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1. Introduction 

 
Multiple-wire steel strands are widely used in numerous 

industries. They are integral parts of various structures, 
including cable-supported bridges and elevators, providing 
essential support and stability to ensure the safety of the 
structure (Rizzo and Di Scalea 2006). There is a 
considerable demand for cable force (tension) 
measurements during both the construction and operation 
stages (Jo et al. 2021, Jana et al. 2022). During 
construction, precise control of the cable force can prevent 
excessive structural deformation and stress concentration, 
thereby ensuring the safety and quality of construction 
works. In the operation phase, cables are subjected to 
various stresses, such as fatigue load and local damage, 
which may lead to the degradation of their load-bearing 
capacity. Therefore, effective methods for in situ evaluation 
of cable tension must be developed (Piciucco et al. 2024). 

Vibration-based method has been commonly used to 
estimate cable tension in air (Zui et al. 1996, Cho et al. 
2010). In this method, cable tensions are determined using 
the relationship between the tension and vibration 
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frequencies, which is commonly estimated from the 
acceleration responses. The estimation errors of this method 
generally lied in the range of 5%–10% (Zarbaf et al. 2018). 
However, the dynamic properties of cables are influenced 
by boundary conditions, particularly for short cables (Kong 
et al. 2024). Recently, vibration-based methods for the real-
time estimation of cable tension have been studied using 
wireless sensors and computer-vision techniques (Cho et al. 
2010, Wangchuk et al. 2022, Shang et al. 2024). Several 
nondestructive testing methods have been introduced to 
estimate the cable tension, including the fiber optic sensor 
method, electromagnetic-based method, and guided wave 
method (Yim et al. 2013, Yao et al. 2021, Ng et al. 2022, 
Wang et al. 2022). Fiber optic sensors need be either 
attached to the outer surface or embedded into the cable 
during construction to measure strain changes (Sahota et al. 
2020), limiting their applicability primarily to newly 
constructed structures. The electromagnetic method 
capitalizes on the magneto-elastic effect of ferromagnetic 
materials, where the magnetic properties of steel cables 
alter under varying external tensions (Wang et al. 2006, Ren 
et al. 2018, Park et al. 2022, Zhang et al. 2022). The elasto-
magnetic (EM) sensor generally comprises a primary coil 
for magnetization and a secondary coil for actuation and 
sensing. To improve the tension estimation accuracy, Duan 
et al. (2016) introduced an elasto-magneto-elastic (EME) 
sensor by substituting the secondary coil with a smart 
magneto-electric unit, and developed temperature 
compensation algorithms (Zhang et al. 2018b). Kim et al. 
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(2010) proposed a unique guided wave method for cable 
tension estimation, which is particularly advantageous for 
steel strands grouted within concrete and in the anchorage 
zones. 

The existing guided wave–based methods for estimating 
cable tension mainly include wave velocity–based, notch 
frequency–based, and attenuation characteristics–based 
methods. Chaki and Bourse (2009) presented a simplified 
acoustoelastic model for seven-wire steel strands and 
verified it using the first-order longitudinal mode (L(0, 1)) 
generated by magnetostrictive (MS) transducers. The phase 
changes in the received signals at various cable tensions 
were extracted to assess the variations in wave velocity, 
which were found to be quite small. Kwun et al. (1998) 
observed the notch frequency phenomenon during the 
application of axial stress to a steel strand, noting that 
certain frequency components disappeared on the received 
signal from the spectrum, with the central frequency of the 
missing range increasing with cable tension. Two frequency 
peaks appeared on two sides of the notch frequency, with 
the central frequency of the right peak employed as the 
cable tension estimation index. Liu et al. (2017) conducted 
experimental tests to study the sensitivity of the notch 
frequency to low-intensity cable tension. The notch 
frequency was found to be caused by the contact forces 
between adjacent wires (Bartoli et al. 2012). However, 
there are currently no theoretical explanations for the notch 
frequency. The contact forces between wires will also affect 
the attenuation properties of the guided waves. In this light, 
Chen et al. (2022) proposed an energy propagation model 
for cables that considers the wave energy transmission 
among wires. The experimental results indicated that cable 
tension can affect the received wave energy, but the stability 
of this method requires further investigation. 

The dispersion properties of seven-wire steel strands 
under an external load should be well understood to select 
the appropriate parameters of the excitation signal. As the 
Pochhammer–Chree equation is not applicable to multi-wire 
structures, several alternative methods have been proposed, 
including the semi-analytical finite element (SAFE) 
method, scaled boundary finite element (FE) method, and 
waveguide FE method (Gravenkamp et al. 2013, Schaal et 
al. 2013, Zhang et al. 2018a). Zhang et al. (2018a) 
investigated the effect of the number of wires on the 
dispersion properties, reporting that the cutoff frequency for 
the higher modes decreases with increasing number of 
wires. This suggests that the lower-frequency range is 
appropriate for selecting the excitation frequency. Treyssede 
(2008) introduced a helical coordinate system into the 
SAFE model to calculate dispersion curves for strands with 
helical wires. Tang et al. (2021) compared the group 
velocity dispersion curves for a steel strand with seven 
helical wires in Cartesian and helical coordinate systems. 
Two results for the L(0, 1) mode are very similar, but 
computational efficiency is higher when using the Cartesian 
coordinate system. To the best of the author’s knowledge, 
the effects of axial loads on the wave velocities in each 
guided wave mode have not been elucidated. Thus, herein, 
they were investigated using the SAFE model. 

Principal component analysis (PCA) is a classic 

multivariate statistical analysis method that is widely used 
in fields such as data dimensionality reduction, feature 
extraction, and damage detection (Park et al. 2007, Mujica 
et al. 2011, Tu et al. 2021). PCA projects the original data 
onto a new coordinate system consisting of principal 
components (PCs) through a linear transformation. Each PC 
may be closely related to physical features, such as 
temperature changes, exciting frequencies, local damage, 
and cable tension. Therefore, effective information about a 
certain feature can be extracted from PC scores, whereas 
unwanted signal components can be removed. The T2 and Q 
indices are often used to analyze the variability of the 
projected data in the selected principal subspace and 
outliers from the subspace, respectively, thereby quantifying 
the differences between the reference and test data (Mujica 
et al. 2011). 

In this study, a SAFE model that accounts for cable 
tension was constructed to analyze changes in wave 
velocity for various modes and provide the basis for 
selecting appropriate excitation signals. Considering the 
shortcomings of the wave velocity–based and notch 
frequency–based methods in terms of feasibility in practical 
applications and tension estimation accuracy, a novel PCA-
based method was proposed using L(0, 1) guided wave 
signals obtained from a pair of MS transducers. In this 
method, score values most sensitive to tension variations 
are used as the tension estimation indices. The remainder of 
this paper is organized as follows: In Section 2, dispersion 
analysis of a seven-wire steel strand including the cable 
tension effect was presented. In Section 3, the structure of 
the MS transducer for generating the L(0, 1) wave and the 
PCA-based cable tension estimation method were 
introduced. Experimental tests on the proposed method 
were performed, with the results shown in Section 4. 
Section 5 gives the brief conclusions. 

 
 

2. Dispersion analysis of the steel strand 
 
2.1 SAFE method 
 
The SAFE method allows the highly computationally 

efficient analysis of the dispersion properties of a 
waveguide with an arbitrary cross-section. Its efficiency 
stems from the assumption that a wave propagates along the 
longitudinal direction in a harmonic exponential solution. A 
detailed theory of the SAFE method can be found in the 
author’s previous research (Tang et al. 2021). The seven-
wire steel strand employed in this study comprises six 
helical wires surrounding one straight wire as in Fig. 1. The 
material and geometrical properties of the steel strand are 
listed in Table 1. In the absence of external tension, the 
strain–kinetic energy relationship can be expressed as 

 ∫ஐ𝛿𝛆୘𝛔𝑑𝑥𝑑𝑦𝑑𝑧 − 𝜔ଶ∫ஐ𝜌𝛿𝐮୘𝐮𝑑𝑥𝑑𝑦𝑑𝑧 = 0 (1)
 

where, 𝐮 is the displacement vector; σ and ɛ are the stress 
and strain vectors, respectively; ω is the angular frequency; 
ρ is the density; and Ω is the element volume. Eq. (2) can be 
derived from Eq. (1) as (Zhang et al. 2018a) 
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Table 1 Material and geometrical parameters of the seven-
wire steel strand 

Young’s 
modulus 

(GPa) 

Density 
(kg/m3) 

Poisson 
ratio 

Wire 
diameter 

(mm) 

Outer 
diameter 

(mm) 

Peripheral
pitch 
(mm) 

210 7850 0.28 5.1 15.2 260 
 

 
 (𝑲𝟏 + 𝑖𝑘𝑲𝟐 + 𝑘ଶ𝑲𝟑 − 𝜔ଶ𝑴)𝑼 = 0 (2)
 

where, U is the global displacement matrix; K1, K2, and K3 
are the global stiffness matrices; and M is the global mass 
matrix. Dispersion curves of the phase velocity and group 
velocity can be obtained by solving Eq. (2), as shown in 
Fig. 1. The curves for the longitudinal (L(0, 1)), torsional 
(T(0, 1)), and flexural (F(1, 1)) modes exhibit smooth 
behavior in the lower frequency range, whereas the 
dispersion properties become complex when the excitation 
frequency exceeds 100 kHz. 

 
2.2 Changes in wave velocity under axial stress 
 
According to acoustoelastic theory, the longitudinal (𝐶௅ఙ) 

and transverse ( 𝐶ఙ் ) wave velocities of a slender 
homogeneous and isotropic waveguide under axial stress in 
the z-direction can be expressed as (Chaki and Bourse 
2009) 

 
where, 𝜎௭௭,଴  is the initial axial stress; 𝜆 and 𝜇 are the 
Lamé elastic constants; and m, n, and l are the Murnaghan 
third-order elastic constants. It has been found that both 𝐶௅ఙ 
and 𝐶ఙ் decrease under the axial stress. The changes in the 
elastic constants (𝜆, 𝜇, 𝑚, 𝑛, 𝑎𝑛𝑑 𝑙) are found to be very 
small (Chaki and Bourse 2009), resulting in the minor 
variations in wave velocities. 

The wave propagation properties of the guided waves 
under axial loads were analyzed by SAFE model in this 
study. The linear strain–displacement relationship was 
typically employed, and higher-order strain components 

 
 

were neglected when analyzing cases without axial stress. 
This is because the amplitude of the strain induced during 
wave propagation is similar to that of the excitation signal. 
However, the amplitude of the guided wave is much smaller 
than the initial strain caused by the axial load. Thus, higher-
order strain components should be included, and the strain ɛ 
in Eq. (1) is expressed as 

 

𝜺 =

⎩⎪⎪
⎪⎪⎪
⎪⎨
⎪⎪⎪
⎪⎪⎪
⎧ 𝜕𝑢௫𝜕𝑥 + 12 ሾ൬𝜕𝑢௫𝜕𝑥 ൰ଶ + ቆ𝜕𝑢௬𝜕𝑥 ቇଶ + ൬𝜕𝑢௭𝜕𝑥 ൰ଶሿ𝜕𝑢௬𝜕𝑦 + 12 ሾ൬𝜕𝑢௫𝜕𝑦 ൰ଶ + ቆ𝜕𝑢௬𝜕𝑦 ቇଶ + ൬𝜕𝑢௭𝜕𝑦 ൰ଶሿ𝜕𝑢௭𝜕𝑧 + 12 ሾ൬𝜕𝑢௫𝜕𝑧 ൰ଶ + ቆ𝜕𝑢௬𝜕𝑧 ቇଶ + ൬𝜕𝑢௭𝜕𝑧 ൰ଶሿ𝜕𝑢௫𝜕𝑦 + 𝜕𝑢௭𝜕𝑥 + 𝜕𝑢௫𝜕𝑥 ∙ 𝜕𝑢௫𝜕𝑦 + 𝜕𝑢௬𝜕𝑥 ∙ 𝜕𝑢௬𝜕𝑦 + 𝜕𝑢௭𝜕𝑥 ∙ 𝜕𝑢௭𝜕𝑦𝜕𝑢௬𝜕𝑧 + 𝜕𝑢௭𝜕𝑦 + 𝜕𝑢௫𝜕𝑦 ∙ 𝜕𝑢௫𝜕𝑧 + 𝜕𝑢௬𝜕𝑦 ∙ 𝜕𝑢௬𝜕𝑧 + 𝜕𝑢௭𝜕𝑦 ∙ 𝜕𝑢௭𝜕𝑧𝜕𝑢௫𝜕𝑧 + 𝜕𝑢௭𝜕𝑥 + 𝜕𝑢௫𝜕𝑥 ∙ 𝜕𝑢௫𝜕𝑧 + 𝜕𝑢௬𝜕𝑥 ∙ 𝜕𝑢௬𝜕𝑧 + 𝜕𝑢௭𝜕𝑥 ∙ 𝜕𝑢௭𝜕𝑧 ⎭⎪⎪

⎪⎪⎪
⎪⎬
⎪⎪⎪
⎪⎪⎪
⎫

(4)

 
The element strain energy (Φ(௘)) in Eq. (1) under the 

initial axial stress 𝝈௭௭,଴ becomes 
 
 
 

 Φ(௘) = 12 𝝈(௘)் ∙ 𝜺(௘) + 𝝈௭௭,଴ ∙ 𝜕𝑢௭𝜕𝑧  +𝝈௭௭,଴ ∙ 12 ൥൬𝜕𝑢௫𝜕𝑧 ൰ଶ + ቆ𝜕𝑢௬𝜕𝑧 ቇଶ + ൬𝜕𝑢௭𝜕𝑧 ൰ଶ൩ 
(5)

 
Then, Eq. (2) is rewritten as 
 ൫𝑲𝟏 + 𝑖𝑘𝑲𝟐 + 𝑘ଶ(𝑲𝟑 + 𝑲(𝝈)) − 𝜔ଶ𝑴൯𝑼 = 0𝑲(𝝈) = 𝜎௭௭,଴𝜌 𝑴 (6)
 

  
(a) Phase velocity (b) Group velocity 

Fig. 1 Dispersion curves of the steel strand: no axial tension

𝐶௅ఙ = ඨ𝜆 + 2𝜇𝜌 ൜1 + 𝜎௭௭,଴2(𝜆 + 2𝜇)(3𝜆 + 2𝜇) × ൬𝜆 + 𝜇𝜇 (4𝜆 + 10𝜇 + 4𝑚) + 𝜆 + 2𝑙൰ൠ 
𝐶ఙ் = ඨ𝜇𝜌 ൜1 + 𝜎௭௭,଴2𝜇(3𝜆 + 2𝜇) × ൬4𝜆 + 4𝜇 + 𝑚 + 𝜆𝑛4𝜇൰ൠ 

(3)
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The ultimate tensile strength of the seven-wire steel 

strand is 1860 MPa. The phase and group velocity 
dispersion curves under a tensile stress of 1500 MPa are 
shown in Fig. 2. It can be found that the wave velocity 
slightly decreases, which agrees with the acoustoelastic 
theory in Eq. (3). The wave velocity change is distinct in 
the lower-frequency range and minimal in the higher- 
frequency range. This agrees with the results obtained by 
Chen and Wilcox (2007) using FE simulations. Fig. 3 
illustrates the changes in group velocity (ΔCg) for each 
mode under various tensile stresses relative to the velocities 
without external stress. Notably, F(1, 1) exhibits a relatively 
larger group velocity change than L(0, 1) and T(0, 1). 
However, the generation of pure torsional and flexural 
waves in multi-wire structures still remains a considerable 
challenge. Thus, the L(0, 1) mode, generated by an MS 
transducer, was used in this study. The test equipment used 
in this study works well in the lower-frequency range. The 
central frequency of the MS transducer was designed as 80 
kHz, where the signal amplitude reaches its maximum. 
Thus, the excitation frequency was taken as 80 kHz. The 
maximum ΔCg is only 0.3% at 1500 MPa, which is hard to 
detect in practice because of various uncertainties. 

 
 

3. Theory of guided wave–based cable tension 
estimation 
 
3.1 Structure of MS transducers 
 
Piezoelectric and MS transducers are commonly used to 

 
 

 
 

generate longitudinal guided waves. The piezoelectric 
transducer has to be attached to the cross-section of the 
cable, which may not be feasible for cables with a 
polyethylene sheath or inaccessible ends. The MS 
transducers take advantages of its non-contact and 
moveable nature. The MS transducers used in this study 
consist of three sets of magnetizers to provide the static 
magnetic field and a coil unit to provide the dynamic 
magnetic field, as shown in Fig. 4. Each magnetizer consists 
of two permanent magnets and a yoke. The static and 
dynamic magnetic fields are parallel to the axial direction of 
the seven-wire steel strand to generate longitudinal guided 
waves. The detailed design and parameter optimization of 
MS transducers based on multiphysics FE simulations can 
be found in our previous study (Sui et al. 2025). 

The MS coefficient of the transducer is also affected by 
the cable tension. According to the Jiles–Ather–Sablik 
model (Xu et al. 2019), the effective static magnetic field 
intensity (He) in the steel strand is given by 

 𝐻௘ = 𝐻 + 𝛼𝑀 + 𝐻ఙ 𝐻ఙ = 32 ൬ 𝜎𝛾𝑀௦൰ ቊ 𝑀𝑀௦ ቈ𝜂ଵ + 32 𝜂ଷ ൬ 𝑀𝑀௦൰ଷ቉ቋ (7)

 
where, H is the magnetic field intensity provided by the 
permanent magnets; α is the mean field parameter; M is the 
magnetization intensity; Ms is the saturation magnetization 
intensity; Hσ is the effective magnetic field intensity 
induced by the cable tension; γ is the magnetic permeability 
in air; and 𝜂ଵ and 𝜂ଷ are the coefficients related to the 
material. When the steel strand is subjected to an external 

  
(a) Phase velocity (b) Group velocity 

Fig. 2 Dispersion curves under the tensile stress of 1500 MPa 

 
  (a) L(0, 1)  (b) T(0, 1)   (c) F(1, 1) 

Fig. 3 Group velocity changes of each mode under different tensile stresses 
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tension, the static magnetic field increases, thereby 
changing the MS coefficient of the MS transducer. As a 
result, the amplitude and phase of the received signal 
changes depending on cable tension. 

 
3.2 PCA-based cable tension estimation 

using score values 
 
PCA was used to distinguish minor differences in the 

guided wave signals resulting from different cable tensions. 
This was achieved by constructing a new coordinate space 
in which variance is maximized and the correlation among 
variables is minimized. In this study, the PCA-based cable 
tension estimation was carried out by following the three 
steps shown in Fig. 5. 

Step I. Reference data collection and normalization: A 
pair of MS transducers arranged in a pitch–catch 
configuration was used to obtain longitudinal guided wave 
signals. A set of m experiments was conducted on the 
seven-wire steel strand at various cable tension levels. The 
received signals consisting of n sampling points were 
selected to construct a reference signal matrix X. 
Subsequently, the signals were normalized using Eq. (8). 

 𝑥̅௜௝ = 𝑥௜௝ − 𝜇௜௫𝜎௜௫ ;             𝜇௜௫ = 1𝑛 ෍ 𝑥௜௝௡௝ୀଵ  (𝜎௜௫)ଶ = 1𝑛 − 1 ෍ (𝑥௜௝ − 𝜇௜௫)ଶ௡௝ୀଵ  
(8)

 
 

 
 
Step II. PC extraction: The normalized reference signal 

matrix (𝐗ഥ) was used to construct the covariance matrix 
(𝐂𝐱ത) as follows 

 𝐂𝐱ത = 1m − 1 𝐗ഥ୘𝐗ഥ (9)
 
Singular value decomposition was applied to 𝐂𝐱ത , 

yielding m eigenvalues and m eigenvectors, which are the 
PCs (pi, i = 1, 2, …, m). The score value (𝑻௥௫) for the rth PC 
(pr) can be calculated as follows 

 𝑻௥௫ = 𝐗ഥ𝒑௥ (10)
 
After finding 𝑻௥௫  that is closely correlated with the 

tension variation F in the m reference signals, a regression 
curve between 𝑇௥,௜௫  and the applied cable tension Fi was 
established as 

 𝐹௜൫𝑇௥,௜௫ ൯ = 𝑎 × 𝑇௥,௜௫ + 𝑏 (11)
 

where 𝑇௥,௜௫  and Fi are the score and tension for the ith 
reference signal, respectively; and a and b are linear 
regression coefficients. 

Step III. Cable tension estimation for the test case: The 
testing signal vector (Yi) was obtained with n data points. 

The same data processing method as in Step I was used 
to obtain the normalized signal vector (𝐘ഥ𝒊), and the score 
value (𝑇௥,௜௬ ) for the rth PC was calculated as 

 
Fig. 4 Structure and magnetic field distribution of the MS transducer 

 
Fig. 5 Flowchart of the PCA-based cable tension estimation method 
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 𝑇௥,௜௬ = 𝐘ഥ𝒊𝒑௥ (12)
 
Finally, the cable tension 𝐹௜(𝑇௥,௜௬ ) for the test case was 

determined from the regression curve (Eq. (11)). 
 
 

4. Experimental study 
 
4.1 Experimental setup 
 
Experiments were carried out to verify the proposed 

PCA-based method for estimating cable tension on a seven-
wire strand with the same material and geometrical 
properties as in Table 1. The total length of the steel strand 
was 1.98 m. The experimental setup is shown in Fig. 6(a). A 
reaction frame was designed to apply the cable tension. The 
steel strand passed through the holes on both sides of the 
reaction frame. The right side was fixed to the anchor head 
with clips, while the left side was connected to the 
hydraulic jack, which was controlled by an oil pump to 
apply axial load. A pressure ring connected to an electronic 
pressure gauge was placed between the right anchor and the 
reaction frame to measure cable tension in real time. Two 
MS transducers were installed on the steel strand at a 
distance of 0.6 m, as shown in Fig. 6(c). The parameters of 
the employed MS transducers are the same as those in the 
reference (Sui et al. 2025). The distance should not be set 
too short to prevent the masking of the direct-arrival wave 
packet by the crosstalk signal of the equipment. The left 
transducer functioned as an actuator, and the right one 
served as a receiver. The excitation, reception, signal 
synchronization, and preliminary processing of the guided 
waves were accomplished using the testing equipment 
developed by Hangzhou Zheda Jingyi Electromechanical 
Technology Co., LTD as shown in Fig. 6(b), which was 
wirelessly connected to the laptop. The excitation signal 
was a five-cycle sinusoidal tone burst with a frequency of 
80 kHz as shown in Fig. 7. The excitation signal was 
amplified by the test equipment before being input into the 

 
 

coil, with the maximum driving voltage reaching 270 V. For 
each measurement, the signal was excited 20 times. The 
received signals were also amplified and modulated, with 
the averaged signal sent to the laptop. The sampling 
frequency was set to 1 MHz. The tests were conducted in an 
indoor environment with a nearly constant ambient 
temperature. 

 
4.2 Wave velocities at various levels of 

cable tension 
 
An example of the received signals at 50 kN is shown in 

Fig. 8. The first wave packet is the unavoidable crosstalk 
signal, and the second wave packet is the direct-arrival 
longitudinal guided wave. Since there is a bandwidth in the 
excitation signal, weak dispersion existed during the wave 
propagation process, resulting in the number of cycles in the 
direct-arrival wave packet being larger than that of the 

 
 

(a) Time domain (b) Frequency domain

Fig. 7 Five-cycled tone burst excitation signal with 80 kHz
 
 

 
Fig. 8 Received signal under 50 kN
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Fig. 9 Changes of the wave velocity under various cable 

tensions 
 
 

 
   (a) 70 kN    (b) 90 kN

 

 

   (c) 110 kN    (d) 130 kN

Fig. 10 Direct incoming wave under various tensions
 
 

excitation signal (5). In addition, oscillations in the MS 
transducer may have also affected the received signal. The 
wave velocity was obtained as 4959 m/s based on the 
distance between the actuator and the receiver (0.6 m) and 
the time of flight of the direct-arrival wave packet (121 μs). 
The wave velocity of the L(0, 1) mode at 80 kHz was 
obtained as 4864 m/s from the SAFE model, which agrees 
well with the experimental result with a relative error of less 
than 2%. Fig. 9 shows the changes in wave velocity at 
various cable tension levels from 50 to 130 kN. The wave 
velocity gradually decreases with increasing cable tension. 
The maximum wave velocity change is only 1.5%, which 
may not be detected in practical applications. The measured 
velocity variation (1.5%) is found to be slightly larger than 
the SAFE analysis result (0.3%). The received signals at 70, 
90, 110, and 130 kN are shown in Fig. 10. Both the phase 
and amplitude changed with the cable tensions. 

 
4.3 Cable tension estimation using score values 
 
The loading range of the cable tension was from 50 to 

130 kN, with an interval of 5 kN. The direct incoming 
waves at 50, 60, 70, 80, 90, 100, 110, 120, and 130 kN were 
utilized to construct the reference signal matrix, whereas the 
signals at other cable tension levels were used to test the 
performance of the proposed method. The experiment was 
repeated 15 times for each cable tension level. Guided wave 

 (a) PC1: p1   (b) PC2: p2
 

 (c) PC3: p3   (d) PC4: p4

Fig. 11 First four PCs (∆t = 1 μs)
 
 

Table 2 First six eigenvalues and their contribution weights 
(tf = 250 μs) 

PCs 1 2 3 4 5 6 
Eigenvalues 6.926 0.319 0.092 0.011 0.003 0.001
Contribution 
weights (%) 94.19 4.34 1.25 0.15 0.04 0.01

 
 

signals during time period [ts, tf] were extracted with ∆t of 1 
μs to form the reference signal matrix. Here, ts is the instant 
when the longitudinal guided wave arrives at the receiver, 
which equals 121 μs. The value of tf was set to 250 μs, 
while 2 other values of tf will be considered for comparison 
at the end of the current section. The reference signals were 
arranged in the order of increasing cable tension. The size 
of the reference signal matrix X in Fig. 5 is 135 × 130. After 
the normalization of X into 𝐗ഥ, singular value decomposition 
was conducted on the covariance matrix 𝐂𝐱ത to obtain the 
eigenvectors, which are the PCs. The first six eigenvalues 
are listed along with their contribution weights to the sum 
of all eigenvalues in Table 2. The contribution weights of 
the first and second PCs are 94.19% and 4.34%, 
respectively, while those of the rest of the PCs are relatively 
small. Fig. 11 shows the first four PCs. 

The score values for the 135 reference signals 
corresponding to the first four PCs are shown in Fig. 12. 
The trends in the score values for p1 and p2 are closely 
related to the variation in cable tension. The score values 
for p3 decrease with the increasing tension till 90 kN. Then 
they begin to increase afterwords. The relationship between 
the score and cable tension becomes more complex for p4. 
For p1, a second-order regression curve was obtained as y = 
−0.0003x2 + 0.075x − 1.135 (R2 = 0.881), where x is the 
cable tension and y is the score value for the PC. On the 
other hand, a linear relationship was obtained for p2 as y = 
−0.021x + 1.968 (R2 = 0.950), as shown in Fig. 13. 
However, the relationship between the score for p3 and the 
cable tension is not monotonic. Variations in scores for p1 
are small at large cable tension levels. Therefore, the linear 
regression curve obtained from p2 was used to estimate the 
cable tension. The estimation accuracy was then examined 
for test cases with cable tensions of 55, 65, 75, 85, 95, 105, 
115, and 125 kN, as listed in Table 3. The maximum 
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  (a) PC1: p1   (b) PC2: p2

 

 

  (c) PC3: p3   (d) PC4: p4

Fig. 12 Scores of the reference signals corresponding 
to the first four PCs 

 
 

Table 3 Estimated cable tensions (tf = 250 μs) 

Real 
tensions 

(kN) 

Scores 
(Average and 
COV* (%)) 

Estimated cable 
tension (kN) 
(Average and 
COV* (%)) 

Average
error 
(%) 

55 0.861 (2.41) 52.48 (2.72) 4.58 
65 0.637 (3.71) 63.09 (1.99) 2.94 
75 0.396 (5.96) 74.51 (1.50) 0.66 
85 0.109 (25.29) 88.11 (1.49) 3.66 
95 -0.132 (13.68) 99.54 (1.13) 4.78 
105 -0.356 (7.85) 110.18 (1.20) 4.93 
115 -0.529 (3.55) 118.37 (0.75) 2.93 
125 -0.577 (6.68) 120.63 (1.51) 3.50 

 

*COV in parentheses are the coefficient variation. 
 
 

estimation error is 4.93%, indicating the excellent 
performance of the proposed method. 

The length of the signal in the reference signal matrix 
was also discussed for two other tf values, 183 and 300 μs. 
In the case of 183 μs, the interval between tf and ts equals 
the duration of the excitation signal. The results are shown 
in Fig. 14. The regression curves were obtained as y = 
−0.012x + 1.130 (R2 = 0.967) for tf of 183 μs, and y = 
−0.026x + 2.402 (R2 = 0.896) for tf of 300 μs. The estimated 
cable tension values for the tested cases are listed in Table 4. 
The maximum errors are 4.56% and 12.06% for tf of 183 
and 300 μs, respectively. Overall, the errors for cases with tf 

 
 

 

 (a) tf = 183 μs   (b) tf = 300 μs
Fig. 14 Relationship between scores and cable tensions 

for different signal lengths 
 
 

Table 4 Estimated cable tensions using two different signal 
lengths 

Real 
tensions 

(kN) 

tf = 183 μs tf = 300 μs 

Average 
estimates 

(kN) 

Average 
errors 
(%) 

Average 
estimates 

(kN) 

Average 
errors 
(%) 

55 54.29 1.29 53.95 1.91 
65 63.93 1.65 57.16 12.06 
75 77.65 3.54 66.73 11.02 
85 88.87 4.56 80.63 5.14 
95 98.77 3.97 99.51 4.74 
105 108.38 3.22 108.44 3.28 
115 115.67 0.58 124.87 8.58 
125 121.76 2.59 125.92 0.74 

 
 

of 183 μs are smaller than the other cases. Thus, tf was 
adopted as 183 μs. 

 
4.4 Cable tension estimation using Q-statistics 
 
The performance of the proposed score-based method 

was compared with that of the Q-statistics method, in which 
the reference signal matrix is constructed from a single 
cable tension level. In this case, 40 sets of received signals 
at 50 kN were used as the reference signals, while signals 
obtained from 55 to 130 kN were used to form the 
normalized testing signal matrix 𝐘ഥ. The first four PCs were 
selected to calculate the Q-statistic as follows 

 Q = 𝐘ഥ(𝐈 − 𝐏௡×ସ𝐏௡×ସ୘ )𝐘ഥ୘ (13)
 
The cumulative weight of the first four PCs is 99.81%. 

The Q-statistic represents unusual variation (in cable 
tension in the present case) out of the principal subspace 
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Fig. 15 Relationship between the Q-statistics of testing 

signals and cable tensions 
 
 

spanned by the selected PCs. The Q-statistics method is 
easier to implement, because it requires reference signals 
from only a single tension level whereas the score-based 
method necessitates data from various tension levels. 
Collecting signals at multiple tension levels can be 
challenging in practical applications. Therefore, the 
reference signals for the score-based method may be 
obtained using cable segments with the same geometrical 
and material properties in laboratory tests during cable 
fabrication. The Q-statistics of the testing signals are plotted 
against the cable tension in Fig. 15. A parabolic regression 
curve was obtained as y = –0.0006x2 + 0.16x – 6.68 with the 
R2 value of 0.992, where x and y represent the tension and 
Q-statistics. Although this R2 value is higher than that of the 
score-based method shown in Fig. 14(a), the estimating of 
cable tension becomes difficult above 110 kN. Additionally, 
the Q-statistics is a good measure of outliers such as tension 
changes from the reference value in the present cases. 
However, in contrast to the scores used in the proposed 
method, Q-statistic is apparently not sufficiently sensitive 
for quantifying the changes in tension. 

 
4.5 Comparison with the notch frequency-based 

method 
 
The performance of the proposed method was also 

compared with that of the notch frequency–based method. 
Fourier transform was performed on each received signal 
after zero padding at the end of the signal to enlarge the 
length of the signal to 400 for improving the frequency 

 
 

 

Table 5 Estimated cable tensions using notch frequency-
based method 

Real 
tensions

(kN) 

Average central 
frequencies of PR 

(kHz) 

Average estimated 
cable tensions 

(kN) 

Average 
errors 
(%) 

55 87.89 50.69 7.83 
65 90.04 67.23 3.43 
75 91.79 80.69 7.59 
85 93.75 95.77 12.67 
95 94.23 99.46 4.70 

105 95.03 105.62 0.59 
115 95.54 109.54 4.75 
125 96.54 117.23 6.22 
 
 

resolution. Examples of Fourier amplitude spectra for 
various tensions of 50, 70, 90, and 110 kN are shown in Fig. 
16(a). It can be observed in each spectrum that a notch 
frequency band exists near the excitation frequency of 80 
kHz and two frequency peaks (PL and PR) appear on two 
sides of 80 kHz. The main frequency component of the 
received signal without cable tension is around the 
excitation frequency (Sui et al. 2025), whereas it moved to 
70 kHz (PL) as the tension increased. The central frequency 
of PR gradually increases with the cable tension, with the 
relationship between the central frequency of PR and the 
tension as shown in Fig. 16(b). A linear regression curve 
was obtained as y = 0.13x + 81.30 with the R2 value of 
0.936, where x and y represent the tension and central 
frequency of PR. The notch frequency–based cable tension 
estimation results are listed in Table 5, with the maximum 
error of 12.67%. Thus, the proposed PCA-based method 
demonstrates significantly better performance. Furthermore, 
it has been found that the amplitude of PR keeps decreasing 
as the cable tension increases, which may be overlooked at 
larger cable tensions. 

 
4.6 Additional discussion 
 
The tension estimation accuracy of the proposed method 
 
 

y = -0.0006x2 + 0.16x - 6.68
R² = 0.992

0
0.5

1
1.5

2
2.5

3
3.5

50 60 70 80 90 100 110 120 130

Q

Cable force (kN)

 

 

(a) Fourier amplitude spectra for different cable tensions (b) Relationship between cable tensions and central frequency of PR

Fig. 16 Notch frequency-based cable tension estimation results 
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is found to be better than those of the vibration–based and 
EM sensor–based methods, whereas it is equitant to that of 
the EME sensor–based method. Compared with the optic 
fiber method, the proposed method using MS transducers 
can be easily conducted without the need for pre-
installation. During service life, local damages such as wire 
breakage and corrosion may occur on steel strands or 
cables. The amplitude of the received signal generally 
decreases when damage exists between the actuator and 
receiver. The current method is designed to detect cable 
tension in the undamaged region of the cable. Therefore, the 
damage state of the steel strand should be estimated at first. 
In our previous study, a roving MS transducer system was 
introduced to detect local damages on steel strands (Sui et 
al. 2025). It works particularly well for long steel cables. 
The roving MS transducer system is also suitable for 
estimating cable tension. By integrating these two 
techniques, local damages and cable tension can be detected 
simultaneously. The impact of environmental factors, such 
as temperature effects, on cable tension estimation accuracy 
has not been studied. The effects of these factors, along 
with the applicability of the method to cables with larger 
dimensions, different wire configurations, and damaged 
wires, need to be further investigated in future studies. 

 
 

5. Conclusions 
 
In this study, a PCA-based method was presented to 

estimate the cable tension of a seven-wire steel strand using 
the L(0, 1) guided waves. The dispersion properties of the 
steel strand under various cable tensions were analyzed 
using the SAFE method, and the wave velocity changes for 
each mode in the lower-frequency range were investigated. 
Experimental studies were carried out using a pair of MS 
transducers arranged in a pitch–catch configuration. 
Received signals at various cable tensions were extracted to 
construct the PCA model. Then, the score values most 
closely correlated with the tension variation were used to 
establish a regression curve with the applied cable tensions. 
Cable tensions were estimated for the test signals using the 
regression curve. The following conclusions can be drawn 
from this study: 

 

(1) The wave velocity change of L(0, 1) mode due to 
variations in cable tension in a wide range of 50-
130 kN was only 0.3% from SAFE analysis and 
1.5% from real tests under the excitation frequency 
of 80 kHz, which indicates that it is difficult to 
detect the tension variations in practical. 

(2) Cable tensions were accurately estimated using the 
score-based method. A linear regression curve was 
obtained between the scores and tensions. The 
maximum tension estimation error for the test cases 
was only 4.56%. 

(3) The Q-statistic method performed well in the 
lower-tension range and is more convenient 
considering that the reference signal matrix is 
constructed by the signals from only a single 
tension level. However, its estimation accuracy 
deteriorated at tension levels above 110 kN. 

(4) The maximum cable tension estimation error of the 
notch frequency–based method using the central 
frequency of PR was 12.67%. Furthermore, the 
amplitude of PR decreased with increasing cable 
tension, which may not be easily recognized at 
larger cable tensions. 
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