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Abstract

Vibration-based approaches to structural health monitoring (SHM) gained
increasing significance for assessing the behaviour of existing structures
because of their non-intrusive nature and high sensitivity to damage. However,
data availability often limits the application of SHM approaches. The
population-based structural health monitoring (PBSHM) theory addresses this
challenge, enhancing diagnostic inferences by sharing knowledge across a pop-
ulation of similar structures. In real-life scenarios, sharing data from distinct
structures requires dealing with results obtained with different experimental
setups, multiple sensors, input choices and acquisition systems. Therefore, it is
crucial to harmonise various features to achieve accurate and reliable results.
The present study presents the results of a classic experimental modal analysis
(EMA) using scanning laser Doppler vibrometer (SLDV) measurements and a
strain-based EMA conducted using high-definition distributed fibre-optic
strain sensors. The experimental case study of a laboratory-scale steel aircraft
subjected to specific operating and damage conditions is introduced, allowing
for a comprehensive discussion of the features extracted from the two EMA
techniques, which can also be generalised to structures within different
domains. This research highlights the advantages and limitations of fibre-
optic-based EMA compared to classic methods, as fibre-optic strain sensors
offer a cost-effective alternative to accelerometers or SLDV for dynamic testing.
Furthermore, the feasibility of employing the inverse finite-element method
(iFEM) in the dynamic domain is investigated. This method can estimate the
whole displacement field of a structure from a limited number of strain values,
thus harmonising strain measurements with the SLDV measurements. By ana-
lysing the features extracted from different EMA techniques within the
PBSHM framework, this study contributes to advancing the understanding
and application of the PBSHM approach in diverse experimental scenarios, lay-
ing the foundation for further investigation of features and adequate methods
for sharing damage-state knowledge across a population of structures.
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1 | INTRODUCTION

Structural health monitoring (SHM) has gained significant interest in recent decades, with a variety of methods pro-
posed to investigate existing structures and identify damage. Among these, vibration-based methods are highly applica-
ble because of their non-intrusive nature and ability to detect structural issues with high sensitivity. Despite the
increase in the types of sensors suitable for SHM purposes, the available data for specific case studies are often insuffi-
cient to guarantee a robust performance of most SHM approaches, as highlighted by Gardner et al." To address this
challenge, the theory of population-based structural health monitoring (PBSHM) has been introduced, to facilitate
knowledge-transfer between source and target structures, which should be sufficiently similar to each other.”* Within
this framework, it is necessary to address the inconsistencies between heterogeneous structural domains. Additionally,
sharing data from distinct structures in real cases often requires analysing the results obtained with different experi-
mental setups, sensors, input choices and acquisition systems. This issue highlights the importance of comparing and
standardising various features and investigating ways of achieving accurate and reliable results despite varying experi-
mental techniques. Thus, this study compares the results of a classic experimental modal analysis (EMA), performed
via scanning laser Doppler vibrometer (SLDV) measurements and a strain EMA, performed via high-definition distrib-
uted fibre-optic strain sensors. The main objective is to investigate which features can be extracted and how they can be
harmonised to facilitate their integration into the PBSHM framework. Accordingly, implementing an appropriate
knowledge-sharing approach will be the subject of future progress in this study. The experimental case study of a steel
aeroplane laboratory structure is analysed. As a first investigation, the two different EMA approaches are evaluated on
the same system, adopting the same operating and damage conditions. This is used to analyse the features that can be
extracted in a homogeneous population and afterwards extend it to heterogeneous populations.

The study focusses on fibre-optic-based EMA against more classic methods. Fibre-optic strain sensors are a cost-
effective alternative to accelerometers or SLDV for dynamic testing. These sensors are examined because they can mea-
sure strains at a dense set of points in a structure, providing valuable insights into the local behaviour of specific compo-
nents or regions. In addition, a dense set of measurements could similarly be achieved using the SLDV. However, each
point would be measured separately, while the fibre-optic measurements are contemporary and thus considerably
faster; compared to accelerometers, they are minimally intrusive. Additionally, high-resolution strain measurements
can be highly sensitive to small variations in natural frequencies, damping ratios and mode shapes.’ Moreover, fibre-
optic sensors offer flexibility in configurations and test setups, and they can be installed on structures of various geome-
tries, including complex or irregular shapes. Thus, these sensors provide further insight for monitoring structures in
localised areas or where other sensors would be difficult to mount or access. They can also be applied to monitor struc-
tural behaviour during operations, such as in-flight, as opposed to SLDV, which is more efficient in the laboratory
environment.

Given the strain measurements along the sensor's axis, this paper proposes the application of the inverse finite-
element method (iFEM)° for harmonising the results, aiding the comparison with the displacements extracted from the
SLDV. The iFEM approach enables the determination of displacements and strains throughout the structure from a
limited number of strain measures, providing valuable insights into its mechanical behaviour. This study extends the
use of iFEM to investigate the dynamic behaviour of structures, by illustrating how iFEM can be combined with strain-
based EMA for the reconstruction of displacement frequency response functions (FRFs) and the identification of modal
parameters.

This case study is part of a broader population of similar structures, which mainly follows the geometry of the
benchmark study conducted by the Structures and Materials Action Group (SM-AG19) of the Group for Aeronautical
Research Technology in EURope (GARTEUR).”® The heterogeneity of the population results from designing models of
different materials and geometric dimensions, creating a comprehensive dataset to investigate the potentialities of
PBSHM in the aerospace field.

The layout of the paper is as follows: Section 2 presents the methods to perform the two EMAs and describes the
iFEM strategy for mode-shape sensing. Section 3 illustrates the case study of the Garteur aeroplane’'s dynamic response

95U9017 SUOWULLOD BAII81D) 3[qedt|dde 8y Aq peuenob aJe sejone YO ‘asn Jo o 1o} Arlq i 8ulUQO /8|1 UO (SUOTIPUOI-PUR-SWUB)/W0D A8 1M Aleiq 1 puluo//sdiy) SUONIPUOD pue Swie | 841 89S " [20z/50/62] Uo Akeiqitauliuo As|im el eueiyood Aq T8yZT IS/TTTT OT/I0p/W0d A8 1m Arelq euluo//sdny Wwouy papeojumod ‘0 ‘SOETS.YT



DELO ET AL. m_wl LEY 30f19

in undamaged and damaged conditions. The results obtained from the two EMA approaches are presented, and the
extracted features are compared in Section 4. Subsequently, some discussions and conclusions are provided.

2 | METHODS
2.1 | EMA: Comparison between strain and classical approaches

EMA is frequently adopted as a method for extracting the modal parameters of a test structure.’ In this study, a classic
EMA is performed adopting SLDV, which can provide operating deflection shapes of an entire surface and transfer
functions. In addition, a strain EMA is contemporarily performed.

Strain modal analysis has been proposed as a particular EMA approach.'®!" Several strain gauges can be used.
Among these, fibre-optic sensors are widely employed, because of their small physical size, insensitivity to electro-
magnetic interference, light weight and the possibility to be used at high temperatures or in environmentally
unfavourable conditions.'? In addition, Yam et al. stated that the strain mode shapes (SMSs) are more sensitive to
localised changes than the displacement mode shapes (DMSs),” and Davis et al. used fibre-optic sensors for mode-
shape identification."?

Ling et al. proposed a more comprehensive study of dynamic strain measurements'®; they measured the dynamic
strain response of a clamped-clamped composite beam via embedded fibre Bragg grating (FBG) sensors, in undamaged
and damaged conditions (i.e., delamination), and used these measurements to compute the SMSs, exploiting the sim-
plicity of the test structure. This study confirmed how FBG sensors can be used for dynamic measurements and also
damage detection, because SMSs show higher sensitivity to delamination rather than the natural frequencies, especially
when the damage is small and localised. Indeed, the shift in natural frequencies caused by delamination is not suffi-
ciently accurate to be used alone for identifying damage, since changes in operational or environmental conditions
could produce the same effect. Paolozzi and Gasbarri also proposed the use of fibre-optic sensors for dynamic SHM pur-
poses, focussing on the analysis of strain frequency response functions (SFRFs) and SMSs."

The steady-state response of a viscously damped dynamical system can be written in terms of its modal parameters
as’

-1
X(0) =@ | \? — 0 + 2ic,an | OTF(w) = H(w)F(o), (1)

where @ is the matrix of mass-normalised DMSs; @, and ¢, are the natural frequency and the viscous damping ratio of
the rth mode, respectively; [\ \] represents a diagonal matrix; H(w) is the receptance matrix; and F(w) is the excitation
force vector.

The corresponding system response in terms of strains obtained from Equation 1 has the form'®

X (w) = @° { w? — w* + ZiCrwwr\} i ®"F(w) = H*(0)F(w) » (2)

where ®° is the matrix of mass-normalised SMSs and H? is the matrix of SFRFs. H? is defined in terms of the matrix of
strain modal constants, ,A® = ®*®,, and can be written as

H@=Y =~ ®

2 _ 24 0i :
‘— w; — * + 2, 0w,

The steps for performing strain EMA are similar to the ones required for the classical analysis. The main difference
is that SMSs cannot be mass-normalised only using strain results.'® However, the normalisation can be aided by the
classical EMA,! using one direct motion FRF. In this framework, most research case studies concern simple beams or
plates, for which it is possible to easily study the strain response and extract the mode shapes.'"'*'*®!7 In this study, a
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more complex laboratory-scale structure is investigated, that is, a steel Garteur aeroplane. Additionally, iFEM is used in
this work as a novel approach for mode-shape sensing.

2.2 | Mode-shape sensing using iFEM

Shape sensing is defined as the inverse problem of estimating structural displacements from discrete in-flight surface
strains,'® and its solution approaches offer an efficient means of developing real-time monitoring systems for aero-
space structures. iFEM is such a variationally based shape-sensing method proposed by Tessler and Spangler,'®*° with
a key advantage of being independent of the material properties or operational conditions of the structure (and avoids
uncertainties of model-based approaches). Although iFEM has been demonstrated for a variety of complex statically
loaded structures,? it is of interest to extend investigations to dynamic responses in the field of EMA. In particular, this
study aims to use iFEM as a tool for mode-shape sensing. But first, the theoretical foundation of iFEM is briefly dis-
cussed below.

The iFEM formulation for plates or shell structures is based on the kinematic assumptions of Mindlin
plate theory. Considering a plate of thickness 2t, the Cartesian components of the displacement vector can
be expressed in terms of the kinematic variables u, v, w, 6, and 6, associated with the plate midplane (x, y)
as?*:

ux(%,3,2) = u(x,y)+z6y(x.y),
uy(x,3,2) = v(x,y) —26x(x,y), (4)

u(x,3,2) = wxy),

where u and v are the displacements in the x and y directions, w is the average transverse deflection and 6, and 6, are
the rotations about the x and y axes.

Using the linear strain-displacement relations, the strain field of the plate is expressed in terms of eight strain mea-
sures given by

e= {u,x,v,y,u,y+vx}/,
K = {6, —Oxy, —Oxx + 6y}, (5)

g={w.+t6,w,— HX}/

where e, k and g are the vectors of strain measures corresponding to the in-plane stretching, bending
and transverse shear deformation of the midplane, respectively, and ' indicates the transpose of a vector or
matrix.

iFEM uses the finite-element framework to discretise the structure and approximates the strain measures
within each element by interpolating the nodal degrees of freedom, u®, using shape functions. Key to the iFEM for-
mulation is the use of a functional representing the weighted-least-squares error between the experimentally mea-
sured strains and those coming from the finite-element approximations. For each inverse element, this error
functional, ®°, is given by

@ (1) =wele(u’) — e°|* + wi[k(u) — K°||* + wllg(u?) —g°||* (6)

where w,, w; and w, are row vectors of weighting coefficients used to enforce the correlation between the experi-
mental and analytical quantities and e, k® and g° are the strain measures computed from experimental strain
measurements.

In the case of a plate structure instrumented with strain sensors at any point (x;, ¥;) on the top (+) and
bottom (—) surfaces, e® and k® can be computed from the surface strain measurements (ey, &, and y,) using
the relations
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=g (). (o) o

K= e —en)s (e &) (7)),

The experimental transverse shear g cannot be determined directly from the surface strain measurements. Addi-
tionally, this contribution is typically negligible in comparison to the bending one, especially for analysing thin plates.*
Thus, the third term in Equation (6) is replaced by an L, squared norm of the analytical transverse shear strain mea-
sures, and the corresponding weighting coefficient is set to a small value (W, = 10~°). Minimising the element error
functional, ®°, with respect to the unknown nodal degrees of freedom, u®, leads to a set of linear algebraic equations,
k®u® = f°, for the element. Applying the appropriate coordinate transformations, the element contributions can be
assembled to form the global system of equations,

KU=F. (8)

The matrix K depends on the shape functions and sensor locations, while F is only a function of the experimental
strain measurements. The solution of Equation (8) requires the use of displacement boundary conditions to restrain the
structure against rigid-body motion. Subsequently, matrix K is inverted, and the unknown nodal degrees of freedom,
U, can be computed. In the case of small displacements, the sensor locations can be assumed to remain unchanged,
and K is only required to be inverted once; this ensures the computational efficiency of iFEM in dynamic conditions, as
U can be computed by only updating F at each strain-acquisition increment.

3 | EXPERIMENTAL CASE STUDY

The analysed structure is shown in Figures 1 and 2. It is made of beam and plate components joined together via bolted
connections. Specifically, it consists of a rectangular fuselage and a single rectangular plate directly connected to the
fuselage for realising the wings. Two shorter plate elements are applied at the wingtips to simulate the winglets. Finally,
the model comprises similar plate elements to realise the vertical and the horizontal tail. It is built according to the
Garteur benchmark project7; the main difference is that, for the fuselage, a thin-section Fe360 profile is used, with a
length of 1.5 m and a thickness of 3.0 mm. The wingspan is 2.0 m, and the fuselage is 1.5 m long. The other elements,
including the wings, are built using S235JRC+C steel plate elements, 8.0 mm thick and 100.0 mm wide.

The damage conditions have been simulated by applying additional masses (around 2% of the aeroplane mass), in
two positions, as described in Delo et al.?® In the first case, the simulated damage is applied on the left side of the hori-
zontal tail; in the second case, the mass is applied on the left wing tip. When a structure experiences damage, its stiff-
ness is locally altered. This result can be replicated in finite-element models by reducing the Young's modulus in
specified regions.** Alternatively, discrete masses can be used, resulting in a straightforward and reversible method of
modifying dynamic properties. This technique induces a decrease in eigenfrequency, which is equivalent to the effect of
a local stiffness loss.”>*® Therefore, a finite-element analysis has been performed, considering a simplified structural
model using beam elements. This analysis helped defining an additional mass that, when applied on the wings, reduces
the first natural frequency by an amount equivalent to a 50% reduction in the stiffness of elements placed in the same
position as the mass over a length of 20 mm. The first natural frequency from the numerical model is 5.687 Hz in the
undamaged condition and 5.632 Hz in the damaged condition, resulting in a 0.97% reduction, consistent with the exper-
imental results in Table 6.

A broadband test is performed here, exciting the modes in the range of 0-50 Hz, using a periodic chirp input. The
latter allows the FRFs and the SFRFs to be extracted. Subsequently, the structure is excited using the modal appropria-
tion technique, trying to isolate the previously identified six lowest natural frequencies and to extract the corresponding
mode shapes and strain responses along the fibre axis. The excitation is applied horizontally using a 7 1bf shaker with
integrated amplifier, which is connected to the rear of the fuselage by means of a stinger (it can be seen in Figure 1).

The response is measured via a high-density 10-m-long fibre-optic sensor (HD6S), used with an ODiSI acquisition
system, to provide more than a thousand distinct strain measurements per metre.”” The sensor is glued to the surface of
the structure, to measure the strains along the wings, on the trailing and leading edges and on the top and bottom sur-
faces. The fibre optic is subsequently fixed along the fuselage and also on the vertical and horizontal tail. The choice
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FIGURE 1 Garteur laboratory-scale model and fibre-optic arrangement in the test configuration. The shaker is connected to the rear
part of the fuselage, and the suspension system is located in the upper part.

FIGURE 2 Garteur laboratory-scale model.

regarding sensor placement, shown in Figure 3, is intended to capture the main bending effects on the wings and tail
according to the expected vibration modes and available instrumentation. A detailed study on optimal sensor patterns
for iFEM can be found in Roy et al.*® The iFEM shape-sensing technique is then adopted to reconstruct the full-field
mode shapes from the strain time history responses, which can be compared to the ones extracted from the SLDV mea-
surements. The velocity time history is simultaneously measured using the Polytec PSV-1-500 SLDV on a regular grid of
45 points.
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® Instrumented elements
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FIGURE 3 The iFEM model of the Garteur structure showing the instrumented elements and the boundary conditions.

TABLE 1 Details of the iFEM model and analysis.

Property Value
Inverse shell element type iQS4
Total number of shell elements 1400
Total number of nodes 1504
Number of elements instrumented with sensors 178
Number of fixed/clamped nodes 9
Value of weighting coefficient (uninstrumented elements) 107°

In the broadband test, the SLDV results are acquired using a sampling frequency of 250 Hz, 1600 spectral lines and
three averages. Instead, in the modal appropriation approach, the SLDV velocity time history is measured using 1000
lines and three averages, and the response in the frequency domain is acquired using 800 spectral lines in the same fre-
quency range. The strain time history is measured for 50 s, and the maximum sampling frequency, which is limited by
the sensor length, is 100 Hz. The experimental tests have been carried out in the “LAQ-AERMEC Aeromechanical
Structural Systems” laboratory of the Department of Mechanical and Aerospace Engineering, Politecnico di Torino.

The iFEM model of the Garteur structure is developed using the four-node inverse shell element (iQS4).>> The
inverse model is composed of 1400 inverse shell elements and is shown in Figure 3. Additional analysis details are pro-
vided in Table 1. The dynamic strains measured by the fibre-optic sensors are used as input for the iFEM analysis.
Inverse elements with available experimental strain data are indicated in Figure 3. In these instrumented elements,
only the component of strain longitudinal to the fibre (and measured at the element centroid) is used for the iFEM
analysis, and the weights of Equation (6) are set to unity. For elements with no experimental data, the weights are set
to a small value (10°). Shell elements on the wing use strains measured on both the top and bottom surfaces (see
Equation 7). Instead, elements on the tail use strains measured only on the top surface. To avoid an analysis breakdown
because of a significant number of uninstrumented elements, the inverse model of the wings and tail are analysed
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FIGURE 4 Flowchart of the classical and strain experimental modal analyses adopting iFEM for results harmonisation.

separately, with the results finally integrated into the complete model. Although the Garteur structure is unconstrained
in the experimental tests, the iFEM analysis requires boundary conditions to ensure coherent results. Hence, consider-
ing the higher stiffness of the fuselage compared to the wings or tail, the nodes at the wing and tail root are assumed to
be fixed (shown in Figure 3). Because of its high stiffness, the fuselage is likely to endure negligible deformations during
excitation. Hence, the prescribed boundary condition is assumed to be a good approximation of the actual structural
behaviour. The steps of the method to harmonise the strain and classical EMA using iFEM in each test configuration
are collected in the flow chart shown in Figure 4. This flowchart highlights the specific phases required to perform
strain-based EMA, that is, the displacement reconstruction performed for each time instant and the noise-reduction
step. Additionally, Figure 4 shows some analogous processing steps to compute the FRFs based on the time history
measurements and perform modal identification.

4 | RESULTS AND DISCUSSION

The following section presents the results of the strain EMA, the mode-shape sensing performed employing iFEM and
the comparison with the SLDV modal displacements acquired using a broadband approach. The modal parameters are

85UB0|17 SUOWWOD BAFe81D) 8|edl|dde au Aq peusenob axe ssjoiie O ‘sn o saini 10} Ariq1T8UIIUO A8]IM UO (SUORIPUOD-PUe-SWIBY/LI0 A8 M ARIq Ul JUO//SdNY) SUORIPUOD Pue SWLB | 38U} 88S *[7202/50/62] U0 Areiqi8ulluo A8|IM ‘elfelBUeiyooD Aq T8KZT 1S/TTTT OT/I0p/L0o A8 |im AReiq1jauljuo//Sdny Wolj pepeojumoq ‘0 ‘S0ETS.YT



DELO ET AL. m_wl LEY 90f19

identified, and the overall assessment is performed via the modal assurance criterion (MAC). Subsequently, the
section presents the iFEM-reconstructed mode shapes and the SLDV modal displacements acquired using a modal
appropriation approach.

4.1 | Broadband approach

The broadband EMA was performed in the range of 0-50 Hz, and the response was analysed in terms of the FRFs esti-
mates of the SLDV displacements and the strain time history. The average spectra are shown in Figure 5 for the first
damage condition analysed. The 50 Hz band was selected because it includes the main flexural and torsional vibration
modes associated with the structure's wings. In addition, according to the Nyquist-Shannon theorem, it is possible to
assess the SFRFs in this band as the maximum sampling frequency of the optical sensor is 100 Hz. The SLDV software
includes real-time processing of the velocities to accurately provide displacements and accelerations time histories, via
integration or differentiation of the velocity data. Subsequently, the displacements and the force reference signals are
used to compute the H1 estimate of the displacement FRFs. Further details on the SLDV data processing can be found
in Polytec.”® The average spectrum is shown in Figure 5a. Similarly, it is possible to calculate the FRF estimate of the
strain time history, shown in Figure 5b. It can be seen that the strain transfer function results are affected by noise.
Consequently, a noise-reduction method based on singular value decomposition (SVD) is employed.*

This method analyses a single FRF, given as a vector H = H,, H,, ..., H;, or its impulse response function (IRF)
h = hy, hy, ..., hy, Wwhere L is the number of spectral lines and s = 2L. In this study, IRF is used, as it guarantees a better
performance of this method rather than directly considering the FRF.?® The IRF is used to compute a Hankel matrix
[Alyn, in which A;; =hy ;4 for i=1, ., mand j=1, .., n and m +n — 1 =s. It can be assumed that [A] =
[A], + [A],, where [A], is the uncontaminated matrix and [A], is the noise contribution.

Consequently, from the SVD of the Hankel matrix, only the most significant singular values are used to reconstruct
[A], and the uncontaminated FRF. This approach depends on the determination of two parameters, that is, the dimen-
sion of the Hankel matrix and the rank r of the uncontaminated values in the SVD matrices, which is equivalent to the
definition of a noise threshold. This rank is set as the number of values after which the IRF singular values reach an
asymptotic behaviour. The smallest dimension of the Hankel matrix has to be higher than r, to include the effect of
noise. Some spurious peaks are still present, yet the FRF results are overall less noisy. The strain data can be processed
using a rank of 20 and the smallest dimension of [A,] equal to 200. The average spectrum computed from the filtered
strain FRFs is shown in Figure 6.

The modal parameters are fitted using the least-squares complex exponential method from the SLDV and the strain
FRFs. The impulse response of each FRF is fitted to a set of complex damped sinusoidal functions using Prony's
method.”?! The adopted noise-decontamination method is similar to other methodologies that utilise data space
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FIGURE 5 Average FRF spectra of the Garteur test structure in the range 0-50 Hz in the first damage condition analysed. (a) SLDV
displacement FRF and (b) strain FRF.

85U8017 SUOLILLOD BAIEaID (et idde aup Aq peusenob are sajoie VO ‘8sn Jo Nl 1o} Aiqi8uljuQ A8|IA UO (SUORIPUOD-PUR-SWBH 00" A8 |1 ATelq 1 [puljuo//SdnL) SUORIPUOD pUe SWB | 841 88S *[202/S0/62] Uo Aeiqiauljuo A8|IMm ‘elfelieuelyooD Aq T8y2T 1S/TTTT OT/I0p/W0D 8| im Aeiq pul|uoy/sdny woly pepeojumoqd ‘0 ‘SOETS.HT



10 of 19 Wl LEY—m DELO ET AL.

e |
iy i
R . |
& wwuﬂvbd d |

f(Hz)

FIGURE 6 Average strain FRF spectrum of the Garteur test structure after filtering, in the first damage condition analysed.

decomposition via SVD, such as those related to stochastic subspace identification (SSI). These approaches aim to iden-
tify significant subspaces associated with the system's dynamic characteristics, such as natural frequencies and vibration
modes. The use of these methods is highly beneficial when conducting operational modal analysis (OMA), as in the
case of the covariance-driven stochastic subspace identification method (SSI-COV),** developed to identify modal
parameters using time history of the ambient vibrations only. However, it may also be applied in the case of input-
output measurement as shown in Li et al.*> The numerical algorithm for Subspace State-Space System IDentification
(N4SID), that also belongs to the class of SSI methods, is particularly similar to the approach presented earlier as it is
based on subspace decomposition using the Hankel matrix. This algorithm can be used in both input-only and output-
only cases. The quality of the results obtained from the algorithms can however be influenced by the initial choice of
state-space model. Sensitivity to this choice may make a more careful analysis necessary. Although these SSI
approaches were not required in the tests conducted by this study, they could be worthwhile for processing iFEM-
reconstructed displacements in real-time dynamic monitoring, in the case of sensors embedded in in-service structures.

The identified parameters from the test under undamaged conditions are shown in Table 2. Consistent parameters
are identified from both sensors, especially in terms of natural frequencies for Modes 1, 2, 3 and 6, which are all wing-
bending vibration modes. However, as expected according to the optical sensor layout and the experimental setup, the
torsional effects on the wings cannot be extracted. These modes, on the other hand, are correctly identified by
the SLDV.

Analogously, it is possible to investigate the features of the simulated damage conditions.

The first damage condition, (DC1), regards the horizontal tail of the test structure. The identified modal parameters
are shown in Table 3. By comparing the SLDV results in the normal and damage conditions, it is possible to highlight a
shift in the natural frequencies. The error between the strain natural frequencies and the SLDV ones are generally low,
except for the seventh mode, which is close to the maximum frequency that can be analysed with the strain sensor.

The results of the second damage condition, (DC2), are shown in Table 4. Similar to the first damage case, the shift
in the natural frequencies is more evident from the SLDV results. It can be observed that, in the majority of cases, the
results obtained from strain modal analysis are slightly inferior compared to those obtained from the classical
approach.

The periodic chirp experimental results in the frequency domain also enable the mode shapes to be extracted. The
DMSs are available on the 45 vibrometer scan point grid. These features are computed from the displacement FRFs
adopting the least-squares complex exponential method, a least-squares estimation of the parameters associated with
the vibration modes of the system, which is modelled by means of a combination of complex exponentials. The mode
shapes are computed by minimising the difference between experimental data and the model. The measurements
regard one direction only, that is, orthogonal to the wings' surface. Instead, the SMSs are available along the sensor axis.
Figure 7 shows the DMSs in the three analysed conditions between the wingtips on the top surface. It can be observed
how the bending mode shapes are affected by the presence of simulated damage in DC2, in which the additional mass
is applied on the right wing. Analogously, it is possible to extract the SMSs. Figure 8 shows the SMSs along the wings,
in the undamaged and damage conditions, processed with a moving average filter to remove spikes. Only the bending
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TABLE 2 Modal parameters identified from SLDV displacement FRFs and strain FRFs and relative error between the natural
frequencies.

SLDV FRFs Strain FRFs Relative error

Mode Ja (Hz) (40} Jn (Hz) ¢ err(f,) (%)

1 5.6423 0.0006 5.6223 0.0001 —0.3538

2 14.5866 0.0004 14.6100 0.0002 0.1605

3 29.8285 0.0003 29.8460 0.0023 0.0584

4 32.3907 0.0001 - - -

5 32.8007 0.0002 - - -

6 38.6979 0.0002 38.6890 0.0009 —0.0231

7 449811 0.0010 44.6377 0.0055 —0.7634

Note: The results are extracted from the tests performed in undamaged conditions.

TABLE 3 Modal parameters identified from SLDV displacement FRFs and strain FRFs and relative error between the natural
frequencies.

SLDV FRFs Strain FRFs Relative error

Mode Ju (Hz) 40} Jn (Hz) ¢ err(f,) (%)

1 5.6329 0.0005 5.6327 0.0006 —0.0022

2 13.4315 0.0005 13.4286 0.0001 —0.0215

3 28.9483 0.0003 28.9394 0.0003 —0.0310

4 32.3802 0.0001 - - -

5 32.7694 0.0002 32.6144 0.0069 —0.4730

6 38.6594 0.0002 38.6545 0.0011 —0.0001

7 43.9600 0.0374 43.1474 0.0369 —1.8484

Note: The results regard the tests performed in the first damage condition.

TABLE 4 Modal parameters identified from SLDV displacement FRFs and strain FRFs and relative error between the natural

frequencies.
SLDV FRFs Strain FRFs Relative error

Mode Ja (Hz) 40} Jn (Hz) S err(f,) (%)

1 5.6337 0.0006 5.6323 0.0003 —0.0241

2 14.4372 0.0004 14.3703 0.0059 —0.4635

3 28.5384 0.0003 28.4836 0.0033 —0.1922

4 32.3795 0.0001 32.4067 0.0072 0.0838

5 32.6945 0.0003 - - -

6 37.4544 0.0002 37.4414 0.0005 —0.0347

7 44.8222 0.2395 45.0708 0.0099 0.5546

Note: The results regard the tests performed in the second damage condition.

modes can be identified. Specifically, the first and sixth mode shapes are clearer corresponding to the first modes of
symmetric wing bending. Despite the noise in the input data, the effect of Damage Condition 2, where the damage is
simulated on the right wing, can be discerned, especially from the first mode shape. The SMSs, in contrast to the dis-
placement ones, can be reconstructed in different directions along the entire length of the fibre, as depicted in
Appendix A. Thus, these functions also highlight the involvement of the tail in the vibration modes, which could be
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FIGURE 7 First six DMSs between the wingtips on the top surface. The mode shapes are extracted from SLDV measures in the normal
condition and in the two damaged conditions.

used for monitoring additional damage locations on the test structure. Specifically, the bending of the vertical tail is
observed in the second and third modes, which can be beneficial for detecting damage in that area. However, it can be
observed that the data acquired under normal conditions are particularly noisy with respect to others. Therefore, the
second and third SMSs cannot be distinctly extracted. This issue occurs particularly for the third mode shape, as can be
noted in Figure 8. Instead, in the second mode shape, the strains are small in the central part of the wings, and the high
noise causes a rapid decrease to zero in the SMS. The SMS variations induced in the damaged conditions are analysed
by visually comparing the mode shapes and quantitatively comparing the MAC values between the two damaged cases
and the undamaged case. The results are shown in Table 5.

The optic sensors in the current experimental configuration reproduce the mode shapes with a much higher density
of points compared to the vibrometer. However, in the strain results, the signal noise must be filtered to estimate the
shape, and torsional effects are not visible. Though, because of their higher density, these results enhance studying how
damage affects the mode shapes of the test structure. In order to establish a direct comparison with the SLDV mode
shapes and to ensure a higher homogeneity between the results of the two tests, the strain signal has been processed
using the iFEM approach. This strategy has enabled the complete displacement field of the test structure to be
reconstructed and utilised for the identification of the modal parameters.

The strain time history, acquired from the broadband excitation, has been employed as input in an inverse model of
the structure, exploiting the iFEM formulation to obtain the displacement field. The displacements have been extracted
specifically for the points corresponding to the grid measured by the SLDV. Subsequently, these signals have been
processed similarly to the previous procedure. The FRFs have been computed (Figure 9). It can be noted that iFEM-
reconstructed FRFs are consistent with the SLDV results and less noisy than the strain FRFs: This occurs because iFEM
only considers strain values at specific points on the finite-element mesh and computes the displacements, leveraging
the information given by all the strain data. In addition, enforcing the physical continuity of the displacements using
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FIGURE 8 SMSs between the wingtips on the top surface, extracted from the strain measurements in the undamaged and damaged
conditions.

TABLE 5 MAC values computed from the SMSs comparing the two damaged conditions with the undamaged condition.

Damaged Case 1 Damaged Case 2
Mode MAC MAC
1 0.9988 0.9809
2 0.8917 0.8711
4 0.9986 0.9900

the iFEM also contributes to the elimination of spurious peaks. The natural frequencies and damping ratios identified
from the reconstructed displacements in the undamaged and damaged conditions as well as the relative changes in the
natural frequencies are shown in Table 6.

It can be noted that the identified parameters are consistent with those obtained directly from the strain values, and
the error with respect to the values obtained via SLDV is less than 1% for all bending modes. It is still difficult to iden-
tify torsional displacements, especially for the second damaged case. The main advantage is being able to derive the
DMSs, which can be compared to the SLDV mode shapes using the MAC. These results are shown in Table 7.

The DMSs reconstructed using the iFEM approach do not allow for the identification of the coupling between the
rotation of the fuselage around its axis and the bending of the wings. Therefore, in order to perform the comparison
using the MAC, it is necessary to eliminate the rotation effect from the SLDV mode shapes, using the scan points on
the joint between the fuselage and the wings as reference measurements to estimate the rigid motion components.
Accordingly, all bending mode shapes are detectable based on the MAC values. In particular, the first and second
modes always present a high coefficient in comparison with the reference DMSs. As for the third mode, likewise in the
SMS case, the normal-condition mode shape cannot be identified. Conversely, in cases DC1 and DC2, the modal form
is recognised, and good MAC values can be observed. This issue can be caused by the higher noise in the undamaged
condition measurements and the difficulty of accurately extracting the properties, given the influence of the torsional
modes at nearby frequencies. The MAC criterion can also find a match for the sixth mode, even if the coefficient is
lower than the other bending modes. In this case, the FRF peaks and SMSs are identified. However, the iFEM-
reconstructed DMSs are not equivalent to the reference DMSs. Specifically, the displacements are obtained using the
inverse method over the entire structure mesh from the strains measurements. However, there are no available strain
measurements on the winglets, and the extrapolation of displacements is less accurate: It induces a reduction in the
MAC coefficient, calculated over the entire 45-point grid. It can be noted that, excluding the points on the winglets,
the MAC coefficient increases from 0.5535 to 0.9648 in the undamaged case.
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FIGURE 9 Average displacement FRF spectrum of the Garteur test structure, computed from the strain time histories using the iFEM
approach, in the first damage condition analysed.

TABLE 6 Modal parameters identified from iFEM-reconstructed displacement FRFs.

Undamaged case Damaged Case 1 Damaged Case 2
Mode S (Hz) 0 Ju (Hz) ¢ 6(fa) (%) S (Hz) ¢ 6(fu) (%)
1 5.6855 0.0193 5.6317 0.0005 —0.95 5.6318 0.0003 —0.95
% 14.5795 0.0012 13.4293 0.0000 —7.89 14.4392 0.0002 —0.96
3 29.8770 0.0004 28.9246 0.0006 -3.19 28.5148 0.0010 —4.56
5 32.8003 0.0150 32.8435 0.0545 0.13 = = =
6 38.6539 0.0089 38.6775 0.0007 0.06 37.4557 0.0006 -3.1
7 43.8185 0.0005 44.2257 0.0044 0.94 44.5466 0.0162 1.66

TABLE 7 MAC comparison between the mode shapes identified from SLDV results and the ones identified from iFEM-reconstructed

displacements.
Undamaged case Damaged Case 1 Damaged Case 2
Mode MAC MAC MAC
1 0.9717 0.9994 0.9957
2 0.9896 0.9519 0.9891
3 0.1151 0.9145 0.9571
4 0.0323 0.0832 0.0003
5 0.0043 0.1573 0.0027
6 0.5535 0.5195 0.3445
7 0.0003 0.0735 0.0019

4.2 | Modal appropriation approach

The Garteur model was subsequently tested using sinusoidal excitation signals at the estimated natural fre-
quencies (given in Table 2), to compute the normal mode shapes based on the modal appropriation method.
This method is adopted to more effectively isolate the vibration modes of the test structure using the optical
sensors and, consequently, verify the feasibility of employing the iFEM approach to reconstruct the
entire DMSs.

95U9017 SUOWULLOD BAII81D) 3[qedt|dde 8y Aq peuenob aJe sejone YO ‘asn Jo o 1o} Arlq i 8ulUQO /8|1 UO (SUOTIPUOI-PUR-SWUB)/W0D A8 1M Aleiq 1 puluo//sdiy) SUONIPUOD pue Swie | 841 89S " [20z/50/62] Uo Akeiqitauliuo As|im el eueiyood Aq T8yZT IS/TTTT OT/I0p/W0d A8 1m Arelq euluo//sdny Wwouy papeojumod ‘0 ‘SOETS.YT



StraingMIFat.

Mode 2: 14.594 Hz

-500 0
Wings axis (mm)
Mode 4: 32.469 Hz

-500 0
Wings axis (mm)
Mode 6: 38.688 Hz

-500 0
Wings axis (mm)

500 1000

Mode 2: 14.594 Hz

-500 0 500 1000
Wings axis (mm)
Mode 4: 32.469 Hz

-500 0 500 1000

Wings axis (mm)

Mode 6: 38.688 Hz

-500 0 500

Wings axis (mm)

1000

DELO ET AL.
1 Mode 1: 5.5947 Hz 1
@] %]
= =
@] o
ie] O
805¢ 3
© ©
£ £
S S
z z
0 ' -1
-1000 -500 0 500 1000 -1000
Wings axis (mm)
Mode 3: 29.844 Hz
1 : _ 05
(%) %)
= =
[a) [a)
] ke
20 2
© ©
£ £
S S
P P
-1 L L 1 -1
-1000 -500 0 500 1000 -1000
Wings axis (mm)
Mode 5: 32.656 Hz
1 : : : _ 05
(%) %)
2 z
= S 0
20 :
£ £ -0.5
S S
P P
-1 : : : -1
-1000 -500 0 500 1000 -1000
Wings axis (mm)
FIGURE 10 The first six DMSs along the wing leading edge estimated using the SLDV, using the modal appropriation technique.
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FIGURE 11

The first six DMSs along the wing leading edge estimated from the iFEM results, using the modal appropriation technique.
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TABLE 8 Comparison of the MAC parameter between the first six mode shapes using the modal appropriation technique.

MAC miFEM miFEM mgFEM m‘i‘FEM méFEM méFEM
m‘{ib 0.965 0.000 0.006 0.529 0.565 0.363
m;ib 0.000 0.928 0.783 0.207 0.163 0.130
m‘gib 0.000 0.893 0.981 0.287 0.232 0.123
mzib 0.018 0.000 0.003 0.048 0.047 0.048
m‘gib 0.033 0.001 0.000 0.049 0.057 0.107
m‘gib 0.032 0.000 0.001 0.076 0.085 0.031

The SLDV and fibre-optic sensors are used to measure the system response. In these tests, the fibre-optic strains are
measured at an acquisition frequency of 50 Hz for the first two natural modes and 100 Hz for the subsequent ones to
optimise the signal-to-noise ratio of the measured data. At excitation frequencies greater than 30 Hz, the optical fre-
quency domain reflectometry (OFDR) technique used by the fibre-optic sensor could not accurately compute strains at
certain gauge points along the fibre. The high strain rate at these sites is the likely cause, and possible solutions involve
using shorter length fibres and higher strain-acquisition frequencies. Regardless, these outlier data points were filtered
out in the pre-processing stage. Subsequently, iFEM is used to compute the nodal-displacement time history from the
measured strains.

The mode shapes corresponding to each excitation frequency are computed from the corresponding velocity and dis-
placement FRFs and are shown in Figures 10 and 11. The mode shapes estimated from the SLDV measurements cap-
ture all six modes accurately. In contrast, those from the iFEM displacements are only accurate for the first three
modes. The inaccuracy of Modes 4 and 5 is attributed to the limitation of iFEM in accurately reconstructing wing tor-
sional deformation using a limited number of longitudinal strains. In the case of Mode 6, it is best explained by the
noisy and incomplete strains measurements of the fibre sensor. The similarity of the strain and velocity-based modes
shapes is determined using the MAC criterion, and the results are given in Table 8. As observed previously, the first
three modes correlate very well, while the latter three do not. Additionally, the off-diagonal values are low, highlighting
the orthogonality of the modes.

The torsional mode-shape sensing could be improved by altering the sensor configuration or changing the point of
application of the external force, to increase the torsional response of the wings. Nevertheless, this strategy proves to be
feasible even in the context of dynamic tests, capable of reconstructing characteristics comparable to the DMSs provided
by the SLDV.

This experimental study shows the features that can be computed and analyses the differences between two differ-
ent EMA approaches. Furthermore, the iFEM approach allows reconstructing the results in the same terms as those
obtained with the SLDV. Hence, the harmonised features can be used in PBSHM to improve SHM performance via
transfer-learning algorithms.

5 | CONCLUSIONS

This study focusses on the comparison between results and features gathered from fibre-optic strain sensors and SLDV,
for examining the challenge of knowledge-transfer when the source and target datasets come from different sensors or
experimental analyses.

These two approaches have been chosen because they provide high-density measurement points. Furthermore,
despite some limitations, the fibre-optic strain sensors can represent a faster and cheaper solution in some operational
scenarios. In addition, these strain measurements can be used as input in the iFEM methodology, enabling
harmonisation of the features. Both types of sensors allow for performing EMA, accurately identifying the main modal
parameters for the bending behaviour of the test structure.

The tests were carried out considering two different types of excitation and were repeated in the undamaged config-
uration and simulating damage in two locations, on the tail and the wing. The strain signals are processed to reduce the
effect of noise, and the system parameters are identified. The natural frequencies can be identified from both sensor
responses by applying a broadband excitation, and the average relative errors are less than 1%. However, the damping
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factor is effectively computed only in the classical approach since the results obtained from the optical sensor, being
particularly noisy, do not allow for optimal estimation of these parameters. Mode shapes can be extracted from both
types of EMA. SLDV measurements can be used to directly extract DMSs on the grid of measured points, while strain
measurements can be used for computing the SMSs along the fibre length. The second option could provide valuable
insight into the tail contribution and for detecting any changes because of damage. In addition, via iFEM, it is also pos-
sible to recover mode shapes in terms of displacement from the strain data.

Globally, the SLDV modal analysis provides more comprehensive results in terms of DMSs, while the fibre-optic
sensor offered a spatially denser response, although in a limited frequency range. Furthermore, the iFEM technique
reconstructed the displacement response for the entire mesh of the numerical model. This approach can be useful for
obtaining the displacement response at specific points, allowing for harmonising different experimental results. Addi-
tionally, the higher measurement point density in the SMSs enables a greater sensitivity to damage identification. The
comparison between the SLDV and iFEM DMSs is carried out via the MAC, which highlights a satisfactory perfor-
mance for the first three bending modes.

The results of the modal appropriation and the broadband techniques also validate the possibility of employing
the iFEM shape-sensing technique for dynamic tests. One notable advantage is iFEM's ability to reconstruct the
displacements across the entire structure, as opposed to solely in specific locations and in a single direction, which
is a limit of SLDV results. It can be observed that the bending mode shapes have been identified, particularly for
the first three modes. Yet, the MAC value is lower for the sixth mode because of decreased accuracy in the recon-
struction of winglet displacements, as there are no strain measurements at those points. Moreover, identifying tor-
sional vibration modes from the results of the strain modal analysis remains challenging. Nevertheless, to further
investigate torsional effects, it would be possible to extend the tests by introducing additional sensors, such as tri-
axial strain gauges, which would improve the shape-sensing results. In addition, it would be possible to use shorter
fibre-optic sensors to improve the signal quality in a broader frequency range, as the maximum sampling frequency
could be increased.

Sharing knowledge between these tests could be exploited to address the challenges of the noisy nature of opti-
cal sensor data and the difficulty of identifying torsional vibration modes and extracting more sensitive features.
Further developments could investigate the possibility of applying transfer-learning approaches, by training a
model on SLDV data and then fitting them to fibre-optic sensor strain data, improving the generalisation capability
of the model. In addition, in the context of PBSHM, it would be interesting to use data from multiple sensors as
sources, to further improve diagnostic inferences on a different target, for which only a few experimental results
are available.
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APPENDIX A

1 Strain Mode Shape: Mode 1
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FIGURE ALl. Strain mode shapes (SMSs) along the fibre-optic sensor axis, extracted from the strain measurements in the undamaged and
damaged conditions. The structure sections for each segment of the fibre-optic sensor are indicated. The optical fibre is initially laid on the
two wings, on the top and bottom surfaces, on the leading and trailing edges of the wings. Subsequently, the fibre is applied on the fuselage,
on the vertical section of the tail and finally on the horizontal part of the tail. SMSs can be evaluated for the bending mode shapes, that is,
1,2,3and 6.
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