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Abstract. This paper proposes a new method based on wahadetd element and support
vector regression (SVR) for pipe crack detectiohe Tracked pipe is modeled using B-spline
wavelet on the interval (BSWI) element to obtaie firecise frequencies database associated
with different crack location and depth. Subseqlyerihe database is employed as training
samples to construct the crack prediction modeht®aans of SVR algorithm. The first three
frequencies measured are inputted to the modeleigi the location and severity of unknown
crack. Both the numerical simulation and experirakstudy have verified the validity of the
proposed method.
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Introduction

The interest in the ability to monitor a structianed detect damage at the earliest possible
stage is pervasive throughout the civil, mechanmadl aerospace engineering communities [1].
At present, the non-destructive testing method$ sag ultrasonic methods, magnetic field
methods, radiography, eddy-current methods andnidiefield methods [2-6] are most currently
used for damage identification. For higher efficigrand lower cost than non-destructive
testing methods, the vibration-based damage detebts received considerable attention in the
technical literature in recent year.

The existence of a crack in a structure resultsrieduction of stiffness which in turn leads to
a decrease in natural frequencies and changeg imtlde shapes of vibration, which makes it
possible to identify cracks in structures [7-9]. detect structural crack fault, the model-based
forward problem based on Finite Element Method (FEM studied for structural modal
analysis when the crack is replaced by a rotatispehg. Murigendrappa et al. [10] developed
a natural frequency-based method for detectingabation of an unknown crack in a straight
pipeline containing fluid under pressure. Naniwaadedt al. [11] presented a technique based
on measurement of change in natural frequenciesldtecting a crack with straight front in
different orientation in a section of straight zamtal steel hollow pipe. Because wavelet-based
FEM have the desirable advantages of multi-resmiufiroperties and various basis functions
for structural analysis, wavelet-based elementsapmdied to solve forward problem to obtain
high precision crack detection database. Xiang Among et al. [12] proposed a new crack
detection method for detecting crack in a shafcbynbination of wavelet-based element and
genetic algorithm. Ye et al. [13] presented a nesthmd to identify pipe crack location and size
based on stress factor and finite element methodeobnd generation wavelets. To solve
inverse problem, one method to accomplish damagatifitation is to directly solve the
optimization problem to yield a set of crack parteng including location and depth of crack in
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structures. Evolutionary algorithms are powerfidrsé algorithms and they have been applied
to predict the crack location and severity by ojting objective function [12]. Furthermore,
the stochastic nature and parallel computatioaeth&work of Evolutionary algorithms allow to
overcome the difficulties of conventional methods donverging to an absolute optimal
solution. However, for the numerous train samplesneeded, the computational efficiency of
Evolutionary algorithms is slower than traditioogitimization methods.

Support vector machine (SVM) is a relatively newnpaitational learning method based on
the statistical learning theory, which is famoud aopular in machine learning community due
to the excellence of generalization ability thaa thaditional method such as neural network.
SVM have been successfully applied to face detectierification, recognition and so on. Liu
and Meng [14] introduced the SVM regression algonitfor the beam structure damage
monitoring. Yang and Zhang et al. [15] used SVM fi@nd prediction of vibration signal of
mechanical equipment and proved that SVM methoddedier prediction performance than BP
neural network. For the above mentioned literatunesy numerical simulations were provided
and traditional FEM was used.

In the present work, a method for pipe crack deiadiased on BSWI-based model and SVR
is presented. Firstly, the cracked pipe is modekidg the BSWI element to obtain the precise
frequencies database, and then the database isasseaining samples to construct the crack
prediction model using SVR algorithm. Both the nuiced simulation and experimental study
have verified the validity of the proposed method.

Support vector regression theory

Considering the case of linear functibn the form can be taken as [16]:
f(X) =<w,x>+b with we y,beR, (1)
where < w, x > denotes the dot product. To ensure this to minirtizenorm, we can write this
problem as a convex optimization problem:

—<W, % >-b<
minimize 1||V\,1|2 subject t({y' WX > ‘.
2 <W, % >+b-y <¢

)

To cope with otherwise infeasible constraints d# thptimization problem¢; and §i* are
introduced, and the formulation can be written as:
Yi—<W, % >-b< g+§,
minimize —”V\:ﬂ +CZ(§, +&'), subject to < w,x > +b— yI <e+é& (3)
i=1 5“ fl 20
where the constart > Odetermines the trade-off between the flatnes$ cdnd the amount up

to which deviations larger than are tolerated.
Applying the Lagrange technique, we have

——Z(a. o Y —aj) < %,x

|
maximize E subject tOZ(ai—ai*):O,ai a; €[0,C] (4)

—EZ(OC +a )+Zy,(a —a) =1

i=1

where ¢; andai are Lagrange parameters, and the support vect@ansign can be written as
follows:
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|
f(x):Z(ai—ai*)<xi,x>+b. (5)
i=1

For non-linear cases, the dot product is replacedtkernel functiorK(x,x) , and the
expansion for the non-linear can finally written as

|
f(x):Z(ai—ai*)K<xi,x>+b (6)

i=1
Pipe damage model based on BSWI element

Fig 1. shows the nodal layout of BSWI shaft elemantl the corresponding degrees of
freedom (DOFs). Each node has one DOF vii€i = 2,---r) r =2j+m-4, in whichj is the scale

andm s order of BSWI, except that two ends have tve W, ,0,(i =1r +1) .

Fig. 1. The layout of elemental nodes and the correspgndiDFs

When the shaft vibrates freely, global potentia@rgy [12]is:
2
le El [ d%w leg
nm,=| — dx—| =Apw dx 7
P ~[0 Z[dxzj .[OZpW )
wherel is the length of the element, is the deflection functiork is the Young's modulus, |
is the moment of inertig, is the eigenvalue of vibratiop, is the material density and is the

angular frequency of the shaft.
To obtain the finite element model, assume finitement approximation of deflection

functionw in the form:
W(e,t)= ®TEw® (8)

where® is the scaling function of BSWhj, as shown irRef. [17] and the corresponding DOFs
in the local coordinate system are defined by:

T
wo={w g W - w g} 9)
wheref) = i% and ¢ =|i% » the column vector and transformation matfis:
e & e &
1 d®(e 1d®P(g,9) -
T = (@) 0 @) () 0y LI (10)
e de le de
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Mapping Eq.(7) onto elemental standard solving dan&= [0, 1] and submitting Eq.(8 ) into
Eq.(7), according to the variation principle, wi#{1, =0, we can obtain elemental solving

equations as:
(K€-=AM®)w® =0 (11)
Where:
El
K*® =|—3(T§)TF2'2Tbe
e

M® = Ale(T8) TO°T

1
roo =j o dds
0

——de

l_,z'z _J’ldz(l)T qu)
“do de? de?

Therefore, the corresponding characteristic eqoatém be written as:

K —0?M|=0 (12)
[K—o?M]

The BWSI shaft element was employed for damaged dipcrete. Fig. 2. shows the cross-
section of the cracked pipe. The part-through @edtirough to the thickness of pipe are shown
in Fig. 2. (a)and Fig. 2. (b) respectively.

L
a
N o
A X A X
Y Y
(a) part-through the thickness (b) through the thickness

Fig. 2. The cross-section of the cracked pipe

272

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING SEPTEMBER2010.VOLUME 12,1SSUE3. ISSN1392-8716



553.PIPE DAMAGE DETECTION METHOD BY COMBINATION OF WAVEIET-BASED ELEMENT AND SUPPORT VECTOR REGRESSION
Y.T. ZHONG"2 J.W.XIANG?, Z.S.JANG?, Y. X. WANG*

The stiffness matrix of the damage is [13]:

K = Tk (13)
<=
-k k¢
where:
E

= = > -
20-A0) R [ a0y
i=1

5 1
ki =0+ R(T)ZG(Q)
o= M
- RA

£2 = (t/R)/y12(1- )2

1 6-coté@-Hcoth)
2cotd + 2 cot(" - 0

\/E)

E and v indicate the elastic modulus and Poisson’s ratipeetively,R is the average value of
inner and outer radiR; andR, indicate the inner and outer radii of the pipgessively.a andl
is the cross-section size and location of the pifih a transverse damageis the pipe wall
thickness.M is the bending moment of damage at both ends. Bdrtprough-the-thickness
damage, the value of n is 1400-1500, and for thuethg-thickness damage, the value is 700-
750. Then stiffness matriK g of the damage was assembled into the global ssiéfneatrix, the
global mass matrix of the damaged pipe is equahéoundamaged one. From now on, the
damaged pipe finite element model is constructeddiyg BSWI shaft element. The solution of
the eigenvalue problem can then proceed as usual.

The relation between natural frequencies, damaggitm and size is:

f.=F(a,p), r=123 (14)

]

G(0) =sing[1+

Damage detection method

To detect the damage in a real structure, the dareagtion and size according to measured
frequencies should be determined as follow:

(a-ﬂ):ijl(fj)-J- =123 15)

The procedures for crack detection are:

(1) Solve the BSWI-based pipe damage model witliouarlocation and size to gain high
precision damage detection database.

(2) Construct the detection database. The damagetibe database are used as constructing
the training sample set according to SVR algoritty, H, |7, X; = (a, 8),H; = (f,, f,, f5),
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X is output, H, is input. And then obtain the regression parameséng SVR algorithm to

construct the detection data base.

(3) Obtain the time domain signal experimentallyd get the first frequency using the
frequency analysis fast Fourier transform (FFT).

(4) Detect the damage location and size using @&ergies measured according to the
detection database trained.

Numerical ssmulation

Our purpose in this study is to investigate thehmétproposed in this paper. Crack cases
considered in this simulation are determined fragvipus studies paper by Murigendrappa and
Maiti [10].

Example: A simply supported cracked mile steel pipe with gign L =08 m, outer
diameterD, = 0.032m, inner diameteD; = 0.0195m, Young's modulusE =173808 Gpa,

Poisson’s ratiou = 0.3 and material density = 7860kg/m".
Table 1 lists the three natural frequencies (@3, @, ) using 2 BSWI elements and those of

experimental results given by Murigendrappa andtiM&0]. Results in Table 1 indicate that
the frequencies of contact pipe calculated by 2 B&Wments are in good agreement with
closed-form solutions. The four cases of differeratck location and depth are also computed
and the frequencies are close to the experimengsd.o

The inverse problem is solved by employing thet filgee frequencies [10] as inputs to
SVMdark tool, which is a windows implementation®¥M written by Martin Sewell [18]. The
comparison of predicting crack location and depsing the present method and those by
Murigendrappa and Maiti [10] are shown in the TaBleThe relative errors of both crack
location and depth are no more than 1.6%.

Table 1. Comparison of 2 BSWI element and experimentalt&miu

Method 2 BSWI elements Hz) Experimental resultsklz )
Case fz f3 f4 fz f3 f4
430.74 973.66 1730.95
uncracked (430.50) (973.13)  (1730.00) 432.50 925.15 1602.50
1 415.04 935.57 1707.7 432.33 924.80 1602.40
2 391.88 899.65 1685.6 432.20 924.50 1602.00
3 407.84 919.19 1542.8 432.25 924.85 1600.80
4 399.84 902.83 1504.5 432.20 924.65 1599.50

Note: The value in () is closed-form solution dfict pipe.

Case 1: = 0.199, a =0.2032; case 2:5 = 0.199, « = 0.3040; Case 3:5 = 0.403, « = 0.4064;
Case 4: = 0.403, o = 0.5080.

Table 2. Comparison of predicted and actual crack parameter

Parameters Actual Predicted
Case * *
B a L (Error %) a (Error %)
1 0.199 0.2032 0.20(0.5) 0.20(1.6)
2 0.199 0.3040 0.20(0.5) 0.20(1.3)
3 0.403 0.4064 0.40(0.07) 0.41(0.08)
4 0.403 0.5080 0.39(0.3) 0.49(0.35)
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Experimental investigation

An experimental setup used for measuring the timste frequencies of the cracked pipe with
the INV1601 vibration system and the accelerometer.
We tested four cracked cantilever pipes. The naltefiworkpiece for experiment is 20# steel,
and the geometries and the material propertiesaardollows: L = 088 m, outer diameter
D, = 0.073m, inner diameteD, = 0.033m, Young’s modulu€ = 206x 10" N/n?, material
density p = 7860kg/m?®, Poisson’s ratig: = 0.3. Figs.3 (a)-(c) demonstrate the cracked pipe,
the vibration test system and the cracked cantilpipge, respectively.

b ﬁ "gmw —
A Crack “ Date Acquisition Card /i test system

(c) The cracked cantilever pipe

Fig. 3. The vibrate test system of cracked pipe

Table 3 shows the comparison of actual normalizedkclocatiory and deptla and the
predicted crack locatio” and depthe” . For the given cases, the relative error§ adre less

than 3.5% and the relative errors@fare less than 5.1%. Hence, the proposed method based
on wavelet-based element and SVR is consideree@ tald for actual application in detecting
cracks in the pipe.

275

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING SEPTEMBER2010.VOLUME 12,1SSUE3. ISSN1392-8716



553.PIPE DAMAGE DETECTION METHOD BY COMBINATION OF WAVEIET-BASED ELEMENT AND SUPPORT VECTOR REGRESSION
Y.T. ZHONG'? J.W.XIANGY, Z.S.JANG?, Y.X. WANG!

Table 3. Crack cases of pipe and detection results

parameters )
Measured frequencies(Hz) . .
Case B a B o
f f f (Error/%)  (Error/%)
1 2 3
1 0.316 0.137 72.07 460.74 1259.2 0.305(3.5) 03L.ax(
2 0.316 0.205 70.06 457.3 12234 0.305(3.5) 0.2(2.4
3 0.659 0.137 73.77 447.68 1273.9 0.655(0.6) 03Lax(
4 0.312 0.342 69.05 455.3 1251.3  0.309(0.9) 0.35%(3
Conclusions

A method has been proposed to detect the locatidrdapth of the cracked pipe. The crack
detection method is based on wavelet-based elear@hiSVR algorithm. Firstly, the cracked
pipe element model of BSWI is constructed to obtaimputational frequencies under different
crack location and depth, and then the frequenda&abase is used as training samples to
construct the crack prediction model by means oRSAlgorithm. The first three measured
frequencies can be employed as inputs to the ta®¥R model to predict the unknown crack
location and depth on pipe. Both the numerical fitens and experiments were carried out
and the performance of the presented method wéftedeHowever, the cracks are so complex
that much more work should be performed in ordedétect the real rather than man-made
damages in future research.
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