IEEE Access

Multidisciplinary : Rapid Review ! Open Access Journal

A Rapid and Accurate Technique with Updating
Strategy for Surface Defect Inspection of
Pipelines

Y. Da!, B. Wang?, D. Liu?, Z. Qian?

State Key Laboratory of Mechanics and Control of Mechanical Structures, College of Aerospace Engineering, Nagjisitylrfieronautics and
Astronautics, Nanjing, China
2School ofEngineering University of East Anglia, Norwich NR4 7TJ, UK

Corresponding authsrD. Liu (dianzi.liu@uea.ac.)kZ. Qian ianzh@nuaa.edu.gn

This work was supported in part by the StHey Laboratory of Mechanics and Control of Mechanical Structurd$U#A under Grant MCMS-E-
0520K02, in part by the Key Laboratory of impact and Safety Engineering, Ministry of Education, Ningbo Uniratsitrant CJ201904, in part by the
National Natual Science Foundation of ChinaderGrant 11502108, 1611530686.

ABSTRACT Defect inspection in pipes at the early stage is of crucial importance to maintain the ongoing
safety and suitability of the equipment before it presents an unacceptable risko Ehe nature of
detection methods being costly or complex, the efficiency and accuracy of results obtained hardly meet the
requirements from industries. To explore a rapid and accurate technique for surface defects detection, a
novel approach QDFT (Quargttve Detection of Fourier Transform) has been recently proposed by authors

to efficiently reconstruct defects. However, the accuracy of this approach needs to be further improved. In
this paper, a modified QDFT method with integration of an integral icteft updating strategy, called as
QDFTU, is developed to reconstruct the defect profile with a high level of accuracy throughout iterative
calculations of integral coefficients from the reference model updated by a termination criteria (RMSE, root
mean guare error). Moreover, dispersion equations of circumferential guided waves in pipes are derived in
the helical coordinate to accommodate the stress and displacement calculations in the scattered field using
hybrid FEM. To demonstrate the superiority lo¢ tdeveloped QDFTU in terms of accuracy and efficiency,

four types of defect profiles, i.e., a rectangular flaw, a rstdtp flaw, a doubleectangular flaw, and a
triple-rectangular flaw, are examined. Results show the fast convergence of QDFTU cantifieddoy no

more than three updates for each case and its high accuracy is observed by a smallest difference between
the predicted defect profile and the real one in terms of mean absolute percentage error (MSPE) value,
which is 6.69% in the rectanguilaw detection example.

INDEX TERMS Circumferential guided wave, Hybrid FENMeconstructionReference model, Updating
strategy

l. INTRODUCTIO_N B _ _ widely used to detectlefection in structuresby many
Defectshave a significant impact dhe product qualitand  researchers (for example, Leonaitdal.[4]; Huthwaitd5,6];
load-carrying capacityf structures and directlgieteriorate  Jing et al.[7]; Hosoya et al.[8]).To comply with the
effective material propertiesvhich will lead to structural enhancednspection requirementseseath onimproving
failure[1-3]. Therefore, defect detection is a key step tothe accuracy and reliabilityof inspection has become
maintain structures with a long service lé@d has been necessary Damage imaging is one of the approaches
paid more attentions in recent yeafs one of the main  available for damage inspection, and a-bunchof this
detectiontechniques ultrasonic guided waveshave been approach isimage reconstruction. The traditional image
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reconstruction methoi applied in the areas of optics and detect radial cracks in annular structures and its
acoustics to solve waséeld reconstruction problems. methodologybuilt on guided circumfeential waves and
However, the results obtained are not veasisfactorydue  continuous wavelet transform. Sanderson ¢8%l.adopted

to its single reconstructiomechanismTherefore iterative  finite element analysis and experiments to explain the
reconstructiormethodshave beermproposedo improve the  received signal changes caused by the pipe bending. Leinov
quality of the reconstruction resulits optical field$9-13]. et al[36] investigated the propagation and attenuation of
In order toobtain the reconstructin resuls with a high  guidedwaves in pipe buried in sanBased orthe existing
level of accuracythe forward problenhas to besolved investigations of circumferential guided waves@], it is
repeagdly. Since the computational time required to find necessary to derive thgeneral dispersion equations of
the ®lution to forward problem is expensive, this reduces circumferential guided waves using an equidistant surface
the efficiency and the ease of use of titerative  coordinate so thahe stres and displacement calculations
reconstructionmethods To overcome these limitations, can be easily accommodated in the scattered fiEere
many researchersave contributed their efforts to develop are mainly two difficulties for the defect detection on
fast iterative methods. Sauer andddman[14] presented a pipelines. The numerical simulation of circumferential
local updater strategy for iterative reconstrucsjowhich scattered wavess studied And the analytical fundameait

can enhance the reconstruction efficiency depending osolution in pipelines, which is often used to build the
updates of single pixel values rather than the entire imagenapping relationship between the defect function and the
Wang et al.[15] investigateahd implementedwo iterative signal of scattered waves, is hardly found.

image reconstructionmethods in three dimensional
optoacoustic tomographywith the availability of more
powerful computing capacitiesa modelbased iterative
reconstruction algorithm implemented on a modern
graphics adapter (GPWas proposed bBeiste et al.[16].

In this paper, a modified QDFTQuantitative Detection
of Fourier Transformn method with integrtéon of an
integral coefficient updating strategsalledthe QDFTU, is
proposed to reconstruct the defect profi@DFT is a
guantitative reconstruction method based on the reference

Recently the iterative techniqubkasalsobeenapplied to  model, which demonstrates that thefect profilein thetwo
the defectreconstruction using guided wave tomography. dimensional problem can beformulated as an inverse
Huthwaite and Simonetti[17] extendeHARBUT (the Fourier transform of the product of reflected coefficgent
Hybrid Algorithm for Robust Breast Ultrasound from the detected structure and integral coeffiddrmm
Tomography)to generate tikkness maps for guided wave the reference modelwhere the referred defect can be
tomography, and used the iterative HARBUT to improve arbitrarily selectedThe research mainlyoatains two parts
the accuracy of reconstructions of defects. Yang et al.[18pf forward problers and inverse problem For forward
developed an iterative-®ave velocity inversion method problems, a semanalytical FEM is applied to solve the
guided by image registration. Rao et al.[19] propoaed dispersion equations of circumferential guided waves,
guided wave tomography methdmhsed on full waveform which are derived in the equidistant surface coordinate.
inversion (FWI) which was iteratively applied to discrete Then, the scatted fields in a circular annulus are
the frequency components from low to high frequencies. calculated using the developed hybrid FEM technique. To
[econstruct defects in the phase of inverse problems, the
proposedQDFTU is applied to reconstruction defects with
high levels of accuracy and efficiency throughdatative
calculations of integral coefficients from the updated
reference modelwvhere theterminationis controlled by a
convergence criterionFinally, its correctness has been
verified by fournumericalexamples.

Defect reconstruction based on the boundary integra
equation (BIE) of ultrasonic wavess an effective
guantitative detection approd2B-22] in the field of non
destructive testingln this method most of defects are
approximately reconstructed using simplificatal fields,
which are normally obtaindoly Born approximation, Rytov
approxmation and Kirchhoff approximati¢a3-27].
However, these approximate reconstructions cannot bé&. DISPERSION EQUATIONS OF CIRCUMFERENTIAL
improved by iteration method due to the failure of updatingGUIDED WAVES AND CALCULATION OF SCATTERED
total fields in thedefected structuresRecently, QDFT  FIELDS
(Quantitative Detection of Fourier Transforproposed by  The analysis of guided wave dispersion is of great
author$28] has overcome this disadvantage and shed lighimportance to grasp the propagation mechanism in the
on the application oterativemethods foreconstructiorof structure. It can help to select effective modes of guided
defects. waves in the calculation of scatterdigélds caused by
defects. h this paper, our aim is the detection of surface
defect in the cross section of hollow cylinder (i.e. circular
applications of guided wavesiere describedin non annulus).Therefore, the circumferential guided waves are

cylindrical structures[29-33], such as railway rails and mainly focusedEyen S0, we try to solve this proplem fret
structural 61[84] proposed = .method 1o 3P gurved coordinate syste@,, 4, ¢ asshownin Fig.1
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And an improved semanalytical finite element method [0.2r,siV), and j denotes the incident angle defined by the axis
(SAFEM) is introduced to deal with iTaking into account  anq the circumferential direction of the pipe.

this coordinate systenvarioushelical guided wavesust

exist de to different incidenangle/ of guided waves. Rewriting(3) in a matrix form, one has

Therefore, this model in the curved coordinate system

(a,, @, @ is more universafor studying possible guided g LN 0 L 3
y a <
waves in a hollow cylinder.In this opinion, for the € hha, h u
circumferential guided waves thatparticularly concerned g 0 1w @ H
theycan be viewed as a special case fromhtbiieal guided & h, pa, h
wavesas;/ =0. Consequentlygeneralized helical guided é 0 0 pou
wavesare firstly analyzed by the improved SAFEM, and | g HTIQ, o ‘3
then the result of circumferential guided waves can beY=g Lo 1 p 312 gty (4)
extracted from the solution dielical guided wavesFor é 0 —- = —— L
helical guided waves propagating with an arbitrary aigle e wa, h, h 18 u
a hollow cylinder, the curvatures for the geodddisk eé HoRp 0 1l 3
which are spirals on the gace of the hollow cylinder, can éua, h h w1 u
é u
be expressed S1p 1 p 0 !
Rp= foos jt, 4t Rp= fsin® j+,dos (1) Ehua, N g b
here k, =1/ and k, =0, which are the principal . - .
W ! Fou 2 wh ] i P '_ P The partial derlvatlvei,wherel =1,2,3, expresses
curvatures of the outside surface with thdiwar,, in a [V}

cylindrical system. The curvatures of the generalizeddisplacement derivative along the axis and
coordinate &, and a, are denoted askt and R ,

0,
respectively. Hence, Lame dfieients[45] (scale factors) | :Llii E zi_“ L+, — ML tﬁo L +2,
can be written as follows h pa, h, 18 r3 h, h,

¢l 0 O 0e0 O 0 0
h=1#g . h=1+R3g,h=1 ) % D SN @
where the outsider surface is considered as the reference é 00 u Oé 0 u 0 (g 0
surface of equidistarsurface. L _0 00 hjl- _0€0 0 L u_0 @1

Thus, the relationships between the particle ! go 0 0y° Og 01 3uu 0 jg 0’
displacements) and strainsg, are represented as 20 01 3 020 0 H 1 (g 0
_ 1y &u @ 1 0y 160 0 g 0 @O
= hua, h 20 0 13 ogo 0
_ 1, & 181pu, 1 ¢ 20 0 O ¢ 0z0 1
6= "Jusv elzz_a?r{_z TE S { 20 00 H Og 0 0
h2 pa, h2 2(; pa, h2 e - L,=¢é & = & (5)
* g0 0 0y° 0g-10
2;1 0 08 og 0 0
g0 0 09 060 O

Discretizing the hollow cylinder along the wall thickness
direction (@, ), the displacements are represented as:

u(a, a, éz[ul u, us]T N( (. a) (6)
where N is a matrix of shape functismf an element.

The relationship between strains and displacements can
be obtained by substituting) and(6) into (4),

U= Lu :LliN U, L+2—1N u,
h h,

©)

(")

FIGURE 1. Helical guided waves propagating along a, directionin a

0
+LNU t 4ﬁoN U |_+5—4’N u
’ h h,

pipe. r,, represents the outer radius of a pipe, the range of a, is
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It is noted that the mapping relationship between the_ = 1 1 _ R % .
helical coordinate system and cylindrical coordinate systemBl - LlHN B, % ZEN B, BN 5L t‘Tf\l L é'r!fd

implies the effective interval of the ax#, in Fig. 1, which
P e, N W= « N'N)hhd 2

variablea,. In order to formulate the displacement along Q =gU, xU, ~ P=g0 F, E (11)
the axisa,, the periodic extension in which the defined
interval | equates2'r,,siry along the axisa, must be w is the circular frequencyt) , represents displacements
introduced to achieve Fourier series. Therefore, thdn the wavenumber domain, which are obtained by inverse
expression of the displacemet(a,, ) can be written as ~ Fourier transform olJ,(a,) in (8); andF, is the loads in

the wavenumber domain and its definition is the same as

is in the range 0{0 2'r,siry ) exceptj =0, and the

U(a %):ae"‘z%azu (3 =&¢"U,.( r U,; D representsa matrix of elastionoduli. In order to
1 n n iy adl

n ®) obtam the nontrivial solutions of the dispersion equations,
n=L -2, £0,1,2, the determinant of the matrix ifl0) should be equal to

where B=n2"/l , x, represents a wavenumbeand  Zero as follows:

n

i =+ 1.ltis explained that the subscriptrepresents the |A(Pow) - xB (P W =0 (12)
order number oFourier series.

It is noted that (8) can describe the displacement field folSolving (12), the left eigenvectorsf and right
plane problems by setting = $0 . For the special case gjgenvectorsf? are obtained as functions of different
J =0, itrepresents that the guided waves propagiateg eigenvaluesk  (wavenumber), in which the subscript

the circumferential direction of the pipe shown in Fig. 1. means the er number of guided wave modes and
This propagation of guided waves is mainly considered for
represents the number of the order of Fourier expansion

defect detection in this paper. along the axisa, direction in (8). Combining with

Hami | t on §46] ispused to estgblistethe motion i
equation, Zhu ang Q4§’],.theaj|s.ptace.ment and ;tre&sgmulas
(U,andu,) are derived asin which the Fourier transform

ﬁﬁuT;&+UUG)dV =ufjPdv (9)  of displacements and stresses a@@uchy's integral
v theoremare adopted,

wherer is material density]l is stress tensork means ik Ef 8
. . . . _ nm nmu n ikom(ay = Kyl
the second time derivativeof the displacement, U,= Z_B—fanu ol -a) g nnf Lo o
P represents the extetniads,V represents the structure nm
volume and U denotes a ariational symbal Substituting o :{DgB B, ik | 3)_ - }@»iknm(al -a)

(7) and (8) inta(9), and applying inverse Fourier transform

13)
i . _ 1 X t e i nm(al ‘%)
over the axisa, , i.e., Un(xn):z—,ﬁln( ae*id .. The

final equation is expressed in the term of the eigen equatiofVN&€¢ o is the position of loadR, in axis a, . By
numerically solving the dispersion equations of helical

A (Ppw)- xB(Po W@, =R, guided waves in pipes with material properties shown in
e 0 W+M, W+M, 0 (10)  TABLE I, characterization of the hollow cylinder using the
éW+ M, % M frequency dependence of the wave phase velocity can be
€ ! observed in Fig2. It is emphasized that all numerical

where examples in this paper are simulated withk O.

Then the dicumferential guided waves can be solved

M, = DB hh,da, following above equations by letting =0 , and the
st - o T corresponding results described by blue points can be found
=fgB.DbB, iB.DB,+a, 4B DB, in Fig. 2. Because ohon-dispersionof the first antiplane

+a,%B]DB,ghh,d 2 mode¥’, itis chosen as the incident guided waves to detect
flaws. With this understanding, calculations of the
:|‘r”§a3°lgBT3DB2 i &BKDB displacement and stress scatted fields can be correctly
op\2 T . . conducted byhehybrid FEM28]. The hybrid FEM divides
+(a3 @) BZDBZ+B3DBsﬁ'h1h2d é the integrity structure into two componentsThe
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displacements and stresses in the component withowtonsidering the2D defectwithin cross section of hollow

defects are expressed by the results calculated in Ahgj).

cylinder (i.e. circular annuluf the function/( @) of

for the other component involving defects, the traditionaldefect depth can be expressed as

FEM is adopted to simulateAt the irterface of these

components, the continuous conditions of displacement anq!;( fi’) 0

traction are utilized.
It is noted that without losdf generality, the dispersion

1 " ref
2 i%

o

(k) B ( K€  dk (14)

wherek =k, is the wavenumber ofuided waves along

equations of guided waves propagating in arbitrarythe axial directiona, of the structureln the following

direction are derived in a helical coordinatgstem.

However, the circumferential guided waves propagating

defect detectiom =0 andm represents the firginti-plane

along the directioy =0 are applied to solve all numerical mode¥" . (k) is the reflection coefficiestof guided

examplesn this work.

TABLE |
MATERIAL PROPERTIESOF THE PIPE MODEL
Density Inner Outer Wall Lame constants
radius radius thicknes
(3.ka/n?)  (r,,m) (Fouerm) (h=rw +u) (I andmPg)
8237 16 3.88F 10° 4440 10° 5500 100 L1089 10
8.43¢ 1&°
7000
gpils %
A @=pild _¢=0
6000 1 e -

~
5000 -+

-
.

4000 *

3000 °

Phase velocity (m/s)

2000 =

1000

i

0 1 2 3 4 5 6
Frequency (Hz)

FIGURE 2. The dispersion curves of guided waves with difference

incidentangles ( j 9,°/6,//4,/37/2and*066 r epr esents
plane mode)

IIl. DEFECT RECONSTRUCTION APPROACH WITH AN
INTEGRAL COEFFICIENT UPDATING STRATEGY

In following sections, th&” circumferential guided wave
calculated in Seiin 2 is adopted as the incident wave to
detect 2D flaws in a circular annulu@DFT proposedy
Da et al[28] is suitable for the detection of 2D structurs.
demonstrateshat the defect depth/( @)) depending on

the propagation direction §,) of guided wavesan be

waves traveling in thetested structureBO(k) represents

the integral coefficient othe initial reference model, and
h( g) denotes therofile of defectsHere, it is noted that

the initial reference model can be chosen randomly, which
was demonstrated in the previous paper[28].

However, the potential issue arising from this method is
the accuracy of the predéd defect profiles. This is
because e defectused in reference modecannot be
selected as the same as the unknown flawngpected
models,which leads to the discrepancy between the real
defect and predicted one. To tackle this problem, a
modified QDH with the integration of an integral
coefficient updating strategy (QDFTU) is proposedhis
paperto reconstruct the defect profile with high levels of
accuracy and efficiency throughout iterative calculations of
integral coefficients from the referemenodel updated by a
convergence criterion. [though an iteration methodwas
succesful applied inguided wave tomography[17,19%%
the best of our knowledge, this is the first time to improve
defect detection based on boundemggralequation (BIE)

In QDFTU, the formulafor defect reconstructioan be
written as

1+u
h(ae°

il ref
2 1%

- o

(k) B.,(Ke"“ dk i =123, (15)

t hierepresents the number of iteration reconstructign,is

the integral coefficient of théi - 1)th reference model, and

h,( a) denotes thdi)" reconstruction results.

The flowchart of QDFTUis shown in Fig 3. The left
block diagramprovides an overview of defect detection,
which mainly contains original data, scattering data, defect
reconstruction, signal processing, and convergence
verification. The original dataare usually gained from
testing or numerical simulatiofihe right diagram, which is
the detailed description fothe left onejncludestwo parts:

a forward problemdepicted inred box and an inverse

written as the Fourier transform of the product of reflectionproblemdescribed in purple boxts methodology can be

coefficients ( C* (k) ) of guided wavesand integral
coefficients( Bo(k)) obtained from the reference model.

described as follows:
Forward problem
Firstly, the selection ofr simple reference model with

Whenthe incident angl¢ is zeroin Fig. 1, i.e., the current one rectangular defect h( g) is suggested and the
guided waves propagate along the circumferential direction,
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reflection coefficients C*' (k) of the tested circular

annulus are calculatagsing hybrid FEM, which is used to
replace the results from the experimerttitey. Then, the
defect profile/s_, ( g) of the reference model is converted

into a defect function ofH,_, (k) in the wavenumber

domain by employing Fourier transform where

Hoa(K)= o @)ed ¢

coefficients B _, of the referencenodelare obtainedising
the equationB_, (k) = H ,(k)/ G*,(K. It is noted that the

subscriptddérepresents the numberf the updateshy the
reference modeso that the defect profile obtained from
reconstruction of defects described in the following section
0l nverse problemb6 converge:
Inverse problem and the updating strategy
Based onour previouswork, it is emphasized thahe
peak values ofintegral coefficients B ,(k) must be

Finally, the integral

modified when the reconstruction resighow strong noise
in nondefective region[28] The modified integral
coefficients @f?_’l(k) areused inthe reconstructive formula

1+u
h(ae°

ref
o It
It is noted thatB_, (k) neednot to be filtered when the

noise in nordefect region is weakT h e r e the sigeal
procesig 16 describedin the flomchartwill be triggered
only if the noisereaches a certain level of significand®
ensure the recognition of h e d ebbuadary éns
distinguishit from thewhole inspected sectiothe values
of 41 ( g) in the nondefectve zone are setb zerosin the

p h as ehe signal processinj6 due to th
noise.lt is noted vinen the noise energy in nalefect zone

(k) B, (K€" dkto obtaina new result.

where N denotes the total sample number in the axis
the subscript indicates theaumber ofreconstruction times

. meansthe root mean square errdRMSE), to which,,
is assigned as a threshold value in this papef.g) .
h_.(g) . andh,( @) denote the current, previownd

reference defect profiles, respectively., 1€ , the current

result will be considered as the fir@iofile. Otherwise, the
currentdefect profilewill replace the reference model and
update the defect profile for the next iteratiantil the
convergence criteriois satisfied In this paper, the value
.0IS identicalto 0.1d

whered,, represents the largest

max !

(Choose an original reference model orward problem

o ary ) with a simple defect

Original data Calculate reflection coefficients

(experiment or
numerical simulation)

Scattering data e
(Hybrid FEM)

Obiain reflection coefTicients

SCIL (k) of the reference model  [of defect (e (3))

using hybrid FEM
Perform the calculations of integral coefficients for the
reference model by 8_, (k) = Hy_ (k) /CE=5 (k)

by experiments

Reconstruct defect of the defected model by

R <
mila) = oo [ O k) By ()t di

i)

Judge the noise strength in the non-defected

TN (rpe signal processing phase 1
(Bima (k) = Bi-a (k)

7one of the structure in use of 7, (1r;))

Convergence |
verification of defect 3

¥

‘The signal processing phase 11

profile

as to 7,(, ) in the non-defective zone)

Final result

‘Convergence of the current profile n;(e;)
¥ Yes )

Record and save the final result 3 (e}

FIGURE 3. Flowchart of QDFTU method for surface defect
reconstruction

VI. NUMERICAL EXAMPLES

A. RECTANGULAR FLAW
8 repré&sénlatvd éxBrip® is examinied this section to
demonstrate the capability of the proposed QDFTU

is less than a quarter of the signal energy in defect zone, thgyproach to defect detection. Two simple annuli with
noise is wak. Otherwise, it is considered as a strong noisejifferent rectangular defects, a reference model shown in

signal.
In the process oflefect reconstruction, the key problem

Fig. 4 and a predicted model in Fi§, are studied. By
applying the hybrid=EM technique, reflection coefficients

is that how to estimate the correctness of the currentof guided waves in these two models have been calculated.

reconstruction.Theoretically a surface defect has unique
reflection coefficients ofyjuided wavesand reconstruction
of the defectshould converge to the real defediven the
adequate resolutionof guided waves However, the
reconstruatd defectprofile cannot be exactly the same as
the real oneln this situation to enhance the deteuti
precision, a convergence criterishown in (6) is usedto
evaluate the discrepancy between two consecutive
reconstructios of defects

L)

[

(16)

It is noted that the frequency range of incident guided
wavesis from 6.15KHz to 683.702KHz, in which 112
equal frequency points are adopted to numerical Isithon

by the hybrid FEM in frequency domainDefect
reconstruction by QDFTU in the first iteration has been

shown in Fig6(a), in which the integral coefficien (k)

have been calculated using the reference model sliown
Fig. 4. The data for construction of the defect profile can be
obtained in the second column of TABLE. The first and
last columns in TABLEY represent the coordinates of the
defect in the extent and radial directions. In the practical
engineering testing, it is difficult to evaluate the defect
profile using a single reconstruction owing to the unknown
defect in structures. To improve the reliability of the

VOLUME XX, 2020



IEEE Access

Multidisciplinary : Rapid Review ! Open Access Journal

reconstruction, the proposed QDFTU approach worksl.384

towards the converged defect profile. The

reconstruction result in Figg(a) is adopted as the updated
reference model in the second reconstamgtiwhich is

shown in Fig.6(b) and the coordinate in the defect extent1-469

direction is given in the third column of TABLE . It is

noted that the updating of the reference model terminates
until the discrepancy, is less than 0.03h where
.o =0.030hand h means the thickness of the annulus. In

TABLE i , the discrepancies from the first and second
reconstructions, i.e.i =2, is equal t00.080h which is
more than0.030h This is why the third reconstruction is
triggered. Obviously, the thirddiscrepancy {0260
between the second and third results is less @@830hand
the result in the fourth column in TABLE is considered
as the final defect profile. All defect profiles obtained from
each reconstruction are shown in Fid, which

demonstrates the efficiency and effectiveness of the
proposed QDTFU approach to reconstruction of defects.
d

Defect depth (*h)
S oK o & o
o & w6 oa

°

0.05

05

0ss (b)

12 14 16
Circumferential length (rad)

0.2% 0.381 0.350 0.333

first1 213 0.2% 0.339 0.307 0.333
1.44 0.144 0.211 0.214 0.333
0.066 0.064 0.10 0.333

0.080 0.026
05
—&— The 1st reconstruction result (the Oth iteration)
045 (a) — Real defect profile

! —6— The 2nd reconstruction result (the 1st iteration)

Real defect profile

' 91

;.

0.4

Reflection wave 9, = 1.509rad
. N 1 ' 0.35
Incident wave_
~ 0, = 1.664rad £ o3
& = 0.155rad § 0.25
Tout = 7.942h § 0.2
7in = 6.943h 0.5
d = 0.250h 0.1
0.05
85 08 1 12 "-_---_---. -__
FIGURE 4. The reference model with a single rectangular defect . The ' ’ Circumferential length (rad) ’
area enclosed by the red lines represents defect. 05
—&— The 3rd reconstruction result (the 2nd iteration)

0.45 (C) Real defect profile

A '92 d o4
! B B, = 1.163rad
. 0.35
0, = 1.414rad £ o3
&
oy
Af = 0.251rad g 025
Tout = 7.943h g 02
0.15
Tin = 6.943h
01
d = 0.333h

0.05

FIGURE 5. The tested model with a single rectangular defect

enclosed by the red lines represents defect.

TABLE i

THE DATUM OF DEFECT SHAPE FROM THE ITERATIVE RECONSTRUCTION

. The area

Coordinate Result Result Result Realdefect
(rad) (I3)*h (2")*h (39 )*h *h

1.158 0.068 0.0% 0.108 0.333
118 0.1 0.218 0.211 0.333
12155 0.18L 0.328 0.296 0.333
1.243 0.239 0.368 0.33% 0.333
1.271 0.291 0.3 0.315 0.333
1.299 0.38 0.316 0.290 0.333
1338 0.343 0.314 0.3 0.333
1.356 0.333 0.3 0.343 0.333
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Circumferential length (rad)

FIGURE 6. Reconstruction results of rectangular defect by the iterative

method: (a) the first reconstruction result; (b) the second reconstruction

result; (c) the third reconstruction result

B. THREE TYPES OF DEFECTS

To further demonstrate the performance of QDFTU method
for solving complex reconstruction problemstructures
with different defectsshown in Figs. 7, 9 and llare
studied. Types of defects considered for reconstruction are:
a multistep flaw, a doubleectangular flaw, and a triple
rectangular flawAgain, theinitial reference modeddopted

is depicted in Fig4. To reconstructa multistep defect
shownin Fig. 7, three iteratisare required to obtain a
converged resulby applying he criterion defined in(14).

The initial reconstruction ishownin Fig. 8(a) which can
approximately identifythe defectin the circumferential



extent andradial directions After updating the reference it is difficult to obtain much improved results in all four
model with initial reconstruction of the defethe second examples. To further improve the accuracy of the
reconstruction shown in Fig. 8(b) presents better  reconstruction, future research on these factors is suggested.
circumferentialand radialdistributiors, whichreflecs the

0, = 1.406rad
main feature®f the multi-stepdefect.The third and fourth : ; 6, = 1.579rad
resultsin Fig. 8(c) and (d) depianoredetails of the defect, RN ' 05 = 1.673rad
and thediscrepancy of the fourth calculati¢gn = 0.026h) B 8, = 1.767rad
also meets theRMSE criteria. Hence, the fourth resulh d, = 0.250h 05 = 1.861rad
Fig. 8(d) isdeemedhs the finabkolution toreconstruction of da = 0.167h A8 = 0.454rad
the multistep defect. d, = 0.083h Tout = 7.943h

The pipe structurewith a doublerectangulardefectin Tin = 6.943h
Fig. 9 is considered as a more complichexample to test d; = 0333h

the efficiency and accuracy of the developed QDFTUFIGURE 7. The tested model with a multi -steps defect . The area
approach and the results are showrFig. 10. It is noted  ©enclosed by the red lines represents defect.

that the fluctuations in the first reconstructigfig. 10(a)) 048 —0— The 1t reconsiruction resul the Ot teraton)
deteriorate th identification accuracy ahe defectprofile. 04 (a) fealdotect proe

This is becausehe integral coefficientsB (k) obtained 03s

from the reference model includeedundantfrequency
components (or peak values), whiglas mentionedn Da
et al[28] Updatingthe reference modelith the first result
in the second reconstruction, thaccuracy of the 015
reconstructed defect profiles irFig.10(b) is much 01
improved Due to the largéifferencebetween the first and o005
secondeconstructiomesults, the thirdeconstructiorhas to .
be performed. Sincthe discrepancy in the second iteration O e o
is less than the threshold valge =0.029h), the final

reconstruction of @oublerectanguladefect shown irFig.
10(c)is obtained

In the fourth example, driple-rectangulardefectprofile
is described in Figll. Employing the proposed QDFTU
method, the reconstructionof such defect is achieved by
updating the reference modtiree times Defect profile
after he initial reconstructions given in Fig. 12(a). It is 01
observedhat the first reconstructioaxhibits an acceptable 01
agreement with the real defect profile. However, the gap
length between two adjacent defeetsd the width of the ] -
defect cannot be predicted accurately. Similarlysome R N
extent the first and second updates of the reference model
shown in Fig.12(b and c) during the reconstruction process
can improve the quality of defect detectiorevertheless,
the defect depth by the reconstruction cannot be accurately
obtained. Tha, the third update is activated att defect
profile is finally reconstructed with =0.028h.

By comparisons of the first reconstruction and the last
reconstruction results with the real defects in four
numerical examplegshe MSPE (mean absolute percentage
error) values are shown iTABLE 'n . Averagely, the
accuracy of defect reconstruction results has been improved .
by the proposed method. The maximum enhancement of the O gy
precision for the multstep defect problem is up to 17.18%,
which is obtained from 30.93% in the first reconstruction to
13.75% in the last reconstruction; the minimum
improvement ina triple-rectangular defect reconstruction
example is 2.48%. Due to limitations from various sources
on defect reconstruction, such as the initial reference
model, the resolution of guided wavasd the element size,

o
N2
G W

Defect depth (*h)
°
I

—&— The 2nd reconstruction result (the 1st iteration)
Real defect profile
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02

Defect depth (*h)

0.05

AAAAAAAAAAAAAAAAAAAA

—&— The 3rd reconsiruction result (the 2nd iteration)
Real defect profile

Defect depth (*h)
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—6— The 4th reconstruction result (the 3rd iteration)
— Real defect profile
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FIGURE 8. The reconstruction results of

reconstruction result

0y 8, dy

a multi -step defect by the
iterative method: (a) the first reconstruction result; (b) the second
reconstruction result; (c) the third reconstruction result; (d

045 —&— The 3rd reconstruction result (the 2nd iteration)
Real defect profile
04~ (c)

035
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FIGURE 10. The reconstruction results of a double  -rectangular defect
by the iterative method: (a) the first reconstruction result; (b) the

) the fourth second reconstruction result; (c) the third reconstruction result
d, 6; = 1.131rad
g, = 1.163rad Gi® 84 6, = 1.288rad
d.
6, = L414rad 85\3 63 = 1.509rad
83 = 1.696rad Fout = 7.943h @, = 1.696rad
6, = 1.947rad =
A; s T = 6.9430 05 = 1.885rad
= 0.251ra
1 s = 2.042rad
A8, = 0.251rad 4 = 0333k . ;
2= 7;343’1 i — 02508 Af; = 0.157rad
Tour = /- X 2= A8z = 0.187rad
Tin = 6.943 dy = 0.167h
. A3 = 0.157rad
dy = 0.333h out
dy = 0.167h

FIGURE 11. The tested model with a triple -rectangular defect . The area
enclosed by the red lines represents defect.

FIGURE 9. The tested model with a double -rectangular defect . The area
enclosed by the red lines represents defect. 045 T —
04 Real defect profile
0.45 —e— The 1st reconstruction result (the Oth iteration) g (a)
— Real defect profile
04 (a) 035
035 ﬁ? ] __ 03
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more the number of updates for reconstruction is required.
In the detection of complex defected structures for example,
pipes with a multistep flaw or a tripleectangular flaw, the
proposed QDFTU approach outperformBEY in terms of
predictions on the details, e.g., the step length, the gap
length, and the defect extent. Although there is noise
disturbance during the reconstruction of defects, the results
converge after just three updates of the reference model.
The maximum and minimum enhancemest of the

oo

14 16 18 2 22 24 26
Circumferential length (rad)

o
of
o
oof
Y

reconstructiorprecisionis up to 1718% for the multistep
defect example and 2.48% in the trijpbetangular defect

case study, respectivel¥his proves the proposed QDFTU
approach has ability to reconstruct defagith high levels

of efficiency and accuracy. To further improve the
reconstruction results, the increased resolution of guided
waves and number of elements for the model are suggested.
In conclusion, the proposed QDFTU can accurately and
efficiently recorstruct complex defects using ultrasonic
guided waves and provide insights into the mechanism of
defect detections using a general reference model.
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