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Abstract

In this paper, a method of crack detection in beam is provided by wavelet analysis of transient flexural
wave. Firstly, we introduce a rotational spring in the cracked-beam model, and calculate the transient
flexural wave propagation by the Reverberation Matrix Method. Secondly, at any point in this beam, the
arrival time of waves with different group velocities can be identified by means of analysis of wavelet
transform. From the signal of mid-frequency flexural wave extracted by wavelet transform, we can exactly
determine the existence and position of crack in the beam. Here, a similar experiment is also produced to
test the transient strain signal in beam, and the result after wavelet transform analysis is shown in accord
with the theoretical one. Therefore, a powerful method is proved by the theoretical and experimental
studies on the cracked beam, which can detect the crack accurately utilizing the wavelet analysis of the mid-
frequency flexural wave.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Defects are almost unavoidable in structures, and their existences will decrease the mass,
stiffness, strength and safety of structures. How to diagnose the existence and position of defect is
an important and promising problem. Currently, a lot of researchers devote their attention to
detect the damage in structure by means of the ultrasonic method [1] and vibration-based method
[2-5]. Because the ultrasonic wave decays very quickly during the propagating process in
structure, it can only detect the damage in its near field for the case that the vicinity of damage
must be known in advance. For the damage detection in a large-scale structure, the ultrasonic
method will be time-consuming and costly. The vibration-based method utilizes the vibration
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characteristic of structure to diagnose the damage, which can only give global information on the
structure. Rizos and Apragathos [3] produced the crack in beam as a local flexibility and
developed a crack detective method by the measured vibration modes to determine the crack
location and depth. Narkis [4] stimulated the crack in simply supported beam by an equivalent
spring and investigated the change of natural frequency to identify the crack location. However,
the signal of vibration is insensitive to damage, especially to small damage. Therefore, a new
detective method needs to be proposed, which not only is sensitive to small damage, but also can
detect the damage in large-scale structures. Consider the middle frequency wave which not only is
sensitive to the damage but also decays slowly unlike the ultrasonic wave utilizing the middle
frequency signal to diagnose the damage will be an effective method, and up to now only a little
attempt has been done [6].

Wavelet transform (WT) is the local transform of space and time. Time—frequency window of
WT has self-adaptability, which is suitable for detecting the abrupt information from signal.
Inoue et al. [7] firstly applied the Morlet wavelet transform to the analysis of flexural wave in
Euler beam. Onsay and Haddow [8] determined the location of the impact by analyzing the
flexural wave of Timosenko beam based on Gabor wavelet. They point out that the largest peak
of WT magnitude of dispersive wave happens at the arrival time of wave at the group velocity.
However, the above works are not related to the damage detection.

The aim of this paper is to give a global damage detective method based on wavelet analysis of
flexural wave in beams. Firstly, we introduce an approximate model of Timoshenko beam
including a vertical edge crack, where the crack is modelled by a rotational spring. According to
this model, transient flexural waves can be calculated by the Reverberation Matrix Method [9,10].
Furthermore, based on the wavelet analysis of the flexural wave in cracked beam and non-cracked
beam, we can identify the arrival time of waves with different group velocities, and determine the
location of crack in the beam. Lastly, a similar experiment is given to verify the reliability of this
method.

2. Cracked beam model

For convenience, we consider a Timoshenko rectangular beam with a single-edge vertical crack
as shown in Fig. 1. Here the cracked beam is treated as two uniform beams, and connected by a
rotational spring at the crack location. In order to avoid the non-linearity, the crack is assumed to
be open at any time, and only the effect around near field of crack is considered. We decompose

T h

Fig. 1. The model of crack.
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the transverse displacement w into wp caused by bending and wy caused by shear force, so the
flexural wave equations of Timoshenko beam can be written as follows:

2 2
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where E is Young’s modulus, G the shear modulus, p the material density, and x the shear force
factor. I, and A4 indicate the moment of inertial and the area of cross-section, respectively. The
corresponding moment, shear force, displacement and rotational angle is given by

wy oWy Owp
M =EL—— = KGA = 5 = 2
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The group velocity of wave can be defined by
¢y = do/dk, 3

where o is the angular frequency and k is the wave number.

There are two kinds of waves with different group velocities in Timoshenko beam as shown in
Fig. 2. One kind of waves (slow wave) has a lower limit of group velocity and can propagate at all
frequencies. The other one (fast wave) has a higher limit of group velocity, but it can only
propagate beyond the cut-off frequency, which is expressed by

W = cl/RZ\/ﬁy (4)

where n = E/xkG, ¢; = \/E/p, R. = \/I./A.
The connective conditions of two uniform beams at the crack are
wik = wyn, Myx = My, Vik=Vin, ‘PJK - l//JN = CWZJK’ ()

where C is the flexibility of the rotational spring. Subscripts JK and JN indicate the point J on the
crack corresponding to different parts of beam K and N (shown in Fig. 1). The flexibility C for
one side crack is given as [3]

C = 5.346h f (&), (6)
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Fig. 2. Group velocity in Timoshenko beam.
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where & = a/h, h is the height of the cross-section of the beam, « is the depth of the crack,
F(&) =1.8624E2 — 3.958% 4+ 16.375E% — 37.2268° + 76.81&8
—126.9¢7 + 17288 — 143.978° + 66.56£°

3. Transient flexural wave of cracked beam

Consider that a cracked beam can be separated into M elements by M + 1 joints. All external
forces are assumed to be loaded at joints. The crack is also considered as a joint. For an element
JN, we introduce a local co-ordinate system at each joint, which is shown in Fig. 3.

By applying Laplace transform to Eqs. (1) and (2), where Laplace transform of (w’V, /") with
respect to ¢ is denoted by (N, V) = [ (w/N,y’N)e 7 dt, the corresponding displacement
vector U”V(x, p) = (/N (x, p), ¥’V (x,p)} Tin the local co-ordinate system JN is expressed as

UJN(X,p) —_ AiN&JN + DiNQ(]N, (7)

where &’V = {a/V, &N}’ and &N = (&N, &N }N are amplitude of arriving and departing waves
in the local co-ordinate system JN, respectively. The phase matrix of the arriving and the
departing displacement wave A7V and D’V in the local co-ordinate system JN are denoted by

(1 -+ op)e (1+o<z>e”’“] v _

slesl.\‘

(1 +o)e ™ (14 ae
A‘;N - S1X 72X ’ (8)

Spe%2¥ —sie —$e”

where

81,2 :P\/l +nt \/(1 — ) — 4+ G/ Rep) [V 21, 012 = Ry(p? — &1,/ (kc3), e2 = \/G/p.
Force vector F/¥(x,p) = {MN(x,p), V"V(x,p)}" in the local co-ordinate JN is expressed as
FN(x,p) = a/Na™ + DIV &Y, )
where 47" and D/"are the phase matrix of the arriving and the departing force wave, which are

2 S1X 2 57X 2—5851X 2 —5X
N ELs% Elske ] ELs% Elske
2

A

JN
S
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kAGo 515 kAGoys,es>™ —kAGo s —kAGons,e 52 (10)

Substituting Egs. (7) and (9) into the boundary condition Eq. (5) at the crack, force equilibrium
and displacement compliance for other joints, and introducing the arriving wave amplitude vector

y NJ Y N
N J
zV NV J/ y o
z

Fig. 3. The local co-ordinate system of joint.
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a’ = {a’V, &8 and departing wave amplitude vector &/ = {@’V,d’X}T of Joint J, the scattering
relation of the arriving and the departing wave of Joint J has the form

& =8 -, (11)

where S” is the local scatter matrix of Joint J. §/ is the local source vector of Joint J, which can be
found in the Appendix.
Then the scatter relation of all joints is assembled into the global matrix as

d=Sa+3, (12)

where d, &, § and S are, respectively, the global amplitude vectors of arriving wave and departing
wave, source vector and scatter matrix. Since both vectors d and @ are unknown quantities, there
must be an additional equation relating d and a. A departing wave from a joint of a beam is also
considered as an arriving wave at the other joint of the same beam. However, the amplitude for
waves at both joints of element JN can be differed by a phase shift factor as follows:

a = PNEK pa, (13)
where P/N(I’N p) is the local phase shift matrix in the local co-ordinate system JN, which is
o 7311JN 0
IN(IN \ _
P m%—[ 0 _emml (14)
Then Eq. (14) can be assembled into the global matrix as
a=Pd, (15)
where P is the global phase shift matrix, which is given by
F P12, p) 0 0 0 i
0 P (Pp) - 0
P—| S : : . (6)
0 0 o PMOMEDM(MAD ) 0
| 0 0 0 P(M—H)M([(M—H)M,p)_

The global vectors d and d have the same elements, but are sequenced in different vectors. This
relation can be expressed through a permutation matrix H as

d= Hd, (17)

where H is a 4 M x 4M block-diagonal matrix composed of M, the same 4 x 4 sub-matrix H; and
other vanishing elements as follows:

H, 0 0 0 0 1 0
0O H, -- 0 0 0 0 1
H=| | .. s H, = (18)
: : ) : 1 0 0 O
0 0 - H, 01 0 O
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Substituting Eq. (17) into Eq. (15), the additional equation about d and @ is derived as
a= PHd. (19)
Solving Egs. (19) and (12), the result can be written as
d=[I—R]"'S, (20)

where R = SPH is called the Reverberation Matrix.
If d and a are known, the displacement and the force in Laplace domain at any position yield

U= (4,PH + D,)[I — R"'3,
F = (4PH + Dy)[I — R"'5. 21)

It can be solved by inverse Laplace transform of Eq. (21), but it is not easy to solve. Because
[I — R]™' has a lot of poles solved by residual theorem, it needs a lot of accurate poles, which
makes the computational work become very difficult. If the matrix / — R is a singular one,
[I — R]™' does not exist. By the expansion of rays, it can be the expanded series [I — R]™' =
> g RX, so the displacement vector is denoted as

<]
Ux,)=> o / [A,PH + DR3¢ dp, (22)
x=0-"

Here, each integral represents the waves which arrive at point x after being refracted K times in
the beam. The waves with respect to K = 0 arrive directly at x point from source, so they are
called source waves. According to the observation time, the dynamic response can be computed
by truncating the series. The inverse Laplace transform of Eq. (22) can be computed by means of
the Fast Fouier Transform (FFT) according to Ref. [10].

4. Wavelet analysis

Let f(¢) be a signal in the time domain (— o0, c0), continuous wavelet transform of f(z) can be
expressed as

wrn = [ si("7) a 3)

where ¢ is mother wavelet and the bar indicates its complex conjugate. ¢ and b are real-valued
parameters and can be used to characterize the dilation and translation features of wavelet.
In this paper, Morlet wavelet and its Fourier transform are adopted, which are

¢(Z) — n71/4(efiw0t - efoJ%/Z)efﬂ/z, 4;(60) — 7_671/4(67(@—&)0)2/2 _ ef(w:‘)+w2)/2), (24)

where g is a real and positive constant. When wy =5, e /2 is approximately equal to zero. So
Eq. (24) are approximately expressed as
¢(Z) — n71/4efi(uoteft2/2’ d;(w) — chl/4ef(w7wg)2/2' (25)

In this paper, we take wg = 5 for the following analysis.
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The wave in beams is denoted in the Fourier integral form

u(x.t) = - /  A(w)e ko gy, (26)

P

So WT of u(x, ) can be expressed as
Wu(a b X) \/_ 71/4 A(w)eflkariwbef(awfwo)z/2 dw. (27)

For the above equation, only the vicinity of wq / a can contribute to the integral of the equation. So
Eq. (27) can be expressed approximately as
~1/4

T
Wu(a, b, x)|~
Wb, 91~y
where Y = (kyx — b)/a, ki = dk/dwl,_, /.- Eq. (28) indicates that the magnitude of WT takes its
maximum value at a = wy/w and b = (dk/dw)x = x/c,. That is to say, the location of peak
indicates the arrival time b = x/c, of the wave with angular frequency o = wy/a.

A(wo/ a)

(28)

5. Numerical example

A cantilever beam with a length of 0.6m and a cross-section of 0.01 m x 0.01 mm? is only taken
for example in this paper. The material parameters are chosen as modulus of elasticity £ =
2.1 x 10" Pa, the Poisson ratio v = 0.3 and shear force factor k = n?/12 . The edge crack with the
depth of 0.005 m is located in the middle of the beam. When the step load FyH(¢) is acted on the
free end of the beam, strain signals at position 4 and B in beam can be computed, here 4 and B
points are separately set with the distances from the free end 0.45 and 0.15m. The transient strain
wave of the cracked beam and uncracked beam at 4 and B is shown in Figs. 4 and 5, respectively,
which is computed by the Reverberation Matrix Method. In Figs. 4 and 5, the strain signal and
time are normalized by Fy/EA and L/6¢;, respectively, where L is the length of the beam. Here,
there are 2048 data points recorded as strain signal in the 15 time units.

uncracked beam

— = - cracked beam .

normalized strain

o 5 10 15
normalized time

Fig. 4. Strains of position A4 in uncracked beam and cracked beam.
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5 10 :
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Fig. 5. Strains of position B in uncracked beam and cracked beam.
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Fig. 6. Magnitude of WT of waves (shown in Fig. 4) with the different normalized scale.
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Fig. 7. Magnitude of WT of waves (shown in Fig. 5) with the different normalized scale.

The scale a is also normalized by sampling period 7. According to the waves shown in Figs. 4
and 5, their wavelet transform with different normalized scale a is given in Figs. 6 and 7,
respectively. Every peak in the figures represents the arrival time of wave at the group velocity. In
Fig. 6, for uncracked beam at normalized scale ¢ = 2, the times of the first three peaks are
separately 4.5264, 7.5366, 8.0054 to time unit, which indicate the arrival of the fast wave directly
from the free end, the refracted fast wave from the fixed end, and the slow wave directly from the
free end, respectively. The group velocity of the fast wave is 0.9924 and the group velocity of the
slow wave is 0.5621. Compared with the uncracked beam, we can notice that WT of cracked beam
adds two additional peaks between the first and the second peak to uncracked beam, whose
corresponding times are 5.6860, 6.8457. The first additional peak represents the arrival of the
refracted slow wave caused by the source fast wave propagating through the crack. But it is too
weak as shown in the figure. The second additional peak is the arrival of the refracted fast wave
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that is caused by the source slow wave propagating through the crack. To point B, similar results
of WT analysis can be obtained as shown in Fig. 7.

Accompanied by the increase of scale a, i.e., the decrease of frequency, width of every peak
becomes more and more wide so that some waves are difficult to be identified according to the
peak. When the scale is near the normalized cut-off scale (here normalized cut-off scale a. = 35),
the group velocity of the fast wave is very low or vanish so that it is not clear to find the peaks
representing the arrival of the fast wave and only the slow wave is left. In Figs. 6 and 7, we only
can find the peaks representing the slow wave for normalized scale a = 40. Compared with the
sub-figures of Fig. 7 with normalized scale ¢ = 40 for uncracked-beam, the sub-figure of cracked-
beam has an additional peak. This peak represents the arrival of slow wave reflected by crack.
When the frequency continues to decrease, that is to say, the normalized scale continues to
increase; it is more and more difficult to find peaks indicating waves caused by the crack because
of the effect of diffraction.

6. Crack localization

Through the above analysis, the method of determining the existence and location of crack
based on the wavelet analysis of mid-frequency flexural wave is developed. This process can be
shown as follows.

Step 1: Select the appropriate normalized scale a. Here we select the normalized scale greater
than or equal to the normalized cut-off scale, which is expressed as

a=wy/(wT), (29)

where T is the sampling period.

Step 2: Determine the group velocity of mid-frequency slow wave. According to the first arrival
time of the wave at different positions 4 and B at the selected normalized scale, the group velocity
can be calculated by

¢g = (L — Ip)/(ta — 1p). (30)

Step 3: Give the arrival time of all waves of the uncracked beam according to group velocity of
slow wave. Compared with WT of waves in uncracked beam, if the additional peak is found from
WT of measurement signal, it means that there exists the crack in the beam. So the position of the
crack can be determined according to the arrival time of the first two waves and additional wave.
There are two cases. Case 1, additional peak occurs after the first peak and before the second
peak, it means that the crack is between the clamped end and the observation point, so the
distance from the observation point is ¢, Az/2, where At is the time interval between the first
peak and the additional peak. Case 2, additional peak occurs after the second peak, it means
that the crack is between the free end and the observation point, so the distance from the
observation point is ¢, At/2, where Atis the time interval between the second peak and the
additional peak.
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7. Experimental investigation

The experimental investigation is performed by a cantilever beam with an edge crack subjected
to impact at free end. The Plexiglass cantilever beam of 4.09 mm x 32.41 mm cross-section,
260 mm in total length, modulus of elasticity E = 5.03 x 10° Pa, the Poisson ratio v = 0.361,
density p = 1215 kg/m3 and shear force factor k = % is only taken in this experiment. The pre-
crack with depth 12mm is located at 107.21 mm from the free end. The bending strains are
measured by using strain gages at points C and D with the distance 60 and 180 mm from the free
end. The sampling period 7 is equal to 0.25 ps.

Fig. 8 shows strains measured at positions C and D. Fig. 9 shows the magnitude of WT of
strains at positions C and D at normalized scale ¢ = 200 (normalized cut-off scale a. = 186). The
first peaks of C and D can be detected at 257.5 and 372.25 ps, respectively. According to Eq. (27),
group velocity ¢, = 1046 m/s is given, which agrees well with the theoretical group velocity
¢y, = 1081 m/s. Furthermore, the arrival time of the reflected wave at position C from the clamped
end is about 639 us. There is one peak at 639 us in Fig. 9 for C, which represents reflected wave
from the fixed end. Between them, there occur additional peaks (337.5 us), which include the
influence of crack. According to the first peak (257.5 us) and the additional peak (337.5 us), the
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Fig. 8. Strains measured at positions C and D.
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Fig. 9. Magnitude of WT of waves measured at positions C and D.
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distance of the crack from position C can be determined at about 43.2 mm (the actual distance is
47.2mm). According to the WT of position D, the distance of the crack from position C is
43.4mm. As for the high-frequency wave, it is too weak to distinguish from the noise by wavelet
transform. When the scale is too large, that is to say, the frequency is too low, the peaks indicating
the wave caused by the crack do not be seen similar with the analytical result because of the effect
of diffraction.

Compared with the real condition, it is illustrated that it is an effective method for determining
the location of the crack by utilizing mid-frequency flexural wave extracted by wavelet transform.

8. Conclusion

From the analytical and experimental analysis, it is concluded that the model of cracked beam
is suitable for the mid-frequency flexural wave. As for the high-frequency flexural wave, the
analytical analysis can give good results, but in fact, the signal is too weak to distinguish from the
noise. The low-frequency flexural wave also cannot be used to detect the location of the crack
because of the effect of diffraction. To utilize the mid-frequency slow wave extracted by wavelet
transform to detect the crack can give better results. This method can only determine the existence
and location of the crack, which is not suitable for diagnosing the depth of crack and style of
damage. So this method can be used as a supplement of the ultrasonic method, so that much time
and money will be saved. Furthermore, this method based on mid-frequency flexural wave
extracted by wavelet transform is also suitable for the existence and location of multi-crack in the
beam.
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Appendix

The scatter matrix and source vector of Joint J is expressed by, respectively,
SJ — —(DJ)_IAJ, S,J — _(DJ)—I?’J.

For the joint at the crack

I+ 14w 1+ o 1+ l+oa; 14w 140 1+
D — —o1ST —os o181 %282 ® = o181 %282 —01S] —0282
N 52 52 57 3 ’ N 52 52 52 53 ’
1 2 1 2 1 2 1 2
-5 e I Cs% —5y — Cs% —51 S Cs% Sy — Cs%

g’ =(0,0,0,0)".
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For the joint at the clamped end

1+ oy 1—|—oc2_ _l—i—ocl 14+ o A
D’ = , A= . 9 =00"
51 52 —S1 =82
For the joint at the free end
2 2 ] )
Ky s s A oa
p— |9 2 A = |7 2 i =, FH.
—S51 —5 S 5
For the joint at the simply supported end
I+o IT+om l+a; T+ -
J J _ AT _ J\T
D - S2 SZ ) A - S2 S2 B g _(OaM) .
1 2 1 2
For the general joints
st 53 5t 53 st 53 st 53
7 —x1s —0282 181 0282 YU x181 0282 —OST 0282
l4+o 140 140 l14+oul’ l+oa; 140 14+a IT4o|
—S1 —82 S1 52 S1 52 —S1 —82

g: (MJ,FAJ, Oa O)Ta

where M”and F’are the external moment and vertical force of Joint J, respectively.
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