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A method is proposed to study the dynamic characteristics of cable structures from the perspective of traveling waves based on the
modified Timoshenko beam axial tension model. Considering the propagation characteristics of the bending wave in a beam
structure, once the frequency response of the three measuring points is measured, the wave component coefficients can be
obtained by the least squares method, and then the cable force and bending stiffness can be identified with the aim of minimizing
the fitting residual.,e accuracy of this method is verified by a numerical simulation experiment of the cable vibration. Compared
with the traditional frequency method, this method focuses on the cable force identification of the substructure, so the effect of the
shock absorber is invalid. Moreover, the cable force of each position of the cable can be calculated reversely by static analysis with
the identified cable force of the substructure, which breaks the concept that the cable force is a single value. Furthermore, the cable
force can be identified at each frequency sampling point, reducing the impact of the external disturbance.

1. Introduction

,e cable is the core component of the cable-stayed bridge.
,e accurate identification of the cable force is of great
importance in bridge construction and operation. ,e
conventional methods to measure the cable force in civil
engineering structures include the pressure gauge method,
pressure sensor method [1, 2], wave method, magnetic flux
method, and vibration-based method [3]. ,e frequency
method with the widest range [4, 5] depends on the natural
frequency of the cable to identify the cable force. ,us, the
accuracy of the method depends entirely on the calculation
formula under the condition of an accurate frequency
measurement. ,e taut string model was the first cable
model used in vibration-based cable tension estimation
methods. Assuming a hinged end condition for both cable

ends and ignoring the cable bending stiffness, the taut string
model results in a large deviation between the actual cable
tensions and the cable tensions estimated by the vibration-
based method [6, 7]. ,ereafter, many scholars studied the
sag and bending stiffness of the cable to improve the ac-
curacy of the vibration-based cable tension estimation
method. However, because the essence of cable force
identification is based on the structural modal characteris-
tics, the effects of the bending stiffness, boundary conditions
and sag are significant, which only leads to a reasonable
range for identifying the flexural stiffness of cables. Addi-
tionally, the theoretical calculation formula had not been
derived; instead, it became the target to be identified [8, 9].

In previous studies [9, 10], considerable fundamental
analyses have been performed on different cable boundary
conditions. Because of the complex connection between
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the cable and main beam or tower, the connection mode is
between the hinge and consolidation. Although it is
feasible to simulate the boundary conditions with the
spring stiffness in the static analysis, the stiffness of the
dynamic boundary is obviously dependent on the fre-
quency in the dynamic analysis, so the truncating
boundary is still insufficient. ,e cable force is not a fixed
value but is a distribution function along the cable length
because of the sag of the cable, which cannot be achieved
by the traditional cable force identification method. For
the frequency method based on the modal characteristics
listed above, there were still some problems after long-
term research, so some scholars turned to the perspective
of traveling waves to study cable force identification.
McDanieland Shepard [11] derived the general solution of
the dynamic response of the beam. Instead of directly
establishing the characteristic equation through the
boundary conditions to calculate the unknown coeffi-
cients, they were obtained by using the frequency re-
sponse of different measuring points. Maes et al. [12] then
attended to the one-to-one correspondence between the
axial force of the beam and the wavenumber and applied
the wavenumber identification to the axial force identi-
fication of beam. Since the distributed axial force can be
approximated as a single value only in the local area for
the cable, the identification of the internal force state of
the whole cable demands further discussion. Zhang [13]
proposed a new theory of cable force identification in his
doctoral dissertation by using the Timoshenko beam
model to deduce the frequency domain solution of cable
vibration, which could calculate the frequency domain
response of the cable and by spectral element program-
ming. In his paper, the four-wave components existing in
the beam model are not discussed; instead, five points of
subcable segment are selected for least squares solution of
the wave component coefficient [14], taking wave com-
ponent coefficient of fitting residual error minimum as a
criterion of cable force identification. Moreover, the
wavenumber solution of the Euler–Bernoulli beam model
is still adopted for the wave components introduced into
the cable force identification. Obviously, the accuracy
cannot be satisfied in high-frequency response.

In this paper, the beam element is modified to solve the
inapplicability of the Euler–Bernoulli beam model for short
thick beams and high-frequency segments and to avoid the
problems of the Timoshenko beam model of the cutoff
frequency and two wave velocity systems. ,en, the char-
acteristics of the four waves in the beammodel are discussed.
It is considered that the near-field wave decays exponentially
from the anchorage end to the beam and only exists in the
local position of beam anchorage. ,is phenomenon decays
faster with increasing frequency. After neglecting the near-
field wave, the frequency response of the three measuring
points is more suitable for the engineering situation. ,e
wave component coefficient is obtained by the least squares
fitting method [15–17], and the cable force and bending
stiffness are identified with the least fitting residual. Finally,
the accuracy of this method is verified by the numerical
simulation of the cable vibration.

2. Dispersion Relation of the Cable Vibration

2.1. CorrectedTimoshenkoBeam0eory. Doyle [18] deduced
the dispersion relation of the Euler–Bernoulli beam theory,
and Lee et al. [19] derived the dispersion relation of the
vibration under the Timoshenko beam theory by consid-
ering the shear deformation and axial tension. However, the
Euler–Bernoulli beam model has a large error at a high
frequency due to neglecting the shear deformation, and the
existence of a cutoff frequency in Timoshenko beam theory
renders two wave velocity systems, which is not consistent
with reality. In fact, in the derivation of the Timoshenko
beam theory, the moment of inertia caused by shear de-
formation is not taken into account. Once considered, the
cutoff frequency would be eliminated, leaving only one wave
velocity system, and the accuracy of the high-frequency
vibration response of the structure was increased [20].

When the moment of inertia caused by shear defor-
mation is introduced into the infinitesimal section of the
cable, the equilibrium state is shown in Figure 1.

According to Figure 1, the equilibrium equation of the
infinitesimal section of the cable is established:
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where dx is the length of the infinitesimal section along the
x-axis, A is the sectional area of the cable, and ρ is the density
of the cable, y(x, t) is the lateral displacement of the cable,
and η(x, t) and λ(x, t) are the sectional angles caused by the
bending and shearing of the cable.

From the Timoshenko beam theory, the shear force Qy,
bending moment Mz, and lateral displacement y(x, t) have
the following relations:

Qy � κGA
zy

zx
− θ , (2)

MZ � EI
zθ
zx

, (3)

where E is the elastic modulus of the cable and κ is the shear
deformation coefficient of the section. For cables with a
circular cross section, κ is calculated as follows:

κ �
6(1 + μ)

2

8μ2 + 14μ + 7
, (4)

where G is the shear modulus of the material. For isotropic
materials, G is calculated as follows:

G �
E

2(1 + μ)
, (5)

where μ is the Poisson ratio of the material.
By substituting equations (2)–(5) into equation (1) and

performing Fourier transform, the lateral vibration equation
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of the cable in the frequency domain can be written as
follows:
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zλ
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where ω is the angular frequency of the cable, η⌢(x,ω) is the
Fourier transform of η(x, t), and λ

⌢

(x,ω) is the Fourier
transform of λ(x, t) and：

y(x, t)

zx
− η(x, t) − λ(x, t) � 0. (7)

After the Fourier transform, the following can be
obtained:

Y(x,ω)
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− η⌢(x,ω) − λ

⌢

(x,ω) � 0. (8)

If the solution of equation (6) is Y(x,ω) � Cexp(kx),
η⌢(x,ω) � Dexp(kx), and λ

⌢

(x,ω) � Zexp(kx), then the
matrix equation can be obtained as follows:
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(9)

If equation (9) has a nonzero solution, then the deter-
minant of the coefficient matrix at the left side must be 0,
which can be written as follows:

EI κGA + Nx( k
4

+ −NxκGA + ω2ρAEI + ω2ρIκGA k
2

− ω2ρAκGA � 0.

(10)

By solving equation (10), the dispersion relation of the
Timoshenko beam can be modified as follows:

k1,2,3,4 � ±

�������������

−β ±
�������

β2 − 4αc
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,
(11)

where α � EI(κGA + Nx), β � −NxκGA + ω2ρAEI + ω2

ρIκGA, and c � −ω2ρAκGA.

2.2. A Numerical Example. After the derivation of the above
beam theory, the relationship and difference among the
modified Timoshenko beam, Euler–Bernoulli beam, and
Timoshenko beam theory are further discussed with a nu-
merical example.

For a continuous uniform section of the beam structure
without considering its length, its material parameters are
assumed as follows: the elastic modulus is E� 200GPa and
Poisson’s ratio is μ� 0.3. ,e section shear deformation
coefficient calculated by equation (4) is κ� 0.86. ,e shear
modulus calculated by equation (5) isG� 76.92GPa, and the
density is ρ� 7800 kg/m3. ,e geometric parameters are as
follows: the cross section is circular, its section area is
A� 0.005m2, and cross section moment of inertia is
Izz � 2×10−6m4. Suppose the initial tension applied to the
beam is Nx � 600MPa× 0.005m2 � 3000 kN.

Figure 2 shows the relation between wavenumber so-
lutions and the frequency of the three-beam elements, where
the real part is the near-field wave and the imaginary part is
the traveling wave. For the low-frequency, the theories
dispersion relation among the three-beam theories is very
small and almost identical. However, at higher frequencies,
the near-field wavenumber solution of the Euler–Bernoulli
beam has an infinite increasing trend, which is obviously
caused by ignoring the shear deformation and bending
stiffness. For the cutoff frequency of the Timoshenko beam,
the essence is that only the bending stiffness generated by
bending deformation is considered so that the frequency of
the fourth power exists in the wavenumber solution. While
the rotational inertia caused by shear deformation is con-
sidered in the modified Timoshenko beam, the fourth power
of frequency in the wavenumber solution is canceled out;
thus, the cutoff frequency is avoided [21].

3. Spectral Elements Based on the Modified
Timoshenko Beam

3.1. 0e 0eory of the Spectral Element. Doyle [18] and Lee
et al. [19] proposed a spectral element method to analyze the
dynamic response of a continuous mass system, which
overcomes the limitation of the finite element method to
divide a large number of elements and greatly increase the
calculation amount. However, based on the Euler–Bernoulli
beam, Zhang [13] deduced the cable spectral element of
Timoshenko and increased its applicability. However, as
described in Section 1, the theory of the Timoshenko beam
has issues. On this basis, this paper used the wavenumber
solution of the modified Timoshenko beam theory to replace
the solution of reference 13 based on the Timoshenko beam
theory and obtained a new wave spectrum element.

3.2. A Numerical Example. For a continuous uniform beam
with a length of 10m at both ends, its material parameters
are assumed as follows: elastic modulus is E� 200GPa,
Poisson’s ratio is μ� 0.3, the section shear deformation
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Figure 1: Cable balance diagram.
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coefficient calculated by equation (4) is κ� 0.86, the shear
modulus is G� 76.92GPa, and the density is ρ� 7800 kg/m3.
,e geometric parameters are as follows: the cross section is
circular, the radius is 0.04m, section area is A� 0.005m2,
and the cross-sectional moment of inertia is Izz � 2×10−6m4.

,e location is selected at x� 4m. ,e method of ex-
citation is by hammering; the signal of the hammer force is a
triangular pulse, its amplitude is F� 500N, the duration of
acting is t� 0.01 s, the sampling frequency is fs� 400Hz, and
the sampling point is N� 212 � 4096. In Figures 3–5, the
Fourier spectrum of the excitation force has values in the
frequency band of 0,100Hz, indicating that this hammering
can fully stimulate all components in this frequency band.

Since the cross section of the beam is uniform, the sag can
be ignored temporarily, and it can be solved through two
spectral elements. As shown in Figure 5, for the convenience
of observation, the vertical coordinate is taken as the loga-
rithm of the displacement response. In addition, there are 10
maxima in this frequency band, indicating that 10 natural
frequencies are located in this frequency band. ,e abscissa
corresponding to the maximum represents the magnitude of
the natural frequency. When the frequency is swept near the
cells of a certain natural frequency or dichotomy is used, more
accurate results of this natural frequency can be obtained.

From Figure 6, as the elements become finer, the tra-
ditional finite element model converges to the same result as
the spectral element model. Obviously, the spectral element
model converges faster. It can be seen from the figure that
the accuracy of the 2-element analysis in the spectral element
model is comparable to that of the 200-element analysis in
the traditional finite element method. Because of the limi-
tations in the number of degrees of freedom, the traditional
finite element analysis cannot obtain the natural vibration
frequency beyond the number of partition elements. In
contrast, the spectral elements have an infinite number of

degrees of freedom in space, although dividing into only 2
elements, it can obtain the infinite order natural frequency of
vibration, and the error is less than 1‰.

4. Wave Component Decomposition of the
Cable Dynamic Response

4.1. 0e 0eory of Wave Components. In Section 1, the an-
alytical solution of the transverse free vibration in the fre-
quency domain of the cable without considering the sag is
given as follows (the later wavenumber solution depends on
the modified Timoshenko beam theory):
Y(x,ω) � C1 exp k1x(  + C2 exp k2x(  + C3 exp k3x(  + C4 exp k4x( .

(12)

,e transverse free vibration of the cable in the fre-
quency domain is superimposed by exp(k2x), exp(k2x),
exp(k3x), and exp(k4x). In the following text, the above
four-wave components are specified as follows:

C1(ω)exp(k1x)[Re(k1)< 0, Im(k1) � 0] is the near-
field wave, which decays along the x positive direction
C2(ω)exp(k2x)[Re(k2)< 0, Im(k2) � 0] is the near-
field wave, which decays along the x negative direction
C3(ω)exp(k3x)[Re(k3) � 0, Im(k3)< 0] is the travel-
ing wave, which decays along the x positive direction
C4(ω)exp(k4x)[Re(k4) � 0, Im(k4)< 0] is the travel-
ing wave, which decays along the x negative direction

Suppose both ends of the cable are fixed constraints.
,us, the displacement and rotation angle of the left end is 0
and that of the right end is 0, where the boundary conditions
can be expressed by equation (13). ,e matrix equation can
be obtained by directly introducing equation (13) into
equation (12), as shown in the following:
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Figure 2: Wavenumber frequency diagram corresponding to (a) the real part of wavenumber; (b) the imaginary part of the wavenumber.
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y(0) � 0,

y(0)
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y(l) � 0,
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(13)

H · C � 0, (14)
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(16)

Similarly, if the cable displacement has a nonzero so-
lution, then the determinant of the coefficient matrix must
be 0, which can be written asω � ωn | H(ωn) � 0 .,us, the
modal decomposition expression of the structure can be
obtained as follows:

ω � ω1,ω2, . . . ,ωn 
Τ
,

Y x,ωn(  � 
4

i�1
Ci ωn( exp kix( .

(17)

4.2. A Numerical Example. In Figure 7, for a continuous
uniform beamwith a length of 10m at both ends, its material
parameters including the elasticity modulus E, Poisson’s
ratio μ, the section shear deformation coefficient κ, the shear
modulus G, density ρ, the section area A, and cross-sectional

moment of inertia Izz are the same as the numerical example
in Section 2.2. Substituting each parameter into equation
(16), the value of det(H) is obtained in the frequency range of
0∼1000Hz in Figure 8, and each minimum point corre-
sponds to each natural frequency of the beam.

Equation (12) indicates that the response of the cable at
each frequency point is superimposed by four kinds of
waves. To further explore the properties of each wave, two
groups are divided as follows:

Y(x,ω) � C1 exp k1x(  + C2 exp k2x( , (18)

which is the near-field wave component.

Y(x,ω) � C3 exp k3x(  + C4 exp k4x( , (19)

which is the traveling wave component.
In Figure 8, the 3rd order natural frequency valued at

19.387 is selected from the low-frequency band. In the same
way, the 25th order natural frequency value of 982.463 is
selected from the high-frequency band. At the above fre-
quencies, the basic solution system of equation (12) is ob-
tained, and then the near-field wave and traveling wave are
obtained according to equations (18) and (19). ,e results
are shown in Figure 9. Near-field waves only exist near the
boundary and decay exponentially. With increasing fre-
quency, the decay speed is faster.

5. Cable Force IdentificationMethodBased on a
Substructure Bending Wave

5.1. 0e 0eory of the Identification Method. From the der-
ivation of the formula in Section 2, the dynamic response at
any position in the cable can be written as the superposition
of four-wave components at each frequency point. ,e
characteristics of the four-wave components are studied by
the numerical example in Section 3, where the near-field
wave decays rapidly and generally. In addition, this com-
ponent only exists in a relatively small range at the con-
solidation point, which is neglected in the high-frequency
band [22, 23]. ,erefore, the vibration response of the cable
can be written as follows:

Y(x,ω) � C3 exp k3x(  + C4 exp k4x( . (20)

,erefore, a certain section of the cable can be selected as
the research object and the response of any point in the
subcable segment still meets equation (20). Different from
the conventional solution, the dynamic response of the
internal measuring points of the cable is solved in this paper,
so the complex boundary condition is avoided [24]. Now
suppose M measuring points are arranged on the subcable
segment:

X � x1, x2, . . . , xM . (21)

To avoid the spectrum leakage problem caused by the
Fourier transform, Doyle [18] proposed replacing the
Fourier transformwith the Laplace transform and achieved a
very good result. ,e dynamic response results of each
measurement point are converted into the Laplace trans-
form and are transformed into the frequency domain:
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where si is the complex frequency and Y
⌢

ob ∈ Cm×n is the
observation matrix. ,e dynamic response of each mea-
surement point should meet equation (20), and the matrix
equation can be obtained as follows:

D sj  · C sj  � Y
⌢

ob sj , (23)

where

D sj  �

exp k3 sj x1  exp k4 sj x1 

⋮ ⋮

exp k3 sj xn  exp k4 sj xn 
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,is matrix is the structural characteristic matrix,
depending on the position of the measuring points and the
cable parameters:

C sj  � C3 sj  C4 sj  . (25)

,is matrix is the coefficient matrix, depending on the
structural characteristics and the external excitation:

Y
⌢

ob sj  � Y
⌢

ob x, sj  Y
⌢

ob x, sj  . . . Y
⌢

ob x, sj  . (26)

,is vector is the observation vector, located in the j
column of equation (22). If the parameters of the cable, the
arrangement of measurement points, and the response re-
sults of each measurement point have been obtained, then
the wave component coefficients can be solved by the least
square method [13, 14]:

C sj  � D
T

D 
− 1

· D
T
Y
⌢

ob. (27)

If n< 2 and C(sj) have innumerable solutions, then
parameter identification is impossible. If n � 2 and C(sj) has
only a unique solution, then the parameter correction is still
not possible. If n> 2 and C(sj) has a least squares solution,
then the fitting residuals are as follows:

ε � D sj  D
T

sj D sj  
− 1

D
T

sj  − I Y
⌢

ob sj . (28)

If the parameters of the structural characteristics of the
matrix completely have correct values and the observations
have no noise interference, then the fitting residual error is 0.
In fact, the cable force as the object to identify is unable to be
correctly estimated, so the cable force value should be
modified. ,en the standard of cable force identification can
be obtained by reaching the minimum of the standardized
fitting residual:

P � N, EI{ } � min
‖ε‖

D sj  D
T

sj D sj  
−1

D
T

sj Y
⌢

ob sj 
�����

����� Y
⌢

ob sj 
�����

�����

.

(29)

5.2. A Numerical Example for Cable Force Identification.
,is section takes the cable model as an example to verify the
cable force identificationmethod of the subcable segment. In
Figure 10, the length of the cable is L� 100m, and the
gradient is sinα� 0.6; its material parameters, including the
elasticity modulus E, Poisson’s ratio μ, the section shear
deformation coefficient κ, the shear modulus G, the density
ρ, section area A, and the cross-sectional moment of inertia
Izz, are the same as the numerical example in Section 2.2. In
this paper, a 1.0m hard cable clamp is set at both ends of the
cable, and its bending stiffness is 20 times that of the cable,
approximately simulating the influence of the tower beam
on them. ,e measuring points are arranged at a position

10m

Cross section

Figure 7: Structure diagram.
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2.0m away from the cable clip, and three measuring points
are arranged continuously at an interval of 1.0m.

,e cable dynamic model is established by spectral element
programming.,e initial tension is set as 3000kN and the drive
point is set at 1m outside the cable clamp. It is assumed that the
hammer strike force is the same as that used in Section 3, but the
sampling frequency is 100Hz, and the sampling points are
N� 212� 4096. ,e time domain diagram of the excitation and
Fourier coefficient spectrum is shown in Figure 4.

In Figure 11, the obtained time domain dynamic responses
of the three measuring points were transformed into the fre-
quency domain by the Laplace transform. ,en, the obser-
vation matrix of the measuring points was assembled by
equation (22), and the various parameters of the cable are
brought into equation (24). ,e position of the first measuring
point is 0 points, and the x-axis is established along the cable
direction to form the structural characteristic matrix.
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,e fitting residual at each frequency point is calcu-
lated to identify the cable force by equation (29). ,e
fitting residuals of each cable force value are drawn to
facilitate observation. Figure 12 shows the fitting residuals
of the cable force value corresponding to different fre-
quency points. In Figure 12, the identification value is
3026.8 kN with an error of only 0.9%, which has quite a
high accuracy.

6. Analysis of the Influencing Factors of Cable
Force Identification

6.1. External Load Mode. Compared with the hammering
load in Section 4, this section discusses various load modes
and provides the cable force identification accuracy.

(i) Case 1: the external force is simulated with a
rectangular pulse signal, supposing the amplitude is
500N, the duration of action is t� 0.2 s, the sam-
pling frequency is 100Hz, and the sampling points
are N� 212 � 4096

(ii) Case 2: ,e external force is simulated with a half-
sine signal, supposing the amplitude is 500N, the
duration of action is t� 3 s, the sampling frequency
is 100Hz, and the sampling points are
N� 212 � 4096

(iii) Case 3: ,e external force is simulated with a
random signal, supposing the mean is 500N, the
variance is 0.5, the duration of action is 40.96 s, the
sampling frequency is 100Hz, and the sampling
points are N� 212 � 4096
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,e time domain diagram of the excitation and Fourier
coefficient spectrum is shown in Figure 13, which can excite
all components in the 0,50Hz frequency band (except for
different load forms, the other cable parameters are con-
sistent with the numerical example in Section 4.2).

,e dynamic response frequency domain of the three
measuring points obtained by this input load mode is shown
in Figure 14. ,e frequency response of the three obtained
points is substituted in the equation of the solution of the
fitting residual. To observe clearly, taking the reciprocal is
shown in Figure 15. ,e cable force identification values are
3019.2 kN, 3024.5 kN, and 3017.8 kN, and their errors are all
less than 1%. ,rough the above example, cable force

identification is independent of the form of the external
force and maintains an extremely high accuracy under
various force modes.

6.2. Bending Stiffness of the Cable. Both geometric stiffness
and physical stiffness exist in the cable. ,e earliest fre-
quency method deduced the relationship between the fre-
quency and cable force through string theory, without
considering the physical stiffness of the cable. ,erefore,
there is a large error in cable force identification by the
dynamic measurement method. Furthermore, considerable
studies have confirmed that the bending stiffness of the cable
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Figure 14: Frequency domain response of the measuring point under external load models: (a) case 1; (b) case 2; (c) case 3.
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must be considered for the identification of the cable force
through the dynamic method. However, there is still no
exact equation to value the bending stiffness of these special
structures [8, 25, 26].

Shimada, a Japanese scholar, found that the bending
stiffness of a cable is usually 0.5 times the calculated bending
stiffness [27]. ,e research of Australian scholar Geier et al.
shows that 2/3 of the calculated bending stiffness should be
taken [28]. Xie corrected the bending stiffness in his study by
minimizing the error between the measured value and the
calculated value of the frequency [29] and believed that the
bending stiffness of the cable is usually 0.3-0.4 times the cal-
culated bending stiffness. ,erefore, accurately using the
bending stiffness to identify the cable force still has certain
research value. In this paper, multiparameter identification is
carried out theoretically in Section 4, but the identification of the
cable force and physical stiffness at the same time easily pro-
duces incorrect results. In fact, through the theoretical deri-
vation in Section 2, it is not difficult to determine that with
increasing frequency, the influence of the cable bending stiffness
is also increasing. If the value of the bending stiffness used for
cable force identification is greater than the actual stiffness of the
cable, then it can be inferred that the identified cable force will
decrease with an increase in the frequency point.

In the numerical example in Section 4, some conditions
are added as follows: the calculated moment of inertia of the
section is Izz � 2×10−6m4 and the actual moment of inertia
of the section is Izz � 0.6×10−6m4. ,en the actual moment
of inertia is substituted into the model to obtain the dynamic
response of the cable and the cable force is identified by
calculating the moment of inertia.

In Figure 16, the value of the bending stiffness in cable
force identification is larger than the actual stiffness, so a line
of cable force identification with a negative slope results,
which is consistent with the above inference. In fact, only the
bending stiffness needs to be modified to identify the correct
cable force result, and this can be done as follows:

(1) Taking α� 1 to calculate the bending stiffness αEI,
calculating the cable force at each frequency point,
and conducting linear fitting, with slope β

(2) Taking another value of 0< α< 1 to calculate the
sensitivity named α′ of α to β

(3) Updating the bending stiffness with α� β− α′β
(4) Fitting the cable force with the updated bending

stiffness and obtaining the slope β
(5) Exporting the cable force when β is less than the

preset value

In Figure 17, the cable force identification results tend to be
a horizontal line after several bending stiffness modifications,
where α� 0.303 and is only 1% different from the theoretical
value of 0.3. ,e cable force identification result is 3027.6, with
an error of 0.92%, which maintains quite a high accuracy.

7. Conclusions

In this paper, the current common methods of cable force
identification are summarized, and the theory and

application conditions of each method are briefly described.
,en, the dispersion relation of the vibration model for the
modified Timoshenko beam is derived, and the wave
components of the cable are discussed separately. ,e
conclusions are obtained as follows:

(1) A new theory of the cable force identificationmethod
using the traveling wave in the cable is proposed.,e
least square method is used to fit the wave com-
ponent coefficient, taking the minimum fitting re-
sidual as the objective to identify the cable force.

(2) By selecting a substructure of the cable and using the
dynamic response of the three measuring points, the
cable force of the subsegment of the cable is iden-
tified. ,is method only demands the parameters of
the cable section and the relative positions of the
three measuring points to identify the cable force.

(3) By analyzing the influence of the bending stiffness on
cable force identification and proposing the corre-
sponding solution, the favorable results of cable force
identification were obtained with a theoretical de-
viation of less than 1%.
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