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Damage Identification of Beams
Using a Continuously Scanning
Laser Doppler Vibrometer
System

A continuously scanning laser Doppler vibrometer (CSLDV) system is capable of rapidly
obtaining spatially dense operating deflection shapes (ODSs) by continuously sweeping a
laser spot from the system over a structure surface. This paper presents a new damage
identification methodology for beams that uses their ODSs under sinusoidal excitation
obtained by a CSLDV system, where baseline information of associated undamaged
beams is not needed. A curvature damage index (CDI) is proposed to identify damage
near a region with high values of the CDI at an excitation frequency. The CDI uses the
difference between curvatures of ODSs (CODSs) associated with ODSs that are obtained
by two different CSLDV measurement methods, i.e., demodulation and polynomial meth-
ods; the former provides rapid and spatially dense ODSs of beams, and the latter pro-
vides ODSs that can be considered as those of associated undamaged beams. Phase
variables are introduced to the two methods for damage identification purposes. Effects
of the order in the polynomial method on qualities of ODSs and CODSs are investigated.
A convergence index and a criterion are proposed to determine a proper order in the
polynomial method. Effects of scan and sampling frequencies of a CSLDV system on
qualities of ODSs and CODSs from the two measurement methods are investigated. The
proposed damage identification methodology was experimentally validated on a beam
with damage in the form of machined thickness reduction. The damage and its region
were successfully identified in neighborhoods of prominent peaks of CDIs at different
excitation frequencies. [DOI: 10.1115/1.4033639]
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1 Introduction

Vibration-based damage detection has become a major research
topic of structural dynamics in the past few decades. Since modal
characteristics of a structure, i.e., natural frequencies, mode
shapes, and modal damping ratios, are directly related to physical
properties of the structure, such as mass, stiffness, and damping,
measured modal characteristics can be processed to detect, locate,
and characterize damage in the structure [1]. Methods that use
changes of natural frequencies due to existence of damage have
been investigated by many researchers. Some methods require
minimum amounts of vibration measurements and can yield accu-
rate estimation of positions and extent of damage, since natural
frequencies are global characteristics of a structure and relatively
easy to measure [2-5]. However, natural frequencies do not
directly provide spatial information of structural changes due to
damage, and accurate and physics-based models are needed to
apply the methods, which can be difficult to construct in practice.
Unlike natural frequencies, mode shapes directly provide spatial
information of structural changes due to damage. Curvature mode
shapes can be more sensitive to small damage than mode shapes
and are often used to identify damage [6]. Comparing a curvature
mode shape of a damaged beam with that of an undamaged beam,
one can see that there is a global trend in the curvature mode
shape of the damaged beam, which is similar to that of the undam-
aged one, and local abrupt abnormalities due to damage need to
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be isolated from the trend in order to identify the damage. Pandey
et al. [6] showed that differences between curvature mode shapes
of damaged and undamaged beams mainly exist in damage
regions and increase as damage sizes increase. Ratcliffe [7] pro-
posed a gapped smoothing method to identify damage in beams
by inspecting smoothnesses of CODSs without using CODSs of
undamaged beams. In the gapped smoothing method, the global
trend of a curvature mode shape or CODS at a measurement point
is eliminated using a gapped cubic polynomial that fits the curva-
ture mode shape or CODS of its neighboring measurement points.
However, the technique can be computationally inefficient for a
large-sized dense measurement grid. Yoon et al. [§] combined the
gapped smoothing method and a global fitting method to identify
damage in beams, where generic mode shapes were used to fit
measured mode shapes of damaged beams. However, accurate
models are required to yield generic mode shapes, which can be
unavailable in practice. Xu et al. [9] proposed a curvature mode-
shape-based method to identify embedded horizontal cracks in
beams, where global trends of curvature mode shapes were elimi-
nated using curvature mode shapes from polynomials with prop-
erly determined orders that fit mode shapes of damaged beams.
Xu et al. [10] proposed a noise-robust damage identification
method for bars that used multiscale slope vibration shapes, which
were calculated by applying a wavelet transform to slopes of lon-
gitudinal vibration shapes.

A laser Doppler vibrometer is a noncontact measurement
instrument that can measure the surface velocity of a vibrating
structure along the laser line-of-sight direction, using the Doppler
shift between the incident light and the scattered light that returns
to the instrument [11]. It has distinct advantages of measuring
lightweight structures without having to attach a transducer that
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can locally stiffen or mass load the structures. A laser beam emit-
ted from a laser Doppler vibrometer can be directed to any visible
position on a structure by installing a scanner that consists of a
pair of orthogonal scan mirrors in front of the laser Doppler
vibrometer, and the whole system is called a scanning laser Dopp-
ler vibrometer system. This technique has greatly increased the
spatial resolution of field measurement since the laser spot on the
structure, resulting from the laser beam, can stay at one point long
enough to acquire sufficient vibration data of that point and then
move to the next one by controlling rotation angles of the scan
mirrors.

The point-by-point measurement method using a scanning laser
Doppler vibrometer system usually takes a long acquisition time
in order to get a full-field measurement of a structure, especially
when the measurement grid is large and dense. In the early 1990s,
Sriram et al. [12,13] proposed a new scanning laser Doppler
vibrometer measurement method where the laser spot was contin-
uously swept over a surface of a structure under sinusoidal excita-
tion; they also built a prototype of a CSLDV system. Since the
laser spot continuously moves, the CSLDV velocity output is
modulated by an ODS and can be processed in the frequency
domain to directly obtain the ODS in the form of a Chebyshev se-
ries. Later, Stanbridge and Ewins [14,15] developed two CSLDV
measurement methods to obtain ODSs of a structure under sinu-
soidal excitation, and the methods can be applied to different scan
patterns, such as line scans, circular scans, and area scans. One
measurement method is the demodulation method, where the
CSLDV output is multiplied by sinusoidal signals at the excitation
frequency and a low-pass filter is applied to obtain an ODS. The
other one is the polynomial method, where an ODS is represented
by a polynomial and its coefficients are obtained by processing
the discrete Fourier transform of the CSLDV output. These two
methods were also applied to structures under impact [16] and
multisine [17] excitation. Allen and Sracic [18] proposed a
“lifting” method to treat the CSLDV output of a structure as the
free response of a linear time-periodic system and decompose it
into a set of frequency response functions, from which mode
shapes and modal damping ratios of the structure can be obtained
using conventional curve fitting methods. This method was
extended to output-only modal analysis to identify modal charac-
teristics of a structure under unmeasurable broadband random
excitation [19]. Yang and Allen [20] used a harmonic transfer
function to process the CSLDV output of a downhill ski and
obtain translational and rotational velocities with circular scans.
Khan et al. [21] applied the demodulation method to measure
ODSs of various structures with surface cracks. Short scan lines
were assigned on cracked surfaces to intersect with the cracks,
and discontinuities could be observed in the ODSs. However, dis-
continuities in ODSs may not be obvious when a scan line is on
an intact surface with cracks existing on the opposite one.

This paper presents a new methodology to identify damage in
beams that can be slender or thick using their ODSs under sinusoi-
dal excitation obtained by a CSLDV system. The methodology
does not require any baseline information of associated undam-
aged beams if the beams are geometrically smooth and made of
materials that have no stiffness discontinuities. A CDI that uses
the difference between CODSs associated with ODSs obtained by
the demodulation and polynomial methods is proposed. Phase var-
iables are introduced to the two methods, which control ampli-
tudes of in-phase and quadrature components of measured ODSs,
for damage identification purposes. Effects of the order in the
polynomial method and scan and sampling frequencies of the
CSLDYV system on qualities of ODSs and CODSs are investigated.
A new convergence index and a criterion are proposed to deter-
mine a proper order in the polynomial method for an ODS at an
excitation frequency. An experimental investigation on a beam
with damage in the form of machined thickness reduction was
conducted. The damage and its region were successfully identified
in neighborhoods of prominent peaks of CDIs at different excita-
tion frequencies.
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The remaining part of the paper is outlined as follows. The
damage identification method using CODSs is presented in Sec.
2.1; the demodulation and polynomial methods for a CSLDV sys-
tem are provided in Secs. 2.2.1 and 2.2.2, respectively. Effects of
scan and sampling frequencies of a CSLDV system on qualities of
measured ODSs and CODSs are investigated in Secs. 3.1 and 3.2,
respectively; experimental damage identification results associ-
ated with different excitation frequencies are presented in Secs.
3.3 and 3.4. Conclusion of the work is presented in Sec. 4.

2 Methodology

2.1 Damage Identification Using CODSs. Effects of dam-
age on an ODS of a beam in Fig. 1(a) can be manifested in its cur-
vature, i.e., CODS, as shown in Fig. 1(b), which appear to be
abrupt local abnormalities in the neighborhood of the damage.
Note that white noise with a signal-to-noise ratio (SNR) of 90 is
added to ODSs of damaged and undamaged beams in Fig. 1(a) to
simulate measurement noise. A CODS can be calculated using a
finite difference scheme

y//(x):y(x_h)_z);l(zx)+y(x+h) )

where y(x) is an ODS and £ is the distance between the point x
and either end of a derivative interval; 4 determines the resolution
of the resulting curvature [9]. Adverse effects of measurement
noise on calculation of a CODS can be alleviated by increasing
the value of A, and a suitable value of & can be obtained by
increasing it from a small one until a CODS with a low noise level
is observed. Identification of the damage can be achieved by quan-
tifying the effects of the damage on the CODS using a CDI, which
can be expressed as

$(x) = [yx) — i ()] @)

where y//(x) and y'(x) denote CODSs associated with an ODS of
the damaged beam y,(x) and that of the associated undamaged
one y,(x), respectively. The CDI in Eq. (2) is shown in Fig. 1(c),
and the damage can be clearly identified near the region of high
values of the CDI, which appears to be a prominent peak. When
the ODS of the undamaged beam is not available, one can approx-
imate it using a polynomial with a proper order that fits the ODS
of the damaged beam. This technique was first proposed to iden-
tify embedded horizontal cracks in beams [9]. The ODS from a
polynomial with an order of five that fits the ODS of the damaged
beam and its CODS are shown in Figs. 1(a) and 1(b), respectively.
It can be seen that the ODS from the polynomial fit is almost iden-
tical to that of the undamaged beam and the CODS from the poly-
nomial fit well approximates that of the undamaged one except
near boundaries of the beam. By comparing the CODS of the
damaged beam with that from the polynomial fit, one can clearly
identify the effects of the damage on a CDI, which is modified
from that in Eq. (2) as

2

V() = i) =) Q)

where y(x) denotes the CODS associated with the ODS from a
polynomial fit y,(x). The CDI in Eq. (3) is shown in Fig. 1(d), and
the damage can also be clearly identified in the neighborhood of a
prominent peak in the CDI. The technique of approximating an
ODS of an undamaged beam hinges on the order of the polyno-
mial fit, and coefficients of the polynomial are determined by
solving a least-squares problem. One needs to progressively try
polynomials of different orders to find an optimal one for damage
identification, which can be computationally inefficient especially
for a large and dense measurement grid.
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Fig. 1 (a) ODS of a beam with damage in the form of thickness reduction (damaged), that of
an undamaged beam (undamaged) and that from a polynomial fit (polynomial); (b) CODSs
associated with the ODSs in (a); (c) the CDI using the difference between the CODSs of the
damaged and undamaged beams; and (d) the CDI using the difference between the CODS of
the damaged beam and that from the polynomial fit. Locations of damage ends are indicated

by two vertical dashed lines.

2.2 CSLDV System. In a CSLDV system, a laser spot is con-
tinuously swept over a vibrating structure surface by controlling
its pair of orthogonal scan mirrors, called X and Y mirrors, which
are connected to two independent stepper motors. Input signals to
the stepper motors directly control rotation angles of the mirrors
and create different scan patterns of the laser spot. Straight line
scans are used in this work to obtain ODSs of a beam along its
length by giving a triangular or sinusoidal input signal to the X
mirror and a constant signal to the Y mirror. If a triangular signal
is given to the X mirror, the amplitude of the rotation speed of the
mirror is constant. It can be assumed that the resultant velocity of
the laser spot on the beam is constant along the scan line when the
rotation angle is sufficiently small. Likewise, if a sinusoidal signal
is given to the X mirror, the resultant velocity of the laser spot on
the beam can be assumed to be sinusoidal along the scan line. To
obtain the ODS of a beam under sinusoidal excitation, the demod-
ulation and polynomial methods are applied to the CSLDV output
when triangular and sinusoidal signals are given to the X mirror,
respectively. The CSLDV system developed in this work consists
of a Cambridge 6240H scanner, a Polytec OFV-353 single-point
laser vibrometer, and a dSPACE DS1103 controller board that
controls the X and Y mirrors of the scanner, as shown in Fig. 2.

An experiment was set up to measure ODSs of a damaged alu-
minum beam using the CSLDV system, and dimensions of the
beam are shown in Fig. 3(a). There was a region of machined
thickness reduction on one side of the beam along its length, as
shown in Fig. 3(b); the damage was selected in this form in order
to show that its region can be accurately identified by the pro-
posed methodology. The thickness reduction is about 20% of the
thickness of the beam, and the location and length of the damage
are shown in Fig. 3(a). A bench vice was used to clamp the left
end of the beam to simulate a fixed boundary. A straight scan line
was assigned on the intact side of the beam along its length. The
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scan line was nondimensionalized to range from 0% to 100%,
where 0% and 100% represented left and right ends of the scan
line shown in Fig. 3(c), respectively. The damage was located
from 45.71% to 51.43% on the scan line. A strip of retroreflective

vibrometer

controller board

Fig.2 The CSLDV system developed
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Fig. 3 (a) Dimensions of a damaged aluminum beam with a region of machined thickness reduction, (b) the region of
machined thickness reduction, (c) the beam with its left end clamped by a bench vice and its right end connected to a shaker,
and (d) the experimental setup for ODS measurements of the beam
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Fig. 4 (a) CSLDV velocity output of a beam at a sinusoidal excitation frequency of 111 Hz and
the X-mirror feedback signal with a triangular input signal, (b) in-phase and quadrature ODS
components from the demodulation method with 0 =0deg, and (c) in-phase and quadrature
ODS components from the demodulation method with the optimal 6 = 61.74 deg
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Fig. 5 (a) CSLDV velocity output of a beam at a sinusoidal excitation frequency of 111 Hz,
and the X-mirror feedback signal with a sinusoidal input signal; (b) in-phase and quadrature
ODS components from the polynomial method with y = 0 deg; and (c) in-phase and quadrature
ODS components from the polynomial method with the optimal y = 62.56 deg

tape was attached on the intact side of the beam to enhance laser
reflection that directly determined SNRs of the CSLDV velocity
output. The experimental setup is shown in Figs. 3(c) and 3(d): a
MB Dynamics MODAL-50 shaker was connected to the right end
of the beam with a shaker screw, and the CSLDV system was
used to measure velocity responses of the beam along the scan
line. The sampling frequency of the CSLDV system was
32,000 Hz in this section.

2.2.1 Demodulation Method. The demodulation method pro-
posed in Ref. [15] is modified here by introducing a phase variable
0 for damage identification purposes. The steady-state response
frequency of a linear time-invariant structure resulting from sinu-
soidal excitation is equal to the excitation frequency. When a
CSLDV system measures the steady-state response of a structure
under sinusoidal excitation and a triangular input signal is given
to its X mirror, the velocity response of the structure measured by
the system along a straight scan line can be expressed as

va(x, t) = Va(x)cos(wt — o — 0)

= Via(x)cos(wt) + Vg 4(x)sin(wt) “)

where x is the location of the laser spot on the structure along the
scan line, w is the excitation frequency, V,(x) is the ODS of the
structure along the scan line, « is the phase difference between the
excitation and X-mirror feedback signal, and 0 adjusts amplitudes
of Via(x)=Vy(x)cos(a+0) and Vg4(x) = Vy(x)sin(a +6),
which are in-phase and quadrature ODS components, respectively.
In order to obtain V;,(x) and Vj 4(x) from the CSLDV output,
va(x,0) in Eq. (4) is multiplied by cos(wr) and sin(wt), which gives
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va(x, t)cos wt

= Via(x)cos wt cos wt + Vo 4(x)sin wt cos ot (5)

1 1 1
=5 Via(x) + 3 Via(x)cos 20t + 3 Vo.a(x)sin 20t
va(x, f)sin wt
= Vi a(x)cos wt sin wt + Vg 4(x)sin wt sin wt

1 1 1
=5 Voa(x)+ 3 Via(x)sin2mt — 3 Vo.a(x)cos2mt  (6)

250 : T —
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Fig. 6 Comparison between ODSs from the demodulation
method and the polynomial method with m=5
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Fig. 7 (a) ODSs from the polynomial method with m ranging from two to seven and (b)
CODSs from the polynomial method with m ranging from two to nine

respectively. Second and third terms on the third lines of Egs. (5)
and (6) can be eliminated by applying a low-pass filter to v, cos wt
and vy sin ot to yield (1/2)V; 4(x) and (1/2)Vg.4(x), respectively.
Further, V; 4(x) and V¢ 4(x) can be obtained by multiplying corre-
sponding filtered signals by two, which completes the demodula-
tion method.

The CSLDV output of the beam in Fig. 3 under sinusoidal exci-
tation by the shaker at an excitation frequency of 111 Hz and the
X-mirror feedback signal are shown in Fig. 4(a). Note that a trian-
gular signal was given to the X mirror and the scan frequency was
5 Hz. The X-mirror feedback signal was used to determine the
location of the laser spot, based on which one can extract an end-
to-end ODS of the beam under the excitation. In-phase and quad-
rature ODS components obtained by the demodulation method
with 0 = 0 deg are shown in Fig. 4(b). Hereafter, the value of 0 is
optimized to be the one with which V; 4(x) and V 4(x) have their
maximum and minimum amplitudes, respectively. In this case, the
optimal value of 0 is 61.74deg and resulting in-phase and
quadrature ODS components are shown in Fig. 4(c). The spatial
resolution of an ODS obtained by the demodulation method is
determined by sampling and scan frequencies. With the
frequency settings in this case, the ODS is made up by
32,000/(5 x 2) = 3200 measurement points along the scan line
from one end of the beam to the other. With a higher sampling fre-
quency and a lower scan frequency, the spatial resolution of a
resulting ODS from the demodulation method is higher.

2.2.2  Polynomial Method. The polynomial method proposed
in Ref. [15] is modified here by introducing a phase variable y for
damage identification purposes. Note that y differs from 6 in the
demodulation method in Sec. 2.2.1. In-phase and quadrature ODS
components can be represented using polynomials along the scan
line [15]. The scan line can be normalized using the “center and
scale” technique [22] and expressed as

3 = zx(t)%zx %)

where ¥ is the position of the middle point of the scan line and / is
its length; the domain of x is [—1, 1]. When a sinusoidal input sig-
nal is given to the X mirror, the instantaneous location of the laser
spot on the normalized scan line can be expressed as

£(t) = cos(Qt + pB) ()]

where Q is the scan frequency and [ is the phase difference
between the excitation and X-mirror feedback signal. The CSLDV
output v, (%, f) can be expressed as

051011-6 / Vol. 138, OCTOBER 2016

Vp(X, 1) = V,,()E)cos(cut —-7) = V,vp(ﬁ)cos(wt) + VQ‘,,()?)sin(wt)
)

where 7 is a phase variable that adjusts amplitudes of Vl‘p()%)
=V,(%)cosy and Vp,(%) = V,(#)siny, which are in-phase and
quadrature ODS components, respectively. The ODS components
V(%) and V(%) can be represented by polynomials; substitut-
ing Eq. (8) into the polynomials yields

m

Vip(®) =Y Vit" =" Vi, cos"(Qt + ) (10)

n=0 n=0

Vop(#) = Vout" = Vo, cos"(Qr + ) (11)
n=0

n=0

respectively, where V;, and Vy, are coefficients of the polyno-
mials, and m is their order. With substitution of Egs. (10) and (11)
into Eq. (9), v, (%, 7) can be expressed as

vp(X, 1) = Z Vincos" (Qt+ f)coswt+ Y Vo, cos" (Qt+ f)sinwr
n=0 n=0
- ZAI" { cos [(w —nQ)t— n/ﬂ +cos [(w +nQ)t+ n[ﬂ }
n=0

+ iAQn{sin [(&—nQ)t —nf] +sin [(0+nQ)t+np] }
n=0

(12)

where A, and Ag, are Fourier coefficients, which can be calcu-

lated by
1
Ap = T

T
+ J v, (%, 1)cos [(w + nQ)t + nf] dt} (13)
0

JT v, (%, t)cos[(w — nQ)t — np]dr
0

1
Agn ==

T
T {Jo v, (%, 1)sin[(w — nQ)r — nf]dt

+ JZ v, (%, t)sin[(@ + nQ)z + np] dt} (14)
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Fig. 8 Convergence index con(m) associated with ODSs from
the polynomial method with mup to 14

and V;,, and V,, can be calculated by [23]
{Vi} = [T [{As} (15)
{Vo} = [Tu1]{Ao} (16)

respectively, where {V;} ={Vo, ..., Vlm}T7 {A;}={Ap, ...,AIm}T,
{VQ} = {VQ()7 . ..,VQm} , {AQ} = {AQQ7 . ..7AQm}T, and Tm+1 is an
(m+1) x (m+1) transformation matrix, which is calculated in the
Appendix. This completes the polynomial method.

The CSLDYV output of the beam in Fig. 3 under sinusoidal exci-
tation by the shaker at an excitation frequency of 111 Hz and the
X-mirror feedback signal are shown in Fig. 5(a). Note that a
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sinusoidal signal was given to the X mirror and the scan frequency
was 5 Hz. Figure 5(b) shows in-phase and quadrature ODS
components obtained by the polynomial method with y = Odeg.
Similar to the demodulation method, y can be optimized so that
Vl,,,()E) and VQ_,,()E) have their maximum and minimum ampli-
tudes, respectively. In this case, the optimal value of y is
62.56deg, and resulting V;,(%) and Vp,(X) are shown in
Fig. 5(c). Since amplitudes of in-phase ODS components can be
maximized and those of quadrature ODS components can be mini-
mized in the demodulation and polynomial methods by optimizing
0 and 7, respectively, one can use the in-phase ODS components
with maximum amplitudes from the two methods at the same
excitation frequency to represent the ODSs for damage identifica-
tion that follows. In this paper hereafter, all ODSs are represented
by their in-phase components with maximum amplitudes. The
ODSs from the two methods are compared in Fig. 6, and it can be
seen that they are almost identical. Note that optimal 6 and y do
not have to be equal for maximizing amplitudes of in-phase ODS
components since their values depend on phase differences
between excitation and X-mirror feedback signals in the two
methods.

Details of the demodulation and polynomial methods have been
summarized above. An ODS from the demodulation method can
be considered to be measured in a point-by-point manner. The
main advantage of this method is that an accurate and spatially
dense ODS can be rapidly obtained. Hence, local abrupt abnor-
malities caused by damage can be observed in an associated
CODS with a high spatial resolution. The polynomial method
assumes that in-phase and quadrature components of an ODS can
be represented by polynomials. Similar to the CODS from a poly-
nomial fit in Sec. 2.1, a CODS associated with an ODS from the
polynomial method cannot capture local abrupt abnormalities
caused by damage either, but it can be used to eliminate the global
trend of a CODS from the demodulation method. It is proposed
that a CDI based on CODSs from the two methods be used to
identify damage, which can be expressed as
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Fig. 9 ODSs of the damaged beam with different scan frequencies at excitation frequencies
of (a) 111 Hz, (b) 335 Hz, (c) 688 Hz, and (d) 1193 Hz; all the ODSs were obtained by the demodu-

lation method
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Fig. 10 CODSs of the damaged beam with different scan frequencies at excitation frequen-
cies of (a) 111 Hz, (b) 335Hz, (c) 688Hz, and (d) 1193 Hz; all the ODSs associated with the
CODSs were obtained by the demodulation method. Locations of damage ends are indicated
by two vertical dashed lines.
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Fig. 11 (a) ODSs from the polynomial method with m =5 with different scan frequencies at an
excitation frequency of 111 Hz, (b) ODSs from the polynomial method with m =7 with different
scan frequencies at an excitation frequency of 335 Hz, (c¢) ODSs from the polynomial method
with m =8 with different scan frequencies at an excitation frequency of 688 Hz, and (d) ODSs
from the polynomial method with m=9 with different scan frequencies at an excitation fre-
quency of 1193 Hz
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8(0) = [Viul) - v;{p(x)]2 a7

where V/,(x) and V/ (x) are CODSs from the demodulation and
polynomial methods, respectively. Damage can be identified near
aregion of high values of the CDI at an excitation frequency.

Validity of an ODS from the polynomial method is directly
determined by m in Egs. (10) and (11), but there has not been a
guideline in determining a proper value of m possibly because an
associated benchmark ODS does not exist in most cases. Hence,
one has to determine m based on experience or a priori knowledge
of the ODS. Figure 7(a) shows ODSs from the polynomial method
with m ranging from two to seven; it can be observed that the
ODSs converge, i.e., they do not significantly change, when
m > 4. However, CODSs shown in Fig. 7(b) keep changing as m
increases; waves can even be seen in the CODSs when m > 8,
which are physically erroneous for the beam. To determine the
proper value of m in the polynomial method for damage identifi-
cation, a new convergence index is defined as

_ RMS({Vn})
 RMS({V,,}) + RMS({V,u} = {Vyus1})

con(m) x 100% (18)

where RMS(+) denotes the root mean square of a vector and {V,,}
is the ODS vector from the polynomial method with the order m.
If con(m) is 100%, {V,,} is completely convergent and identical
to {V,.41}; the higher con(m), the more convergent {V,} to
{Vpus1}. It is proposed in this work that the proper value of m be
two plus the least value of m with which con(m) is above 90%.

Curvature
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Curvature

a 20 40 60 80 100
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Two is added here in order to preserve smoothness of the CODS
from the polynomial method, since calculation of a curvature
incurs second-order differentiation, which reduces the order of a
polynomial by two. In this case, the proper value of m is five since
con(2) = 89.64% and con(3) = 92.97%, and con(m) converges
to 100% as m increases, as shown in Fig. 8.

3 Experimental Investigation

To experimentally investigate the proposed methodology, ve-
locity responses of the beam in Fig. 3 under sinusoidal excitation
by the shaker at different frequencies were measured by the
CSLDV system with different scan and sampling frequencies.
ODSs of the beam were obtained by the demodulation and poly-
nomial methods, and damage identification results were analyzed
to validate the proposed methodology.

An impact test was conducted on the beam in Fig. 3(c) to mea-
sure its first four natural frequencies; a PCB 086C03 impact ham-
mer and the single-point laser Doppler vibrometer in Fig. 2 were
used to excite the beam at an impact point and measure its response
at a measurement point, receptively. Both the impact and measure-
ment points on the beam were arbitrarily selected as long as they
did not coincide with nodal points of its first four modes, since nat-
ural frequencies are global characteristics of the beam. The beam
was sinusoidally excited by the shaker at different frequencies of
111 Hz, 335 Hz, 688 Hz, and 1193 Hz to investigate effects of scan
and sampling frequencies of the CSLDV system on qualities of
measured ODSs and CODSs; the excitation frequencies were
obtained by rounding the first through fourth natural frequencies of
the beam in the current experimental setup, respectively.
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Fig. 12 (a) CODSs associated with the ODSs from the polynomial method with m =5 with dif-
ferent scan frequencies at an excitation frequency of 111 Hz, (b) CODSs associated with the
ODSs from the polynomial method with m =7 with different scan frequencies at an excitation
frequency of 335 Hz, (¢) CODSs associated with the ODSs from the polynomial method with
m =8 with different scan frequencies at an excitation frequency of 688 Hz, and (d) CODSs
associated with the ODSs from the polynomial method with m = 9 with different scan frequen-

cies at an excitation frequency of 1193 Hz
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Fig. 13 Convergence indices con(m) associated with ODSs from the polynomial method with
m up to 14 with a scan frequency of 0.2 Hz at excitation frequencies of (a) 111 Hz, (b) 335Hz,

(c) 688 Hz, and (d) 1193 Hz
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Fig. 14 ODSs of the damaged beam with different sampling frequencies at excitation fre-
quencies of (a) 111 Hz, (b) 335Hz, (c) 688 Hz, and (d) 1193 Hz; all the ODSs were obtained by

the demodulation method
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Fig. 15 ODSs of the damaged beam with different sampling frequencies at excitation fre-
quencies of (a) 111 Hz, (b) 335Hz, (c) 688 Hz, and (d) 1193 Hz; all the ODSs were obtained by
the polynomial method
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Fig. 16 CODSs of the damaged beam with different sampling frequencies at excitation
frequencies of (a) 111 Hz, (b) 335 Hz, (c) 688 Hz, and (d) 1193 Hz; all the ODSs associated with
the CODSs were obtained by the demodulation method. Locations of damage ends are indi-
cated by two vertical dashed lines.
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Fig. 17 CODSs of the damaged beam with different sampling frequencies at excitation fre-
quencies of (a) 111 Hz, (b) 335 Hz, (c) 688 Hz, and (d) 1193 Hz; all the ODSs associated with the
CODSs were obtained by the polynomial method
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Fig. 18 Comparisons between CODSs from the demodulation and polynomial methods at ex-
citation frequencies of (a) 111 Hz, (b) 335 Hz, (c) 688 Hz, and (d) 1193 Hz. Locations of damage
ends are indicated by two vertical dashed lines.
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Fig. 19 CDls at excitation frequencies of (a) 111 Hz, (b) 335Hz, (¢) 688 Hz, and (d) 1193 Hz.
Locations of damage ends are indicated by two vertical dashed lines.

3.1 Effects of the Scan Frequency of the CSLDV System

3.1.1 ODSs and CODSs From the Demodulation Method.
ODSs of the beam at the excitation frequencies were obtained by
the demodulation method with different scan frequencies of 0.2
Hz, 0.5Hz, 5Hz, and 10 Hz and a sampling frequency of 32,000
Hz, as shown in Fig. 9. It could be observed that the ODSs at each
excitation frequency, though measured with different scan fre-
quencies, agreed well with one another. In the region of the dam-
age, the ODSs were smooth since ODSs were not sensitive to the
damage, and one could not identify it using the ODSs.

CODSs associated with the ODSs were calculated using Eq. (1)
with & equal to 0.5% of the length of the scan line, as shown in
Fig. 10. Note that measurement noise in the ODSs was reduced
before calculation of the CODSs by applying a numerical smooth-
ing method, which is local regression using weighted linear least
squares and a second-order polynomial model; the method was
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performed using MATLAB. In the smoothing method, weighted
quadratic least squares are calculated at each measurement point
within an interval that consists of a certain number of its neighbor-
ing points, which was 15% of the total number of measurement
points in this work. Local abrupt abnormalities in the form of a
prominent peak could be seen in each CODS, which was caused
by the damage, since the CODSs were sensitive to it. The effect of
scan frequencies on qualities of CODSs could be seen by compar-
ing the CODSs at each excitation frequency in Fig. 10. For the
CODSs at the first two excitation frequencies, their qualities were
better when a lower scan frequency was used, since the higher the
scan frequency, the wavier the CODSs. However, for the CODSs
at the third and fourth excitation frequencies, their qualities were
consistently high for different scan frequencies. It is recom-
mended that a relatively low scan frequency be used in order to
guarantee CODSs of high qualities, and a relatively high scan fre-
quency be used when only ODSs are to be measured. In addition,
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Fig. 20 Comparisons between CODSs from the demodulation and polynomial methods when
the beam was excited at frequencies of (a) 200 Hz and (b) 850 Hz. Locations of damage ends

are indicated by two vertical dashed lines.
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Fig. 21 CDis at excitation frequencies of (a) 200 Hz and (b) 850 Hz. Locations of damage ends

are indicated by two vertical dashed lines.

there were retortions near the locations 7% and 93% on the scan
line possibly due to changes of the scan direction of the laser spot
during measurements.

3.1.2  ODSs and CODSs From the Polynomial Method. ODSs
and CODSs of the beam at the same excitation and scan frequen-
cies as those in Sec. 3.1.1 were obtained by the polynomial
method with a sampling frequency of 32,000 Hz, as shown in
Figs. 11 and 12, respectively. Unlike the demodulation method,
scan frequencies did not have significant effects on both the ODSs
and CODSs in the polynomial method. It could be seen that the
damage did not cause any abrupt local abnormalities to the
CODS:s in the neighborhood of the damage as if there had been no
damage in the beam. Hence, the CODSs could be considered to be
those of an associated undamaged beam for damage identification
if orders in the polynomial method were properly determined.
Proper values of m in the polynomial method can be determined
based on the guideline proposed in Sec. 2.2.2. Convergence indi-
ces con(m) with m up to 14 for the ODSs at the four excitation fre-
quencies are shown in Fig. 13; m for the ODSs at the first through
fourth excitation frequencies were determined to be five, seven,
eight, and nine, respectively, and resulting ODSs and CODSs are
shown in Figs. 11 and 12, respectively.

3.2 Effects of the Sampling Frequency of the CSLDV
System. ODSs of the beam at the excitation frequencies were
obtained by the demodulation and polynomial methods with a
scan frequency of 0.2 Hz and different sampling frequencies of
1600 Hz, 3200 Hz, 16,000 Hz, and 32,000 Hz, as shown in Figs.
14 and 15, respectively. Note that ODSs at 1193 Hz from the two
methods with a sampling frequency of 1600 Hz were not included
to avoid aliasing. It could be observed that the ODSs from the two
methods at each excitation frequency, though measured with dif-
ferent sampling frequencies, agreed well with one another.

CODSs associated with the ODSs from the demodulation and
polynomial methods are shown in Figs. 16 and 17, respectively.
Similar to Sec. 3.1.1, measurement noise in the ODSs from the
demodulation method was reduced by applying the numerical
smoothing method. It could be seen that qualities of the CODSs
from the demodulation method were not affected by the sampling
frequency of the CSLDV system and local abrupt abnormalities in
the form of a prominent peak existed in the damage region. Simi-
lar to the CODSs from the demodulation method, the sampling
frequency did not have significant effects on CODSs from the
polynomial method either.

3.3 Damage Identification Results. Comparisons between
the CODSs of the damaged beam from the demodulation and
polynomial methods at the four excitation frequencies with a scan
frequency of 0.2 Hz and a sampling frequency of 32,000 Hz are

051011-14 / Vol. 138, OCTOBER 2016

shown in Fig. 18. It could be seen that there were abrupt local
abnormalities in the CODSs from the demodulation method in the
neighborhood of the damage, as opposed to the CODSs from the
polynomial method. CDIs in Eq. (17) are shown in Fig. 19; note
that CDIs in intervals from 0% to 8% and from 92% to 100% are
not shown, and there were discrepancies between CODSs associ-
ated with ODSs from the demodulation and polynomial methods,
which would occur even when no damage existed in the intervals,
similar to the numerical case shown in Fig. 1(d). In the CDIs
shown in Fig. 19, prominent peaks could be clearly identified in
the neighborhood of the damage, and smaller peaks that were
caused by measurement noise could also be identified. One could
identify the damage and its region along the scan line on the beam
based on the CDIs at the four excitation frequencies.

3.4 Damage Identification Results at Arbitrary Excitation
Frequencies. In order to show robustness of the proposed meth-
odology, the beam was excited at 200 Hz and 850 Hz that were
arbitrarily selected and not close to any of its natural frequencies,
and ODSs were obtained by the two methods. CODSs associated
with the ODSs are shown in Fig. 20, and it can be seen that their
amplitudes were much smaller than those at the first four natural
frequencies of the beam (Fig. 18). A possible consequence for a
CODS with a small amplitude is that effects of damage are fuzzed
in the CODS by those of measurement noise and damage becomes
unidentifiable. In order to alleviate adverse effects of measure-
ment noise, one can improve an experimental setup by increasing
the level of excitation and/or lowering the scan frequency of the
CSLDV system. In this experiment, effects of the damage on the
CODSs from the two methods could be seen by comparing them,
due to the fact that the beam was well excited by the shaker and
the scan frequency of the system was sufficiently low. Note that m
in the polynomial method for the ODSs at 200 Hz and 850 Hz
were determined to be six and eight, respectively, based on the
guideline in Sec. 2.2.2. The damage and its region could be clearly
identified in neighborhoods of prominent peaks in the CDIs at the
two excitation frequencies (Fig. 21). The reason was that an ODS
at an excitation frequency that is not a natural frequency can be
considered as a sum of mode shapes with their participation fac-
tors determined by the excitation frequency and the damage and
its region could be identified using mode shapes or ODSs at natu-
ral frequencies (Fig. 19). Hence the proposed damage identifica-
tion methodology is applicable to an ODS at an arbitrary
excitation frequency. The proposed methodology can be used to
identify small-sized damage, such as a crack, if an experiment is
well set up: the level of excitation is sufficiently high and the scan
frequency is sufficiently low. Boundary conditions of the beam do
not affect effectiveness of the proposed methodology, since its
main idea is that damage can result in local abrupt abnormalities
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in a CODS in the damage region and one can identify the damage
by comparing the CODSs from the two methods and locating the
abrupt abnormalities. For a nonlinear beam excited at a given
frequency, the shape of its ODS can depend on the amplitude of
excitation. Effects of damage on the beam can still exist in an
ODS and be manifested in the associated CODS in the damage
region; hence the damage can be identified using the proposed
methodology.

4 Conclusion

A CSLDV system is first used to identify damage in beams
without use of any baseline information of associated undamaged
beams. A CDI that uses the difference between in-phase compo-
nents of CODSs from the demodulation and polynomial methods
is proposed to identify damage. The demodulation method pro-
vides rapid and spatially dense ODSs of beams, and the polyno-
mial method provides ODSs that can be considered as those of
associated undamaged beams if the beams are geometrically
smooth and made of materials that have no stiffness discontinu-
ities. Amplitudes of in-phase and quadrature components of an
ODS can be maximized and minimized, respectively, by optimiz-
ing phase variables introduced in the two methods for damage
identification purposes. Effects of scan and sampling frequencies
of the CSLDV system on ODSs and CODSs obtained by the two
methods are investigated. While the scan frequency does not
affect qualities of ODSs from the demodulation method, it affects
those of some CODSs. A low scan frequency is recommended to
obtain CODSs of high qualities. The scan frequency does not

2
Z Vi cos™ (Qr + f)cos wt
n=0

affect qualities of ODSs and CODSs from the polynomial method,
but the order in the polynomial method affects qualities of ODSs
and CODSs. As the order increases, an ODS converges while the
associated CODS does not. To obtain physically correct CODSs
for damage identification, a convergence index and a criterion are
proposed to determine a proper order in the polynomial method.
The sampling frequency does not affect qualities of ODSs and
CODSs obtained by the two methods. The proposed damage iden-
tification methodology was experimentally applied to a damaged
beam with a machined thickness reduction along the length of the
beam. The damage and its region were successfully identified in
neighborhoods of prominent peaks of CDIs at different excitation
frequencies including those that were not close to natural frequen-
cies of the beam. For an ODS at an excitation frequency that is
not a natural frequency, one can increase the level of excitation
and/or lower the scan frequency of the CSLDV to alleviate
adverse effects of measurement noise.
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Appendix: Calculation of T,

When m=2, >1" Vy, cos"(Qf + f)cos wt in Eq. (12) can be
expanded as

=V coso(Qt + f)cos wt + Vi cos! (Qt + p)coswt + Vi, coso(Qt + f)cos wt

= Vjpcoswt + % [cos(wt — Qt — ) + cos(wr + Qt + f)] + %cos(ﬂt + B)[cos(wt — Qt — ) + cos(wt + Qt + f)]

Vi
= (Vm + %) cos ot + % [cos(wr — Qt — f) + cos(wt + Qt + )] + % [cos(wt — 2Qt — 2B) + cos(wt + 2Qr + 2)]

= Ajp cos ot + Ajy[cos(wt — Qr — B) + cos(wt + Qt + B)] + Ap[cos(wt — 2Qr — 2B) + cos(wt + 2Qr + 2)] (A1)

and a similar expansion of Y ", Vi, cos"(Qr + f8)sin wt in Eq. (12) yields

2
Z Von cos” (Qt + f)sin wr
n=0

= (VQO + @) sin wt + % [sin(wt — Qr — f) + sin(wt + Qr + f)] + % [sin(wr — 2Qt — 2) + sin(wt + 2Q1 + 25))

2

= Ago sin wt + Agi [sin(wt — Qr — f) + sin(wt + Qr + f)] + Ago[sin(wt — 2Qr — 2) + sin(wt 4 2Qr + 25)] (A2)

A matrix Us that relates V;, to Ay, in Eq. (Al) and Vg, to Ag, in
Eq. (A2) can be defined as

A; = U3V,
{AQ:U3VQ (A9
where
1
1 0 =
| 2
Us= 10 3 0 (A4)
1
0o 0 -
4
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and Tj; that relates Ay, to Vy, in Eq. (Al) and Ay, to Vy, in Eq.
(A2) is

-2

1
T;,=U;'= |0 (A5)
0

(=3 S B}

0
4

One can calculate T,,; in a way similar to that for T;. When
m =15, one has [23]
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1 0 -2 0 2 0 -2 0 2
02 0 -6 10 0 —14 0
00 4 0 -16 0 36 0 —64
00 0 8 0 —-40 O 112 0
00 0 O 16 0 -96 0 320
00 0 O 0 32 0 224 0
00 0 O 0 0 64 0 —512
Ty — 00 0 O 0 0 0 128 0
00 0 O 0 0 0 0 256
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0
00 0 O 0 0 0 0 0

Note that T,,, ; with m up to 15 can be formed by extracting entries
of the first m + 1 rows and first m + 1 columns of T4 above.
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