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ABSTRACT

With the aid of non-contact measurements of vibrating surfaces through laser scanning, operating deflection
shapes (ODSs) with high spatial resolutions can be used to graphically characterize damage in plane structures.
Although numerous damage identification approaches relying on laser-measured ODSs have been developed for
plate-type structures, they cannot be directly applied to circular cylinders due to the gap between equations of
motions of plates and circular cylinders. To fill this gap, a novel approach is proposed in this study for damage
identification of circular cylinders. Damage-induced discontinuities of the derivatives of ODSs can be used to gra-
phically manifest the occurrence of the damage, and characterize the location and size of the damage. The
approach is experimentally validated on a specimen of the circular cylinder component, whose out-of-plane ODSs
in an inspection region are acquired through laser scanning using a scanning laser vibrometer. The results suggest
that the occurrence, location, and size of the internal damage of the circular cylinder can be identified.
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1 Introduction

Many structural components one can encounter in real applications, such as wind turbine towers, can be
simplified as circular cylinders [1]. With the motivation of ensuring the integrity and safety of cylinder-type
structures, nondestructive testing (NDT) techniques relying on the electrical resistance [2], thermography [3],
electro-mechanical impedance [4], laser ultrasonic [5], strain [6], etc., have been widely applied.

Besides the existing NDT techniques, vibration approaches have been rapidly developed in the past
decade for damage detection in circular cylinders [7—10]. Structural damage can induce local reduction of
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stiffness, leading to changes in structural dynamic characteristics; conversely, through such changes the
damage can be detected [11]. Amongst vibration approaches, derivatives of operating deflection shapes
(ODSs) with respect to spatial coordinates can be used for damage identification of circular cylinders
because ODSs contain the spatial information of the damage. However, spatial distributions of the
existing wired sensors are limited and unable to provide ODSs with high spatial resolutions. An
alternative solution is to evaluate pointwise damage indices by moving the excitation throughout
measurement grids like other NDT techniques [8]. With the aid of non-contact measurements of vibrating
surfaces through laser scanning, ODSs of plane structures, e.g., plates, shells, and cylinders, can be
densely measured with high spatial resolutions [12,13]. In the past decade, most studies are focused on
plate-type structures. Qiao et al. [14] used curvature mode shapes (CMSs) to detect delamination in
composite laminated plates. Xu et al. [15-17] integrated CMSs with wavelet transform for the damage
identification of plates. Using the Fourier spectral method over the conventional central difference
operator, Yang et al. [18,19] proposed the Fourier spectral CMS to detect damage in composite plates. To
extract damage-induced local features for damage detection of plate-type structures, Cao et al. [20,21]
introduced the principal components analysis into CMSs. Xu et al. [22,23] and Chen et al. [24-26]
extracted local anomalies in differences between measured and reconstructed CMSs, by which damage in
plate-type structures can be identified. Cao et al. [27] used derivatives of shear strains for damage
detection of plate-type structures. Furthermore, Xu et al. [28] formulated the concept of twist derivative
to detect and locate damage in plate-type structures. The concept of “pseudo-force/excitation” was
recently proposed by regarding the damage effect as an equivalent force applied on structural elements
bearing damage [29—40]. The pseudo-forces of plates are formulated using out-of-plane ODSs and their
fourth-order derivatives.

Although numerous approaches relying on laser-measured ODSs have been developed for damage
identification of plate-type structures, they cannot be directly applied to circular cylinders due to the gap
between equations of motions of plates and circular cylinders. To fill this gap, a novel approach is
proposed in this study for damage identification of circular cylinders. In particular, starting from the
equation of motion of a circular cylinder element, three damage indices (DIs) are formulated using
derivatives of out-of-plane ODSs of the circular cylinder. Damage-induced discontinuities of the
derivatives of ODSs can be used to graphically manifest the occurrence of the damage and characterize
the location and size of the damage. Through the proposed approach, the occurrence, location, and size of
the internal damage of the circular cylinder can be identified.

The rest of the paper is organized as follows. Section 2 proposes a novel approach for damage
identification of circular cylinders using laser-measured ODSs. Section 3 experimentally validates the
approach on a specimen of circular cylinder which is a component of a wind turbine tower model. The
specimen is excited by harmonic excitations using an electromagnetic shaker, and its out-of-plane ODSs
in an inspection region are acquired through laser scanning using a scanning laser vibrometer (SLV).
Section 4 presents concluding remarks.

2 Damage-Caused Singularity in ODSs

Considering a circular cylinder subject to single-tone harmonic excitations in the transverse direction, at
some frequencies it only has radial displacements but does not have circumferential and longitudinal
displacements. The equation of out-of-plane motion of the circular cylinder can be written as [1]

Eh 1 K
-2 (2t §V4)W(xvyv 1) + ph

Pw(x,y,t)  Ow(x,y,t)
o ar

where w(x, y, t) is the radial displacement of the circular cylinder at its mid-surface with respect to time ¢ and
spatial coordinates x and y in the circumferential and longitudinal directions, p is the material density per unit

= q(x,,1), (1)
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volume, £ is the thickness, ¢ is the damping coefficient, ¢(x, y, ¢) is the transverse excitation, and the operator
V* denotes

ot ot o
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Assume that the steady-state displacement w(x, y, #) of a lightly-damped circular cylinder is the product of the
ODS W (x,y) and time response e " with i being the imaginary unit and w being the vibration frequency:

wr,y, ) = W (x,p)e . 3

For elements in the circular cylinder that bear no transverse load, i.e., ¢(x,y,¢) = 0, Eq. (1) can be rewritten
by substituting Eq. (3) into it:

4 2 . _
DV W(X,y) + (Rz(l _ vz) - ph - lwc)W(x,y) - 07 (4)
here D Bl is the fl | rigidit
= ——57 Xural rigiaity.
where 12(1 _vz) S the Tiexu gidity.

Considering a local damage whose damage region is denoted as 2, it can be indicated from Eq. (4) that
damage can cause the reduction in local flexural rigidity D(x, y) in 2; conversely, derivatives of W (x, y) are
supposed to change in €2 to ensure that Eq. (4) always holds whether within or out of 2. Discontinuities of the
derivatives can be used for damage identification, whereby the occurrence of the damage can be manifested
and the location and size of the damage can be characterized. In this study, three DIs are formulated using
derivatives of W (x,y) for damage identification:

DI (x,y) = #Vgiic,y) + A Vg)(;f’y) ‘, (5a)
D) = O] ()
DI3(x,y) = DI, (x,y) + Db(x,y). (5¢)
For numerical evaluation, DIs in Eq. (5) can be calculated by the finite difference method:
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DI3[x,y] :Dll[x7y] +D12[X,y], (6¢0)

with A, and £, being the measurement intervals in the x- and y-directions, respectively. It is noteworthy that
all DIs are normalized using their absolute values, with their maximum magnitudes being units for generality.

3 Identification of Internal Damage in a Circular Cylinder Using Laser-Measured ODSs

The capacity of the approach of damage identification is experimentally validated on a specimen of
circlular cylinder, whose out-of-plane ODSs in an inspection region are acquired through laser scanning
using an SLV. The experiment was implemented in the Structural Dynamics Laboratory at Hohai University.

3.1 Experimental Specimen and Setup

A circular cylinder made of steel Q235B is taken as an experimental specimen as shown in Fig. 1, which
is a component of a wind turbine tower model. Considering environmental effects on structural surfaces after
long-term service, the surfaces of the specimen have rusted before the experiment. The elastic module and
density of the cylinder are 206 Gpa and 7850 Kgm ™, respectively. The height and external diameter of the
cylinder are both 300 mm. The thickness of the cylinder is 8 mm. The lower circular edge of the cylinder is
welded with a rectangular steel plate as the foundation of the cylinder, which is of thickness 10 mm and fixed
by bolts on the vibration isolation platform at its four corners. The size of the rectangular measurement region
of the cylinder is 160 mm x 160 mm, which spans from 70 to 230 mm from the foundation. In the
measurement region, 21 X 21 patches of reflection tapes are uniformly distributed for laser scanning
measurement, as shown in Fig. la. Internal damage (marked in a red circle) was manufactured by drilling
to form a conical pit on the internal surface of the cylinder, as shown in Figs. 1b and lc. The diameter
and depth of the conical pit are 20 and 4 mm, respectively. In dimensionless coordinates of the
measurement region, the damage is centered at { = 0.45 and u = 0.55, spanning from 0.3875 to
0.5125 in { and from 0.4875 to 0.6125 in #. The zoomed-in view of the damage is shown in Fig. 1d.

e
© (d)

Figure 1: Experimental specimen: A circular cylinder with internal damage
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The experimental setup is shown in Fig. 2, consisting of an actuation system and a sensing system
(Fig. 2a). The actuation system consists of an arbitrary waveform generator (DH testing-DH1301, shown
in Fig. 2b), a power amplifier (DH testing-DH5872, as shown in Fig. 2¢), and an electromagnetic shaker
(DH testing-DH40200, as shown in Fig. 2d). The waveforms generated by the arbitrary waveform
generator are amplified by the power amplifier and then input into the electromagnetic shaker to produce
forces. The electromagnetic shaker is attached to the external surface of the cylinder to excite it in the
radial direction. The equipment of the sensing system is an SLV (Polytec-PSV 400), which consists of a
scanning laser head (Fig. 2a) and a controller (Fig. 2e). The SLV is used to measure the velocities of the
circular cylinder at the measurement points. The grid layout of the measurement points that covers the
damage region is shown in Fig. 3.
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Figure 2: Experimental setup: Actuation and sensing systems
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Figure 3: Grid layout of the measurement points covering the damage region

3.2 Experimental Results

The modal analysis has been first implemented to acquire the natural frequencies of the circular cylinder.
The voltage set in the arbitrary waveform generator is 2 V and amplified to 15 V in the power amplifier. The
harmonic excitation periodically sweeps from 0 to 1000 Hz in 2.5 s. Simultaneously, the SLV is used to
measure the velocity response of the cylinder at the upper right corner of the measurement region. The
number of fast Fourier transform (FFT) lines is 6400, and the sampling frequency is 2.56 kHz. The time
history of the velocity response is shown in Fig. 4a, and its frequency spectrum is obtained by FFT and
shown in Fig. 4b.
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Figure 4: (a) Time history of the velocity response and (b) its frequency spectrum

The cylinder is excited at its resonances in this study to obtain large magnitudes for high signal-to-noise
ratios. From the frequency spectrum of the cylinder (Fig. 4b), its natural frequencies of 12.50, 63.75, 100.63,
and 335.94 Hz are selected as excitation frequencies. When the circular cylinder vibrates subject to the
harmonic excitations, the SLV scans the measurement region pointwisely. The steady-state velocity
responses at 12.50, 63.75, 100.63, and 335.94 Hz are acquired, which constitute the corresponding ODSs
as shown in Figs. 5a—5d, respectively. The ODSs of the circular cylinder approximate its corresponding
mode shapes for this lightly damped system. The number of FFT lines is 3200, and the sampling
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frequency is 2.56 kHz. Note that the measured ODSs are extended from 21 x 21 to 101 x 101 by cubic
interpolation for higher spatial resolution.

W [x10” m/s]

W [x10” m/s]

© (d)
Figure 5: ODSs for natural frequencies of (a) 12.50, (b) 63.75, (¢) 100.63, and (d) 335.94 Hz

The DI, for the four ODSs in Fig. 5 are calculated by Eq. (6a) and shown in Figs. 6a, 6¢, 6e, and 6g,
respectively, in each of which singular peaks arise in the damage region to manifest the occurrence of the
damage. Besides, the location and size of the damage can be graphically characterized in the planforms
of DI}, as shown in Figs. 6b, 6d, 6f, and 6h. Similarly, the DI, for the four ODSs are calculated by
Eq. (6b) and shown in Fig. 7, where the singular peaks appear in the damage region also clearly detect
and locate the damage. By comparing DI, in Fig. 6 and DI, in Fig. 7, it can be found that the D/; has a
stronger capacity of characterizing edges of the damage while the DI, has a stronger capacity of
pinpointing the center of the damage. Therefore, the DI is suitable for damage identification because it
integrates the merits of the DI} and DI,. The DI for the four ODSs are calculated by Eq. (6¢) and shown
in Fig. 8. It can be seen from Fig. 8 that in each DI; a peak concentrated in the damage region
graphically characterize the damage: the identified damage is centered at { = 0.45 and 5 = 0.55,
spanning from about 0.3875 to 0.5125 in { and from about 0.4875 to 0.6125 in #, respectively. The
results of damage identification correspond to the actual damage region whose outlines are marked in red
dashed circles.
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Figure 6: DI; for natural frequencies of (a) 12.50, (c) 63.75, (e) 100.63, and (g) 335.94 Hz and their
planforms (b), (d), (f), and (h)

Furthermore, to suppress the interferences at undamaged locations of the D/; in Fig. §, an integrating
scheme is utilized to fuse multiple D/3 associated with different ODSs, by which a hybrid DI is produced,
denoted as DIy:

DIy (x,y) = %ZDIM (x,7). (7)
k=1

By comparing the DIy in Fig. 9 with the DI; in Fig. §, it can be found that interferences at undamaged
locations become less pronounced. In contrast, damage characteristics become more evident because such
interferences are averaged while the singular peaks at the damage region are enhanced.

The experimental results validate that internal damage identification of circular cylinders can be
achieved by the approach proposed in this study, by which the occurrence, location, and size of the
damage can be graphically characterized. The proposed approach for damage identification in circular
cylinders is baseline-free, which means that the material or structural parameters can be absent. Only out-
of-plane ODSs of circular cylinders in inspection regions are needed to be measured through laser
scanning, from which the DIs can be calculated using the finite difference method. Nevertheless, it is
assumed the cylinders under inspection only have radial displacements but do not have circumferential
and longitudinal displacements.
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Figure 7: DI, for natural frequencies of (a) 12.50, (c) 63.75, (e) 100.63, and (g) 335.94 Hz and their
planforms (b), (d), (f), and (h)
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Figure 8: Planforms of the DI; for natural frequencies of (a) 12.50, (b) 63.75, (c) 100.63, and (d) 335.94 Hz
(the outlines of the actual damage region are marked in red dashed circles)
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Figure 9: (a) Hybrid DI and its (b) planform

4 Concluding Remarks

Due to the gap between equations of motions of plates and circular cylinders, approaches for damage
identification of plate-type structures relying on laser-measured ODSs cannot be directly applied to
circular cylinders. To fill this gap, a novel approach is proposed in this study for damage identification of
circular cylinders. The approach is experimentally validated on a circular cylinder component, whose out-
of-plane ODSs in the inspection region are acquired through laser scanning using an SLV. Through the
proposed approach the occurrence, location, and size of the internal damage of the circular cylinder can
be identified. Some conclusions are as follows:

(1) Starting from the equation of motion of a circular cylinder element, three Dls, i.e., DI}, DI, and DI,
are formulated using derivatives of out-of-plane ODSs of the circular cylinder. Damage-induced
discontinuities of the derivatives of the ODSs can be used to graphically manifest the occurrence of the
damage and characterize the location and size of the damage.

(2) The experimental results suggest that the D/; has a stronger capacity of characterizing edges of the
damage while the DI, has a stronger capacity of pinpointing the center of the damage. Therefore, the DI is
suitable for damage identification because it integrates the merits of the D/, and DI,.

(3) The hybrid DI DIy is produced using the integrating scheme to fuse multiple D/3 associated with
different ODSs. In the DIy, interferences at undamaged locations are averaged while the singular peaks at
the damage region are enhanced. Compared with DI, interferences at undamaged locations can become
less pronounced while damage characteristics can become more evident.

(4) The proposed approach for internal damage identification of circular cylinders is baseline-free, which
means that the material or structural parameters can be absent. Only out-of-plane ODSs of circular cylinders
in inspection regions are needed to be measured through laser scanning, from which the DIs can be calculated
using the finite difference method. Nevertheless, it is assumed the cylinders under inspection only have radial
displacements but do not have circumferential and longitudinal displacements.
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