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Abstract.  Ultrasonic guided waves have attracted increasing attention for non-destructive testing (NDT) and structural health monitoring
(SHM) of bridge cables. They offer advantages like single measurement, wide coverage of acoustical field, and long-range propagation
capability. To design defect detection systems, it is essential to understand how guided waves propagate in cables and how to select the
optimal excitation frequency and mode. However, certain cable characteristics such as multiple wires, anchorage, and polyethylene (PE)
sheath increase the complexity in analyzing the guided wave propagation. In this study, guided wave modes for multi-wire bridge cables are
identified by using a semi-analytical finite element (SAFE) technique to obtain relevant dispersion curves. Numerical results indicated that
the number of guided wave modes increases, the length of the flat region with a low frequency of L(0,1) mode becomes shorter, and the
cutoff frequency for high order longitudinal wave modes becomes lower, as the number of steel wires in a cable increases. These findings
were used in design of transducers for defect detection and selection of the optimal wave mode and frequency for subsequent experiments.
A magnetostrictive transducer system was used to excite and detect the guided waves. The applicability of the proposed approach for
detecting and locating wire breakages was demonstrated for a cable with 37 wires. The present ultrasonic guided wave method has been
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found to be very responsive to the number of broken wires and is thus capable of detecting defects with varying sizes.
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1. Introduction

Arch bridges and cable-stayed bridges are widely built
today because of their pleasing appearance and ease of
construction. The main structural components for these
types of bridges are cables. The cables are prefabricated
then transported to the construction site for installation.
Bridge cables consist of multilayer steel wires arranged in
parallel within an equilateral hexagon and with a
polyethylene (PE) sheath wrapped around them (see Fig. 1).

The safety of the bridges depends upon the structural
integrity of these cables. Vibration based monitoring for
cable-supported bridges (Cho et al. 2010, Dorvash et al.
2014, Jang et al. 2010, Kim et al. 2010, Wang et al. 2016)
provides an efficient means for detecting abnormal changes
in global behavior such as dynamic deflection and modal
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properties. However those global features are not sensitive
enough to detect local damage, such as wire breakage in
cables as in this study. There are many non-destructive
testing (NDT) methods such as visual inspection (Shull
2016), radiography (Shull 2016), computed tomography,
acoustic emission monitoring (Qin et al. 2015), magnetic
flux leakage (Makar and Desnoyers 2001, Yim et al. 2013)
and ultrasound (Shull 2016). However many of the above
mentioned NDT methods have limitation in applications to
bridge cables. For example, conventional ultrasonic
excitation methods including impedance  method
(Giurgiutiu et al. 1999, Huynh and Kim 2016, Min et al.
2016, Park et al. 2003, Park et al. 2007) using bulk waves
are impractical for inspecting large or long structural
components like cables, because they can only cover a
small section of the structure at a time. Guided waves (Rose
et al. 2004, Rose and Royer 2008, Puthillath and Rose
2010), however, can be used to inspect these kinds of
lengthy slender structural components because they only
require excitation at a single point, cover a wide acoustical
field, and offer long range propagation. The propagation
properties of guided waves have been studied for pipes
(Zhang et al. 2017), overhead transmission lines (Legg et
al. 2015), ground anchors (Zima and Rucka 2017), rails
(Loveday 2012), concrete (Beena et al. 2017), and seven-
wire steel strands (Treysseéde 2016) by a number of
researchers. Guided wave-based methods have also been
employed in long-term and scalable structural health
monitoring (SHM) of structures (Lim et al. 2017, Park et al.
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Fig. 1 Bridge cable structures

2010, Sohn et al. 2014). However, the complex structure of
multi-wire cables presents a significant challenge to the
application of guided waves for NDT and SHM. It is
therefore important to study the properties of guided wave
propagation in cables before it is used in such applications.

The mechanical properties of multi-wire cables are more
complicated than those of seven-wire strands. The damping
and absorption effect of the PE sheath may affect on guided
waves in the wires. The most prominent features are the
complex geometry of the cross-section and the contact and
friction stresses between the wires, which are caused by the
processing of hot-extruded PE and the tension load in
service. These complex factors constitute the overall
mechanical properties of steel wires in bridge cables, which
in turn affects how guided waves propagate within them.

In this paper, the effect of complex multi-wire cables on
the propagation of guided waves is analyzed. A prerequisite
for selection of transducer and design of experimental plan
is the provision of guided wave dispersion curves. A semi-
analytical finite element (SAFE) (Bartoli et al. 2006)
method was used to simplify the initial three-dimensional
(3D) model into a two-dimensional (2D) model, which was
used to calculate dispersion curves and support the
subsequent guided wave-based detection of wire breakage.
Verification of the SAFE-based dispersion curves was
carried out using theoretical results for a single wire and
experimental results for a cable with 37 wires.

Experimental study was performed using the L(0,1)
mode ultrasonic guided wave in a cable with 37 wires. A
magnetostrictive transducer-based guided wave system was
used to detect 7 different cases of artificial wire breakages
at 3 locations in the cable. The results confirm that the
proposed ultrasonic guided wave-based method is very
effective for detecting the locations and severities of the
wire breakages.

2. Semi-analytical finite element

dispersion curves

analysis for

2.1 Theory of SAFE

A traditional finite element approach requires Cartesian
coordinates to build 3D models for wave propagation

analysis in a cable. SAFE approaches (Liu and Achenbach
1994, Bartoli et al. 2006, Mu and Rose 2008), by contrast,
only require cross-sections in the x-y plane to make 2D
meshes and build models for these kinds of translationally
invariant problem. Using this approach, a 3D guided waves
problem can be decomposed into waves with a harmonic
exponential ~ solution e!*z=®t  propagating in the
longitudinal (z) direction. This serves to simplify the
propagation model and enhance computing efficiency. The
displacement of guided waves can thus be represented as

Eq. (1).

Uy (x,,2,1) we(%,¥))
Ux,y,z,t) =uy(x,¥,2,t) y = u,(x,y) pe!k7=20 (1)
u,(x,y,2,t) u,(x,y)

where, u is the displacement vector; i =+/—1 is an
imaginary unit; k is the wave number; w = 2nf is the
angular frequency; and t is the time. Using the principle of
virtual work, the propagation characteristics of guided
waves can be described as follows
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where, p is the mass density; 8{u} and &{} are the
virtual displacement and virtual strain, respectively; {U} is
the nodal displacement vector which is expressed using the
shape function matrix [N(&,n)]; € and n are the local
coordinate for each element, —1<¢<1 and —-1<9n <
1; the superscript T denotes the matrix transposition; 7" is
the surface of the element; V is its volume; {Z} is the
external traction vector which is expressed using [N] and
nodal external traction vector {T}; {} is the stress vector;
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[C] is the material stiffness matrix for each element; and
[L;] are the gather matrices, i.e.
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By expanding the terms for kinetic energy and strain
energy in Eqg. (2) and simplifying, the relationship between

the external force {F} and the nodal displacement vector
{U} can be obtained as

{F} = (IKy] + ik[K,] + K2[K3s)D{U} - 0?[M]{U} (5)

in which the force vector, and stiffness and mass matrices
can be obtained as in conventional finite element analysis
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For an unloaded cable (ﬁ} = 0), Eq. (5) becomes a
generalized eigenvalue problem (Hayashi et al. 2003).
When the angular frequency w is specified, we can obtain
eigenvalues k and the corresponding eigenvectors, which
are the nodal displacements representing the modes of wave
propagation. The eigenvalues may be complex, while the
real parts correspond to propagating guided wave modes
and the imaginary parts correspond to evanescent modes.
The relationship between k and w provides the dispersion
curves for the waveguides. For each guided wave mode at
w, the phase velocity can be calculated using ¢, = w/kgg
(here, the subscript ‘RE’ means the real part) and the group
velocity can be calculated using ¢, = dw/0dk. Thus, the
group and phase velocity dispersion curves can be drawn by
capturing a range of angular frequency w. Note that some
researchers have used the helical coordinates in SAFE
equations to solve the dispersion problems of helical
structures (Treyssede 2008), such as cables with twisted
wires.

[Bi] = [L,]

2.2 Dispersion curves using SAFE

Guided waves travel with a different velocity depending

on the frequency of the wave. Group velocity dispersion
curves are needed to determine the wave propagation speed
for each mode. With this information available it is possible
to convert the time-of-flight (ToF) into the distance
travelled by wave packets in a structure, which is essential
for localization of damage. In order to understand
dispersion phenomena in cables, SAFE models were
established for a variety of different cables with different
number of wires (i.e.,, 7, 19 and 37 wires), while the
diameter of each wire is 7 mm.

The case of a single wire can be considered to be the
same as a simple rod, whose dispersion properties can be
obtained analytically using Pochhammer-Chree equations
(Gazis 1959). For a single wire, 3-noded elements are used
and the SAFE mesh is shown in Fig. 2(a). The detailed
parameters here are as follows: wire radius R=3.5 mm,
elasticity modulus E=210e9 Pa, Poisson’s ratio v=0.29, and
density p=7800 kg/m>. For verification of the present
SAFE-based dispersion curves, the results are compared
with those by Pochhammer-Chree equations in Fig. 3,
which shows good agreement between two results,
especially in the low frequency range.

However, it is difficult to establish analytically the
Pochhammer-Chree equations for multi-wire cables because
of their complex geometry and contact between individual
wires. This is why we chose to use the SAFE method to
analyze the dispersion curves. By using the SAFE, we were
able to arrive at a simplified multi-wire cable model. The
contact condition between wires was assumed to be rigid,
making the structure approximate to a rod (Hayashi et al.
2003). The cross-section of the cable was meshed using
COMSOL (Nucera 2012), shown in Fig. 2. The FE mesh
size was taken to be smaller than 1/20 (Kirby 2008) of the
wavelength corresponding to the wave frequency of 200
kHz. The guided wave modes with frequencies below 200
kHz were analyzed for 3 different cables (with 7, 19 and 37
wires). The results for dispersion curves are shown in Figs.
4(a)-4(c), from which it can be found that as the number of
wires increases, the number of branching modes for a mode
family increases as well, making the dispersion relationship
more complicated.
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Fig. 2 Cross section meshes of cables for SAFE analysis:
(a) with 1 wire and (b) with 37 wires
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Fig. 3 Dispersion curves for a single wire obtained by Pochhammer-Chree equations and SAFE
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Fig. 4 Dispersion curves for cables with different numbers of wires using SAFE
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Fig. 5 Experimental set-up for defect detection in a cable using guided waves: (a) Schematic of experiment, (b) Photo of
experiment system and (c) Magnetostrictive transducer for longitudinal guided wave

Guided wave modes in a cylindrical waveguide are
composed of the longitudinal and torsional waves (Ditri and
Rose 1992) L(m,n) and T(m,n), where mé&y0,1,2,...}
denotes the circumferential order and n &¢1,2,3,...} stands
for the nth root of the characteristic equation. All of the
curves are dispersive in nature and indicate group and phase
velocities are functions of frequency, although certain
sections of curves are flatter and less dispersive than the
others, such as in the low frequency range for the low order
fundamental longitudinal L(0,1) mode which is the
preferred mode for experiments.

The most noticeable feature in the group and phase
velocity dispersion curves is that as the number of wires
increases, the length of the flat region for the lower
frequency of the L(0,1) modes becomes shorter and the
cutoff frequency for the higher order longitudinal wave
modes becomes lower. This means that for cables with
many wires, it is difficult to choose a less dispersive
frequency range and the measured guided wave signal is
more difficult to analyze.

3. Experimental validation
3.1 Experimental set-up
A cross-section view of the cable considered in this

experimental study is depicted in Fig. 1(c). The cable is
comprised of 37 steel wires, which are arranged in parallel

in four layers. The exterior of the wire bundle is surrounded
by a 7 mm thick hot-extruded PE sheath. The diameter of
each individual wire is 7 mm. The diameter of the entire
cable is 63 mm, with a length of 5 m.

A magnetostrictive  (Jiles 1995) guided wave
experimental inspection system was employed, as shown in
Fig. 5. Guided waves were actuated in the cable through
magnetic excitation. This causes mechanical strain in the
steel wires through the magnetostrictive effect that is known
as Joule effect. Conversely, for detection, the inverse
magnetostrictive effect that is known as Villari effect
enables guided waves to be detected through modifications
in the magnetic induction (Kim and Kwon 2015, Bartels et
al. 1996). The guided waves were generated in the
experiment through a dynamic magnetic field (provided by
a 51.6 mm wide encircling coil with 400 turns) being
superimposed upon a static magnetic field (provided by six
permanent bias magnets), thereby enhancing the excitation
and detection of the waves. The role of the bias magnets is
to provide a static magnetic field that is consistent with the
direction of the dynamic magnetic field and to overcome
the Frequency-doubling Effect of ferromagnetic materials
(Kim and Kwon 2015). These two parallel magnetic fields
will cause the steel wires in the cable to alternately expand
and contract based on the magnetostrictive effect, and
thereby longitudinal guided waves are created.

For each bias magnet configuration, the components
include two Ne-Fe-B N50 permanent magnets of size
30x40x30 mm?®, and a yoke iron of size 30x120x25 mm®.
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Fig. 7 Signals at RT for different excitation frequencies: a cable with 37 wires

The coils consist of a plastic sheathing to conveniently
install on the cable, 10 layers (40 turns per layer) of
16AWG enamel-coated magnetic wire. The coils and 6 bias
magnets made up both the excitation transducer (ET) and
the detection transducer (RT) (see Fig. 5(c)). These were
used to excite and receive longitudinal L(0,1) mode guided
waves with center frequencies of 10 kHz, 20 kHz, 30 kHz,
40 kHz and 50 kHz. The structures of the ET and the RT are
the same, as both of them can actuate and receive guided
waves. For actuation, the ET coil was driven by a PC-
controlled current preamplifier (Ritec4000) with a Hann-
windowed 5-cycle sinusoidal tone burst (see Fig. 6). On the
other hand, the detected voltage signal in the RT coil was
bandpass filtered and amplified by about 60 dB. The
positions of the two transducers on the cable can be flexibly
adjusted. L1 is the distance between the left end of the cable
and the ET. L2 is the distance between the RT and the right
end of the cable.

In this study two methods were used to inspect
structures using guided waves: pitch-catch and pulse-echo.
Pitch-catch inspection was used to analyze the dispersion
and attenuation characteristics of guided waves, without
considering the effects of anomaly reflection: with ET as a
transmitter and RT as a receiver. Pulse-echo inspection was
used to detect anomaly locations (e.g., defects) and their
severity. The pulse-echo technique uses only one
transducer, an ERT, as the transmitter and receiver
simultaneously.

3.2 Validation of dispersion properties

In order to verify the accuracy of the dispersion curves
obtained using SAFE for the multi-wire cables, a series of
experiments were carried out. The low-order longitudinal
mode L(0,1) was selected for the experiments. The
excitation transducer ET and the receiving transducer RT
were placed close to the left and right ends of the 5-meter-
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Table 1 Comparison of group velocities for L(0,1)
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Freq. (mls) packet (ms) velocity (m/s) Error (%)
10 kHz 5200 0.927 5394 3.59%
20 kHz 5050 0.951 5258 3.95%
30 kHz 4800 1.013 4936 2.75%
40 kHz 4100 1.065 4695 12.67%
50 kHz 3300 1.142 4378 24.63%
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Fig. 8 Schematic of pitch-catch detection experiment

long cable, respectively (LI=0, L2=0). The signals were
received by the RT are shown in Fig. 7.

In Fig. 7, the exciting frequencies of the signals from
top to bottom are 10 kHz, 20 kHz, 30 kHz, 40 kHz and 50
kHz. The first portion of the waveform is the
electromagnetic transmitted pulse coupled directly from the
ET to the RT. The second wave packet marked by a circle in
each signal is the direct through wave excited by the ET. It
can be seen from the figure that the second packets delay as
the excitation frequency increases. This means that the
group velocity decreases with an increase in frequency in
the L(0,1) mode. As a result of the significant aggravation
of the dispersion at 50 kHz (Fig. 4(c)), the amplitude of the
50 kHz direct through-wave signal is so attenuated that it is
difficult to distinguish. The above results show how guided
waves with different frequencies interact with the
waveguide. It has been found that the amplitudes of the
direct through waves become largest with an exciting
frequency of 30 kHz. Therefore 30 kHz was determined to
be the optimal excitation frequency for subsequent
experiments.

In guided wave propagation, the group velocity
determines how long it will take for guided waves to travel
through a specimen. By simply measuring the time-of-flight
(ToF) for different reflections of the signal, the group
velocity can be determined. The signals in Fig. 7 were
analyzed in detail in order to assess the accuracy in the
SAFE dispersion curves. For each excitation frequency, the
experimental group velocity in mode L(0,1) was calculated
using the ToF of the second wave packet of the waveform
(direct through wave). The distance between the ET and the
RT was 5 m. We can get the group velocity value by
dividing the distance by the ToF. The group velocity values
for the different frequencies calculated by SAFE (Fig. 4(c))
and the experiments are compared in Table 1.

Table 1 shows that two sets of group velocities by SAFE
analysis and experiments match very well for low
frequencies (10, 20, 30 kHz) with error less than 4%.
However the error increase as the exciting frequency

increases. This suggests that it is practicable to use SAFE to
analyze dispersion characteristics at low frequencies.
However, for more accurate SAFE models for high
frequencies, the contact stress between the wires and other
potential influencing factors need to be considered.

3.3 Pitch-catch detection for wave travel distance

The above experiments have shown that the L(0,1)
mode, which has better dispersion properties in the lower
frequency range, is best suited to detecting defects. In
another experiment that used the same setup as above, the
excitation transducer ET was installed 1 m away from the
left end of the cable (L1=1 m) and two receiving
transducers, RT-A and RT-B, were installed at positions 3
m and 4 m away from the left end, respectively (L2,=2 m,
L2z=1 m). A schematic showing the locations of the
transducers along with the experimental setup is presented
in Fig. 8. The plots in Figs. 9-10 show the waveforms
received by RT-A and RT-B. In Figs. 9(b) and 9(c), the
horizontal axis is the wave travel distance converted from
the wave travel time using the wave group velocity for the
L(0,1) mode which was obtained experimentally as 4936
m/s as in Table 1. For more accurate estimation of the wave
travel distance, Hilbert transformation was used, while
time-frequency transformation  (short time  Fourier
transformation: STFT) was used for effective examination
of the frequency characteristics of the received signals.

The first portion of the received signal is the initial
electromagnetic pulse. The other wave packets with high
peaks are corresponding to the reflected waves from two
ends of the cable with various wave travel paths as
summarized in Fig. 11. The amplitudes of the RT-A signals
decrease as the wave travel distance increases. This is due
to the attenuation causing by the multi-wire structure and
the PE sheath. The strongest frequency component in the
time-frequency spectra is found as 30 kHz as in Fig. 9(c)
and Fig. 10(c), which is consistent with the excitation
frequency at the ET.
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Table 2 Estimated wave travel distances for RT-A Table 3 Estimated wave travel distances for RT-B
Wave Packet No. it oM g gt gt Wave Packet No. it g g
Exact distance (m) 2 4 6 8 12 Exact distance (m) 3 5 7

ToF (ms) 041 082 121 163 245 ToF (ms) 0.62 1.05 1.38
Estimated distance (m) 2.02 4.05 597 8.05 12.09 Estimated distance (m) 3.06 518 6.81
Error (%) 1.2 12 05 06 0.8 Error (%) 2.0 3.7 2.7
The wave travel distances for five wave packets in the less than 1.5% for various wave paths. Similar results for
RT-A signals were calculated using Hilbert envelopes and RT-B case are shown in Table 3, where errors for the

the results are shown in Table 2. It has been found that the distances of the wave paths are found to be less than 4%.
estimated wave travel distances are excellent with the errors
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Fig. 12 Schematic of pulse-echo defect detection experiment

4. Guided wave-based wire breakage detection
4.1 Detection and localization of wire breakage

In order to investigate the applicability of guided waves
to detect defects in a cable, the same cable with 37-wires
utilized in Section 3 was used, but with artificial defects at 3
locations as shown in Fig. 12. Defect 1 was with one broken
wire at Position A: 2 m away from the left end. Defect 2
was with two broken wires at Position B: 3 m away from
the left end. Defect 3 was with one broken wire at Position
C: 4 m away from the left end.

In order to make artificial defects, we used a saw to
carefully peel off a small section (3-5 cm) of PE sheath at
the location where the defects need to be made until the
wire bundle was completely exposed. Such a small removal
of the PE sheath has no effect on the test results for wire
breakage. PE is a type of acoustical impedance material to
the guided wave, therefore, it is the main factor affecting
the detection distance of wire damage in the cable using
guided wave.

The pulse-echo method was employed by using a single
transducer, ERT, for both exciting and receiving the guided
waves. The ERT was installed 0.5 m away from the left end
(L1=0.5 m, L2=4.5 m). This method is better suited to
actual on-site testing because only one transducer needs to
be installed on a cable near the bridge deck. The exciting
frequency of the transducer was taken to be 30 kHz. The
signal received at ERT is shown along with the Hilbert
envelope and the time-frequency transformation in Fig. 13.
Wave packets in Fig. 13 represent different paths of
reflected waves from the defects and ends of the cable as
described in Table 4. The second, third, and fourth wave
packets in Fig. 13 and Table 4 correspond to the reflected
waves from the defects at A, B, and C, respectively. Table 4
also shows the ToFs and peak amplitudes of the wave
packets. The guided wave acoustical distance for each wave
packet was calculated and compared with the exact travel
distance. The experimental wave velocity of 4936 m/s in
Table 1 was used to calculate the experimental wave travel
distance. The results are summarized in Table 4, which
shows that the estimated wave travel distances for 6 cases
of wave packets are very good: with error less than 6%.
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Table 4 Estimated wave travel distances for the ERT

Wave Packet No. 1St 2ﬂd 3I’d 4th 51h 6th
Exact distance (m) 1 3 5 7 9 10
ToF (ms) 0.21 0.63 1.04 1.50 1.89 2.07
Estimated distance (m) 1.037 3.110 5.133 7.404 9.329 10.218
Amp. (V) 1.90 1.00 0.81 0.36 1.80 0.52
Error (%) 3.66 3.66 2.67 5.77 3.66 2.18
Paths \c::a:/eeﬂ ected T—-LE-T T—-A-T T-B-T T—»C->T T—RE-T T—-RE—-LE-T
T: ERT transducer A: artificial damage A (1 broken wire)
LE: left end B: artificial damage B (2 broken wires)
RE: right end C: artificial damage C (1 broken wire)
T T T T
s
@ £ '
£
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Fig. 13 Signals obtained at ERT: (a) Time domain signal
spectrum

4.2 On breakage severity

In order to demonstrate the applicability of the present
guided wave method to detect multiple broken wires in the
cable, additional experiments were carried out on the same
cable with increasing numbers of broken wires at Locations
A, B, and C. Each stage of broken wires is summarized as:

Stage I: Same as the case in Section 4-1 (1, 2, and 1 broken
wires at A, B, and C).

Stage /7: Stage | and Increase of broken wires at B to 5.
Stage /II: Stage II and Increase of broken wires at C to 5.
Stage /V: Stage III and Increase of broken wires at C to 10.
Stage V: Stage IV and Increase of broken wires at B to 10.
Stage V7. Stage V and Increase of broken wires at A to 5.
Stage V7 Stage VI and Increase of broken wires at A to 10.

The received signals at 7 stages are shown in Fig. 14,
which show that the locations of the wave packets
corresponding to the positions of the broken wires remain
the same. Peak amplitudes of the wave packets for various

, (b) Hilbert envelope signal and (c) Time-frequency analysis

damage stages are summarized in Fig. 15. As the number of
broken wires increased, the amplitudes of the wave packets
reflected at the locations of broken wires increased
significantly. Such trends are more apparent for the defects
at locations (A and B) near the transducer (see Fig. 15), as
in the later part of the curve for the 2™ wave packet
representing the wire-breakage at A and the first part for the
3" wave packet corresponding to the wire-breakage at B.
This demonstrates that the present ultrasonic guided wave-
based system is very responsive to the size of the defect and
is capable of detecting the severity of the wire breakage.

5. Conclusions

In this study at first SAFE analysis was carried out for
wave dispersion analysis of ultrasonic guided waves in
multi-wire cables, then experimental study was performed
for validation of the SAFE-based dispersion curves and
detection and localization of wire breakages using guided
waves. The main findings are summarized below:



Ultrasonic guided wave approach incorporating SAFE for detecting wire breakage in bridge cable

o

Stage I A B c

[ TS

o

Stage I

SRS

o

Stage I

[ e

Stage IV

AMP()  Amp () Amp () Amp () Amp() &

Stage V

Stage VI

AP Amp(Y)

Stage VI

6 8 10 12 14 16 18
Experimental distance (m)

491

Fig. 14 Signals obtained at ERT for various stages of artificial defects: (a) Time domain signals, (b) Schematic drawing of
broken wires at 3 locations and (c) Representative photograph of artificial defect of broken wires

Peak amplitude (V)

e

| . M~ - ---{
- R e
I 11 il vV \% VI Ut
Experimental stages
— A — 1*Packet —3 — 2" Packet —© — 3" Packet
— & — 4" Packet — ¥ — 5" Packet —& — 6" Packet

Fig. 15 Peak amplitudes of the reflected wave packets at various damage stages



492 Pengfei Zhang, Zhifeng Tang, Yuanfeng Duan, Chung Bang Yun and Fuzai Lv

1. The SAFE-based dispersion curves for a single wire
cable are found to be excellent in comparison with the

analytical results obtained by Pochhammer-Chree equations.

SAFE analysis on the cables with multi-wires shows that
the length of the flat region with low frequency for L(0,1)
mode becomes shorter and the cutoff frequency for higher
order longitudinal modes becomes lower as the number of
wires increases. Accordingly, lower excitation frequencies
need to be considered for detection of defects in multi-wire
cables.

2. SAFE-based group velocities for L(0,1) mode at low
frequencies (10, 20, and 30 kHz) are found to be in
excellent agreement with the experimental results with error
less than 4%. The optimal exciting frequency was selected
as 30 kHz for a cable with 37 wires in the subsequent
experiments for defect detection.

3. Experimental study using a magnetostrictive
transducer system in a pulse-echo configuration indicates
that the localization accuracy for 3 artificial defects of wire
breakage was very good with error less than 6%. It is also
found that the present method is very responsive to the size
of the defect (i.e., the number of broken wires), particularly
for the defects near the transducer.

As to future research, it is suggested to refine the SAFE
model to include the contact and friction stresses among the
wires and to carry out experimental study further for
different types of defect such as wire corrosion.
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