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Te multiple intersecting stifeners on the chemical milling stifened panel (CMSP) limit the application of active health
monitoring methods on it. An imaging algorithm based on electromechanical impedance (EMI) and probability-weighting is
proposed to achieve quantitative evaluation and localization of the damage on CMSP. Te proposed algorithm compensates for
the diference in sensor performance with coefcients and there is no need to determine the key parameters of the algorithm
through prior experiments. In the paper, the applicability of ultrasonic guided wave (GW) and EMI on CMSP was frst studied
through the fnite element method. Based on EMI and the mean absolute percentage deviation (MAPD), the selected damage
indicator (DI), a probability-weighted damage imaging algorithm are proposed and experimentally verifed. Te results indicate
that due to the refection and attenuation efects of stifeners on GW, the signal characteristics of damage scattering waves are
contaminated, making it difcult to quantitatively characterize the damage from GW signals through DIs. MAPD is positively
correlated with the damage degree and has consistency in characterizing the signal of diferent PZTs under the same working
condition. Te feasibility and accuracy of the proposed algorithm are verifed through experiments which show a strong en-
gineering application capability.

1. Introduction

Stifened structures have been widely used in commercial
aircraft, satellites, launch vehicles, and other aerospace felds
for their advanced structural performance such as excellent
load-bearing capacity [1–3]. Te initial defects of the stif-
ened panel accumulate and expand when the launch vehicle
is under various loads which greatly endanger the safety of
personnel and equipment. Tus, it is important and
meaningful to study the online damage monitoring method
for stifened panels.

GW is a common active structural health monitoring
(SHM) technology [4, 5]. Tere have been many studies on
the propagation law of GW in the stifened panel. Ricci et al.
[6] studied the efectiveness of the A0 mode in detecting

delamination and debonding in stifened composite plates
with fnite thickness and infnite lateral dimensions through
theoretical analysis, numerical modeling, and experimental
study. Ramadas et al. [7] explored the interaction between
A0 mode and structural discontinuities in composite
structures and verifed the back-propagation of “turning
mode” from the thin region to the spar web through nu-
merical simulation and experiment. Faisal Haider et al. [8]
considered two cases of plate and proposed an efective
global-local analysis method to determine Lamb wave
scattering from a discontinuity. Reusser et al. [9] established
a simple explanatory model for the scattering of low-order
Lamb waves crossing a stifener which illuminates the un-
derlying mechanics.Tey also concluded that stop-bands for
transmission of longitudinal pressure waves across
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a stifener line up with fexural resonances of the stifener.
Bijudas et al. [10] studied three damage cases of disbonding
of stifeners from the base plate, and vertical and embedded
cracks in the stifened plate. Tey conducted baseline-free
damage experiments based on time reversal Lamb waves
(TRLW), and the results showed that TRLW had a good
recognition performance on stifened panels with one single
stifener. Schaal and Mal [11] used an analytical approach to
solve the benchmark problem of Lamb wave refection at
a free end as well as the interaction of Lamb waves with
upward and downward step discontinuities. Te analytically
derived results show a good agreement with the transient
fnite element simulations. Currently, the studies of GW in
complex structures mainly focus on the propagation
mechanisms. Te capacity of GW for actual damage iden-
tifcation of stifened panels is still unknown.

As another active SHM technology, EMI has a wide
range of applications in diferent structures due to its low
cost, high sensitivity to minor damage, and the potential to
provide real-time, remote, and autonomous monitoring
[12, 13]. Wu et al. [14] monitored the bolted connections
based on the wearable piezoelectric ring and EMI, using two
statistical indicators: MAPD and the root mean square
deviation (RMSD) to achieve a quantitative evaluation of
bolt looseness. Du et al. [15] constructed a convolutional
neural network (CNN) for multitask which consists of
a temperature compensation subnetwork and a lightweight
damage identifcation subnetwork. Te model achieves
monitoring of bolt loosening in temperature-varying envi-
ronments. Ai and Cheng [16] splitted the electromechanical
admittance (EMA) signatures of concrete into multiple
subrange responses and selected the maximum index as the
training input of the two-dimensional (2D) CNN. Te
constructed model achieved rapid prediction of the damage
severity of concrete structures. Li et al. [17] validated that
conductance resonant frequency decreases while conduc-
tance resonant peak increases with the increase of concrete
compressive strength after analyzing the collected data. Te
linear regression-CNN hybrid model shows a good per-
formance in the prediction of concrete strength develop-
ment. Ai et al. [18] proposed a modern structural damage
detection (SDD) method that uses one-dimensional (1D)
CNN to automatically learn raw EMA features. Te SDD is
used for identifying minor/severe quality losses and bolt
loosening damage in concrete structures. Fu et al. [19]
proposed a cloud-based wireless impedance monitoring
system for corrosion detection of small-diameter pipelines
which comprises a smart corrosion sensing node and
a wireless impedance monitoring system. Zhu et al. [20]
proposed an approach that combines data expansion, series-
to-image conversion, and an intelligent model to predict the
external impact energy of sandwich composite materials.
Although EMI has been employed in many structures, there
are still few reports on its application research on stifened
panels.

Stifened panel is usually processed into a grid form by
chemical milling, mechanical milling, or casting. Te stif-
ened panel studied in the paper is the CMSP which contains

multiple stifeners that are perpendicular to each other, and
there is a rounded structure at the junction of the stifener
and the base plate that is equivalent in thickness to the
stifener. Tis paper frst explores the applicability of GW
and EMI for CMSP damage characterization. Ten, four DIs
are used to quantitatively characterize the signals of EMI
under fve damage severities. After comparison, the DI with
good characterization efects is determined. It is taken as
a parameter of the proposed modifed probability-weighted
algorithm to further localize the damage on CMSP.

2. TheDetectionFoundationof theEMIMethod

2.1. d31-Type PiezoelectricWafers. Te piezoelectric material
of the PZT is lead zirconate titanate (PbZr(Ti)O3), a ferro-
electric ceramic that attains a permanently polarized state
when it is poled. For a small variation in the electric feld, it
behaves approximately linearly near that state, which can be
expressed by the following linear piezoelectric equations
[21]:

εij � c
′
ijklσkl + dkijEk,

Di � diklσkl + εT
ikEk,

(1)

where εij is the strain tensor, Di is the electric displacement
component, σkl is the stress tensor, and Ek is the electric
feld. c′ijkl, dkij, and εT

ik denote the inverse elastic, piezo-
electric, and dielectric constants, respectively. Te electric
constants matrix has only three independent piezoelectric
coefcients, d31, d33, and d15 as the poled piezoelectric ce-
ramic is an orthotropic material with a plane of symmetry
whose normal is in the poled direction.Te other coefcients
in the matrix are all zero as follows:

dij �

0 0 0 0 d15 0

0 0 0 d24 0 0

d31 d32 d33 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (2)

In the matrix, d31 =d32 and d24 =d15. Te PZT which is
made of this piezoelectric ceramic is named as the d31-type
piezoelectric wafer. Te piezoelectric constant matrix of the
PZT used in this paper is as follows:

dij �

0 0 0 0 5.84 0

0 0 0 5.84 0 0

− 2.1 − 2.1 5 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ × 10− 10C/N. (3)

2.2. Principle of the EMI. Yang et al. [22] proposed and
simplifed the coupling system between PZT and the host
structure into a 2D plane model and the model is adopted in
the paper since it is more consistent with the experimental
results [23].Te analysis of the 2D structure takes the inertial
forces in two directions of the PZT into consideration which
makes the solution of the admittance closer to the real
situation. Te admittance obtained is expressed in the fol-
lowing equations:
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where Y(ωp) is the admittance; j is (− 1)1/2; ωp denotes the
excitation angular frequency at work; μp is the Poisson’s ratio
of the sensor; bp, ap, and hp are the length, width, and
thickness of the PZT, respectively; εT

33 is the complex dielectric
constant at constant stress and εT

33 � εT
33(1 − jδ), where εT

33 is
the dielectric constant; δ denotes the dielectric loss factor;
Y

E

p � YE
p(1 + jη) represents the complex Young’s modulus of

PZT at the zero-elastic feld and YE
p is the real Young’s

modulus; η is the mechanical loss factor; d31 and d32 are both
piezoelectric constants; Kp =ω

�����

ρp/Y
E

p

􏽱

denotes the wave
number; ρp is the mass density of the sensor; Ap and Cp are
the unknown coefcients determined from the boundary
conditions. For a certain system, the above parameters are
fxed values. I is the identity matrix of 2× 2; Z11 and Z22 are
the direct force impedances; Z12 and Z21 represent the cross
impedances. Since the condition of PZT and adhesive layers
usually remains unchanged, the admittance of the three-layer
piezoelectric intelligent structure (containing PZT, adhesive
layers, and the host structure) can refect the structure status
through signal change.

To detect damage with EMI, the PZTneeds to be coupled
on the surface of the host structure and then applied with AC
voltage. Due to the inverse piezoelectric efect, the PZT
undergoes deformation and drives the host structure to
vibrate together. Similarly, the vibration of structure will
react on the PZT, causing its deformation. An electrical
response will be generated due to the positive piezoelectric
efect of PZT. Ten, the current signal is extracted and
analyzed in an impedance analyzer. By comparing the im-
pedance curves, the damage information of the tested
structure can be inferred. Te EMI measuring system is
shown in Figure 1.

3. Numerical Study on PZT
Structure Interaction

3.1. Simulation Setup. Te CMSP is modeled by Solid185
elements whose length and width are both 295mm. Eight d31
PZTs (Φ8mm× 2mm) are arranged on the CMSP surface as

shown in Figure 2(a) and are numbered 1#–8# in a clockwise
direction. Te PZTs are bonded to the CMSP and the
coupling between the PZT and the structure is shown in
the locally enlarged image in Figure 2(a). Te cross-
sectional diagram of the stifener is shown in
Figure 2(b). Te width of the stifener W is 7 mm and the
panel thickness H1 is 4 mm.Te stifener thickness H2 and
the fllet radius Rs are equal, both of which are 10mm.Te
material of CMSP is 2219 aluminum alloy, with a density
of 2840 kg/m3, an elastic modulus of 73.1 GPa, and
a Poisson’s ratio of 0.33.

Based on the PZT coupled with the structure, GW and
EMI, the two detection methods, can be used for CMSP
health monitoring. As the mechanisms and characteristics of
these two technologies are diferent, the applicability of the
GW and EMI on CMSP are separately studied as follows.

3.2. Damage Quantifcation Efect Based on GW. To excite
GW in CMSP, a fve-cycle sinusoid tone-burst signal
enclosed in a Hanning window is applied to PZT. 150 kHz is
selected as the excitation center frequency fc to ensure the
accuracy of damage identifcation. CMSP is divided into
multiple regional units by vertical and horizontal stifeners.
To visually observe the GW propagation in the structure, an
excitation signal was applied to 1# PZTin the simulation.Te
time step is set to 1/(10fc) and a total of 250 data points were
collected within the range of 0–167 μs. Te total displace-
ment of CMSP at 37 μs, 85 μs, and 110 μs is shown in
Figures 3(a)–3(c).

As shown in Figure 3(a), GW propagates uniformly
around the center of 1# PZT in the initial stage of propa-
gation. Te propagation energy of GW varies in diferent
directions since the angles between the stifeners and the
wavefront are not constant. For those stifeners parallel to
the wavefront, the wave exhibits better passability.
Figure 3(b) shows that there is no clear wavefront at 85 μs
because there occurs GW refection and mode conversion at
the stifeners. From Figure 3(c), it can be concluded that GW
can still cover the entire CMSP although the stifeners at-
tenuate its propagation energy.
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For complex structures such as CMSP, GW refection
and mode conversion occur at the stifeners. Te diferent
propagation speeds of diferent modes will lead to wave
packet aliasing and decrease the interpretability of the signal
which makes it difcult to extract damage scattering wave
from the directly received signal [24]. Te benchmark de-
tection strategy [25] is often used for GW-based damage
identifcation. It obtains the benchmark signal of the

structure in a non-destructive state and then subtracts the
detection signal from the benchmark. Te obtained residual
signal is mainly the scattering wave generated from the
damage. Further, information on the damage’s location and
size can be acquired after analyzing the residual signal with
evaluation methods. As the stifeners have adverse efects on
wave propagation, it is difcult to extract damage in-
formation from the raw signals. Tus, the benchmark

295 mm

29
5 

m
m

(a) (b)

Figure 2: Schematic of (a) the CMSP and PZTs’ layout and (b) the cross-section of one stifener.

(a) (b)

(c)

Figure 3: Te propagation of GW at (a) 37 μs, (b) 85 μs, and (c) 110 μs.

Adhesive layer

Impedance analyzerPZT sensor
Excitation voltage

Host structure Current Laptop

Figure 1: Schematic demonstration of the EMI measuring system.
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strategy is adopted for damage detection in this section. To
explore the GW's capacity of damage severity quantifcation,
fve diferent degrees of damage were studied in the simu-
lation and they were set in sequence in the center of the
CMSP by deleting elements. Te specifc parameters of the
damages are illustrated in Table 1. Taking Condition5# as an
example, the damage setting diagram is shown in Figure 4.
Figure 5 displays the GW collected by four PZTs under
healthy and fve damage conditions.

Figures 5(a)–5(d) represent the signals collected by 2#,
4#, 6#, and 8# PZTafter excitation of 1# PZT, respectively.
Te projection on the Z0Y plane in each fgure represents
the superposition of the signals under each working
condition. It can be seen that in all four PZTs signals, the
wave packets are difcult to distinguish from each other
since the GW undergoes mode conversion at the stifener,
and the extracted signal includes not only the direct wave
but also the refected waves from the stifeners and
boundary. Te mixing of various modes makes it very
difcult to directly observe the damage scattering signal.
Wave packets with smaller amplitude are observed in the
frst half of the signal of 6# PZT (as shown in the dashed
area in Figure 5(c)). Tis is because some GWs experi-
enced signifcant energy attenuation after passing through
multiple stifeners on the path from 1# PZT to 6# PZT. 8#
PZT and 6# PZT have the highest and lowest signal
amplitude, respectively. Te range of the signal of 2# PZT
and 4# PZT is [− 1, 1]. Comparing 2# PZT and 8# PZT,
a conclusion can be drawn that the more stifeners the GW
crosses, the greater the attenuation of its propagation
energy. Te amplitude of the signal in Figures 5(a) and
5(b) illustrates that diferent part of the CMSP has dif-
ferent efects on the propagation of GW. When propa-
gating from 1# PZT to 4# PZT, GW needs to pass through
four stifeners which are parallel to its propagation. While
it only crosses one intersection of stifeners from 1# PZT to
2# PZT. It seems that the transmission wave still retains
relatively high energy after GW crossing through the
stifener parallel to its propagation. Te projection on the
Z0Y shows that the signal characteristics under each
damage condition are not signifcantly diferent from the
benchmark. To further quantify the signal diferences,
four common DIs were used in this paper, including
RMSD [26], MAPD [27], the covariance (Cov) [28], and
the correlation coefcient (CC) [29]. Te DIs are
expressed as follows:

RMSD �

������������

􏽘
K

i�1

Vi − V
0
i􏼐 􏼑

2

􏽐
K
i�1 V

0
i􏼐 􏼑

2

􏽶
􏽴

, (7)

MAPD � 􏽘
K

i�1
|

Vi − V
0
i􏼐 􏼑

V
0
i

| , (8)

Cov � 􏽘
K

i�1
Vi − V( 􏼁 · V

0
i − V

0
􏼒 􏼓, (9)

CC �
1

σVσV0
􏽘

K

i�1
Vi − V( 􏼁 · V

0
i − V

0
􏼒 􏼓, (10)

where K= 250 represents the signal length, V0
i and Vi denote

the voltage amplitude of the ith sample point before and after
damage, V0 and V are the average voltage amplitude before
and after damage, σV0 and σV represent the standard de-
viation before and after damage, respectively. Te value of
each DI has been normalized according to their respective
maximum and the DIs of 2#–8# PZT under fve damage
conditions are shown in Figure 6.

It proves that the DIs are efective when they show
a monotonically increasing or decreasing change as the
damage degree gradually increases. However, taking the
MAPD at 7# PZT as an example, it does not exhibit
a monotonic pattern of change. Besides, for the same fve
damage conditions, even if the same DI is used, the rules
between the DI and the damage degree at diferent PZTs are
various. Te reason for the poor indication of DIs is that the
damage features contained in the GW are destroyed when
the damage scattering wave passes through multiple per-
pendicular stifeners. In the simulation, there is no noise
interference in the signal and the damage set is a square
region with obvious refection boundaries around it. For the
actual detection environment of stress corrosion cracks in
CMSP, GW will be even more unable to meet the re-
quirements for quantitative characterization of defects.
Terefore, it is not feasible to use GWwith conventional DIs
to evaluate the degree of damage in CMSP.

3.3. Harmonic Response Analysis of the Host Structure
Coupled with PZT. When using PZT for EMI, the selection
of the starting and ending frequencies of the excitation will
directly afect the identifcation results. Terefore, it is
necessary to determine the frequency range sensitive to
structural damage before the experiment. Within the targeted
frequency range, the peaks and valleys on the admittance are
often more obvious and the curve fuctuates greatly. Te
scanning signal should be frst set within a larger frequency
range. After determining the targeted range, the admittance
signals of diferent working conditions are analyzed and
compared within that range. When conducting harmonic
response analysis on PZT coupled to the structure, a resonant
alternating voltage signal v(t) � Ve

jωpt
V � |V|e

jφ1􏽮 is applied
to the upper surface of the PZT thickness direction, where the
voltage amplitude is |V| = 1V and ωp =2πf, f is the excitation
frequency, and the initial phase is φ1 = 0. At the same time, 0V
is applied to the lower surface.Te scanning frequency is set to
50 kHz–1MHz and the sample point is 1600. Te “FULL”
method is taken as the solutionmethod and “SPARSE” is taken
as the equation solver in the fnite element simulation.Ten, we
extract the surface charge of the PZT and calculate the ad-
mittance combined with the known excitation voltage and
frequency. Te expression is as follows:

Y �
i(t)

v(t)
�

zQp/zt

v(t)
� j2πf

Qp

v(t)
, (11)
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where Qp is the surface charge of the PZT and
i(t) � jωQpejωpt is the current formed. Te conductance
(real part of the admittance) and the susceptance (imaginary
part of the admittance) are shown in Figure 7.

In Figure 7, there are obvious extreme values in the con-
ductance and the susceptance spectra in zone 1 and zone 2, with
a frequency range of 110kHz–160kHz for zone 1. It should be
considered that in most experiments, 30kHz–400kHz is
commonly used as the excitation frequency because it is sensitive
enough to detect small changes in structural integrity [30].
Meanwhile, due to the relatively dense resonant frequency of
PZT around 150kHz, 110kHz–160kHz was determined as the
testing frequency range for subsequent experiments.

Te CMSP model is the same as the one in Section 3.2
and there are 1200 sample points in the frequency range of
110 kHz–160 kHz. Te extracted 1# PZT admittance under
healthy conditions and condition 1 #–5# are shown in

Figure 8(a). Te DIs calculated by replacing the voltage in
equations (7)–(10) with the conductance are shown in
Figure 8(b). From Figure 8, it can be seen that as the severity
of damage deepens, all four DIs show varying degrees of
change, with RMSD and MAPD being signifcantly posi-
tively correlated with the damage degree. Cov and CC are
not able to characterize the relative magnitude of damage.
Comparing the damage indication efects of Figures 6 and 8,
a conclusion can be drawn that EMI has a stronger ability to
characterize CMSP damage compared to GW since the
admittance in EMI is directly related to the local stifness of
the structure. When the damage occurs, the decrease in
stifness caused by the damage will be directly refected in the
signal changes. In summary, the simulation preliminarily
demonstrates the ability of EMI to identify CMSP damage
and it is feasible to use DIs for CMSP damage
characterization.

Figure 4: Schematic of the damage setting.
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Figure 5: GW signals of sensors under diferent working conditions.
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4. Experimental Study on Damage
Identification of CMSP

Considering the diferences between the simulation and
experiment, CMSP specimen was made and an experimental
platform was built to further verify the applicability of EMI
for damage identifcation of actual CMSP, as shown in
Figure 9. Te length and width of the CMSP in the ex-
periment are both 825mm and the geometric dimensions of
the stifeners are consistent with the simulation settings. Te
signals were collected using the WK6500B precision im-
pedance analyzer. According to the sensor layout in
Figure 2(a), eight PZTs were pasted onto CMSP using
modifed acrylic adhesive with a 1 :1 mass ratio of epoxy
resin and hardener. To tightly couple the sensor and
structure, let it stand for 24 hours after bonding until the
epoxy adhesive is completely cured. Positive and negative
electrodes on the surface of the PZT are led out and then
connected to the fxture of the impedance analyzer during
measurement. Te upper limit output voltage of 1V of the
analyzer was set as the excitation voltage since the higher
excitation voltage in a certain range can signifcantly im-
prove the detection sensitivity of EMI [31]. Applying ad-
ditional masses has become a commonly used strategy to
introduce reversible discontinuity (damage) in the structure
[32]. Te magnet can be used to simulate defects as its
acoustic impedance is close to that of the specimen [33]. In
the experiment, a pair of magnets with a diameter of 12mm
and a thickness of 6mm was symmetrically placed on the
front and back sides of the CMSP. Te defects at diferent
positions were simulated by placing the magnets at diferent
positions. Te temperature in the laboratory is kept at 26°C
and each group is measured 5 times to reduce the impact of
random errors on the signal.

4.1. Study on Quantitative Characterization of Damage Based
on DIs. Te admittance spectra of 1#–8# PZT at
50 kHz–1MHz were obtained before the experiment. Te
admittance of 1# PZT is shown in Figure 10.

In Figure 10, there are peaks in the measured susceptance
of 1# PZT within the range of 100 kHz–200kHz and around
900 kHz. Te simulated admittance spectrum shows a good
agreement with the experimental results in terms of change
trend, which verifes the simulation efectiveness. However, an
additional resonant peak appeared at 933 kHz (in the black
dashed box) in the measured susceptance. Te diference may
be caused by the deviation between the calibration and the
actual parameter of the PZT. After comparing the admittance
of eight PZTs, 100 kHz–200kHz was selected as the frequency
range for the study. One to fve magnets were attached at the
center of the CMSP to simulate fve degrees of damage. Ten,
the benchmark and the signals of damage conditions were
obtained.Te damage location and the quantifcation results of
fve DIs are shown in Figure 11.

Although the damage is set at the center position of 1#–8#
PZTs, the indication efects of four DIs at the eight PZTs under
fve working conditions are diferent. From an overall per-
spective, RMSD and MAPD show an increasing trend as the
degree of damage increases. Since CC emphasizes the
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Figure 8: Te conductance at 110 kHz–160 kHz and DIs under fve damage conditions.

Figure 9: Te EMI damage detection system.
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correlation between signals, it decreases as the degree of
damage increases. Besides, Cov has no signifcant indicative
efect on CMSP damage. As for RMSD and CC, even though
they can roughly refect the degree of damage, there are still
inaccuracies in the characterization of adjacent damage con-
ditions. Tis is due to signal interference caused by noise,
resulting in weak indicator ability for minor damage. In ad-
dition, for the same damage condition, the ideal value of DI at
each PZTshould be the same. Taking RMSD at the condition of
fve magnets as an example, the RMSD variation range of eight
PZTs is [0.054, 0.090]. Under the same working condition, the
RMSDof diferent PZTs almost doubled, indicating that RMSD
is very sensitive to the performance deviation between sensors
and the diference in the adhesive layer. It is not conducive to
the construction of a data sample library with RMSD in

practical engineering applications. As for MAPD, it can ac-
curately refect the relative degree of damage at the same PZT.
On the other hand, except for 1# PZT, MAPD has consistency
in indicating values of diferent PZT for the same damage
condition. After the above analysis, MAPD is determined as an
indicator to quantify the damage on CMSP.

4.2. Study on Damage Imaging Localization Based on the
Modifed Probability-Weighted Algorithm. As a mathemati-
cal formula, the weighted function appears frequently in
statistics and signal processing which is closely relevant to
damage detection techniques. Among them, the re-
construction algorithm for probabilistic inspection of de-
fects (RAPID) [34] is a commonly used method for GW
damage imaging, which uses the probability-weighted
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function to assign more weights to the damaged elements,
thus achieving the localization of the damage. In this paper,
it is supposed that the DI is linearly related to the Euclidean
distance between damage and PZTwithin the sensing region
of the circular PZT. Namely, the DI value of the PZT in the
vicinity of damage should be larger than those in far po-
sitions. Zhu et al. [35] conducted damage localization based
on EMI and probability-weighted ideas. Tey proposed
amethod assuming the radius of each PZTsensing area is the
same and the detection ability of each PZT is consistent. It is
necessary to screen the PZT in advance to ensure that the
quality of the sensors used is as close as possible before the
experiment. However, the previous results in Section 4.1
demonstrate that the signal is not only afected by the

performance of the sensor itself but also by the quality of the
adhesive layer. In practice, it is difcult to ensure complete
consistency in the adhesive layer quality, thus the diference
in detection ability between sensors cannot be ignored. In
addition, as a key algorithm parameter, the sensing area
radius must be determined through prior experiments which
limits the practical application in engineering.

Drawing on the idea of probability-weighted function,
this paper proposes a damage imaging algorithm that takes
into account sensor diferences without the need to de-
termine the sensing radius in advance. Te CMSP is divided
into units with a step size of 5mm, resulting in a total of 165
pixels× 165 pixels. Te estimated probability of damage for
each pixel is

P xi, yi( 􏼁 � 􏽘
N

k�1
Wk xi, yi( 􏼁 · MAPDk􏼂 􏼃, (12)

Wk xi, yi( 􏼁 �

L1 � 1 − 0.9 ×
MAPDk

MAPDmax
􏼠 􏼡 · R − c L2 � 1 − 0.9 ×

MAPDk

MAPDmax
􏼠 􏼡 · R + c,

1 −
L1 − dk xi, yi( 􏼁

L1
􏼢 􏼣 × Coeffk dk xi, yi( 􏼁<L1,

1 × Coeffk L1 ⩽ dk xi, yi( 􏼁⩽ L2,

1 −
dk xi, yi( 􏼁 − L2

L2
􏼢 􏼣 × Coeffk L2 < dk xi, yi( 􏼁⩽ 2L2,

0 other

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

where N= 8 represents the number of PZT; Wk(xi, yi)

denotes the probability of the kth PZTon the element (xi, yi);
MAPDk andMAPDmax represents the MAPD of the kth PZT
signal and the maximum MAPD of all eight sensors, re-
spectively. R is the distance coefcient from the damage to
the sensor. Considering that environmental noise in-
terference can cause small fuctuations in DI near the actual
value, redundancy c is set in the formula.

dk(xi, yi) �

�������������������

(Xk − xi)
2 + (Yk − yi)

2
􏽱

is the distance from
the element to the kth PZT, (Xk, Yk) represents the hori-
zontal and vertical coordinates of PZT, and Coef is the
coefcient of diference between various DIs. By multiplying
the Coef with the DI obtained directly from each PZT, it is
ensured that under the same damage condition, the DI
values of the eight PZTs are the same. Based on the MAPD
diference in Figure 11, taking the average MAPD of 2#–8#
PZT as the benchmark, Coef was calculated, and Coef-
f= 0.725, 0.950, 1.023, 0.950, 1.008, 1.007, 0.977, 1.101. Te
schematic diagram of the proposed probability algorithm is
shown in Figure 12(a). [1 − 0.9 × (MAPDk/MAPDmax)] · R

is used to determine the relative distance between the eight
PZTs and the damage, which is the origin of the circles with

diferent radii in Figure 12(a). For ease of illustration, only
the imaging states of 3# PZT, 6# PZT, and 8# PZTare shown
in Figure 12(a). Taking 1# PZT as an example, when
R1 = 160mm and δ = 5mm, the actual indication efect is
shown in Figure 12(b). Te further away the pixels on the
CMSP are from the points on the circumference, the lower
the probability of being judged as the damage. Te rule
results in two gradually shallower circular areas inside and
outside the circle in Figure 12(b) which are controlled by
the (1 − [L1 − dk(xi, yi)]/L1) × Coeffk and (1 − [dk(xi,

yi) − L2]/L2) × Coeffk, respectively.
In the experiment, the initial value of R was set to 1, and

the iterations were set to 300. During each iteration, R was
incremented by 1. In the initial state, there is no in-
tersection between the imaging circles of each PZT. As R
increases, more and more circles have overlapping areas,
and the value of pixels at the damage location increases
continuously. Ten, the pixel value at the damage reaches
its maximum and it is the maximum value not only on all
pixels in the CMSP but also in all iterations. As R further
rises, the intersections of the imaging circles increase while
they become more dispersed. At the same time, the
maximum of the pixels falls down. Terefore, damage can
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Figure 12: Schematic of the modifed probability-weighted algorithm.
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Figure 13: Continued.
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be located by obtaining the position corresponding to the
maximum pixel value within the iterations. Damage was
separately set at the region unit of (3,1), (3,4), and (4,4) and
then imaged by the proposed algorithm. Te maximum
value of the pixel was obtained at the 112nd, 193rd, and 179th
iterations, respectively. Te original imaging efect and the
damage identifcation efect after setting the pixel threshold
to 95% of the maximum value are shown in Figure 13.

Figures 13(a), 13(c), and 13(e) represent the original
imaging images when the damage is at the region unit of
(3,1), (3,4), and (4,4). Figures 13(b), 13(d), and 13(f) re-
spectively represent the recognition position and actual
position of the damage. From these three fgures, except for
a slight deviation between the identifed area and the actual
damage in the unit (3,1), the other two have achieved ac-
curate damage localization indicating that the imaging
method proposed has a good localization efect for CMSP
damage.

5. Conclusions

GW and EMI are the two main detection methods for active
SHM based on piezoelectric ceramics. To achieve damage
identifcation of CMSP, this paper frst evaluates the
quantifcation ability of GW and EMI for CMSP damage
through fnite element analysis. Ten, a damage quantif-
cation and localization method based on DI and probability-
weighted algorithm is proposed and its feasibility is validated
by experiment with an actual CMSP specimen. Te specifc
conclusions are as follows:

(1) Conventional DIs cannot quantitatively identify the
CMSP damage of diferent severities with GW sig-
nals as wave refection and mode conversion occur at
the stifeners which destroy the signal characteristics
of the damage. Stifeners signifcantly alter the GW
propagation path and have an attenuation efect on
the propagation energy.

(2) Diferent EMI-based DIs have diferent quantifying
abilities for CMSP damage. Among them, MAPD
shows a good identifcation performance as it

accurately characterizes the relative degree of
damage while maintaining consistency across dif-
ferent PZTs. As for RMSD and CC, even though they
can roughly refect the damage degree, there are still
inaccuracies in the characterization of adjacent
damage conditions. Cov is not able to characterize
the CMSP damage.

(3) Te proposed probability-weighted damage imaging
algorithm takes into account the diference in detection
capabilities of PZTs and does not require manual
determination of the sensor detection range radius.
Damage imaging can be achieved within a few itera-
tions. Tis algorithm has a great potential for appli-
cation in actual damage detection of CMSP structures.

Te proposed method can realize real-time, online, and
continuous health monitoring and early warning, providing
strong technical support for the safety management of rocket
fuel storage tanks and promoting the intelligence and
modernization of aerospace engineering management.
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