigue
test can be detected and monitored; the damage present
before fatigue testing goes unnoticed. In this regard, it
can be of interest to include a fusion with dynamic strain
sensing into the proposed framework. Another aspect
requiring further improvement is the analysis of the
strain data. Although the influence of a disbond on the
strain distribution measurement is recognized, a method
to extract its actual growth is pending and likely requires
models such as an FEM. The latter closely relates to the
damage assessment on the fourth SHM level, that is,
severity, that vastly benefits from applying fusion tech-
niques as demonstrated in this work. The fusion of addi-
tional SHM techniques, such as LW measurements, can
also be of benefit here, thereby bringing its strengths to
the table. Although further improvements must be con-
sidered, it is foreseen that developing and implementing
fusion techniques in the field of SHM result in damage
diagnostic frameworks capable of making assessments
on all four SHM levels.
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Appendix |

Notation

A amplitude (dB)
CNTS counts (—)

D duration (ws)
E energy (alJ)

HIag, HIy, Hlor

health index for damage
severity based on AE, fused,
DFOS features

LUCY location uncertainty (mm)

np cycles of detected damage

npp cycles of identified disbond
growth

nsp cycles of identified stiffness
degradation

ny number of cycles to failure
)

fin final measurement cycle (-)

R rise time (w.s)

X lateral location (mm)

y longitudinal location (mm)

YAE> Yrs YOF damage detection index
based on AE, fused, DFOS
features

€ strain (-)

I mean

o standard deviation

T changepoint

Appendix 2

Strain data are used to identify stiffness degradation
and disbond growth (Figure 12), resulting in two

vectors containing fatigue cycles: ngp and npg. Where
the identification of disbond growth was considered in
relation to the localized and clustered AE events, the
cycles in ngp at which stiffness degradation is identified
can be validated in a comparison with the load-
displacement curves obtained from the quasi-static
loading segments. By comparing the slopes of the load—
displacement curves, stiffness degradation can be identi-
fied. These must correspond with those given by the
damage type identification algorithm in ngp.

The load—displacement curves for several cycle inter-
vals are given for each SSC in Figure 17. When com-
paring these with the results presented in Figure 12, an
agreement can clearly be identified. For example, for
L1-03, stiffness degradation is identified based on the
strain measurements of the left (compressed) stiffener
from 69,000 cycles onward (Figure 12). The load—
displacement curves at 500 and 67,000 cycles (taking
into account a range of 2000 cycles due to windowing)
show no differences, whereas those at 67,000 and
129,000 cycles indicate a strong stiffness degradation.
The remaining load—displacement curves show a fur-
ther though less pronounced stiffness degradation,
which corresponds to the lower number of cycle inter-
vals in which stiffness degradation occurred.

For L1-04, similar agreements are obtained, except
for the initial 30,000 cycles: stiffness degradation is iden-
tified; however, no indications are seen in the load—
displacement curves. This indicates that the identification
of stiffness degradation during the first 30,000 cycles is
erroneous. Stiffness degradation is identified as well after
149,000 cycles, which is confirmed by the load—
displacement curves, although one could expect a larger
reduction in stiffness based on the length of the identified
interval. This leads one to reason that the proposed stiff-
ness degradation methodology is perhaps too sensitive to
changes in the strain distribution for the L1-04 case. This
can be confirmed by evaluating the 2o —values used to
determine whether a change in mean strain is sufficient
for identification: the 20—value for L1-04 is approxi-
mately 31% and 15% smaller than that for L1-03 and
L1-05, respectively, causing the identification algorithm
to be too sensitive and leading to an erroneous ngp.

Finally, for the L1-05 SSC, the performance of the
stiffness identification algorithm is seemingly improved.
Figure 12(¢) shows that stiffness degradation is detected
between 68,000 and 82,000 cycles, and again between
98,000 and 123,000 cycles. Evaluating the load—
displacement curves in Figure 17(c), a change in the slope
between 66,000 and 84,000 cycles can be noted, as well as
between 96,000 and 125,500 cycles. Simultaneously, the
load—displacement curve at 84,000 and 96,000 cycles
remains constant; hence, it is concluded that the fatigue
cycles in ngp can be considered as accurate.
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Figure 17. Load—displacement curves for each SSC, showing stiffness degradation with an increasing number of cycles: (a) L1-03,
(b) L1-04, and (c) L1-05.



