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Abstract

Vibration-based damage identification has been widely studied in the field of structural health monitoring
(SHM) for several decades. It is well known, however, that low-order modal parameters, being among the
most frequently used, are not sensitive to local damage. A suitable methodology is therefore needed to
extract such damage features from the dynamic response of structures. In the present work, local bending
behavior of cables is studied for damage identification. First, the dynamic response of a cable is decomposed
into evanescent wave and propagating wave components. It is proven that the contribution of the evanescent
wave is spatially concentrated, and is sensitive to local damage. A signal transform is proposed next, which
allows the estimation of the wave components from the measured cable response. The reflection coefficient
of the evanescent wave (REW), which can be calculated from the estimated wave coefficients, depends only
on the characteristics of the local discontinuity, and proves to be a robust indicator for local damage. The
feasibility of the proposed methodology is studied by means of a simulated experiment, considering a cable
model with two locally damaged parts. The results show that the intensity of REW is significantly higher near
the damage locations, allowing damage localization. From the estimated REW near the damage locations,
the damage levels can be estimated, showing the potential of this methodology for damage assessment of
cable structures.

Keywords: cable; bending wave; wave decomposition; evanescent wave; signal transform; damage
identification

1. Introduction

Cables are widely used in large-span engineering structures (e.g. cable-stayed bridges, suspension bridges
and cableways), due to their high load capacity and low own weight [I]. However, most of such structures
are located in harsh environment with heavy traffic loading, and have inevitable corrosion [2] or fatigue [3]
damage. As cables are critical parts, the development of such local damage might rapidly endanger the main
structure. It is therefore important to detect and quantify local damage prior to the occurrence of a failure.

Cables usually consist of multiple wires protected in the PE pipe, and a large-span structure contains
many such cables [4]. The visual inspection of local damage requires the dissection of PE pipe, which is
neither convenient nor realistic for long-term health monitoring [5]. The image-based technique developed
from feature recognition has been applied for the automatic inspection of stay cables, but is only effective for
damage at the surface [6]. New approaches such as thermography, impulse radar, pulse magnetic response
are developed [7], which allow detecting internal damage by means of indirect measurements [8]. However,
most of these techniques involve costly equipment and manual operation.
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During the past decades, modal parameters, which can be identified from operational vibration data [9],
became one of the most popular features for health monitoring of structures. Reductions in natural frequen-
cies represent a decrease of structural stiffness, indicating possible local damage [10]. A sudden increase in
modal curvature indicates a reduction in local stiffness [I1], revealing possible local damage [12]. The above
methodologies have been extensively applied in real cases [13], but the following issues still remain to be
solved:

First, lower-order modal parameters, characterizing global dynamic behavior, are insensitive to local
damage. Especially for cables connected to a flexible structure, the changes in natural frequencies resulting
from damage might not be a reliable or suitable indicator of local damage due to the redistribution of cable
forces [14]. Besides, measuring modal curvatures of cables requires a dense measurement [I5], whereas in
practice, only a few measurement points are available. Lastly, even when a decrease in natural frequency
is detected, this may be due to change in temperature, degeneration of the connections to main structure,
decrease in static loading besides local damage, resulting in an incorrect diagnosis.

With the development of distributed measurements by means of FBG sensors, modal-based damage
identification, involving modal strains [I6], has regained interest [I7] as they are direct indicators of local
bending stiffness [18]. However, a physical contact between the sensor and the surface of the material is
required, which is difficult for existing cables as the strands are usually protected inside.

An alternative to the modal-based damage identification involves wave propagation features, as a reflected
wave is generated at a damage location [I9]. Theoretically, only one or two sensors are sufficient to capture
propagating waves, including the incident wave and reflected wave. From the travel time and the intensity
of the reflected wave, local damage can be located and quantified [20]. Due to this advantage, guided-
wave-based methods have been studied and applied for damage detection of slender structures, such as
pipes [21], rails [22], as well as multi-wire cables [23]. Applications of guided waves mainly focused on
the longitudinal waves, excited by a harmonic wave signal with a short wavelength [24]. Such longitudinal
guided waves, however, are complicated in a multi-wire cable due to the coupling between wires [25]. On
the other hand, the longitudinal motion of wires can be disregarded for the transverse waves involving cable
bending, as long as the wavelength is much larger than the dimensions of the cross section [26]. It has been
proven that the bending wave is sensitive as well to local damage [20]. However, dispersion makes the wave
signal distorted, and the reflected wave signal generated by a local damage is usually polluted by additional
reflections from boundaries and multiple damages. This may complicate the signal interpretation, requiring
a suitable method to extract damage sensitive features [27].

The analytical solution of the frequency-domain response of a cable is formed by a superposition of four
terms, which represent evanescent wave and propagating wave components. Among them, the evanescent
wave component is not only sensitive to local discontinuities but is also spatially concentrated, which allows
damage identification even when present at multiple locations. In the present work, a signal transform is
developed for decomposing the frequency-domain response of a cable into evanescent wave and propagating
wave components. Based on this, the reflection coefficient of the evanescent wave (REW), which depends
only on the characteristics of a local discontinuity of the cable, can be estimated, and is shown to be a
suitable indicator for local damage.

The present work consists of three parts. First, the transverse motion of a cable with local damage is
derived through a piecewise analytical solution. The sensitivity of the evanescent wave to local damage is
studied. Next, the wave decomposition is implemented by means of the developed signal transform, allowing
for the estimation of the coefficient of each wave component. The formula for the REW estimation is then
derived. Finally, an experiment, simulated by a numerical model, is performed for a feasibility study of the
proposed methodology.
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2. Wave components of the uniform part of a cable
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Figure 1: Model of a uniform cable without local damage

A cable is modeled as a Timoshenko beam with constant axial force Ny (Fig. . The following assump-
tions are made:

the transverse displacement of the cable is much smaller than the total length;

the cable sag under its own weight is disregarded;

viscous damping with regard to transverse motion and shear deformation is assumed negligible;
the orientation of the axial force remains tangent to the axis of the cable;

the cable is assumed to be excited at its boundaries only.

In reference [20], the analytical solution of the dynamic response of the cable in the frequency domain is
derived as:

V(z,s) = Cyexp(kiz) + Coexp(kax) + Cs exp(ksz) + Cy exp(kyz) (1)
é(l‘, s) =Ry o exp(kiz) + RyCs exp(kox) + R3C4 exp(ksz) + R4Cy exp(kyz) (2)

where V(x, s) and ©(z, s) are the Laplace transforms of the transverse motion v(z, t) and the rotation of cross
section 6(z,t), respectively. The complex frequency is s = o +iw (i = v/—1), w is the circular frequency. o is
a real constant, representing a hypothetical exponential decay of the signal [28]. The frequency-dependent

constants C; (j = 1,2,3,4) depend on the boundary conditions. R; (j = 1,2,3,4) represent the ratio
between the transverse motion and the rotation of the cross section in the frequency domain, given as [20]:

kGAk? — N,k? + s2pA
= ! ) [ =1,2,3,4
R] KJGAkJ (] 9 733 ) (3)

where the wavenumbers k; (j = 1,2, 3,4) are given by the following dispersion relations [20]:

_ =B+ VB —day
ki = N @

ks =+

¢ ~ —/FT—dary -
2a
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where

a=FEI(kGA+ Ny) (8)
B = —kGAN, — s’EIpA — s*kGApI — s*pIN, 9)
v = s°pA(KGA + s%pI) (10)

where E and G are the elastic modulus and the shear modulus of the material, x is the shear coefficient
of cross section, A and I are the cross-section area and the moment of inertia, respectively, while p is the
density of material.

Suppose o = 0 for the frequency-domain analysis. From the dispersion relations given by Eq. @ - m),
we =/ (KGA)/ (pI ) is defined as the cut-off frequency. When w < we, the wavenumbers k; and ko are real, so
Cy exp(k1z) and Cs exp(kox) represent the evanescent non-propagating waves decaying exponentially along
the positive and negative directions, respectively. The wavenumbers k3 and k4 are imaginary, so Cs exp(ksx)
and Cy exp(kyz) represent the propagating bending (PB) waves along the positive and negative directions,
respectively. When w > we, all wavenumbers k1, ka2, k3, k4 are imaginary. o exp(kiz) + C, exp(kox) and
Csexp(ksz) + Cy exp(kyx) represent propagating shear (PS) waves and bending (PB) waves, respectively.

3. Wave reflection and transmission at a damage interface

3.1. Theoretical derivation

In this part, the wave reflection and transmission at the interface between an undamaged and damaged
part of a cable will be studied based on the analytical solution given by Eq. . . The solution will
be decomposed by considering each of the terms Cy exp(kiz), Cyexp(kox), Csexp(ksz) and Cyexp(kyzx)
separately. At the damage interface, a sudden change in cross section occurs (Fig. [2)), and its effect on the
above wave components will be studied. In order to exclude the effect of the physical boundaries, the cable
is assumed infinitely long, modeled with absorbing boundaries at both sides.

X
C, exp(leyx) C, exp(kyx)
| C; exp(kix)

o) Q0"
NNz T G expin) M) M(©07)
C; exp(ksx) C4 exp(kyx)

Figure 2: An infinitely long cable with a sudden change in the cross section

The response in each part z < 0 or > 0 takes the form of Eq. (1)) and Eq. [29]. The solution at
both sides of the damage interface, x € (—o00,0) U (0, +00), is expressed as:

V(aw) = C:’l exp(kiz) + C~'~2 exp(koz) + C~:3 exp(ksz) + CN’é exp(ksz) (2 <0) (11)
’ Cyexp(kiz) + C exp(kix) + Cf exp(kiz) + Cfexp(kijz) (z > 0)

Oz, w) = R1Cy exp(k1x) + RyCo exp(koz) + R3C’3 exp(ksz) + RyCyexp(kyz)  (z <0) (12)
’ RiCt exp(kiz) + R5C; exp(kiz) + RECS exp(kiz) + RiCiexp(kiz) (z > 0)

where ( )* denotes the parameter corresponding to the damaged part. Assume that an incident wave
C1 exp(k1z) + Cs3 exp(ksx) propagates from the negative side, while no excitation is present at the positive
side. This implies:

C;=R;C;=0 (13)
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Among the wave components in Eq. , Cy exp(koz) + Cy exp(kyx) and Cf exp(kiz) + Cs exp(kix) are the
reflected wave and the transmitted wave, respectively (Fig. . The remaining 6 unknown coeflicients are
then determined by continuity and equilibrium [30] at the interface = 0. The continuity conditions are
given by:

V(0 ,w) = V(0+,w) (14)
0(07,w) = O(0%,w) (15)
The equilibrium conditions are given by:
MO™)-M(0OT)=0 (16)
Q(07) —Q(0%) =0 (17)

By substituting Eq. and Eq. into Eq. — , a system of equations are obtained, which is written
in matrix form as:
H-C=0 (18)

where H is the characteristic matrix given by:

1 Rl EIleil /QGA( )
1 R2 EIRQkQ HGA(k‘Q — 2)
1 Rg EIngg HGA(kg - Rg)
1 R4 EIR4]€4 I{GA(IC4 - R4)
-1 —R: —EI'Rik} —kGA*(k} —R})
~1 —R; —EI'Rik} —rGA*(kj— R3)

The characteristic matrix is determined by the known conditions (i.e., material and geometric parameters,
dispersion relation). The vector C collects the frequency-dependent wave coefficients:

c={C¢ G & ¢ ¢ &)t (20)

The matrix H has the following rank:
rank(H) =4 < 6 (21)

Eq. (18) is therefore underdetermined, and has two fundamental solutions which can be derived by elimina-
tion of variables. First, by eliminating C’l and C3, the reflected waves are expressed as a linear transformation

of the incident waves: _
Co Tl T12 Ch

_ 7 22

{04} [7“21 7‘22}{03} (22)

being the first fundamental solution. 717 and 721 represent the coefficients of the reflected evanescent wave
(or PS wave) and PB wave, respectively, for the case of an evanescent wave. 712 and roy represent the
coefficients of the reflected evanescent wave (or PS wave) and PB wave, respectively, for the case of an
incident PB wave. Similarly, by eliminating Cy and Cy, the transmitted waves are expressed by another
linear transformation of the incident waves:

Cr t t C
- 11 2 1 (23)
C3 to1  too Cs
being the second fundamental solution. t1; and t9; represent the coefficients of the transmitted evanescent
wave (or PS wave) and PB wave, respectively, for the case of an evanescent wave. t;o and too represent

the coefficients of the transmitted evanescent wave (or PS wave) and PB wave, respectively, for the case of
an incident PB wave. The closed-form solutions of these reflection and transmission coefficients are usually
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rather complicated 30]. For this reason, they are calculated indirectly in this study. First, let Cy =1 and
C3 = 0. From Eq. 1) and Eq. , it follows that:

Cy=r11, Co=ry, Cf=tn, Cj=tn (24)

By substituting Eq. into Eq. , the reflection and transmission coefficients of the incident evanescent
wave (or SP wave) C; exp(kiz) are derived as:

T11 1
21 | -l Ry
(- B EIRyky (25)
t21 liGA(kl - Rl)
where the matrix B is:
1 1 —1 -1
B - " e . - (26)
EIRsks EIRky —EI*"Rik} —EI*R3k3

kGA(ky — R2) kGA(ky — Ry4) —rkGA*(kT — R}) —kGA*(k5 — R3)
Similarly, let Cy =0 and Cs = 1. From Eq. and Eq. , it is found that:

Co=r12, Ci=r20, Cf=t1a, Cj=tn (27)
By substituting Eq. into Eq. , the effect of the incident PB wave Cs exp(ksz) is derived as:

T12 1

22 |\ _ -1 Rs

ty (~ D ETRyks (28)
t22 KZGA(k'g - R3)

From Eq. (25) and Eq. , the reflection and transmission coefficients at the damage interface can be
calculated. A parametric study will be performed next.

3.2. Numerical example

In this part, a 91¢7 mm multi-wire cable is considered. The material parameters are as follows: the
elastic modulus £ = 200 GPa, the density p = 7800 kg/m?, the Poisson’s ratio y = 0.3. The geometric
parameters are: the cross-section area A = 0.0035 m?, the moment of inertia I, = 1.09 x 107% m*, the shear
constant k = 0.46.

undamaged damage 1 damage 2 damage 3 damage 4

Figure 3: Damage in the cross section of the cable

The assumed damage of the cross section, shown in Fig. [3] represents corrosion of wires. Four different
damage cases are considered and the geometric parameters of the damaged cross sections are given in Tab.

Table 1: The geometric parameters of the undamaged and damage cases

Case No. Number of wires A (m?) I (m*) Damage level
Undamaged 91 0.003502 1.09 x 10~¢ 00.00 %
Damage 1 61 0.002348  4.88 x 1077 32.97 %
Damage 2 37 0.001424 1.80 x 1077 59.34 %
Damage 3 19 0.000731 4.75 x 1078 79.12 %
Damage 4 7 0.000269  6.48 x 10~° 92.31 %

6



o First, the initial axial force of the cable is defined as Ny = 500 MPa x 0.0035 m? = 1750 kN.

The

os reflection and transmission coefficients are evaluated by Eq. and Eq. , respectively (Fig. [4]).
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Figure 4: a) Reflection and b) transmission coefficients at the damage interface (o9 = 500 MPa). The arrows indicate the
increase of the damage level. The vertical dashed line indicates the cut-off frequency we = 19172 Hz.

96 For the undamaged case, t1; and t9s have a unit value, and the other coefficients are zero. This indi-
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cates that the incident wave travels through the (undamaged) interface, with neither reflection nor mode
conversion. Due to the remote location of the excitation, the incident evanescent wave Cy exp(kiz) and its
reflections Cs exp(koz) and Cy exp(kyx) are extremely weak for the damage cases (Fig. 4)), even though the
values of r1; and ro; are large. Note that the transmission coefficients are large (Fig. [4(b)) as well, even
increasing with the damage level (t21 and t92). This is caused by the reduced stiffness of the damaged part.

The coeflicients 715 and r95 presented in Fig. show the sensitivity of the reflected evanescent waves
and PB waves to the damage interface, respectively, for the case of an incident PB wave. The reflected
evanescent wave (r12 ) is particularly sensitive to the damage in the frequency range between 100 and 2000
Hz and reaches its maximum near 1000 Hz. For the reflected PB wave (ra2), the sensitivity is slightly lower.
More importantly, the PB wave is not spatially concentrated due to its propagating behavior. It can be
concluded from the above that the reflected evanescent wave has greater potential for damage identification.

With increasing axial force, the dynamic behavior of a cable becomes increasingly similar to that of a
taut string (disregarding bending stiffness), especially in the lower frequency range. The intensity of the
reflected evanescent wave, characterized by bending deformation, is therefore lower.

1 3
Zost = 25
€ K]
(0] O
S £ 2f
S L
5 06 3
8 c 15
(e}
§04r @
5 2 4l
@ €
© 2
o 027 So05Ff
'_
0 = : : : 0 : : :
10° 10" 102 10° 10* 10° 10° 10" 102 10° 10* 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 5: a) Reflections and b) transmissions at the damage interface (damage case 2, o9 = 100 - 500 MPa). The arrows
indicate the increase of the cable force. The vertical dashed line indicates the cut-off frequency w. = 19172 Hz.

In order to verify this observation, an additional parametric study is performed based on damage case 2,
changing the axial stress from 100 to 500 MPa. Fig.[5|shows that the reflection of the evanescent wave (r12)
indeed decreases with increasing axial force. It has also been proven that the high-frequency components,
which characterize local bending behavior, are less sensitive to the value of axial force. Both the reflection
and transmission coefficients are hardly affected by the axial force at frequencies above 300 Hz.

The above results prove that both the intensities of reflected evanescent wave and PB wave are sensitive
to damage. Note that the derived reflection and transmission coefficients are independent of the physical
excitations and the remote boundaries of cable, as neither of them is involved in the model (Fig.[2). However,
the length of cable is always finite in reality, meaning that the effects of physical boundaries should be taken
into account, as well as the length of the damaged part. In the following, the spatial distribution of the
wave components will be studied for this case.

4. Damaged cable with general boundary conditions

4.1. Frequency-domain analytical solution

In this part, the dynamic response of a damaged cable will be discussed for different types of boundary
conditions.
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Figure 6: Model of a damaged cable with general boundary conditions

As shown in Fig. [f] a cable with finite length L is considered. AB and CD are the undamaged parts,
and BC is the damaged part. Depending on the boundary conditions considered, this model can represent
either a single isolated cable, a cable connected to a main structure, or a sub-segment of a cable. Similar to
Eq. and Eq. , the frequency-domain response of this model is expressed by the following piecewise
functions:

<AB> exp(k1z) + C’< B) explka2(z — zB)] + C'( B) exp(kszx) + C( B) exp(kaz) (0<z<xB)

Vi(z,s) = C(BC) explk](z — zB)] + C(BC) explk3(z —zc)] + C(B ) exp(kjx) + C(BC) exp(kjz) (zB <z <zC) (29)
C(CD exp(ki(z — zc)) + C’ (€D )exp[kg(a: - L)+ C(CD) exp(kaz) + CiCD) exp(kax) (¢ <z <zy)

RléiAB) exp(kiz) + Rgé’éAB) explke(z — zB)] + Rgé’éAB) exp(ksz) + R4C~’iAB> exp(ksx) (0<z < xB)
O(z,s) = R’l‘é’ch) explk](x — zB)] + R} C'éBC) explks(z — z¢)] + R} C~'§BC) exp(k3z) + RZC‘&BC) exp(kjz) (zB <z <zc)
R16~'§CD) exp(ki(z — z¢)) + RQCéCD) explke(z — L)] + RgééCD) exp(ksz) + R4C~'iCD) exp(kaz) (¢ <z <my)
(30)
where zp and z¢ are the z-coordinates of B and C, respectively (taking A as the original point).

Eq. and Eq. contain a total of 12 unknown coefficients, requiring a system of 12 equations,
established by the continuity and equilibrium conditions at the damage interface B and C, as well as the
boundaries conditions at A and D.

First, continuity and equilibrium at B and C provide the following 8 equations:

V(eg,w) = V(a,w)
O(ay,w) = O(zf,w)
M(zp,w) — M (25, w) =0
Q(rp,w) — Q(xng) =0
V(zg,w) = V(eg,w)
O(wg,w) = B(af,w)
M(zc,w) — M(z&,w) =0
Q(zc,w) — Qzf,w) =0

where the frequency-domain bending moments and shear forces are calculated as:

Qy(z,w) = kGA W - @(m,w)} (39)
M,(z,w) = —FEI 86@ w) (40)

or
The remaining 4 equations are obtained by considering the boundary conditions. Generally, each type of
boundary condition yields two equations:

Fixed: the displacement or rotation is constrained. (e.g. va(t) =0 or 04 (t) = 0)
Free: no force or moment is present. (e.g. Qa(t) =0 or Ma(t) = 0)
Excited: the displacement or force is non-zero and known. (e.g. va(t) # 0 or Qa(t) # 0)

Absorbing: the cable extends to infinity. (e.g. CN’EAB) =0or C’£CD) =0)

In the following, two typical cases will be considered.

9
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4.2. Damaged cable with fized boundaries

Assuming that the displacements and rotations of both boundaries are known, the 4 boundary equations
take the form of:

Viza,w)=Va (41)
O(za,w) =64 (42)
V(wp,w) = AD (43)
O(xp,w) = (44)

By substituting the analytical solution (Eq. — 30))) into the continuity and equilibrium conditions (Eq.
-38)), as well as the boundary conditions (Eq. (41]-44), the following system of equations is established:

Hy;, 0 Hjs
Hy Hyp, 0 | .C—H.C=d (45)
0 His Hsjs

where the coefficient vector C contains the wave coefficients, which represent the amplitude and phase of
the wave components contributing to the response of the cable:

- ~ ~ - - ~ - ~ - - - - T
C:{ GUAB)  GAB)  A(AB)  (AB)  H(BO)  (BC)  FBO) A(BC) A(CD)  F(CD)  H(CD) C‘icm}
(46)
the vector d contains the known displacements and rotations of the boundaries A and D:
N A . A T
d={Vy 64 V» ©6p 0 0 0 0 0 0 0 0} (47)

In Eq. , H is the characteristic matrix, calculated by the known conditions (material and geometric
parameters, dispersion relation), representing the characteristics of the system. Its sub-matrices are given
by the following expressions:

1 exp(—kozp) 1 1
_ R1 R2 exp(fkng) Rg R4
0 0 0 0
i 0 0 0 0
0 0 0 0
Hy; = 49
B epli(L-wo)] 1 exp(ksl)  exp(kiL) (49)
| Riexplki(L —xc)] R2 Rsexp(ksL) Ryexp(ksl)
i 1 1 1 1
. R1 R2 R3 R4 .
Hy = EIR Kk EIRsks EIRsks EIRky Ay (50)
L —HGA(kil — Rl) —KGA(]CQ — Rg) —/QGA(k‘g — Rg) —KGA(]C4 — R4)
i -1 -1 -1 -1
_ —Rj —R; —Rj3 —Rj ,
Hoo = —EI*Rik} —EI* Rk —EI* Rk —EI'R;k} Az (51)
| KGA*(ki — R}) kGA*(k3 — R3) kGA*(ki —R3) kGA*(ki — R})
i 1 1 1 1
_ Ry R; R R} '
Hs, = ET*Rik} EI* R}k ET* Rk} EI*Rik} As (52)
| —kGA*(k} — R}) —rkGA*(ki — R3) —rkGA*(k3—R}) —rkGA* (ki — R)

10
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-1 -1 -1 -1

Ha; = —Eljf%illkl —El%zkg —Eljfzikg —Ellj%tm A4 (53)
kGA(k1 — R1) kGA(ks — R2) kGA(ks — R3) kGA(ky— Ry)
where
Ay =diag{ exp(kizg) 1 exp(kszp) exp(kszg) } (54)
Ay = diag{ 1 explki(zp —zc)] exp(kizp) exp(kijzp) } (55)
As = diag{ explki(xc —aB)] 1 exp(kizp) exp(kjzp) } (56)
(57)

Ay =diag{ 1 explka(zc —L)] exp(kszp) exp(kszp) } 57

In this part, both boundaries are assumed fixed, so that VA =0 A= VD = éD = 0. The coefficient vector
C in Eq. has a non-trivial solution if and only if

det(H) = 0 (58)

From the above characteristic equation, a series of frequencies w; = {w | det[H(w)] = 0} are obtained, which
are the natural frequencies of the cable, satisfying

rank[H(w;)] = 11 < 12 (59)

At each natural frequency, the fundamental solution C obtained from Eq. represents the contributions
of the wave components to the mode shape of the cable. Since the mode shapes of the cable take the form of
Eq. , they can be decomposed as follows. The contribution of the evanescent waves to the mode shapes:

A éiAB) exp(klx) —+ CZ(AB) exp[kg(a? — SCB)] (O S T < IB)
Va(z,w) = C:fBC) explki(x —ap)] + qQ(BC) explk3(z —zc)] (2 <z <zc) (60)
CP explin (z = w0)) + C5™ explha(e — L)] (w0 <@ < 1)

The contribution of the PB waves to the mode shapes:

) O exp(kaz) + C{) exp(haz) (0 < @ < zp)
Volw,w) = ¢ C5" exp(ksa) + O exp(kjr)  (ap < @ < wc) (61)
C{ exp(ksa) + CL%) exp(kaz) (20 <z < 1)

It has been shown in Fig. that both evanescent wave and PB wave are sensitive to damage. A numerical
example will be studied next to check their sensitivity and spatial distribution.

For the cable model with fixed boundaries, an eigenvalue problem is considered in this example. The
damaged cross section corresponds to damage case 1 (Tab. . The initial stress of the cable is 0y = 500 MPa.

|| BMC D dmased

! ﬁL L, | amage

i — 1 x|  cross section

Y L [ x=12m |
’\wal damage
A N D

N s s ——————————————
N B C x
L 12m |
11 1 40m 1[

Figure 7: Model of a damaged cable with fixed boundaries

As shown in Fig. [7] the cable has a finite length L = 40 m, and the damaged part is between xp = 12.0 m
and zc = 12.1 m. The boundary condition vector d = 0 in Eq. (45). In order to find a series of natural
frequencies w; satisfying det(H) = 0, det(H) is firstly evaluated in the frequency interval 0—1500 Hz (Fig. .
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Figure 8: The determinant of the matrix H

Each local minimum of det(H) indicates a natural frequency of the cable, and its value is found by the
bisection method, solving for det(H) — 0. The first three natural frequencies are found as 1.477 Hz, 2.972
Hz, 4.497 Hz. Similarly, two high-order natural frequencies near 500 Hz and 1000 Hz are calculated as
493.402 Hz and 1007.941 Hz, respectively. At each of the above frequencies, a fundamental solution of the
coefficient vector C is solved from Eq. , and the mode shapes (Eq. ) are decomposed into evanescent
wave components (Eq. ) and PB wave components (Eq. ), as shown in Fig. El and Fig.

1 [ T T T T T T T ]
0
3 0
(S
-1 L L L L L L L ]
0 5 10 15 20 25 30 35 40
z (m)
(a)
0.2 T T T T T T T
T -
T of ]
&
/ \
-0.2 L L L L L L L
0 5 10 15 20 25 30 35 40
z (m)

Figure 9: Lower-order mode shapes of the cable and the wave decomposition (— 15¢ order, — 2rd order, 3rd order). The

dashed lines indicate the damage interfaces: a) mode shapes b) evanescent waves ¢) PB waves
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Figure 10: Higher-order mode shapes of the cable and the wave decomposition (— 493 Hz, — 1008 Hz). The dashed lines
indicate the damage interfaces: a) mode shapes b) evanescent waves ¢) PB waves

Fig. and Fig. show that the evanescent wave components are spatially concentrated near the
discontinuities of the cable (both the boundaries and the local damage), making each of the discontinuities
easy to recognize independently. This is because the evanescent wave decays exponentially along the x axis
(as in Eq. ) Since the evanescent wave involves a transverse motion with bending deformation, it is
sensitive to the curvature at the location of discontinuity. As can be seen from Fig. the evanescent wave
component at 493 Hz is significantly sensitive to the damage, due to the large modal curvature (Fig.[10(c)).

The dynamic response of the cable, measured by a sensor, is the total response, which is sum of the
evanescent wave and PB wave. Since the evanescent waves decays exponentially with the distance from
discontinuity, it cannot be detected far away from damage location unless the resolutions of sensors are
sufficiently high.

By comparing Fig. and Fig. as well as Fig. and Fig. it can be concluded that
the mode shapes are dominated by PB waves which have a harmonic nature and propagation behavior.
Therefore, it is not easy to detect damage from either mode shapes or PB wave components, despite the
considerable sensitivity of PB wave shown in Fig.

The above study is based on the fundamental solution of Eq. in case of d = 0. In the following,
again based on Eq. , the wave propagation response of a damaged cable subject to a boundary excitation
will be studied.
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4.8. Wave propagation in a semi-infinite cable

Referring again to the cable model in Fig.[6 the boundary conditions are re-defined in this part. Assume
that a transverse motion is imposed at boundary A, while its rotation is constrained. The cable spatially
extends to infinity along the positive x axis, which is modeled by an absorbing boundary at D. For this case,
Eq. (45) is still applied after being modified to satisfy the new boundary conditions.

The transverse motion at the boundary A is known, so that V4 # 0 and ©4 = 0 in the vector d

(Eq. (4 ) For the absorbing boundary D, the coefficients C’QCD) and C’4C )7 contained in the vector C, are
zero. Eq. and Eq. are eliminated. In order to satisfy the above conditions, Eq. is modified as:

1 2 3 4 5 6 7 8 9 10 11 12 O(AB)
C(AB)
C(AB)
C(AB)
C{BC
C(BC)
C(BC) -
C(BC)
O(CD
C(CD)
C(CD)
C(CD

o O
o o
o o
o O
o o
o o
o o
o O
o o

(62)

0O Ui Wi

= O
o

_.
-
oooooooooo§>§’

OO DD OO ODODDODOO OO
OO DD OO OO OOO

—
\o}

where the other elements of the matrix at the left hand side are the same as those included in the previous
H (Eq. ) Eq. presents a fully determined property, and a unique solution of C is obtained at each
frequency. The frequency-domain response of the cable, taking the form of Eq. (29)), will now be decomposed
into evanescent wave components (Eq. ) and PB wave components (Eq.

Y
— local damage BC - -
I AN - Y ~ "D
— == (—>
X
O 1om BC
i t 40m |

1 i

Figure 11: Model of a damaged cable excited by a boundary displacement

The cable model in Section is again considered as an example. As shown in Fig. the transverse
motion va(t) is imposed at the left boundary A. An absorbing boundary is assumed at D, indicating that
the cable spatially extends to infinity along the positive z axis. The boundary excitation is assumed to be
a Dirac Delta function:

va(t) = 6(¢) (63)

which represents a general case. In the frequency domain, the Fourier transform of Eq. :
Va(w) =1 (64)

represents a unit displacement at each frequency. The coefficient vector C is then calculated from Eq. .
By substituting C into Eq. , Eq. , Eq. , the frequency-domain response of the cable, and the
wave components are calculated, shown in Fig.
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Figure 12: Frequency response of the cable imposed by the transverse motion of a Dirac Delta function: a) transverse displace-
ment field b) evanescent wave component c¢) PB wave component

From Fig. it is again found that the contributions from the evanescent waves are concentrated
near discontinuities. In order to quantify the effect of the local damage, the results in Fig. [I2] are studied
in more detail. First, the wave components at the damage location x = 12 m and the undamaged location
x = 30 m are compared in Fig.
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Figure 13: Wave components at the damaged (x = 12 m) and undamaged (z = 30 m) locations

Fig. [13|shows that the evanescent wave is significant at the damage location, getting even more intensive
with increasing frequency. At the location z = 12 m, the ratio between the evanescent wave and the PB
wave is around 0.2, which is consistent with the reflection coefficient |ri2| in Fig. The PB waves, which
characterize the global response of the cable, on the other hand, are less sensitive to the local damage.
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Figure 14: The spatial distributions of the wave components at 50 Hz, 100 Hz and 200 Hz (The solid lines and the dashed lines
represent the evanescent waves and the PB waves, respectively)

Next, the spatial distribution of the wave components at the frequencies 50 Hz, 100 Hz, 200 Hz are
compared in Fig. The spatial distributions of the evanescent waves near the discontinuities, i.e., x = 0 m
(left boundary), x = 12 m and = = 12.1 m (damage interfaces), are of particular interest. At higher
frequencies, the reflected evanescent waves (at the outer side of the damage) are more intensive, which is
consistent with Fig. [[3] The spatial decay of higher-frequency evanescent wave is faster, however, due to
the larger value of wavenumber.

In order to identify the area where the evanescent wave can potentially be detected, Fig. shows the
locations where the evanescent wave generated by the damage satisfies the following condition which is here
assumed sufficient for detection: R

z € {z | [Va(z,w)| > 0.01} (65)
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Figure 15: The suitable area for the detection of evanescent wave

In the frequency range between 50 and 100 Hz, the detection area reduces with increasing frequency.
The sensitivity of the lower-frequency evanescent wave to local damage is lower than the higher frequency
components, however (Fig. . It can be concluded that a trade-off is needed between a large detection
area and a high intensity of the detected evanescent wave.

From the above study, it is concluded that local damage can in principle be identified from evanescent
wave components. In practical cases, however, the displacement field shown in Fig. is difficult to
measure. Instead, the total response, which consists of evanescent wave and PB wave components, can only
be measured at a few observation points. A suitable methodology for signal processing is therefore needed
to decompose such measured response into the proposed wave components. This will be studied next.

5. Damage identification based on wave decomposition

5.1. Estimation of wave coefficients

Ls

— s

e Ubst Fx,1) = f(x) p(t)
. (i el I) Leture F(x) = 0 for x;<x<xa
VA |—> x* X; Xy X3 Xn m 6p ¥D

Figure 16: Model of a damaged cable excited by boundary motions and external force
As shown in Fig. [I6] suppose that a few sensors are located at:

x:{xl Ty 0 Tp }T (66)

First of all, the substructure between x = x; and z = =z, is defined, with length Ly = |z, — z1|. As long
as neither local damage nor external forces are contained in (z1,z,), the substructure is an undamaged
cable, excited by boundary displacements (as well as rotations), regardless of the actual physical excitation
of the cable, i.e., the imposed motion at the boundaries A and D, the external force F'(z,t). The transverse
motion of the substructure therefore takes the form of Eq. in the frequency domain. The four wave
coefficients Cy, Co, C5, Cy are unknown, requiring 4 equations, which are obtained by the consideration
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of the measurements. By applying the Laplace transform, the measured response is transformed into the

frequency domain: . R R R
Vi = {Via(@9), Vi (23), -+ Via(23)} (67)

where 7 = z; — x1 (j =1,2,--- ,n) are the locations of the measurement points with the local coordinate
system defined at the level of the substructure. In order to avoid numerical problems arising from the singu-
larity of the characteristic matrix, the wave coefficients Cy and Cy in Eq. are replaced by C exp(—koLg)
and C4 exp(—k4Ls), respectively. The frequency-domain analytical solution of the substructures is then
re-written as:

V($*7 s) = o) exp(k12*) + Cs explke(z* — Lg)] + Cs exp(ksa™) + Cy explka(z™ — Ly)] (68)

Assuming that the measured response (Eq. @) equals the analytical solution (Eq. )7 a system of

equations is established as:

(es)

H-C” =V, (69)

where the coefficient vector, containing the estimated wave coefficients of Eq. is given as:

~ R ~ ~ ~ T

C(eS) :{ C{cs) 02(05) C?()cs) Cics) } (70)
The characteristic matrix, determined by the known conditions, is given as:

exp(k1zy) explka(xt — Ls)] exp(ksay) explka(z — Ls)]
exp(k1zy) explka(xd — Ls)] exp(ksxy) explka(zs — L

= (71)
exp(kizf) explka(xl — Ls)] exp(ksxl) explka(zl — Ls)]
The wave coefficients are obtained by matrix inversion or the Least Squares Method:
Y H W (n=4) o ¢ =HTH)HV, (n>4) (72)

It is interesting to note that Eq. in fact represents a linear transform of the measured response Vm,
from the frequency domain to the wavenumber domain.

By substituting C(es) back into Eq. 1@' the transverse motion of the substructure is reconstructed in
the frequency domain, expressed in the local coordinate system as:

V(z*,s) = C exp(kya*) + CS explka(z* — L)] + O exp(ksa™) + CS explky(2* — Ly)]  (73)

where C’fes) and C’ées) represent the evanescent waves at * = 0 (decaying along the positive direction) and

x* = Ly (decaying along the negative direction), respectively. C'?(,CS) and CN’LECS) represent the PB waves at
x* = 0 (propagating along the positive direction) and z* = Ly (propagating along the negative direction),
respectively (Fig. [17).

{*e%) expl—lea (L] { "“’“(s) )- explks ()L

Figure 17: Reflections of the evanescent waves at the boundaries of the substructure
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From é’l(es) and C'ées), the discontinuities at the left and right side to the substructure, respectively, can

be identified. The absolute values of C’fes) and C’Q(es) are affected by the frequency response of cable, and
cannot be used for damage quantification. In order to derive a damage indicator depending only on the
characteristics of the local discontinuity, the reflection coefficients of evanescent wave (REW) for incident
PB waves are estimated from the reconstructed response of the substructure (Fig. [17):

s
10 (9) = ) (74)
Cy " (s) exp[—Fka(s)Ls]
es é(os) (S)
S r(s) = = (75)
C37"(s) explks(s) Ls]
where [rgs)]L indicates the REW at 2* = 0 for the incident PB wave along the negative direction, [TS)]R

indicates the REW at «* = L for the incident PB wave along the positive direction. The estimated [r%ZS)]L

and [1"§'ZS)]17L7 which correspond to the coefficient 715 of Eq. depend only on the characteristics of the
discontinuity near the substructure, i.e., they depend on neither physical excitation nor the global response
of cable. This renders them suitable for local damage identification.

5.2. Numerical example
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Figure 18: The boundary excitation and the measurement

In this part, the cable model of Section [£.2]is again considered. Particularly for this example, two anchors
are modeled at both end points of the cable, as shown in Fig. The length of each anchor is L, = 0.5 m.
The cross section of the anchors is assumed to be a circle with diameter D, = 0.1 m, so the cross-section
area is A, = 0.0078 m? and the moment of inertia is I, = 4.909 x 10~% m*. Since the evanescent waves are
spatially concentrated, multiple local damages at different locations can be detected independently, as long
as the areas of detection do not overlap. At the locations £ = 7 m and x = 15 m, local damages BC and DE
are considered, with the damage levels of case 1 and case 2 in Tab. [1| respectively. At the right boundary
F, a constant tensile force Ny = 1750 kN is applied.

Tab.[2]and Fig. [I9]compare the natural frequencies and mode shapes of the cable before and after damage,
respectively, taking into account the static configuration under the own weight loading, as calculated by
means of the finite element method.
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Table 2: The natural frequencies of the cable model (Hz)

Order 1 2 3 5 10
Undamaged 3.190 6.386 9.597 16.090 33.055
Damaged 3.193 6.395 9.611 16.094 33.082

Relative change 0.09% 0.14% 0.15% 0.02% 0.08%

Mode shape

Mode shape

Mode shape

Mode shape

x (m)

(d)

)
o
©
<
]
)
°
o
=
x (m)
(e)
Figure 19: The mode shapes of the cable model (— undamaged - - - damaged). The gray dashed lines indicate the damage

locations: a) 15 mode b) 224 mode c) 3'4 mode d) 5 mode e) 10** mode
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Interestingly, the transverse stiffness of the cable, which is mainly provided by the cable force, hardly
changes after damage. As a consequence, the natural frequencies of the cable model actually slightly increase
due to the loss of mass in the damaged parts. Therefore, local damage cannot be identified from changes in
the natural frequencies in such a case. Additionally, the mode shapes before and after damage are compared
in Fig. showing that the local damages have little effect to the mode shapes.

In this simulated experiment, the reflection coefficients [TSS)]L and [rgzs)]R will be estimated by means
of the proposed methodology, and will be applied for local damage identification. A sensor array, composed
of 4 accelerometers with a spacing of Az = 1 m, is applied. Assuming that the sensor array can be moved
along the cable, the experimental procedure is as follows:

1. The sensor array is initially located at x = {Om, 1m, 2m, 3m}T;

2. An unmeasured hammer impact is applied at an arbitrary location in a certain area;
3. The acceleration response is measured by the sensor array;

4. The sensor array is moved in the = positive direction by 0.1 m;

5. Repeat step 2 to 4, until the sensor array reaches x = {17m, 18m, 19m, 20m}?.

It has been shown that an evanescent wave is generated at each discontinuity. Therefore, the discontinuity of
the shear force produced by the hammer impact generates evanescent wave as well, which may interfere with
the detection of the evanescent waves generated from damage, in particular when the location of impact is
close to the sensors. Due to the exponential decay of the evanescent wave generated by the hammer impact,
it will not interfere with the damage identification as long as the location of the impact is far away from the
sensors. For this reason, each hammer impact applied to the cable model is modeled as:

p(x,t) = An - h(t) - 6(x — xn) (76)

where Ay, is the amplitude of the impact force, which is an arbitrary value between 300 and 500 N in this
example. xy, is the location of the hammer impact, which is an arbitrary value between 25 and 35 m in this
example. h(t) is a linear impact signal with a unit amplitude starting from t; = 0.5 s, and the total duration
is tqg = 4 ms.

In this experiment, the sampling frequency fs = 1000 Hz, and the total number of samples Ny = 2! =
2048. The time-domain signal and the linear spectrum of h(t) are shown in Fig.

15 T T T T T T T
1

Unit force (-)
o
(63}

0,
_0.5 1 1 1 1 1 1 1
0.49 0.495 0.5 0.505 0.51 0.515 0.52 0.525 0.53
Time (s)
(a)
-3
§ 2 ><10 T T T T
2
L
% 0 1 1 1 1
0 100 200 300 400 500
Frequency (Hz)
(b)

Figure 20: Unit impact h(t): a) time-domain signal b) linear spectrum
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253 The dynamic response of the cable is simulated by a two-step finite element method - spectral element
¢ method (FEM-SEM) approach [20]. First, the static state of the cable under its own weight is analyzed by
s means of the FEM. Based on this initial state, the dynamic response of the cable to each hammer impact
»6 i analyzed by means of the SEM. The accelerations at the sensor locations are considered as the measured
7 responses. Particularly, each response is polluted by a zero-mean white noise signal, with standard deviation
s /o =0.001 m/s°. Taking the measurement when the sensor array is located at x = {9m, 10m, 11m, 12m}T
9 for example, the amplitude of the impact force is Ay, = 404 N, and the location of the impact is z, = 31.5 m.
%0 The measured acceleration responses are shown in Fig.
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Figure 21: The measured acceleration responses: a) 1 = 9.0 m b) 2 =10.0 m¢) z3 =11.0 md) 4 = 12.0 m

261 First of all, the measured time-domain acceleration signal is transformed into the frequency domain by
> the Laplace transform [20], obtaining V, in Eq. . The real constant of the complex frequency s is
o =27 /(NsAT) [28]. For example, the Laplace transform of the measured acceleration response shown in

Fig. 21]is given in Fig. 22|
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Figure 22: The Laplace transform of the measured response

265 By substituting the frequency-domain acceleration response Vi (Fig. into Eq. , the wave coef-
26 ficients C’fes), C’Q(es), C’g()es) and C’ies) are estimated. For each hammer impact and sensor array, these four
7 wave coefficients can be estimated. Fig. [23|shows each estimated wave coeflicients, as a function of both the
x%s location of the sensor array x and the frequency w.
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Figure 23: The estimated wave coefficients by the wave decomposition (The gray dashed lines indicate the damage locations):
a) C;es) b) Cées) C) Cées) d) CieS)

260 In Fig. [23(a)|and Fig. [23(b)] the evanescent waves are concentrated near the damage locations (x = 7 m
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and x = 15 m). Additionally in Fig. the evanescent wave is detected as well near the left anchor
(z = 0 m) due to the discontinuity present. However, the PB wave components (Fig. and Fig. ,
which are determined by the global characteristics of the cable, do not reveal the presence of discontinuities.
This is because the propagating waves are mainly affected by the amplitude and location of the excitation,
which are different for each hammer impact.

Furthermore, by substituting the estimated wave coefficients (Fig. into Eq. and Eq. , the
REW indicators [T:(le;)]L and [rge;)]R are estimated (Fig. , which depend only on damage level. The
physical meaning of the reflection coefficients has been illustrated by Fig.
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Figure 24: Estimated REW indicators (The gray dashed lines indicate the damage locations): a) [TSS)]L b) ['rge;)]R

In Fig.[24] each local damage can be identified independently. The influence of the measurement noise at
the frequencies below 10 Hz and above 450 Hz is easily recognizable and can for this reason be excluded from
the data interpretation. From the results in Fig. [24] it is observed that the evanescent wave components are
not strictly concentrated at the damage interface, but instead are smeared over wider areas (z € [5, 7]U[13, 15]
in Fig. and z € [7,9] U [15,17] in Fig. 24(b)). This phenomenon will be clarified next.

X4 X1
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Figure 25: The sensor array passes through the damage location

As shown in Fig. 28] three cases will be considered when the sensor array passes through a damage
location:
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1. When the sensor array is to the left of the damage location (the red sensors in Fig. , the damage

interface is to the right of the substructure, and a significant [TSS)]R is detected.

2. When damage is situated within the substructure (i.e. the gray sensors in Fig. [25), the dynamic
response of the substructure does not satisfy Eq. . Therefore, Eq. does not hold, and the
(es)

estimated wave coefficients make no sense, despite the large values of both [r;5”]r, and [rge;)]R.

3. When the sensor array is to the right of the damage location (the blue sensors in Fig. , the damage
interface is to the left of the substructure, and a significant [r:(LC;)]L is detected.

In order to indicate the damage location more clearly, an intensity of the evanescent wave reflection is
defined by integrating |[r§e;)]L| and |[r§§s)]R| along the frequency axis, with regard to the frequency range
w € [wy,ws] where the signal-to-noise ratio is considered sufficiently high:

1 w2 es
By (z) = ML 55710 (2, w) e (77)
1 “ o es)

Er(z) |12 Ir (2, w)|dw (78)

we —wi] oy

where Ep,(z) and Er(z) indicate the intensity of the evanescent wave reflection from the left side and the
right side of the substructure, respectively. At a certain location, the sum of the above two terms:

Equm(z) = Er(z) + Er(z — Lg) (79)

represents the total intensity of the evanescent wave reflections to both sides, which can be used as an
indicator for damage localization.
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damage BC t Ey, Er Equm
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Reflection intensity (-)
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(S IN
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20

Figure 26: Damage localization based on the intensity of the evanescent wave reflection (The gray dashed lines indicate the
damage interfaces)

Fig. shows the intensity of the evanescent wave reflection of the cable, considering w; = 10 Hz and
we = 450 Hz to exclude the effect of the noise. From the peaks of Egunm, the damage locations (z = 7 m
and x = 15 m) are identified. Based on the known damage locations, the estimated REW at the locations

0.1 m away from the damage interfaces (i.e., |[r§e;)]R(x = 6.9 m,w)| and HTSS)]L(JJ = 7.2 m,w)| for the

damage BC, |[T§625)]R(l’ = 14.9 m,w)| and |[r§e;)]L(x = 15.2 m,w)| for the damage DE) are extracted for the
quantification of the damage levels. The theoretical value of the REW (r12) can be evaluated by Eq. .
Based on this, the reference value of the REW at x5 away from the damage interface is then calculated by:

779 = T12 - exp(—kaxs) (80)
In this example, s = 0.1 m. The reference values and the estimated values of the REW are compared in

Fig. 27]

25



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

e
3

o
o
T

damage case 4

o
3

o
~
\
l
)
|
1
I
]
|
I

o
w

Reflection coefficient (-)
©

Frequency (Hz)

Figure 27: Damage quantification based on the estimated REW indicator

From the comparison between the estimated REW and the theoretical value of |rf,|, shown in Fig. the
damage levels at BC and DE are identified, corresponding to damage case 2 and 1 in Tab. [I} respectively. At
frequencies below 10 Hz and above 450 Hz, the estimated REW is apparently affected by the measurement
noise, and these results can be easily disregarded. The following two issues should be noticed for the results

shown in Fig.

1. The estimated REW do not perfectly match the reference values at each frequency. The envelope of
the frequency-domain REW approaches the theoretical value, which gives an approximate estimation
of the damage level.

2. The damage levels are always overestimated by the proposed indicator, as the estimated values of
REW indicator |[r§e2$)] are slightly higher than the reference values. This is even more obvious in the
case of a higher damage level.

The reason is that the cable model is not exactly consistent with the reference model (the single damage
interface in Fig. , instead, each local damage involves two interfaces. As shown in Fig. the reflection
of the evanescent wave at the damage interface (r12) is indeed correct. However, the transmitted evanescent
wave (t12) is further transmitted outside the damage part through the other interface (§ in Fig. . The
reflection of the evanescent wave is therefore interfered by such additional component, resulting in the
overestimation and interference pattern of Fig. 27]

[ 5 | 1 =+ 5 40!
\ <~ | hy F———
\ ! [ I
e ——— e
| < | o | —>
[/ | §:overestimation | O |

Figure 28: The transmission of evanescent wave through the damage part

Despite the influence of the transmitted wave, the damage level can still be assessed by the proposed
indicator, with only a slight overestimation. From the above study, it can be seen that the proposed indicator
is affected by neither the global response of the cable nor the differences in the amplitudes and locations
of individual hammer impacts. Additionally, the damage indicator REW is frequency dependent, providing
multiple values. These values at different frequencies can be combined into a single indicator which is more
robust with respect to measurement noise.

26



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

6. Conclusion

In the present work, the frequency-domain response of a cable is decomposed into evanescent wave
and propagating bending (PB) wave components. Based on this, a wave-based methodology involving the
reflection of the evanescent wave is proposed for local damage identification.

First, it is proven by an analytical study that the evanescent wave is locally sensitive to discontinuities
in the bending stiffness of the cable. In turn, a signal processing method is proposed to decompose the
frequency-domain response of cable into evanescent wave and PB wave components. This allows the esti-
mation of the REW for incident PB wave, which depends only on the characteristics of discontinuity and
is proposed as a local damage indicator. The total intensity of REW can be used for localization of the
damage. Based on the known damage location, local damage can be quantified by taking the theoretical
value of r]4 as a reference.

The feasibility of the proposed methodology is studied by means of a numerical experiment simulated
by a two-step FEM-SEM approach. The advantages of the proposed methodology are:

1. The evanescent wave is always concentrated near a discontinuity, and decays exponentially with dis-
tance. For this reason, multiple local damages can be identified independently.

2. For the substructure defined by the location of the sensor array, the dynamic response is induced by
the motion at both end points, satisfying the analytical solution. Physical excitation is therefore not
particularly restricted as long as the excitation is neither inside the substructure nor near the sensors.

3. The estimated REW only depends on the characteristics of discontinuity. The spectra of the global
response do not affect the estimated result as long as the concerned frequency band is sufficiently
excited.

4. The estimation of wave components is obtained by a linear transform of the measured response, from
frequency domain to wavenumber domain. The frequency-dependent REW therefore provides a series
of independent values, which can be used to derive a damage indicator which is more robust to the
measurement noise.

The proposed methodology is promising for application in cable structures, offering opportunities to vibration-
based damage assessment and structural health monitoring. The methodology can be extended for applica-
tion to beams, either with or without prestressing, by considering Ny, = 0 or Ny < 0, respectively.
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