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ABSTRACT

Guided waves based damage detection methods using base signals offer the advantages of simplicity of signal gen-
eration and reception, sensitivity to damage, and large area coverage; however, applications of the technology are
limited by the sensitivity to environmental temperature variations. In this paper, a Spearman Damage Index-based
damage diagnosis method for structural health condition monitoring under varying temperatures is presented.
First, a PZT sensor-based Guided wave propagation model is proposed and employed to analyze the temperature
effect. The result of the analysis shows the wave speed of the Guided wave signal has higher temperature sensi-
tivity than the signal fluctuation features. Then, a Spearman rank correlation coefficient-based damage index is
presented to identify damage of the structure under varying temperatures. Finally, a damage detection test on
a composite plate is conducted to verify the effectiveness of the Spearman Damage Index-based damage diagnosis
method. Experimental results show that the proposed damage diagnosis method is capable of detecting the exis-
tence of the damage and identify its location under varying temperatures.

KEYWORDS
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1 Introduction

Structural damage to aircraft under varying temperatures not only significantly reduces the performance
of aircraft but also increases the thermal loads, resulting in structural failure [1]. Therefore, it is necessary to
detect damage to aircraft structures under varying temperatures. In recent years, PZTs-Guided waves based
damage detection methods have shown great potential in Structural Health Monitoring (SHM) applications
for aircraft structures [2]. The damage diagnosis method which is based on the comparison of Guided wave
signals representing base condition and the damaged condition is the most widely used damage identification
method in the Guided waves-based SHM technology [3,4]. However, temperature variations of aircraft
structures have significant effects on guided wave propagation and therefore increase the detection
uncertainty of the guided wave-based structural health monitoring system [5].
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Many attempts have been made towards the temperature effects in Guided wave-based SHM technology
and the temperature compensation method [6—9]. Salamone et al. [10] performed health monitoring of fiber-
reinforced composite panels using ultrasonic guided waves and flexible piezoelectric composite transducer
patches in the environment of a varying temperature corresponding to normal aircraft operations. Santoni-
Bottai et al. [11] presented an experimental evaluation of the structural health monitoring capability of
piezoelectric wafer active sensors on composite structures at cryogenic temperatures. Marzani et al. [12]
proposed a numerical approach based on a Semi-Analytical Finite Element (SAFE) model to predict
temperature effects on guided waves generated and received by PZT transducers. Konstantinidis et al.
[13] investigated the robustness of the signal processing used in a structural health monitoring system
utilizing permanently attached guided wave sensors. Dao et al. [14] demonstrated how to remove the
undesired temperature effect from Guided wave data. The method is based on the concept of
counteraction that is partially built on the analysis of the non-stationary behavior of time series. Gao et al.
[15] presents optimal operating modes for the factors to maximize the detection capability of a given
SHM technology in a service environment. The effectiveness of the SHM techniques for aircraft
composite structure applications in the real world is verified by the experimental results. Michaels et al.
[16,17] presented a methodology for applying diffuse ultrasonic waves to the problem of detecting
structural damage in the in-situ environment. Clarke et al. [18] investigated how a temperature
compensation method can be used to reduce the number of signals required in the database, and an
airframe panel was tested by using a temperature compensation strategy. Raghavan et al. [19] presented
the guided-wave SHM method using surface-bonded piezoelectric wafer transducers in metallic plates for
the temperature range encountered in internal spacecraft structures (20—150°C). Mazzeranghi et al. [20]
describe some procedures aimed at minimizing the effects of disturbance on AU signals caused by
temperature variation, allowing the use of AU for monitoring over extended periods or when the
component is subjected to heating. Richard et al. [21] examine the hypothesis that the phase drifts are due
to temperature fluctuations by theoretical analysis and experimental research. Konstantinidis et al. [22]
investigate a system for the SHM of plate-like structures using guided waves in the variation of
environmental conditions. Wang et al. [23] developed a novel temperature compensation technique
combining an adaptive filter and optimal baseline selection to enhance the robustness and effectiveness of
guided wave-based damage detection.

In this paper, a Spearman rank correlation coefficient-based damage detection method for aircraft
structures under varying temperatures is developed. The proposed method is capable of detecting the
damage location in a varying temperature environment, and each base signal could cover a temperature
range of 18°C. First, temperature effects in the propagation characteristic of guided waves are
investigated by a modeling analysis. A model which includes the PZT sensor, a shear lag model of the
adhesive layer and substrate structure is proposed to predict guided wave signal features with a minimum
sensitivity of the temperature. Then, a signal Spearman damage index-based damage diagnosis method is
developed for damage detection under changing environmental temperature. Finally, a damage detection
experiment was performed on a composite plate under varying temperatures environment. The
experimental results show that the proposed damage diagnosis method is capable of detecting the
existence of damage and identifying its location under changing environmental temperature. Each base
signal could cover a wider range of temperature by using the Spearman DI-based damage diagnosis method.

2 Thermal Sensitivity of Guided Waves from Excitation, Propagation to Collection

The temperature sensitivity of Guided Wave signal features is investigated by a model that accounts for
temperature effects on the transducer piezoelectric-mechanical properties, the transducer panel interaction,
and the panel wave dispersion properties. The analysis was performed in the simplified case of SO mode
Guided waves, which is an important method in SHM applications.
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In the excitation process of guided waves, the electrical energy of the input voltage applied to the PZT
actuator is converted through piezoelectric transduction into mechanical energy that activates the expansion-
contraction model of the PZT receiver [24]. This motion is then propagated into the underlying structure
through the shear stress in the adhesive layer at the actuator structure interface. As a result, the guided
waves are excited into the plate.

The PZT actuator transfers the electrical signal into the mechanical signal through the inverse
piezoelectric effect. Assuming no external mechanical stresses (7j; = 0), the in-plane strain of the PZT
actuator is:

v,
tq = —dy1 — (1)
la
&, 1s the strain of actuator, ds; is the relevant piezoelectric coefficient, V, is the input voltage, ¢, is the
thickness of actuator.

According to the literature [25], the Rayleigh—Guided dispersion equation:

tan(pd) 4k*pd 5
tan(qd) (k2 — ¢?) 2)

Dispersion is the phenomenon in which the phase velocity of a wave depends on its frequency and material
property. Apparently, dispersion characteristics of a Guided wave depend on environment temperature.

The attenuation of Guided waves is essentially due to the viscoelastic damping properties of composite [26].
According to the Rayleigh damping model, the ratio of strains of two points that are ‘x” apart on the plate is:
Splates — ekx (3)

Eplate 4

where, &ylae, and &plaee, represent plate strains at the locations of actuator and receiver, respectively; & is the
damping coefficient, and its expression is shown below:

g =< 4)
Ce

l/a . . . . .
where, & = 2 (— + ﬁw) is the damping ratio, o and f3, are proportional constant for mass and stiffness. o
w 1"

could be negligible in the propagation of Guided waves,  ~ B where E’ is the storage modulus

(elasticity modulus) and E” is the loss modulus. The Egs. (2) and (3) show that elasticity modulus and
density pose greater influence on the wave speed feature of Guided wave while damping coefficient pose
greater influence on the Guided wave strain energy which influence the signal amplitude feature.

When propagating waves reach the receiver, the mechanical energy is converted to electrical energy by
the PZT receiver.

The sensor strain & which is excited by the plate strain &, is:

<2Fx>
cosh| —
e — ¢ Ep/atetplate 1 — ls (5)
s tplawe oEsts + Eplatelpiate coshI’

where, 7. and t; are the thicknesses of plate and sensor, £, and E; represent the elasticity modulus of
plate and sensor, respectively.
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Vsens = sens/ 8sdxl (6)

t; d31 Y E
where, Sqens = — 3
R [e§3(1 —vy) — 2d§1¥ﬂ
and Poisson ratio, respectively. The Eq. (6) shows that piezoelectric parameters and material properties pose
greater influence on the amplitude feature of signal.

, €55 1s a dielectric constant, Eg and v, represent elasticity modulus

Correlative references [26—28] showed the parabolic relationship between parameters and temperature.
The changing trends are shown as follows:

dy = —175%107"2 + 5.5AT*10" "% — 60AT?*x10~'?
¢Sy = 1.05%107% + 1.47AT+107" + 1.17AT*%107 "3
Esensor = 55%10° — 0.16AT%10°
Gpona = 10x10° — 0.05AT*10°
Epiae = 20%10° — 0.08AT*10°

Eptaie = 0.2%10° 4 0.025AT%10°
Ppiare = 1890 — 10AT

dptare = 3%107° + 0.1AT+107°

where, AT is the difference between operating temperature and room temperature (25°C). These properties
are examined in the range of 10°C to 60°C. The temperature sensitivity of assets (such as the elasticity
modulus and density) of the composite structure is greater than piezoelectric parameters and material
properties of PZT sensors and damping coefficient of the composite structure. Therefore wave speed
shows higher temperature sensitivity.

A 5-count Hanning window tone-burst signal is applied to the actuator.

20 —A[sin(27tﬁ)]{sin [Zliﬂ } %)

where A4 is the amplitude of excitation signal, f'is the frequency of excitation signal. The distance between
actuator and sensor is 0.15 m.

The dispersion curves regarding the phase velocity and the group velocity are shown in Fig. 1, for the
two temperatures of 10°C and 60°C.

As shown in Fig. 1, the phase velocity and group velocity of the Guided Wave decrease with the increase
of the temperature. Varying temperatures induced variation of the modulus of resin matrix composite plate
led to a reduction of the speeds of bulk waves and propagation velocities of Guided waves.

The first peak of the response signals was considered as the response amplitude of the PZT receiver.
Fig. 2 describes the results of the parameter study for response amplitudes under varying temperature and
frequency environment. The resulting relative response amplitudes plots are presented as 3D mesh plot.

As shown in Fig. 2, these results are clarifying: The optimal frequency for actuator output decreases
from 240 kHz to 220 kHz when the temperature increases from 10°C to 60°C.
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Figure 1: Phase velocity and the group velocity of Guided wave under changed temperatures
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Figure 2: Theoretical response amplitude of PZT receiver under varying temperatures and frequencies

Temperature-dependent parameters are substituted into the numerical model of guided waves.
Theoretical SO mode signals of 250 kHz under varying temperatures are shown in Fig. 3.

As shown in Figs. 3a and 3b, as the modification of temperature phase delay will appear, the group
velocity of SO mode linearly decreases with increasing temperature. As shown in Fig. 3a, The signal
amplitudes will increase with the increase of temperature when the temperature below 30°C. When the
temperature exceeds 30°C, the amplitudes will decline with increasing temperature. That’s because below
30°C activity increasing of PZT sensors play a dominant role while exceeding 30°C, performance
degradation of the adhesive layer plays a dominant role. As expected, the result of modeling analysis
shows that a temperature increase causes a reduction in the wave speed of the Guided wave signal, and
wave speed shows higher temperature sensitivity than signal fluctuation. That’s because the elasticity
modulus of the plate decreases linearly with the increase of temperature.
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Figure 3: Theoretical signal under varying temperatures (10°C~60°C) (a) Signal waveform of SO mode
(b) Group velocity of SO mode

Therefore, the signal swing features are more suitable to be the damage index than the signal wave speed
such features, such as covariance.

3 Spearman DI-Based Damage Diagnosis Method

In the Guided wave-based damage diagnosis method, temperature variations have significant effects on
guided wave propagation and therefore increase the detection uncertainty of the guided wave-based
structural health monitoring system [5]. So this is necessary to use a signal feature with minimum
sensitivity to the temperature variations as the damage index of the damage identification method.

Damage imaging diagnosis is divided into three steps: Preprocessing step, damage feature extraction
step, and imaging diagnosis step. In the first step, the monitored region is discrete into pixels. Then,
damage indexes (DIs) of different paths are obtained by comparing the base signal with a current signal
which is collected after load. In the last step of the method, the probability damage region was delineated
by the probability-based damage diagnosis imaging method combined with an empirical threshold value.
Finally, damage shape and severity were outputted as the result of the damage imaging diagnosis stage.

Pearson correlation coefficient between two variables is defined as the covariance of the two variables
divided by the product of their standard deviations. The form of the definition involves a “product moment,”
that is, the mean (the first moment about the origin) of the product of the mean-adjusted random variables;
hence the modifier product-moment in the name.

Pearson’s correlation coefficient is commonly represented as follows:

PBD — —— - )]

where, cov(B,D) is the covariance of two variables (B, D), op is the standard deviation of B, oy is the
standard deviration of D.

The Spearman correlation coefficient is defined as the Pearson correlation coefficient between the ranked
variables. Ranked variables mean that identical values (rank ties or value duplicates) are assigned a rank
equal to the average of their positions in the ascending order of the values. For a sample of size n, the n
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raw scores B and D are converted to ranks b;, d; and the expression for the Spearman rank correlation
coefficient can be expanded:

_620,‘2

n —n

re=1 9
¢; = b; — d; is the difference between ranks, n is sample number. The Spearman rank correlation coefficient
was extracted from collected Guided wave signals under base condition and different load case for damage
identification. In this case, the Spearman damage index (SDI) is defined as follows:

SDI =1 —r’ (10)

In this stage, the monitored region is discretized into a grid of pixels based on the required resolution in
X and Y directions. The interpolation coefficient of for pixel D is shown as follows:

Lyp+Lp-s
Wn)p = 1 —7}1 , Lyp+Lp sg<h (11)
0, Lyp+Lp-s>h

L4 p and Lp_g are the distance between the pixel and actuator of path(i) and the distance between the
pixel and sensor of path(i), respectively.

Scaling parameter / is employed to control the area influenced by the path(i). The pixel value is shown
as follows:

n
Pv =" SDlLuu) - Wnp (12)
i=1

n is the number of signal paths. The probability of damage presence at node D is defined by Eq. (12), and
the pixel value field will be projected onto XY plane in form of the damage distribution diagram of
monitoring region. Color distribution in the imaging represents local damage severity. The damage area is
highlighted by the red patch.

Delamination extension determination is performed in a full-scale composite horizontal tail under static
load to illustrate the detection capability of the damage diagnosis strategy.

4 Damage Identification Experiments on Composite under Varying Temperatures

A realistic damage (countersink) detection experiment on the composite plate has been performed to
verify the robustness of the Spearman DI damage diagnosis method under varying temperature.

4.1 Experimental Setup

A glass fiber composite plate (400 x 400 x 3 mm) with a sensors network was used as an experiment
specimen. As an active sensor network, four circular PZT sensors (¢ = 8 mm, d = 0.25 mm) are surface-
mounted on the plate, as shown in Fig. 4b. The piezoelectric characteristics of PZT sensors and specimen
are listed in Section 2. The sensors’ coordinates were shown in Tab. 1.

The experimental equipment and specimen were shown in Fig. 4.

As shown in Fig. 4a, the environment temperature was controlled by a constant temperature oven, cables
were to the connector through the vent. As shown in Fig. 4b, four sensors were bonded on the face of the
specimen; as shown in Figs. 4c and 4d, a countersink damage was machined on the specimen near the
3-4# path by a miller. The central coordinate of the countersink damage is (200 mm, 100 mm).
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Figure 4: Experiments setup of damage diagnosis on composite plate under variable temperature
environment. (a) The oven with the specimen (b) The specimen with 4 sensors (¢) The Miller and
specimen (d) The specimen with a countersink

Table 1: Sensors coordinates

Sensor No. 1 2 3 4
X(mm) 100 300 300 100
Y (mm) 300 300 100 100

In this experiment, a five-cycle Hanning window modulated sinusoid tone bursts waveforms (center
frequency: 250 kHz) were generated on each PZT actuator to excite the Guided Wave. Signals were
generated and collected by a damage diagnostic system at a sampling rate of 24 MHz and a sampling
point of 4000. The signal path setup is shown in Tab. 2.

In this experiment, first, base signals at different temperatures (20°C~60°C, based on 2°C step) were
collected. Then, the countersink damage was machined, current signals of different temperatures
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(20°C~60°C, based on 2°C step) were collected in damaged condition. Finally, damage identification was
performed using the Spearman DI damage diagnosis method.

Table 2: Signal path setup in the experiment

Path No. 1 2 3 4 5 6
Actuator 1# 1# 1# 2# 2# 3#
Sensor 2# 3# 4# 3# 4# 4#

4.2 Temperature and Damage Effects on the Signal

The temperature and damage effects on the signal were investigated by comparing signals under
different temperature and health conditions. Temperature and damage effects on the signal of the 3#-4#
path were shown in Fig. 5.

ExSensor = 3, ReSensor = 4 ExSensor = 3, ReSensor = 4
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Figure 5: Influence of damage and temperature on Guided wave signal (a) Comparison of base signals
under 40°C and 46°C (b) Comparison of base and damage signals under 40°C

In the Fig. 5a, the red and blue lines respectively represent base signal (the signal before the countersink
damage was machined) under 40°C and 46°C, the black line represents the scatter signal between base
signals. In Fig. 5b, the red and blue lines respectively represent the base and damage signal which both
under 40°C, the black line represents the scatter signal between the base and damage signal.

As shown in Fig. 5a, an apparent delay of the Guided wave is caused by rising temperature, and the peak
of the scatter signal between base signals under 40°C and 46°C is 427.3 mV. As shown in Fig. 5b, an
amplitude change of the Guided wave signal is caused by damage, while the influence of wave velocity
is slight, the peak of scattering signal between base signal and damage signal under 40°C is 374 mV.
Therefore, the scatter signal which is caused by damage may be covered by the scatter signal as a result
of varying temperatures.

The wvariation tendencies of Spearman DI and Covariance DI of 1-2#Path signals under varying
temperatures (base temperature is 40°C) were shown in Fig. 6.

In Fig. 6, the blue line represents the variation trends of Covariance DI, while the red line represents the
variation tendencies of Spearman DI.
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Figure 6: The variation tendencies of DIs under varying temperature

As shown in Fig. 6, the Covariance DI is more sensitive than the Spearman DI to temperature variations.
That means the baseline signal of given temperature can cover a wider range of temperature by using of
Spearman DI.

4.3 Damage Identification Result under Varying Temperatures
To show the robustness of the Spearman DI-based damage diagnosis method, the countersink damage
identification results were demonstrated with damage probability imaging.

In the damage probability imaging, the base (Bi) and current (Di) signals of signal path(i) are converted
to ranks and obtain the spearman damage index SDI(i) following Eqs. (9) and (10). The mesh imaging weight
distribution Wnp(i) of path(i) is obtained by Eq. (11). The damage probability distribution of path(i) is
calculated by SDI(i) - Wnp(i). The damage probability distribution is obtained by superimposing all the
signal paths as Y SDI(i) - Wnp(i).

In the damage probability imaging results, a set of necessary figures is shown while excessive result
figures which seem alike with each other are omitted. Fig. 7 illustrated the damage probability imaging
using Spearman DI-based methods under changing current temperature. In Fig. 7 the base signals are
collected under 40°C, the current signals are collected under 28°C~50°C.

Fig. 7 shows the results of the Spearman DI damage diagnosis method using the base signals of 40°C.
The temperature range of damage signals is 20°C~60°C by step of 2°C.

In Fig. 7, the blue circles express sensors, and their number was marked below the circles; white circle
marks the central location of countersink damage; the damage was expressed by the red region.

As Figs. 7b and 7c shown, the identification area of countersink damage was in the center of Path3-4#.
As Figs. 7a and 7d shown, there are highlights in between 1-4# path, 2-3# path, and center of the sensor
network. It means that multicenter errors began to appear in the diagnosis result of the method under the
temperature of 28 and 50°C.

In the Covariance DI-based damage diagnosis method, the covariance between the base and current
signals is used as a damage index. The damage probability distribution is obtained by superimposing all
the signal paths as Y DI(i)- Wnp(i). Fig. 8 illustrates the damage probability imaging using the
Covariance DI-based damage diagnosis method under changing current temperature.
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Figure 7: The imaging results of Spearman DI damage diagnosis method under changing current temperature
(a) Current temperature = 28°C (b) Current temperature = 30°C (¢) Current temperature = 48°C (d) Current
temperature = 50°C

As shown in Figs. 8b and 8c, the identification location of countersink damage was in the center of
Path3-4# under the temperature of 40°C and 42°C. As shown in Figs. 8a and 8d, there are highlights in
between 1-4# path. It means the multicenter errors began to appear in the diagnosis result of the method
under the temperature of 38°C and 44°C.

The imaging results showed that the baseline signal (under 40°C) could cover a temperature range less
than 6°C (38°C~44°C) by using of Covariance DI-based damage diagnosis method.

The location error of damage diagnosis methods under different current temperature (base temperature is
40°C) is shown in Fig. 9.
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Figure 8: The imaging results of Covariance DI-based damage diagnosis method under changing current
temperature (a) Current temperature = 38°C (b) Current temperature = 40°C (c) Current temperature =
42°C (d) Current temperature = 44°C

In Fig. 9, the green and red bars represent the Location error of Covariance DI and Spearman DI-based
damage diagnosis method under changing current temperature. As shown in Fig. 9, in most current
temperature situations, Covariance DI-based damage diagnosis method has a big location error, while the
baseline signal of 40°C can cover a wider range of temperature by using of Spearman DI-based damage

diagnosis method.
Two reasons cause the result distortions of the damage diagnosis methods:

1. The temperature dependence of the damage index

When the temperature difference reaches a certain level, the phase delay caused by varying temperatures
will cover the scatter signal change. Therefore, some of the distortion identification results have shown the

damage in the central of the monitoring region.
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2. Inhomogeneous temperature field of the monitoring region

In this experiment, the heat producer of the oven nears the 1-4# Path. Therefore, the damage was located
in the central of the 1-4# Path in some of the distortion identification results.
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Figure 9: Location error of damage diagnosis methods under changing current temperature

5 Conclusion

This paper developed a Spearman rank correlation coefficient-based damage detection method of low-
temperature sensibility. First, a model that includes the piezoelectric model of the PZT sensor, a shear lag
model of the adhesive layer, and a Guided wave propagation model of substrate structure is proposed to
predict the Guided wave signal feature with minimum sensitivity to the temperature. Then, a signal
Spearman rank correlation coefficient-based damage index is presented for damage under varying
temperatures. Finally, an experiment was performed on a composite plate with countersink damage under
varying temperatures.

The damage identification experiment results show that each base signal could cover a temperature range
of 18°C at least using Spearman DI-based damage diagnosis method. Experimental results show that the
proposed damage diagnosis method is capable of detecting the existence of the damage and identify its
location under varying temperatures.
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