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Abstract
This study explores the use of guided wave-based structural health monitoring (GW-SHM) for structural testing of air-
craft composite structures. The research presents the results of a full-scale test on a composite fuselage panel involving
realistic impact damage, mechanical loading with three representative load cases, and temperatures ranging from 12 to
30�C. The dataset generated is then used to analyze the interaction between environmental and operational factors and
damage effects on GW propagation. The analysis reveals that both load and temperature can cause variations in time-of-
flight and amplitude of a similar order of magnitude, with temperature-induced changes distributed quite uniformly, while
load effects exhibit a pronounced effect along the direction of the applied load. Furthermore, the detectability of realistic
damage under varying environmental and operational conditions (EOCs) is examined. The full-scale structural test pro-
vides valuable insights into the implementation of GW-SHM in composite aircraft structures under varying load and tem-
perature conditions. The results demonstrate that relevant impact damage can be detected under changing EOCs,
confirming the suitability of the system for application in a full-scale fatigue test of a door surrounding structure.
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Introduction: Structural testing and SHM

Certification of composite aircraft structures and the
damage tolerant design

The design of aircraft structures is driven by damage
tolerance, a design philosophy developed in the 1970s.
The damage tolerance approach requires structures to
withstand pre-defined design loads in the presence of
allowable damage until such damage can be detected
by the maintenance strategy or other protocols in
place.1

The use of composite materials in aircraft structures
and the different behavior of metallic and composite
materials lead to a redefinition of the relevant damage
types and the mechanisms causing structural failure.
One of the main differences affecting the methodology
for fatigue and damage tolerance compliance is based
on the damage growth mechanisms. Although compo-
site structures can experience fatigue-induced damage,
it can be addressed by suitable design and allowables.
However, their impact sensitivity is a crucial factor in

design and testing compared to fatigue behavior.
Therefore, composite structures must be able to
demonstrate residual strength at the end of the fatigue
test and after being subjected to impact damage in
order to be certified.2

The aviation certification agencies have issued new
guidelines regarding the certification of aircraft compo-
site structures using a damage-tolerant approach.2,3

The guidelines define five damage categories, from low
to high severity, and the loads that a structure with
such damage must withstand. For example, category 1
damage is defined as barely visible impact damage
(BVID) and allowed manufacturing defects. For
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category 1 damage, the structure is required to sustain
a fatigue test corresponding to a full aircraft lifetime
and afterwards still withstand ultimate load.

In aircraft design, structural tests are carried out to
prove to certification authorities that a structure com-
plies with the regulations. A test pyramid provides a
systematic sequence of tests and analyses from coupon
level through to full-scale structural validation. The
validation of the fatigue and damage tolerance
approach is ultimately performed by full-scale testing.2

In a full-scale test, the specimen has the same dimen-
sions as the original design and is considered to be fully
representative.

SHM for a full-scale structure test

The validation tests of a damage tolerance design
include the evaluation of representative damage
inflicted on the structure. BVID and visible impact
damage (VID) are introduced and then regularly
inspected with non-destructive inspection (NDI) by
certified inspectors throughout the validation test. This
work considers the use of guided wave-based structural
health monitoring (GW-SHM) for a full-scale struc-
tural test to monitor BVID and VID on a full-scale
composite fuselage structure. The advantages of SHM
for structural testing are, among others, test downtime
reduction and a decrease in the monitoring interval.

Test downtime reduction. A full-scale fatigue test is an
essential part of the development phase of an aircraft,
and it is time-consuming. The full-scale fatigue tests
required for the certification of the A320 lasted over
several years and covered an equivalent of three times
the aircraft’s design lifetime.4

The overall duration of the development phase of a
new aircraft and the subsequent ramp-up of production
is of high relevance for an aircraft manufacturer com-
pany, as it impacts the return on investment of the
development cost and the market success due to the
reaction time to market needs. Accordingly, there is an
incentive to shorten relevant tasks in the development
phase such as the full-scale fatigue test. A considerable
portion of the overall test time is test downtime, which
is primarily determined by the scope of the NDI inspec-
tion program and the time needed to perform the
required inspections at certain stops of the test, and to
review and respond to the NDI results. Alternative
solutions to current manual NDI include robotic and
automated NDT techniques. However, these methods
require sufficient space and a free, accessible surface to
operate effectively. They can be cumbersome in con-
fined or heavily instrumented areas, such as full-scale
fatigue testing, and may interfere with existing cabling

and imaging systems, such as DIC cameras. This high-
lights the interest in SHM as a suitable approach to
structure monitoring.

One objective of the use of GW-SHM is therefore to
spare a part of this test downtime by satisfying the need
for an NDI inspection task instead by monitoring on
demand or even continuously.

Continuous monitoring. The damage tolerance approach
for composite structures classifies damage in three cate-
gories according to the growth rate: no-growth, slow
growth, and arrested growth.2 As the name indicates,
no-growth damage does not increase in size, while slow
growth damage increases slowly, stably, and predicta-
bly. In arrested growth, the damage is mechanically
stopped before reaching a critical size, and it usually
occurs due to design features, such as thickness varia-
tion or a structural joint.

For every structurally significant item, load cycling
followed by a residual strength test is used to validate
the sensitivity of the structure to damage growth.
Assumptions on the growth rate of this damage are
made to set the NDI intervals during fatigue testing.
The inspection interval is defined so that assessments
occur between the time the damage becomes detectable
and the time the damage extent compromises the
required residual strength,2,5 much like it is done to
determine the scheduled maintenance program. In a
full-scale fatigue test, the inspection interval usually
follows the in-service maintenance schedule, which
considers the different damage categories, types, and
growth behaviors.

With an automatized and permanently installed
monitoring technology, such as GW-SHM, the time
and effort dedicated to one inspection are greatly
reduced, and a continuous monitoring is achievable.
Continuous damage monitoring enables a better tem-
poral allocation of damage changes and a faster reac-
tion to unexpected damage growth behavior during
fatigue testing.

The content of this work

This work investigates the suitability of GW-SHM for
full-scale fatigue testing by examining an experimental
test carried out on a full-scale composite door-
surrounding structure under quasi-static flight-load
conditions with the introduction of impact damage.
Several reasons motivated the selection of these experi-
mental tests to demonstrate the suitability of GW-
SHM for this type of test. First, the representative
fuselage section between the wing and the horizontal
tail plane is the most complex part of the fuselage from
a load-bearing standpoint, owing to the superposition
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of different load components. It therefore provides a
representative and certification-relevant environment
for evaluating the damage detection capabilities of a
GW SHM system. The potential application of GW-
SHM for certification testing is not limited to this sin-
gle structure; nevertheless, this particular configuration
exemplifies the complexity of multi-axial loading and
structural geometry. Second, in a certification test,
compliance with the damage-tolerance approach must
be demonstrated, for example, by introducing artificial
damage and monitoring its growth to show that the
structure meets the defined growth limits. Finally, by
employing GW-SHM, the goal is to conduct measure-
ments during an ongoing fatigue test to accelerate the
certification process. This study therefore uses quasi-
static load conditions as an initial, simplified step,
allowing the suitability of GW-SHM to be assessed
under challenging, yet operationally uncomplicated,
conditions before progressing to dynamic fatigue
loading.

This section establishes the framework and motiva-
tion for applying GW-SHM in full-scale fatigue testing
within the aeronautical industry. The remainder of this
work is organized as follows. The second section intro-
duces the GW-SHM technique for damage identifica-
tion in composite structures and reviews relevant
literature regarding the influence of environmental and
operational conditions (EOCs) in a SHM system. The
third section provides a description of the composite
fuselage structure, including details about the installed
SHM system. The fourth section outlines the test cam-
paign conducted on the structure, encompassing repre-
sentative load cases for a fuselage structure. The
extensive dataset, comprising GW measurements, as
well as temperature and strain values, is analyzed in
the fifth section. This publication concludes with sum-
marizing remarks and acknowledgements.

Theoretical background: GWs under
EOCs

Finding delamination and debonding in composite
plate-like structures is one of the main potential appli-
cations of the GW-SHM technique in the aeronautical
industry.6,7 The sensitivity of GWs to this damage type,
combined with the predisposition of composite lami-
nates to accidental BVID, offers an interesting use case
for GW-SHM. GW-SHM has been demonstrated as a
monitoring technique to identify BVID in composite
aircraft structures, typically in the form of delamina-
tion in the skin or debonding between skin and other
structural elements.8,9

One of the main challenges for the application of
this technique lies in the wide range of EOCs of an

aircraft, as changes in EOC affect the propagation of
GW. The GW-SHM technique typically relies on
baseline-based methods for damage detection. This
approach involves comparing data collected from the
structure in its pristine state (the baseline) with data
acquired at a later time. The baseline serves as a refer-
ence point, allowing the system to identify any anoma-
lies that may indicate damage. Thus, a variation in the
reference data set due to EOC deteriorates the system’s
ability to detect anomalies if not accounted for.
Numerous techniques to compensate for EOC have
been developed.10–13 but an application in realistic con-
ditions remains challenging for the available compen-
sation techniques. Some of the challenges arise from
the geometrical complexity of the monitored structure
and the combination of multiple EOCs, such as load
and temperature. Another key challenge is the amount
of data required for some compensation techniques to
operate effectively.

To significantly decrease the test downtime, the
GW-SHM system should operate effectively within the
temperature and load ranges commonly encountered
in a structural test. Consequently, this study focuses on
analyzing the variations a GW-SHM system experi-
ences during representative EOC for a structural test.

Temperature

Among the operational and environmental variations
encountered by an aircraft structure, temperature is
one of the dominant effects on a GW-SHM system.14

The effects of temperature on the GW propagation in
composite materials have been extensively studied in
the literature.15,16 Temperature variations influence the
response of a SHM system through multiple
mechanisms.

The main influences reside in the thermal depen-
dence of the piezoelectric effect, the material properties
of the monitored structure, and the shear coupling
between transducer and structure. Due to the inte-
grated character of SHM transducer networks, these
variations influence the response of a SHM system
through multiple mechanisms.

On a material level, the stiffness of composite struc-
tures changes with temperature, affecting the group
and phase velocities of GWs.17 In addition to the arri-
val time, the stiffness variation influences the frequency
domain through the wavelength tuning effect.18,15 Since
wavelengths are proportional to phase velocity, tem-
perature influences the optimal frequencies for GW
excitation.19 Additionally, the thermal expansion and
contraction of the material modifies the plate thickness
as well as the distance between actuator and sensor.10

The bonding layer usually consists of a thin adhe-
sive layer coupling the acoustic source and the
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structure. Due to the finite thickness and stiffness of
the bonding layer, the effective area of shear stress
transmission is smaller than the transducer surface, an
effect coined as shear lag.20,21 The shear lag effect is
dependent on the elastic constants of the bonding
layer, transducer, and substrate, all regulated by tem-
perature. As the shear lag effect increases with tem-
perature, the effective area of the transducer decreases.
As a consequence, the peak response of the GW-modes
shifts toward higher frequencies. Moreover, a variation
on the adhesive stiffness modifies the efficiency of the
shear strain transmission. As the shear coupling
between the transducer and the structure decreases, the
efficiency of the energy transmission drops.19

Temperature affects the properties of piezoelectric
ceramics as well. The piezoelectric coefficient d31 and
the dielectric permittivity e33

s15 increase with tempera-
ture and cause a counteracting effect on the voltage
magnitude. The competing role of both parameters
causes a maximal voltage response at an optimal tem-
perature and a voltage response decrease with higher
or lower temperatures.19

The effects of temperature on the propagation of
GWs are numerous and have multiple origins. The
dominant effect within the temperature range of inter-
est is considered to be the change in elastic modulus of
the monitored structure and bonding layer.

Loads

Structural loading causes deformation and stress,
which in turn affect GW propagation. While a substan-
tial body of research exists concerning the impact of
temperature on GW behavior, fewer works have
focused on understanding the behavior of GWs in
stressed media, particularly in composite structures.
The majority of the literature is based on the acousto-
elastic effect, which describes the change in ultrasonic
wave velocity in stressed solids.22

The acoustic-elastic effect of uniaxial tensile loading
in isotropic metallic plates has been the subject of sev-
eral studies. Chen et al.23 showed that the acoustic-
elastic effect is frequency-dependent, with the change
in phase velocity increasing linearly with load at any
given frequency. Furthermore, at a constant frequency,
the transverse mode was found to be more sensitive to
loading than the longitudinal mode. In the study by
Gandhi et al.,24 GW propagation in stressed solids
exhibited anisotropic behavior in isotropic materials,
with changes in phase velocity following a sinusoidal
function along the direction of propagation. This ani-
sotropic behavior led to a decrease in phase velocity in
the direction of the tensile loading and an increase in
phase velocity in the perpendicular direction. This

trend was reproduced in the study by Pau et al.,25

where a theoretical framework for nonlinear guided-
wave propagation in prestressed plates showed the
dependence between phase velocity and prestress state.
Experimental studies by Roy et al.26 demonstrated an
increase in amplitude in the direction of tension,
accompanied by a decrease in the transverse direction.
The change in amplitude exhibited a linear relationship
with load, similar to that observed in phase velocity.

Other works have explored the load effect in compo-
site plates27 and structures,28 or in combination with
temperature.29 When comparing the stress effect in
GFRP and aluminum plates under uniaxial tensile load-
ing in the study by Palanisamy et al.,27 the change in
phase velocity was found to be one order of magnitude
smaller on the GFRP specimen. Michaels et al.29 quan-
tified the combined effects of temperature and load var-
iations on aluminum plates under uniaxial loading.
Eckstein et al.28 reported on the influence of loads on
GW propagation in a composite fuselage. Using a net-
work of piezoelectric transducers distributed throughout
the structure, the complex loading conditions could be
observed from the changes in group velocities. Recent
works focused on simulating the effects of stress on GW
propagating through both isotropic and anisotropic
materials,30 and on a Glass Fiber Reinforced Polymer
(GFRP) spar under bending loads.31

The understanding of load effects on GW remains
limited to specific cases, such as isotropic metallic
materials and uniaxial loads. There is a lack of litera-
ture concerning load effects on piezoelectric transdu-
cers and the bonding layer between the host structure
and transducers. This represents a significant gap in
the current understanding of GW-SHM, particularly
in more complex scenarios involving anisotropic mate-
rials, multiaxial stress, and transducer configurations.

Experimental setup

A GW-SHM system for a composite fuselage

A full-scale composite fuselage structure was designed
and manufactured for the European-funded project
MAAXIMUS with Airbus Operations, Airbus
Helicopters, Premium Aerotec, Cotesa, and DLR as
the main project partners involved.32 The project
aimed at developing highly integrated and precise
design methods for aeronautical structures made of
carbon fiber reinforced plastics (CFRP).33 The design
of the composite panel is representative for a passenger
door region of a wide-body fuselage, such as the A350.
The structure has dimensions of 4100 3 5700 mm and
covers 9 frames, 17 stringers, 4 windows, and the door
surround structure. An overview of the test structure is
shown in Figure 1.
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A GW-SHM system was subsequently designed and
installed on the fuselage panel. The design of the SHM
system aimed for a practical application in an indus-
trial environment. The distinguishing traits of this
GW-SHM system are a robust transducer network, a
reliable transducer connection, and a modular network
concept.34 The SHM system comprises three main
components: a transducer network, a multiplexing-
connecting unit, and a data acquisition platform.

The DuraAct� transducer network. The transducer net-
work was based on DuraAct� piezocomposite trans-
ducers.35 These transducers consist of a piezoceramic
element embedded in a polymer matrix, providing
improved robustness under mechanical loading and
allowing installation on curved composite structures.
Their suitability for quasi-static and fatigue loading
conditions has been demonstrated in previous
studies.36,37

A modular concept for a piezocomposite array was
developed based on the DuraAct� technology, dis-
played in Figure 2. Up to eight piezoelectric transducers
are integrated into an array, including the wiring and a
base plate to contact the piezoelectric transducers.

Multiplexing unit. The multiplexing module fulfills three
main goals: a simple and reliable transducer connec-
tion, a significant cable reduction through multiplex-
ing, and a cost and time-effective installation. The
connector module’s multiplexing function connects up
to two transducers in parallel within the array for
pitch-catch GW measurements. The modules are then
attached to the data acquisition unit, connected in a
daisy chain configuration. It is therefore possible to
measure in pitch-catch configuration between any pair
of transducers in the entire network with minimal
cabling.

Data acquisition unit

The data acquisition is performed with a PXI system
from National Instruments (Austin, Texas, USA),
together with a software module for acquisition of
GWs developed at DLR. The system combines an
radio frequency (RF) switch matrix within the acquisi-
tion platform with the multiplexing functionality inte-
grated into the piezocomposite arrays, enabling pitch–
catch measurements across the entire network of 148
transducers while maintaining a limited cabling effort.
The data were acquired with a sampling frequency of
10Ms/s and a 12-bit resolution, with excitation ampli-
tudes up to 100 Vpp.

A fuselage panel under mechanical loading

To reduce the time and cost associated with full-scale
fuselage barrel testing, a fuselage panel test aims to
provide equivalent information at a lower level of the

Figure 1. Full-scale demonstrator panel.33

Figure 2. Piezocomposite array based on DuraAct� with connector module.

Moix-Bonet et al. 5



test pyramid.38 A large fuselage panel contains several
critical structural features such as circumferential and
longitudinal joints, the passenger door with the corre-
sponding door surround structure, and representative
floor structures.39 A fuselage panel instrumented with
a GW-SHM system was tested under representative
loads using the test rig described in the study by Sachse
et al.40 and shown in Figure 3. The test rig consists of a
fixed load frame and two bulkheads, one on each side.
One bulkhead is fixed, while the other is movable for
panel loading by means of a pneumatic system for pres-
sure load application. This bulkhead has six hydraulic
actuators, offering three degrees of freedom for displa-
cement and three for rotation.

The loads in the panel are applied by the test rig
through a set of hydraulic actuators. These loads
reproduce conditions representative of those encoun-
tered by an aircraft in actual operation, such as lateral
bending and vertical bending. Three load cases have
been selected for the current study: uniaxial tension
(FXX), lateral bending left (LBL), and vertical bending
down (VBD). Figure 3 illustrates the basic load cases

on a barrel level and the three selected load cases for
the project. Although FXX is not a representative
flight load, it was added for research purposes.

The three selected load cases were applied until a
load equivalent to 75% of limit load (LL) in quasi-
static test conditions. The LL is defined as the maxi-
mum load the aircraft should endure during normal
operation. The quasi-static test stopped at several steps
between the unloaded condition and 75% LL, allowing
the SHM system to perform the measurements under
static load conditions at multiple load levels.

Using a gas gun, impacts were applied according to
the standardized method to create BVID.2 The impac-
tor contains a hemispherical projectile, measuring
25.4 mm in diameter and weighting 835 g, which is
accelerated by means of compressed air. Impact dam-
age was introduced in 11 locations, creating damage
with sizes between 364 and 3720 mm2. All impacts
were classified as BVID and therefore as category 1
according to the European Union Aviation Safety
Agency.3 The gas gun introduced damage in the form
of skin delaminations and debonding between the fuse-
lage skin and adjacent structural elements, such as
omega stringers, frames, and intercostals. The skin
thickness at the impact locations ranged from approxi-
mately 2 to 7 mm.

NDI based on phased array ultrasonics was per-
formed at the impact locations for reference purposes
with an OmniScan MX from Olympus (Olympus
Corporation, Tokyo, Japan). Figure 4(a) shows the C-
scan of a delamination with an area of 580 mm2, while
the C-scan in Figure 4(b) reveals two small delami-
nated areas with sizes 9 3 8 and 10 3 10 mm. Their
conjoint size is 26 3 14 mm, corresponding to a dam-
aged area of 364 mm2.

A test sequence was designed to assess the structure
under various load cases and damage states, consisting
of two load sequences: full and short. In the full load
sequence, the structure experiences three load cases
(FXX, LBL, and VBD) at eight defined load steps from

Figure 3. Test set-up: Door surround structure panel in test
rig.40

Figure 4. C-scan of ultrasound measurements after impacts (a) I12 with size 29 3 20 mm and (b) I03 with size 26 3 14 mm.
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unloaded to 75% of LL. The short load sequence cov-
ers the same load cases but stops only at four defined
load steps: unloaded, 20, 40, and 75% of LL.

The test campaign proceeded as follows: a full test
sequence with the structure in a pristine (pre-damage)
state, followed by short load sequences after each of
the 11 impacts, concluding with a final full test
sequence. The test parameters for the short load cycle
are presented in Figure 5. This approach provides valu-
able data on the structure’s behavior under various
load conditions and damage states. The structure
underwent a total of 12 load cycles, including three
load configurations up to 75% of LL for each of the
11 damage states and an initial reference state.

The structure was instrumented with piezoelectric
transducers, strain gauges, and temperature sensors. A
total of 148 piezoelectric transducers, distributed in 31
piezocomposite arrays with integrated multiplexing
function were installed on the top-left quadrant of the

fuselage structure. The piezoelectric transducers
employed windowed five-cycle sinus burst excitation
signals with frequencies between 50 and 200 kHz for
GW actuation, capturing data from all actuator–sensor
pairs within a 400 mm radius. Additionally, 31 tem-
perature sensors and 14 strain gauges were distributed
throughout the area covered by the piezoelectric trans-
ducers. The arrangement of sensor groups and impact
positions on the top-left quadrant of the fuselage panel
is presented in Figure 6, where the door and window
cut-outs are depicted with dotted lines, providing a
clear visualization of the test setup and key locations.

Results

This section explores two primary factors influencing
GW propagation during a full-scale structure test:
mechanical loading and temperature. The ability to
identify damage using a GW-SHM system under these
conditions is then discussed.

Load influence on GWs

To observe the influence of loads on GW propagation,
a highly loaded and undamaged area with a strain
gauge installed in the vicinity has been selected. Two
actuator–sensor paths have been selected, one in the
load direction and one at a 90� angle to the load direc-
tion. The first actuator–sensor path is used to observe
the effects of tensile loading on GW propagation, while
the second path provides transverse compression. The
fuselage section under high loads is shown in Figure 7,
with the selected actuator–sensor paths plotted on the
illustration.

Figure 5. Parameters of fuselage panel test campaign.

Figure 6. Sensor and impact positions on the top-left
quadrant of the fuselage structure.

Figure 7. Section of fuselage structure with integrated
transducer network and selected actuator–sensor paths.

Moix-Bonet et al. 7



To monitor the strain on the area between transdu-
cers 9 and 11, the strain gauge installed at position
(240, 1700) mm in the loading direction has been
selected (see Figure 6). During the tensile load case
(FXX), the strain in this direction reaches a maximum
of 1587 me at 75 % of the LL, as shown in Figure 8.
The strain values in Figure 8 are plotted as a function
of the load level, defined as the percentage of the LL.
Each load cycle across all damage states is represented
in the figure, with colors distinguishing the damage
states from 1st (I01) to 11th impact (I11). The mean
strain values across all damage states and their corre-
sponding standard deviation are indicated in black.

Strain readings change linearly with load, as
expected for the linear elastic behavior of the structure.
Thus, the next plots refer to the load level, knowing
that the relationship between the local strain in the
structure and the applied load level is linear.

To observe the effects of tensile loading on GW pro-
pagation, the signal response sent from actuator 9 and
received by sensor 11 has been selected. The fuselage
skin thickness in this area is approximately 2.1 mm,
with two omega-stringer feet 53 mm from the transdu-
cers (see Figure 8).

The signal response for an actuation frequency of
90 kHz is plotted at several load levels in Figure 9. The
two GW modes present at 90 kHz are highlighted in
the plot: the symmetric (S0) and anti-symmetric (A0)
fundamental modes. Both modes show increasing
amplitude and decreasing time-of-flight (ToF) with
tensile load.

The identification of GW modes is based on the
expected group velocities and amplitudes of the funda-
mental modes at the selected actuation frequencies. In
the present full-scale fuselage structure, ideal propaga-
tion conditions are not met due to spatial variations in
lay-up and thickness, as well as the presence of struc-
tural elements such as stringers, frames, and clips.
These features introduce scattering, reflections, and
mode conversions, leading to the coexistence of multi-
ple wave packets and limiting the extraction of pure A0

and S0 mode features. In this context, the measured
signals are interpreted as being dominated by the fun-
damental modes, as typically defined in plate-like
structures. These dominant arrivals are referred to as
A0 and S0 modes, while acknowledging that mode mix-
ing and wave interactions are inherently present in the
considered configuration.

In order to quantify EOC effects, two features have
been derived from the GW signal: amplitude and ToF.
The amplitude is defined as the maximal amplitude of
the Hilbert transform over the selected wave packet.
The initial ToF computation is performed using cross-
correlation between the actuation pulse and received
signal, while changes in ToF due to load variations are
determined through local temporal coherence of the
cross-wavelet transform, as presented in the study by
Eckstein et al.41

In Figure 10, the amplitude and ToF of the A0-mode
have been plotted as a function of the load level. The
plots contain the selected features over a frequency
range between 40 and 90 kHz. The trends observed at
90 kHz in Figure 9 are consistent across frequencies:

Figure 9. GW signal from actuator 9 to sensor 11 at 90 kHz –
All load levels of FXX in reference state. GW: guided wave;
FXX: uniaxial tension.

Figure 8. Strain values at position (240, 1700) mm in the
longitudinal direction for load case FXX acquired between
impact 1 (I01) and impact 11 (I11). Mean values and standard
deviation in black. FXX: uniaxial tension.
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amplitude rises and ToF falls with tensile stress. A lin-
ear regression has been fitted for each frequency, show-
ing a good linear fit between the feature variation and
the applied stress. In Figure 10, differences in ampli-
tude values observed for identical load levels and fre-
quencies are attributable to temperature variations,
further discussed in ‘‘Temperature influence on GW’’
section.

In Figure 11, the amplitude and ToF have been
plotted for the S0-mode as well. A frequency range
between 140 and 200 kHz has been chosen for the S0-
mode. Similarly, features vary linearly with load,
though changes are smaller than for the A0-mode.
Amplitude values for S0-mode show more scatter due
to higher wave packet density, causing interference
effects and complicating wave packet identification.

Figure 10. Effect of load case FXX on (a) amplitude and (b) ToF of A0-mode from actuator 9 to sensor 11. FXX: uniaxial tension;
ToF: time-of-flight.

Figure 11. Effect of load case FXX on (a) amplitude and (b) ToF of S0-mode from actuator 9 to sensor 11. FXX: uniaxial tension;
ToF: time-of-flight.

Moix-Bonet et al. 9



Having chosen the path from actuator 1 to sensor 5
to observe the effect of transverse compression, the
strain gauge closest to the area was selected. Installed
at (80, 2100) mm perpendicular to the tensile load (see
Figure 6), the strain gauge measured 2454 me at 75%
of LL. Analogous to the tension case, the strain values
have been plotted in Figure 12. Compared to the ten-
sion example, the strain magnitude is lower, and the
standard deviation is slightly higher than in tension.

The GW signal at 70 kHz for the A0-mode of trans-
ducer pair 1–5 is plotted for several load levels in
Figure 13. Compressive stress reduces both amplitude
and ToF. In compression, the same effect as tension is
observed for the ToF, while the opposite effect is
found for the amplitude.

In Figure 14, amplitude and ToF of the A0-mode
have been plotted as a function of the load level for fre-
quencies between 40 and 90 kHz. Compressive stresses
induce an amplitude drop of approximately 19.7% and
a minimal ToF decrease, less than 1 ms. The linear rela-
tionship between signal features and load is observed
in the compression case as well.

The study reveals increased guided-wave sensitivity
to stress at lower frequencies. At a fixed frequency, the
A0 mode exhibits higher sensitivity to load variations
than the S0 mode, consistent with literature reporting
that the fundamental flexural mode is most responsive
to mechanical loading.23

For a given frequency, a near-linear relationship is
observed between applied load and variations in both
ToF and amplitude. This behavior is consistent with
previous studies,23,24 which report linear changes in
phase velocity under constant frequency conditions.

Although ToF variations are inversely related to phase
velocity changes, a linear velocity variation is reflected
as an approximately linear ToF variation at the consid-
ered scale. Furthermore, the observed load sensitivity
decreases with increasing frequency, while preserving
this linear trend, in agreement with Gandhi et al.24

In contrast to classical acoustoelastic results for iso-
tropic metallic plates, the present data show a decrease
in ToF for both tensile and compressive loading. In
isotropic systems under uniform uniaxial stress, tensile
and compressive states typically produce opposite
trends in guided-wave velocity depending on propaga-
tion direction.25 The sign of the acoustoelastic response
in such systems is governed by the interaction of mate-
rial and geometric nonlinearities and is strongly influ-
enced by the third-order elastic constants.

The effect of guided-wave propagation in anisotro-
pic composite structures has not been as extensively
studied, and direct comparison with isotropic metallic
plate behavior is not straightforward. In addition, such
models assume homogeneous and often uniaxial stress
states. In the present fuselage structure, these assump-
tions are not fulfilled. Due to the presence of geometric
discontinuities such as the door cutout and stiffening
elements (e.g., omega stringers), the applied loads are
redistributed, resulting in a multiaxial and spatially
varying stress field. The skin primarily carries in-plane
membrane stresses (sx, sy, txy), with local stress con-
centrations and shear components, particularly near
structural discontinuities. As a consequence, GW pro-
pagation along the actuator–sensor paths occurs under
non-uniform and multiaxial stress conditions rather
than pure tension or compression.

Figure 12. Strain values at position (80, 2100) mm in the
transverse direction for load case FXX. Mean values and
standard deviation in black. FXX: uniaxial tension.

Figure 13. GW signal from actuator 1 to sensor 5 – All load
levels of FXX in pristine state. GW: guided wave; FXX: uniaxial
tension.
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This multiaxial stress state, combined with struc-
tural anisotropy, mode conversions, and wave packet
interactions, limits direct comparison with isotropic
plate behavior reported in the literature. The observed
ToF reduction under both tensile and compressive
loading should therefore be interpreted as the result of
combined material, geometric, and structural wave
propagation effects rather than classical isotropic
acoustoelastic behavior.

Temperature influence on GW

The test campaign was carried out over a period of
3 weeks in a non-climate-controlled hangar, resulting
in GW measurements acquired between 12 and 30�C.
Temperature sensors distributed throughout the moni-
tored area recorded the temperature at the start of each
GW measurement. The temperature measurements dis-
played in Figure 15 show the daily temperature fluc-
tuations as well as an increasing average temperature
as the test progressed.

In Figure 16, the amplitude and ToF of the A0-
mode at 70 kHz for the 9-to-11 path are plotted as a
function of load level over 12 load cycles (correspond-
ing to the 12 damage states). Each data point is color-
coded according to the temperature during acquisition.
The dominant trend in Figure 16 is consistent with
‘‘Load influence on GWs’’ section: amplitude increases
and ToF decreases with increasing load. A 60.6%
amplitude increase and a 6.2 ms ToF decrease are
attributed to mechanical loading. A superimposed
variability of approximately 10% in amplitude and
2.5 ms in ToF is not explained by load and is attributed
to temperature effects.

Analogously, Figure 17 shows the response for the
1-to-5 path under compression. Here, amplitude
decreases by 19.7%, and ToF decreases by less than
1 ms due to load. As in the tensile case, additional
variability of approximately 10% in amplitude and
approximately 2 ms in ToF is observed, attributed to
temperature changes.

Figure 14. Effect of load case FXX on (a) amplitude and (b) ToF of A0-mode from actuator 1 to sensor 5. FXX: uniaxial tension;
ToF: time-of-flight.

Figure 15. Temperature of fuselage structure during test
campaign.
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In both compressive and tensile loading scenarios,
the impact of temperature is consistent: a temperature
rise results in ToF increase and amplitude reduction.
These observations are in agreement with existing liter-
ature17,42: The decrease in stiffness of the composite
material due to temperature results in higher ToF and
lower amplitude values.

To facilitate a comparison between the effects of
mechanical load and temperature, Table 1 presents nor-
malized sensitivity measures in terms of ToF and ampli-
tude variations per unit strain and per temperature
change. The normalized sensitivities show that

temperature and mechanical loading have effects of the
same order of magnitude on guided-wave propagation.
Consequently, both influences should be considered when
interpreting GWmeasurements in realistic environments.

The values are derived from the two exemplary
actuator–sensor paths (1–5 and 9–11) and correspond
to different experimental cases, which differ in terms of
loading direction and structural setup. Therefore, the
reported sensitivities are intended to provide an order-
of-magnitude comparison of the environmental and
operational effects and are not directly comparable or
generalizable to the entire fuselage structure.

Figure 16. (a) ToF and (b) amplitude versus load level for A0-mode between actuator 9 and sensor 11 at 70 kHz. ToF: time-of-flight.

Figure 17. (a) ToF and (b) amplitude versus load level for A0-mode between actuator 1 and sensor 5 at 70 kHz. ToF: time-of-flight.
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Changes in GW propagation on large structures

While ‘‘Load influence on GWs’’ and ‘‘Temperature
influence on GW’’ sections focused on the effects
observed for a single path, the complexity of the cur-
rent application scenario lies in the extensive SHM sen-
sor network, with hundreds of actuator–sensor paths
being monitored. GW propagation varies across paths
due to local load and temperature conditions, struc-
tural geometry, and material properties. An effective
damage identification must account for these varia-
tions across the network.

To illustrate the variation between load cases, the
simulated strain has been plotted for two representa-
tive load cases. The simulation model was developed
within the MAAXIMUS project31 and customized to
fit the boundary conditions of the present structural
test. The load introduction in this study has been sim-
plified compared to real fuselage loading, resulting in
different strain distributions.

Figure 18 shows the normalized strain in the longitu-
dinal axis (flight direction) for the VBD load case. The
left side of the panel was fixed on the test rig, while the
load was applied via hydraulic cylinders attached to the
right side (see Figure 3). The quadrant of the structure
monitored with the SHM system is highlighted, where
high positive strain values are observed in the left-top
corner.

In Figure 19, the normalized strain is illustrated for
the LBL load case, for the direction at a 45� angle to

the longitudinal and normal axes. The load is applied
in the direction of the transverse axis, bending the fuse-
lage inward. The area on the top-left of the door cut-
out exhibits the highest positive strain values, while the
top-left corner of the structure presents negative strain
values.

As in section 4.1, the strain causes changes in the
ToF and amplitude of GW modes. The changes on
ToF between the unloaded state and the two load
cases, VBD and LBL, at 75% of LL have been calcu-
lated for all actuator–sensor paths with a maximal
length of 300 mm. The analysis is based on signals
acquired at an actuation frequency of 70 kHz. For this
frequency, the ToF of the dominant wave packet, cor-
responding to the A0 mode, was extracted and com-
pared for each actuator–sensor path. As discussed
previously, pure mode propagation cannot be assumed
in the present fuselage structure, and local wave packet
interferences may influence the measured ToF values.
Nevertheless, the resulting ToF variations provide a
consistent indication of the strain-induced trends across
the sensor network.

In Figure 20, the shift in ToF is shown, with
actuator–sensor paths colored according to the
observed change in ToF.

The areas of the fuselage with the highest shift in
ToF are roughly in agreement with the high positive
strain zones indicated in Figures 18 and 19. When the
structure is subjected to the VDB load case, the larger
time shift values for GWs are in the longitudinal

Table 1. Effects of temperature and mechanical load on GW propagation.

Load effects on A0-mode (70 kHz) Tension Compression Temperature

ToF 23.9 ms ToF/1000 me 21.3 ms/1000 me 1.2 ms/10�C
Amplitude 38.2%/1000 me 243.4%/1000 me 211%/10�C

GW: guided wave; ToF: time-of-flight.

Figure 18. Normalized strain in flight direction for VBD load
case. VBD: vertical bending down.

Figure 19. Strain at 45� of flight direction for LBL load case.
LBL: lateral bending left.
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direction at the top-left corner. The higher values in
time shift to the left of the door cut-out during the
LBL load case match the area of highest positive strain
values in Figure 19. Figure 20 shows that both positive
and negative strain lead to an increase in wave velocity.

During the 3-week test campaign, structure tempera-
ture varied between 12 and 30�C, affecting GW mea-
surements across the monitored area. The temperature-
induced effects across the approximately 5 m2 of moni-
tored surface are visually represented in Figure 21. The
central region presents larger signal changes, indicating
stronger temperature variations.

Temperature and load exhibit a comparable effect
on GW propagation. Changes in load and temperature
result in variations in ToF and amplitude of a similar
magnitude. However, the distribution of these changes
across a complex structure diverges. Temperature-
induced variations tend to be evenly distributed and
consistent in all directions. In contrast, the distribution
of load-induced changes exhibits a pronounced effect
along the direction of the applied load.

Damage detection under changing EOC

This section assesses the damage detection capability of
the GW-SHM system for BVID detection in a compo-
site fuselage structure under combined load and tem-
perature variations representative of a non-climatized
hangar.

To examine the influence of damage combined
with load and temperature, two actuator–sensor
paths featuring damage presence have been selected.
In Figure 22, amplitude and ToF are graphically pre-
sented twice: (a) highlighting the dominant EOC

factor and (b) differentiating between two damage
states.

The damage case in Figure 22(a) corresponds to a
path in a highly loaded region affected by a delamina-
tion introduced during the test campaign, measuring
29 3 20 mm in size (see Figure 4(a)). Load-induced
variations dominate ToF and amplitude, but a consis-
tent amplitude reduction is observed across all load lev-
els, indicating damage presence.

In contrast, the second actuator–sensor path is situ-
ated in a lightly loaded area with temperature varia-
tions between 12 and 28�C. Here, temperature is the
dominant EOC. Two smaller delaminations with a
joint area of 26 3 14 mm (see Figure 4(b)) have been
introduced. While the selected features separate

Figure 20. Difference in ToF for load cases VBD and LBL at 75% of LL: (a) time shift in VBD – load level 0 versus 75% and (b) time
shift in LBL – load level 0 versus 75%. ToF: time-of-flight; VBD: vertical bending down; LBL: lateral bending left; LL: limit load.

Figure 21. Difference in ToF for a 5�C temperature difference
in unloaded state. ToF: time-of-flight.
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damage effects from thermal effects, the subtlety of the
damage effects requires a more precise damage detec-
tion strategy.

Overall, the results in Figure 22 indicate that the
GW-SHM system can detect relevant damage during
full-scale fatigue testing of a fuselage structure. Clear
separation between damaged and undamaged states is
achieved across all 11 damaged areas under varying
EOC. While larger damage (Figure 22(c)) may be iden-
tified without accounting for load and temperature
effects, the detection of smaller damage (Figure 22(d))
requires explicit consideration of load and temperature
in a data-driven framework.

A key challenge is the high variability of GW
responses combined with limited training data for
data-driven methods. This variability originates from

complex and changing EOC conditions as well as struc-
tural heterogeneity in a full-scale fuselage, where no
two actuator–sensor paths are identical. One possible
way forward is the use of uncertainty-aware learning
methods such as Gaussian Processes. A preliminary
investigation using Gaussian Processes on this dataset
is presented in the study by Moix-Bonet et al.43

In the context of full-scale fatigue testing, the GW-
SHM system requires an initial training phase during
test commissioning and early fatigue loading. This need
for training data aligns with the sequence of certifica-
tion fatigue tests. Typically, three times the aircraft
design service goal are simulated by three test phases.
Damage is not expected at the beginning of the first
phase, while phases two and three require demonstra-
tion of damage tolerance. As inspection effort increases

Figure 22. Amplitude difference and ToF of A0-mode at 70 kHz of two paths with damage presence, highlighting the dominant
EOC (a) and (b) and the damage state (c) and (d). ToF: time-of-flight; EOC: environmental and operational condition.
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over time, SHM can provide a significant monitoring
advantage without being compromised by the initial
training requirement.

Concluding remarks

A GW-SHM system has been successfully deployed
and tested on a full-scale composite fuselage structure
under representative mechanical loading, impact dam-
age, and environmental variations. The resulting data-
set captures the combined influence of load,
temperature, and damage on guided-wave propagation
in a realistic fuselage structure.

The results show that GWs are more sensitive to
mechanical loading at lower frequencies, with the A0

mode exhibiting higher sensitivity than the S0 mode.
For both loading directions, a near-linear relationship
is observed between load and variations in ToF and
amplitude. In contrast to classical acoustoelastic beha-
vior in isotropic metallic plates, the measured ToF
decreases under both tensile and compressive loading.
This deviation may be related to the combined effects
of CFRP anisotropy, differing material properties com-
pared to metallic systems, multiaxial stress states, struc-
tural discontinuities, and wave–structure interactions.

Temperature and mechanical loading induce guided-
wave variations of similar order of magnitude, but with
fundamentally different spatial characteristics: tem-
perature effects are broadly distributed, while load
effects are strongly direction-dependent.

A qualitative analysis was conducted to determine the
feasibility of discriminating between EOC-induced
changes and variations in signals caused by damage.
Damage detection remains feasible under varying EOCs;
however, performance depends on damage size and loca-
tion. While certain damage could be detected without
additional EOC information, instances with smaller dam-
age sizes or complex geometries required the integration
of EOC data along with multiple signal features to effec-
tively distinguish between pristine and damaged states. A
key challenge remains the high signal variability under
changing conditions combined with limited training data.

Overall, the study demonstrates the feasibility of
GW-SHM for full-scale composite structures under
certification-relevant conditions and highlights both
the potential and limitations of current interpretation
approaches in complex anisotropic structures.

Ultimately, the authors view the full-scale structural
test as a door opener for the usage of GW-SHM in air-
craft composite structures with a damage-tolerant
design. A successful implementation of the GW-SHM
technique for structural testing can accelerate its devel-
opment and increase the acceptance and visibility of

GW-SHM as an alternative to conventional NDI for
composite aeronautical structures.
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