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ABSTRACT

Damage in a plane structure can cause perturbation to the equation of out-of-plane
motion, which can be equivalently regarded as the transverse pseudo-force (TPF)
applied to the plane structure. Thereby, the detection of damage in the plane structure
can be achieved by identifying the TPF. Nevertheless, it is difficult to formulate the
pseudo-force in a cylinder structure such as a wind turbine tower because its radial,
longitudinal, and circumferential motions are coupled. The aforementioned limitation
leads to a noticeable barrier to extending the TPF to a cylinder structure. To overcome
this barrier, a new concept of radial pseudo-force (RPF) is formulated to represent the
damage-caused perturbation to the radial equilibrium of a cylinder structure, whose
motions are dominated by radial components. The RPF is applied on the lateral surface
of the cylinder and is an ideal indicator for the detection of damage in the cylinder
structure because it appears in the damage region only and almost vanishes in intact
locations. The concept of the RPF is experimentally validated on a wind turbine tower
model, on the internal surface of which a pit was manufactured. The results reveal that
the RPF-based approach is capable of detecting internal damage in cylinder structures
such as wind turbine towers by graphically characterizing the occurrence, location, and
size of the damage.

INTRODUCTION

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

Wei Xu, Hohai University, 1 Xikang Road, Nanjing 210098, China. Maosen Cao, Hohai
University, 1 Xikang Road, Nanjing 210098, China

Zhongging Su, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China. Wiestaw
Ostachowicz, Institute of Fluid-Flow Machinery, Polish Academy of Sciences, 14 Fiszera Street,
Gdansk 80-231, Poland



Besides the existing NDT techniques, approaches relying on vibrations have been
rapidly developed in the past decade for the detection of damage in cylinders [7-10].
Damage can cause changes in structural dynamic characteristics; conversely, damage
can be identified by such changes [11]. Amongst structural dynamic characteristics,
mode shapes can be utilized to graphically characterize the locations and sizes of
damage because mode shapes contain the spatial information of damage. With the aid
of non-contact vibration measurement via laser scanning, mode shape components
(MSCs) acquired from inspection regions of plane structures can be densely measured
with high spatial resolutions [12,13].

Structural damage can cause discontinuities in the derivatives of laser-measured
MSCs with respect to spatial coordinates, whereby the occurrence, location, and size of
the damage can be graphically characterized. Superior to other approaches of damage
detection relying on the derivatives of MSCs, the pseudo-force approach has an explicit
physical sense and wide applicability to the detection of damage in bars, beams, and
plates [14-28]. By rearranging the equation of motion of a structural element, damage-
induced perturbation to dynamic equilibrium can be equivalently regarded as a pseudo-
force applied to the intact structure. Thereby, the detection of damage can be achieved
by identifying the pseudo-force. Starting from the axial dynamic equilibrium, Xu et al.
formulated the concept of axial pseudo-force (APF) for the identification of damage in
bars [14]. APFs appear in damage regions, whereas they rapidly attenuate and almost
vanish at intact locations. Such that damage in bars can be detected and located. By
canvassing the damage-induced perturbation to the transverse dynamic equilibrium of
a beam element, Xu et al. developed an inverse approach relying on transverse pseudo-
force (TPF) to detect a through-width notch in an aluminum beam [15]. By extending
dynamic equilibrium from 1D to 2D elements, the 2D TPF was formulated for the
detection of damage in plates made of isotropic metals or orthotropic composites [16-
21]. Furthermore, to deal with noise interference caused by noise components in
measured mode shapes, low-pass wavenumber filtering, multiscale analysis, and “weak”
formulation were proposed for denoising [14,16,22,23,24,25,26]. To characterize the
full details of multiple damage, integration schemes were developed by fusing pseudo-
force-based damage indices (DIs) [19,22,17]. To enable the pseudo-force approach
independent of structural and material parameters, the optimization strategy and
statistical manner were adopted to establish the baseline-free pseudo-force approach
[24,28,19,20].

Although the pseudo-force approach has been widely developed for the
identification of damage in plates, there is a noticeable barrier to extending the pseudo-
force approach to a cylinder structure such as a wind turbine tower because its radial,
longitudinal, and circumferential motions are coupled. To overcome this barrier, this
study formulates a new concept of radial pseudo-force (RPF) for the detection of
damage in a cylinder structure.

APPROACH OF DAMAGE DETECTION IN CYLINDERS

Consider a cylinder whose vibration is dominated by the radial displacement w. By
vanishing the longitudinal displacement u and circumferential displacement v of the
cylinder, its equation of radial motion can be approximately written as
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where D:% is termed flexural rigidity. By taking account of damping,
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Equation (1) can be written as
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Note that Equation (2) is the same as the equation of out-of-plane motion of a plate
when R vanishes.
Considering a cylinder with local damage in a region denoted as 2, the Young’s
modulus, thickness, and flexural rigidity of the cylinder can be represented as
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where superscripts 1 and D indicate the intact and damaged statuses, respectively. By
substituting Equation (3) into Equation (2) and rearranging Equation (2), one obtains
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where f..c (X, Y) is the RPF induced by the damage. Theoretically, the RPF exists in
the damage region only and vanishes at intact locations:
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in which AE=E'-E®, Ah=h'-h®, AD=D'-D", and Ap=p'—p°. For a
lightly-damped cylinder with ¢ ~ 0, its radial displacement w(x, y,t) is assumed to be

the product of the radial mode shape W (x, y) and time response e'* with i being the
imaginary unit and o being the natural frequency:

w(x, y,t) =W (x, y)e . (6)
By substituting Equation (6) into Equation (4), one obtains
Il
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Figure 1. (a) Electromagnetic shaker attached to the cylinder and (b) laser reflection patches in the
inspection region.

inwhich Fg.- (X, y) denotes the amplitude of f.- (X, Y):
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Note that when the lightly-damped cylinder undergoes steady-state vibration subject to
a harmonic excitation at a natural frequency, its operating deflection shape (ODS) of the

inspection region approximates the corresponding MSC [29].

Equation (8) indicates that the RPF theoretically appears in the damage region only
and almost vanishes in intact locations. Therefore, the RPF is an ideal indicator for the
detection of damage in a cylinder. A DI is established in this study using the amplitude
of the RPF:
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where W [x, y] is the discretized W (x, y) and A* = %(wzp'h' +iowc—

EXPERIMENTAL VALIDATION

A steel cylinder is taken as an experimental specimen of a wind turbine tower model,
as shown in Figure 1(a). 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 3respectively.
The height and external diameter of the cylinder are both 300 mm. The thickness of the
cylinder is 8 mm. The cylinder is welded on a rectangular steel foundation of 10 mm in
thickness, which is bolted at four corners on the vibration isolation platform. The
internal damage was manufactured by drilling a conical pit on the internal surface of the
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Figure 2. (a) Time history of the velocity response and (b) its frequency spectrum.

cylinder, the center of which is 158 mm from the bottom of the cylinder. The diameter
and depth of the conical pit are 20 mm and 4 mm, respectively. As shown in Figure 1(a),
the damage is marked in a red box and shown in a zoomed-in view.

An electromagnetic shaker is attached to the external surface of the cylinder to excite
it in the radial direction, as shown in Figure 1(a). Simultaneously, the SLV scans over
the inspection region to measure the velocities of 21 %21 measurement points. The size
of the inspection region of the cylinder is 160 mm > 160 mm, which spans 70 to 230
mm from the bottom of the cylinder. In dimensionless coordinates of the inspection
region, the damage is centered at £ =0.45 and r =0.55, spanning from 0.3875 to

0.5125in ¢ and from 0.4875 to 0.6125 in 7. 21 <21 reflection patches are pasted on

the cylinder to enhance the reflected laser beams, as shown in Figure 1(b).

The modal analysis has been first implemented to acquire the first several natural
frequencies of the cylinder. The harmonic excitation periodically sweeps from 0 to 1000
Hz with a period of 2.5 s. Simultaneously, the velocity response of the cylinder is
measured from the upper right corner of the inspection region. The time history of the
velocity response in two sweeping periods is shown in Figure 2(a), and its frequency
spectrum is obtained by the fast Fourier transform (FFT) and shown in Figure 2(b).

The cylinder is excited at its resonances to obtain large magnitudes for high signal-
to-noise ratios. From the frequency spectrum in Figure 2(b), the natural frequencies of
the cylinder at 63.75, 258.75, 335.94, and 726.56 Hz are selected as the excitation
frequencies. In comparison with numerical simulation results, vibrations of the cylinder
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Figure 4. (a) DI and (b) its planform (the outline of the actual damage region is marked in a red
circle).

that correspond to those natural frequencies are dominated by the radial components.
When the cylinder undergoes harmonic vibrations subject to the harmonic excitations,
the SLV pointwisely scans the entire inspection region to measure the velocities. Taking
the scenario of 63.75 Hz for illustration purposes, the measured ODS (Figure 3(a)) is
corrected to radial ODS (Figure 3(b)) by the geometric relationship. Note that the
measured ODS needs to be denoised by the wavelet transform [30]. To increase the
spatial resolution, the radial ODS is extended from 21 > 21 to 101 x 101 by cubic
interpolation. As the cylinder is lightly damped, the ODS can be regarded as the
corresponding MSC. By Equation (9), the DI is obtained and shown in Figure 4. The
DI rapidly attenuates and almost vanishes at intact locations; meanwhile, the occurrence
of the damage can be evidently manifested by a sharply rising peak in the damage region.
In its planform, the peak concentrated in the damage region graphically characterizes
the damage: the identified damage is centered at ¢ =0.45 and 7 = 0.55, spanning from

about0.4t00.5in ¢ and fromabout 0.5t0 0.6 in 7, respectively. The result of damage

identification corresponds to the actual damage region, whose outline is marked in a red
circle.



CONCLUSIONS

Addressing the barrier to extending the pseudo-force approach to a cylinder, a new

concept of RPF is formulated for the detection of damage in cylinder structures such as
wind turbine towers. The RPF-based approach is experimentally validated on an
experimental specimen of a wind turbine tower model. The experimental results reveal
that the approach is capable of graphically characterizing the occurrence, location, and
size of damage in a cylinder structure.
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