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Multi -Mode Guided Waves Based Referendéree Damage
Diagnostic Imagingin Plates
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Abstract: Probabilitybased diagnostic imaging (PDI) is one of the most -lwadiwn
damage identification methods using guided waWess usually applied taliagnose
damageén plates. The previous studie®redependat on the certain damage index (DI)
which is always calculated from the guided wave signals. In conventional methods, DI is
simply defined by comparing the reahe data with the baseline data as refegenc
However, the baseline signal is easily affected by varying environmental conditions of
structures. In this paper, a refereffime diagnostic imaging method is developed to
avoid the influence of environmental factormjch as temperature and load ctinds.

The Dl is defined based on the mode conversion of fmgdtie guided waves with real

time signals without baseline signals. To improve the accuracy of diagtwesiserms

are included irthe referencdree DI. One iscalled energy DQlwhichis defired based on

the feature of signal energyhe other icalled correlation Dandis defined based on the
correlation coefficient. Then the PDI algorithm can be carried out instantaneously
according to the referendeee DI. The reatime signals which arased to calculate DI

are collected by the piezoelectric lead zirconate titanate (PZT) transducers placed on both
sides of a plate. The numerical simulations by the finite element (FE) method on
aluminum plates with PZT arrays are performed to validateeffectiveness of the
referenceree damage diagnostic imaging. The approach is validagasvo different
arrays: a circle network and a square netwditke results of diagnostic imaging are
demonstrated and discussed in this paper. Furthermore, the agvafitreferencéee

Dl is investigated by comparing the accuracy of defined referieaeeD| and energy DI.

Keywords: Multi-mode guided waves, probabilibased diagnostic imaging, reference
free, mode conversion.
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1 Introduction

As important parts foengineering structuredargearea plates usually suffer adverse
serving conditions or evesudden impacts, which may cause damage jeopardize
structural reliability and safety. Therefore, the development of nondestructive testing
(NDT) and structurahealth monitoring (SHM) that can diagnose structural damage is
imperative.A large body ofresearch rabeen conducted on structural health monitoring
[Chang (1998); Qing, Beard, Kumar et al. (2006); Wu, Qing, Ghosh et al. (2008); Cao,
Cheng, Su et al.2012); Lima, Miller and Doh (2013); AmafahidMontalvéd, David-

West et al. (2017); Kong (2018)]. Among thetime guided wavés widely used as one of

the most encouraging tools for quantitative identification of damage because of the large
volumetric coveage and good sensitivity to damage [Su, Ye and Lu (2006); Cao and
Qiao (2008); Li, Murayama, Kageyama et al. (2009); Hu, Cai, Zhu et al. (2012); Gao,
Wang, Wu et al. (2013); Ren and Lissenden (2015); Zheng, Liu, Wu et al. (2018)].

Damage diagnostic imagirtechnology hasttractedncreasing preferenaesit yields an
intuitional quantitative maponcerning the structural health [Wu, Liu, Wang al.
(2014)]. Among the damage diagnostic imagingethods, the probabilitgased
diagnosticimaging (PDI) methd using guided waves is increasinglged for their high
sensitivity to structural damage in recent years. The PDI mellasdbeen studied
intensively by many researchers. Zhetoal proposed a PDI method depéamglion the
correlation analysiandapplied t in estimaing the location of defects on an aircrafing

[Zhao, Gao, Zhang et al. (2007)]. Kodwtial.improved a PDhlgorithm with designed
annular array sensors for modentrolling which showed a remarkable improvemeémt

the ability to distingisha real corrosion defect froamy other water traces on structures
[Koduru and Rose (2009)]. Zhaat al developed a PDI approach using hybrid features
extracted fromultrasonic guided waved his approach was employed to identify some
representative daage scenarios in plates [Zhou, Su and Cheng (2011)]. &aal
introduceda local PDI imaging method for muliamagedentification, which included a
path damage judgmerdtage, a muldamage judgment stage and a mdémage
imaging stage [Gao, Wu, Ygret al. (2016)]. Liuet al improved a PDI algorithm with
weight compensation to improve the ability of damage localization, which was used to
identify the damage at different locations with different groups of sensing paths on a
stiffenedcomposite pandLiu, Ma, Wu et al. (2016)].

Despite its ability of delivering good performance in damage localization, PDI algorithms
usually require baseline data collected at the pristine condition to caldalasge index
(D). In previousresearch, five differeritinds ofDIs have been studiedhmong them,

two kinds wereextracted fom the scatter signa(SST [Michaels (2008)] and SSS
[Monnier (2006)), two kinds were based on the signal differen¢8DT [Qing, Chan,
Beardet al. (2006) and SDS)andthe fifth kind, SDCC, wasbased orthe correlation
coefficient[Zhao, Gao, Zhang et al. (20074l of them weredepenénton baseline data.
However, thedependence oDl calculation on the baseline dataay lead to false
positive indications of damage due to its susbdity to varying environmental
conditions of structures [Kim and Sohn (2006)].

Kim and Sohndeveloped a new guided wave based method to detect crack damage in a
thin metal structure without usingrior baseline dataThe method was implemented
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using a ew DI based oifmode conversion [Kim and Sohn (2007)]. Mode conversion can
occur duringthe process of guided wave scattering in the case ofsyrometric
thickness variation [Cho (2002)]. These studies caddohtify the presence of damage
andthe approxinate location in the direct path between transducers. Nevertheless, the
mode conversion has not been usedifonage diagnostic imagiygt.

In this paper, a novel referenfree PDI method on the basis of the mode conversion of
multi-mode guided waves developed to identify damage in plates, which aaoid the
environmentalnfluenceon diagnostic results. Firstly, trextraction method of modes

a T-shaped stringer is proposethe pristine modes andonverted modesan be
extracted fronreakttime signals. Thena new referencéree DI with two terms is defined

in terms of the extractivenodes, which is used in the PDI algorithm for the imaging.
Finally, the numerical results show that the method is capabtiamfige diagnostic
imagingin plates.

2 Damage diagnostic imaging approach
2.1 The extraction of converted modes

Mode conversion phenomena of guided waves in plates were found in the past years [Cho
and Rose (1996)Mode conversion occudue to thenonsymmetricthickness variation

and damagé plates almost belorsdgo nonsymmetricthickness variatiofiCho (2002)]
Therefore if guided waves propagating along a plaéacounter a sudden thickness
discontinuity such as cracks or corrosion, some madagd convert to other modes.
Some mode comrsion phenomena in damaged plates are showrignl. Even same

mode can be divided into two different types according to the deformed shapes of the
surface of platesThe mode, whethero®r Ao, can only convert to the modeith the

same deformed shape
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Figure 1: The mode conversion phenomena in damaged plates

The additional modearenamed M and M form due to the cracind signals Mand M
are both between signats and A. Notethat My and M could be either the convert&d
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or Ao according to the relative positioof the crack and the actuatingnd sensing
transducergKim and Sohn (2007)]Iin the previous study, it has been demonstrated that
M1 and M can be extracted from the signals AC, ABC and BC which are shown in
Fig. 2 [Lee, Kim and Sohn (2008)].

M2
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A\
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Signal BD /\ : | : /\
VIV

Figure 2: The phases of modes in signals

It is observed that the signals AC, AD, BC and BC are all drawn as the superpositions of
signds S, Ao, M1 and M. Reversely, the signa, Ao, M1 and M can be isolated by
additions and subtractions of signad€, AD, BC and BC, which are expressed in
matrixes
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2.2 Referencdree DI calculation

In this studythe DI consists of two terms. The first term of DI is energylDik defined
based on theht feature of signal energy which is calculated as
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ENG= /ﬁg(p dt 2

where s(t) is the guided wave signaf; and t, are the time windows. The time

windows in this paper are shownHig. 3 whereTg and T, are the peak times of of the
S and A modes Thus the damage index associated wigimal energys given by

Dl = ENGMl_ M, ©)
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Figure 3: The modes in diffemt tme windows

Thesecond term of DI is correlation Dit is defined based athe correlation coefficient,
which has been broadly applied in previous resedhzoet al. [Zhao, Gao, Zhang et al.
(2007)]. A correlation coefficientr of two signds can be define in a simple

mathematical formula.flesecond term is given by
Dloor =1 -y, (4)

where r, , is thecorrelation coefficient of signalsl; and M. Finally, the DI in this
paper is defined as

DI =Dl ENG ()] COR (5)
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2.3 PDI algorithm

In PDI approaches, the mitoring area of astructure is meshed into grids and projected
to an image, which concerns tpeobability of presence of damag&he probability of
damageoccurring at each grid is yielded with appropriate features extracted from guided

wave signalsnd the probability atertain grid(x, y) can be calculated as
N

P(xy)=a DI gR(xy ©6)
i=1

where DI, and W gR( % )) are respectively the DI and the weight distribution

function of theith sensing pathThe DI can be calculated by tlapproachin the last
section, and the weight diribution function is the nenegative linear decreasing
function which can bevritten as

Tél- R(x,y)’ R(x.y) <b
o, R(xy)? b

WeR(x ) g1 »
This weight value increases withdacrease in the relative distance betwged (x, y)

()

andthe direct sensing path which damage can cause the most significant signal change
[Zhao, Gao,Zhang et al. (207). W gR( % 3) is dependent on parametBy( X Y)

which isthe relative distance betwegrid (X, y) and theith sensing path [Wang, Ye, Su
etal. (2010)] R (X, y) is expressed as

D, (x¥)*+Di(xy) ,
D,

R(x Y= ®

where D, is the distance between the actuator and sewfstire ith sensing path, while

D, (X y) and D,;(x, y) are the distances betwegnid (X, y) and the actuator and
the sensqrespectivelyfor theith sengg path, as shown iRig. 4.
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Actuator

Sensor

Figure 4: The illustration of relative distance

2.4 Sensing path configurations

Referencdree diagnostitmaging approach is validatdéy two differert groups of sensing
paths: a circle network and a squawetwork. The configurations afensing paths are
illustrated inFig. 5. In this configuration (a), the radio$ thetransducearray is 200 mm
ard thetrangducers number i s Inlhis canfiguratian ), thease length of
transducerarray is 200 mm and theansducers nu mber i s The othern
parameters including thmonitoring area anthe selected paths n u mtskown ird abe
1. Somepathsin the configuration (aqre ignored due to the shorf@opagatiordistances
which are insufficient to distinguish the modes, and sonthe configuration (bare not
usedbecause of overlappingwaage. The selected paths are showelthim 2.

Table 1. Details of two configurations of sensing paths

Sensors Paths Monitoring ~ Minimum

Network number number area (cr) path (cm)

Circle 12 30 1256.6 34.64

Square 20 26 1600 40
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Figure 5: Diagram of the configuration of s transducers paths: (a) circle network; (b)
square network

Table 2: Dual PZTs setting of paths

Circle network Squae network

Path g;.?_ls Path g;.?_ls Path g;.arls Path g;.?_ls
1 1-5 16 4-8 1 1-15 16 7-20
2 1-6 17 4-9 2 1-16 17 7-19
3 1-7 18 4-10 3 2-15 18 7-18
4 1-8 19 4-11 4 2-14 19 8-19
5 1-9 20 4-12 5 2-13 20 8-18
6 2-6 21 5-9 6 3-14 21 8-17
7 2-7 22 5-10 7 3-13 22 0-18
8 2-8 23 5-11 8 3-12 23 9-17
9 2-9 24 5-12 9 4-13 24 9-16
10 2-10 25 6-10 10 4-12 25 10-17
11 3-7 26 6-11 11 4-11 26 10-16
12 3-8 27 6-12 12 5-12

13 39 28 7-11 13 5-11

14 3-10 29 7-12 14 6-20

15 3-11 30 8-12 15 6-19
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3 Numerical simulations
3.1 FE modeling

The commercid finite element program ABAQU®VIPLICIT is used to simulate the

referenceree PDI algorithmAn aluminum plate with PZT transducers asghmaulation

object is modeled in this work. The size of #deminum plate is 450 mm450 mm 3

mm and the dimenens of PZT transducerare 8 mm in diameter and 0.2 mm in

thickness. The material properties of the alumirplate are illustrated as follows: mass

density of aluminunis 2700 kg/m, Younds modulusis 71GPa and Poi sson’ rati
0.33. The material propies of PZT are illustrated ifiab. 3. To reduce the reflection

from boundary, the absorbing regi@ set up by absorbing layers with incremental

damping [Moreau and Castain@908)] as showifrig. 6.

The plate is discretized by C3D6 elements, the absorbing region is discretized by C3D8R
elements and the PZT transducers are discretized by C3D8E elementav@&mevere
investigated to discuss theesft of the element number per wavelengthancalculaibn

result [Zhang, Zou and Madenga (2006)]. The element size of the plate depends on the
minimumwavelength and usually 20 nodes are takenrimramum wavelength [Li, Jing

and Jin (2017)]. The sizd the elements used to the plate is 1.5 and the sizef the
elements used to the PZT transducers was 1 mm in order to ensure that a sufficient
number of nodei one transducer were available for collecting signals.

Absorbing region

PZT

Figure 6: FE model of an aluminum plate with PZT transducersadosrbing region
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Table 3: The material properties of PZT

Density ;c())dt:luns P o i s s Electrical permittivity Piezoelectric
(kg/n) ratio Farad/m N/Volt¥ m
(Gpa) (Faradim) ( )
D11 D22 D33
7650 80 0.33 -3.09

1.000%-8 1.000®-8 8.0925@&9

A 5 cycle Hanning windowed sinusoidal signal of which the central frequency is 200 kHz
is used as the input signal in this paper. The propagation velocity used in this simulation
is determinedy the dispersion curves of the aluminghate with thethickness of 3 mm

in Fig. 7. It is observed that the mode &d mode Acan be excited at 200 kHz without
other modes.

Two typesof damage are set on the aluminum platesvidually as illustrated in FigS.
They are both nongnetrating, which are belong to nsymmetric thickness variation.
The size of the square damage is 20x2thmmx2 mm, and the size of the circle damage
i s @ 22 mmmhe refereneitee damage diagrtic imaging of the two plates
carried out indridually using the process above.
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Figure 7: The group velocity dispersion curves of a 3 mm thick aluminum plate
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(b)

(a)

Figure 8: Damage in plates with défent path configurations: (a) circle damage ntlei
network (GCD); (b) square damage in circle network-$D); (c) circle damage in
square network (SD); (b) square damage in square networls5

3.2 Results and discussion

Fig. 9 shows the static displacement nephograndiféérent models. It is observed that
guided wavesconvert to new modes afteencountering damage because the
nonpenetrating damageelongsto the norsymmetric thickness variation along the
direction ofguidedwave propagationThe signas with individual mode can bésolated
from the response signals By. (1), and the results are shownHig. 10.

Figure 9: Static images of FE models with difést types ofdamage: (a) circle damage;
(b) square damage
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Figure 10 Signals of guided wave in direct path: (aCO; (b) GSD; (b) SCD; (b) SSD

The referencdéree DI of all damage types calculated from tlelated signals are
illustrated inFig. 11 andFig. 12 in which the energy DI and combinational DI are both
shown for the comparison. And the comparison of the energy DI and combinational DI
indicates that the comtafional DI can reduce the impact of rdamaged sensing paths.
Therefore the combinational DI can improve the precision of diagnosis.
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Theresults of the PDI calculated on the basdisheDls are shown ifrig. 13 andFig. 14
for circle and square networks respectivélig. 13(a) andFig. 13(c) are thediagnostic
imagesonly using engy DI, andFig. 13(b) andFig. 13(d) using combinational DI.
Correspondinglyig. 14is same a¥&ig. 13.

(a) (b)

250
200 . 0.1496
. .
150
0.1494
100 -
50 0.1492
3 €
£ 0 L] . 0.149 £
> >
-50
0.1488
-100 = =
G 0.1486
- 0
-200 L 0.1484
-250
X(mm)
(c)
250 0.1715
) ) l
. 0.171

Y(mm)
Y(mm)

200

100

0 100 200 -200 -100 0
X(mm) X(mm)

-200 -100

Figure 13: Diagnosticimages of PDI algorithm from circle network: (a}aD image
using energy DI; (b) €D image using combinational DI; (c}&D image using energy
DI; (d) C-SD image usingombinational DI
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Figure 14: Diagnostic images of PDI algthm from square network: (a)-SD image
using energy DI; (b) €D image using combinational DI; (c}SD image using energy
DI; (d) SSD image using combinational DI
Tah 4 lists the damage monitoring errors oircle network ad square network
respectively, amongrhich damage absolute localizatierrorsare the distance between

the peak points of the individuahages and actual locations damageHere, a relative
localizationerror is given by

_ I\IPZT N path 3E
relative —
S‘nonita I'I'ninpath

where E, . is the absoluterror, N, is the number of PZT transducei,,, is the

E T00% (9)

absolute

number of pathsS ., is the monitoring area anld, ..., is the length of theninimum
path.
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Table 4. Thelocalizaion errors of damage

Energy DI Combinational DI

Absolute Relative Absolute Relative
Damage

error error error error
#1 GCD 5.5cm 4.5%% 2.3cm 1.91%
#2 GSD 6.1 cm 5.05% 6.1 cm 5.05%
#3 SCD 5.7cm 4.63% 3.3cm 2.68%
#4 SSD 4.3 cm 3.49% 1.7cm 1.38%

Fig. 15 shows the comparison of relative localization errors calculated from the two
different DI. It is observed that the combinatibBd obtains more accurate localization
than the conventional energy DI.

Relative Localization Errors

Il Energy DI

" JCombinational Dk

C-Ch C-sb Ss-CD S-SD

Figure 15: The relative localization errors of referedcee PDI in numerical simulations

4 Conclusion

This paper has presented a naeferencereedamag diagnostic imaging method based
on theprobability-based diagnostimaging (A1) without baseline data vulnerable to the
labile environment. The referenfree PDI algorithmin this paper is on the basis thie
damage index (DI) like the previou®Palgorithms However, the Dis defined bythe
converted modes extracted from rdale multi-mode guided wave signal§husthe



Multi-Mode Guicgtd Waves Based Refereriiree Damage Diagnostic 57

dependence on the baseline data is eliminatedhenstrength of mode conversion.
Futhermore, the referenéee DI consist®f two terms in order to improve the accuracy
of diagnosis They arethe energy DI dined based on the feature of signal energy and
the correlation DI defined based on the correlation coefficient. By applying the reference
free DI to thePDI algorithm, diagnosic images of two different configurationsircle
network and square networkieaclear andaccurate The effectiveness of this method is
assessed over the numerical simulations by the FE metliothd thatwith the
combinational DI adopted instead the energy DI, higherlocalization accuracy is
obtained. More tests at Ietgmperatire environment needo be carried out
experimentally to further prove the effectiveness of the propesethod without
baseline data.
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