
 

Journal of Progress in Civil Engineering                                 ISSN: 2322-0856

www.bryanhousepub.orgwww.bryanhousepub.com

  
  
   

 

                          Volume 6 Issue 7, 2024Volume 6 Issue 9, 2024 

  
  

  

  
  

  

  
 

  

Research on Stay Cable Tension Estimation  

Based on Vision-Based Monitoring System 
  

Lusheng Wang*, Xin Gao 
 

College of Construction Engineering, Jilin University, Changchun 130021, Jilin, China 

*Correspondence Author, wangls22@mails.jlu.edu.cn 

 

Abstract: The cables in cable-stayed bridges are the primary load-bearing components, making the accurate monitoring of cable tension 

crucial for assessing the service reliability of the cables and the overall safety of the bridge. This study presents the development of a 

non-contact, vision-based monitoring system utilizing computer vision technology for monitoring cable tension in cable-stayed bridges. 

The monitoring system comprises an industrial camera equipped with an infrared filter and an infrared target lamp, employing a sub-pixel 

template matching algorithm to achieve high-precision cable tension measurement under long-distance and multi-frequency motion 

conditions. Model experiments were conducted to validate the accuracy and stability of the vision-based monitoring system. Results from 

long-distance model experiments indicate that the system can accurately measure frequencies across various distances, with a maximum 

frequency error of only 0.05%. Additionally, results from multi-frequency model experiments demonstrate that the system can accurately 

measure multiple vibration frequencies, with a maximum frequency error of just 0.4%.   
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1. Introduction 
 

The rapid advancement of technology and economic growth 

have driven a substantial rise in the construction of 

cable-stayed bridges, which are pivotal in modern 

transportation networks. Nevertheless, these bridges 

frequently encounter safety challenges arising from traffic 

loads and complex environmental conditions, underscoring 

the growing importance of structural health monitoring [1]. 

As the primary load-bearing component of cable-stayed 

bridges [2,3], cable reliability is the determining factor for the 

overall structural safety. Consequently, cable tension serves 

as a critical indicator for assessing both the cables' service 

condition and the bridge’s overall safety [4,5]. Corrosion and 

fatigue can result in cable performance degradation [6,7], 

which subsequently compromises the structural stability of 

the bridge and poses safety risks [8]. Hence, regular 

inspections and continuous monitoring of cable tension are 

crucial to ensuring the safe operation of cable-stayed bridges 

[9,10]. 

 

Current methods for estimating cable tension can be broadly 

categorized into direct and indirect measurement methods 

[11,12]. Common direct measurement methods include the 

hydraulic jack method, the fiber Bragg grating (FBG) sensor, 

and the magnetic flux sensor. The hydraulic jack method is 

simple to operate but has relatively low accuracy and poses 

installation challenges, limiting its use primarily to bridge 

construction. The FBG sensor necessitates embedding the 

sensor within the cable during construction, rendering it 

unsuitable for bridges lacking pre-installed sensors. Although 

the magnetic flux provides high accuracy, it is highly 

susceptible to temperature variations and environmental 

factors. Since direct measurement approaches involve 

attaching sensors to the cable surface, they frequently present 

challenges in installation and wiring during practical 

applications. 

 

The vibration frequency method, as an indirect measurement 

approach, has been widely applied in estimating cable tension 

in existing bridges due to its convenience and efficiency. This 

method estimates cable tension by measuring the dynamic 

response of the cables and leveraging the relationship between 

the natural frequency and the geometric properties of the 

cables. Traditional contact sensors, such as accelerometers 

and displacement sensors, have been extensively used to 

measure the dynamic response of cables. However, in 

cable-stayed bridges with numerous cables, installing sensors 

and connecting them to the data acquisition system (DAQ) is 

both time-consuming and labor-intensive. 

 

In response to the limitations of contact measurement 

methods, significant advancements have been made in 

non-contact measurement techniques in recent years, 

including laser Doppler technology, the Global Positioning 

System (GPS), and computer vision technology. Although 

laser Doppler technology provides high accuracy, it is 

expensive and involves complex wiring [13]. GPS is seldom 

employed for measuring bridge dynamic responses due to 

limitations in accuracy and sampling frequency [14]. In 

contrast, computer vision technology can measure structural 

dynamic responses using industrial or digital cameras. 

Computer vision technology has been widely used due to its 

significant advantages, such as low cost, ease of operation, 

easy installation, and multipoint measurements [15-17]. 

 

This study proposes a non-contact vision monitoring system 

based on computer vision algorithms, offering an effective 

solution for estimating cable tension in cable-stayed bridges. 

 

2. Measurement Principles 
 

2.1 Vision-based Monitoring System 

 

The vision-based monitoring system employs a 

high-resolution industrial camera to capture videos of the 

cable’s dynamic responses. The camera housing is waterproof, 

dustproof, and heat-insulated, ensuring reliable operation 

even in adverse weather conditions. Additionally, the camera 

is equipped with an infrared filter that exclusively allows 

infrared light to pass through. The system operates in 

conjunction with a powerful infrared target lamp, enabling 

DOI: 10.53469/jpce.2024.06(09).04

19



 

Journal of Progress in Civil Engineering                                 ISSN: 2322-0856

www.bryanhousepub.orgwww.bryanhousepub.com

  
  
   

 

                          Volume 6 Issue 7, 2024Volume 6 Issue 9, 2024 

  
  

  

  
  

  

  
 

  

clear capture of the cable’s dynamic responses even in 

low-light and adverse weather conditions. Figure 1 details the 

key components of the vision-based monitoring system. 

 
 

(a) Industrial camera (b) Optical lens 

  
(c) Infrared filter (d) Infrared target lamp 

Figure 1: System components and specifications 

2.2 Vibration Frequency Method 

 

The vibration frequency method is widely used in engineering 

applications due to its simplicity and accuracy [18],[19]. It 

analyzes the dynamic response of the cable by extracting 

natural frequencies, subsequently estimating the cable tension 

based on the relationship between tension and natural 

frequencies. Since the in-plane and out-of-plane vibrations of 

the cable are not coupled, the analysis can be simplified to a 

planar problem. Additionally, by neglecting cable sag and 

considering bending stiffness as shown in Figure 2, the 

differential equation of motion for the cable can be expressed 

as equation (1). 

 
Figure 2: Model and parameters of the cable 

 𝐸𝐼
𝜕4𝑣(𝑥,𝑡)

𝜕𝑥4
− 𝑇

𝜕2𝑣(𝑥,𝑡)

𝜕𝑥2
+𝑚

𝜕2𝑣(𝑥,𝑡)

𝜕𝑡2
= 0 (1) 

In Eq. (2.1), where 𝑥  represents the coordinate along the 

length of the cable, 𝑡 represents time, 𝑣(𝑥, 𝑡) represents the 

displacement response in the vertical direction of the cable, 𝑚 

represents the mass per unit length of the cable, 𝐸𝐼 represents 

the bending stiffness of the cable, and 𝑇 is the cable tension. 

 

Under the assumption of hinged boundary conditions at both 

ends of the cable, the solution to the differential equation in 

equation (1) can be expressed as equation (2). 

 𝑇 = 4𝑚𝑙2 (
𝑓𝑛

𝑛
)
2

−
𝜋2𝐸𝐼

𝑙2
𝑛2 (2) 

In equation (2), where 𝑙 represents the effective length of the 

cable and 𝑓𝑛 represents the 𝑛 -th order frequency of the cable. 

If (𝑓𝑛/𝑛)
2  of equation (2) is expressed in the form of a 

first-order equation using the least squares method, the 

equation can be expressed as equation (3), and the cable 

tension can be calculated using equation (4). This method 

utilizes the natural frequencies of multiple vibration modes of 

the cable, which can partially correct the measurement errors, 

including those introduced by the unevenly distributed 

bending stiffness along the length direction. 

 (
𝑓𝑛

𝑛
)
2

=
𝑇

4𝑚𝑙2
+

𝜋2𝐸𝐼

4𝑚𝑙4
𝑛2 = 𝑏 + 𝑎 ⋅ 𝑛2 (3) 

 𝑇 = 4𝑚𝑙2 ⋅ 𝑏 (4) 

2.3 Template Matching Method 

 

The template matching method is a classical computer vision 

technique used to identify the region in an image that best 

corresponds to a given template [20]. To reduce computation 

time, a predefined region of interest (ROI) in the reference 

frame is selected as the search area, and a matching criterion is 

applied to assess the similarity between the template image 

and subsets within the ROI. In this study, the zero-normalized 

cross-correlation (ZNCC) matching criterion is employed 

because it is robust against linear variations in illumination, 

leading to more accurate matching results. The 𝐶(𝑥, 𝑦) of the 

template image at the position (𝑥, 𝑦) in the search region can 

be calculated by equation (5). 

 𝐶(𝑥, 𝑦) = ∑ ∑ [
(𝑓(𝑥𝑖,𝑦𝑗)−𝑓𝑚)(𝑔(𝑥𝑖

′,𝑦𝑗
′)−𝑔𝑚)

Δ𝑓Δ𝑔
]𝑁

𝑗=−𝑁
𝑀
𝑖=−𝑀  (5) 

 𝑓𝑚 =
∑ ∑ 𝑓(𝑥𝑖,𝑦𝑗)

𝑁
𝑗=−𝑁

𝑀
𝑖=−𝑀

(2𝑀+1)(2𝑁+1)
 (6) 

 𝑔𝑚 =
∑ ∑ 𝑔(𝑥𝑖

′,𝑦𝑗
′)𝑁

𝑗=−𝑁
𝑀
𝑖=−𝑀

(2𝑀+1)(2𝑁+1)
 (7) 

 Δ𝑓 = √∑ ∑ (𝑓(𝑥𝑖 , 𝑦𝑗) − 𝑓𝑚)
2𝑁

𝑗=−𝑁
𝑀
𝑖=−𝑀  (8) 

 Δ𝑔 = √∑ ∑ (𝑔(𝑥𝑖
′, 𝑦𝑗

′) − 𝑔𝑚)
2𝑁

𝑗=−𝑁
𝑀
𝑖=−𝑀  (9) 

In Eq. (2.6), 𝑓(𝑥𝑖 , 𝑦𝑗) and 𝑔(𝑥𝑖
′, 𝑦𝑗

′) represent the pixel gray 

values at the specified positions in the region to be matched 

and the template image, respectively. 𝑓𝑚 and 𝑔𝑚 represent the 

average gray values of the region to be matched and the 

template image, respectively. 𝛥𝑓  and 𝛥𝑔  represent the 

standard deviation of the pixel gray values of the region to be 

matched and the template image, respectively. (2𝑀 + 1) and 

(2𝑁 + 1) represent the heights and widths of the region to be 

matched and the template image. The coordinate 

corresponding to the maximum value of the ZNCC 𝐶(𝑥, 𝑦) 
indicates the location of the most similar region to the 

template in the ROI, from which the displacement of the 

structure can be measured.  

To determine the dynamic response of the structure, it is 

essential to establish the relationship between pixel 

displacement and structural displacement, referred to as the 
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scaling factor, as shown in equation (6). This can be 

calculated as the ratio of the physical dimensions to the 

corresponding pixel count. 

 𝑥𝑠 = 𝑆𝐹 ⋅ 𝑥𝑝 (10) 

 𝑆𝐹 =
𝑑𝑠

𝑑𝑝
 (11) 

Where 𝑥𝑠 represents the structure displacement, 𝑥𝑝 represents 

the pixel displacement, and 𝑆𝐹 is the scaling factor, which can 

be calculated from the physical dimensions 𝑑𝑠  of the 

measured structure and its pixels 𝑑𝑝 in the image. 

 

2.4 Subpixel Algorithm 

 

When assessing the structural dynamic response, 

measurement accuracy is of paramount importance. Given 

that digital images are measured in pixels, pixel-level 

accuracy may be inadequate when the distance is significant 

or the camera resolution is low [21]. Consequently, sub-pixel 

interpolation is required to enhance resolution. Commonly 

used interpolation methods include nearest neighbor 

interpolation, bilinear interpolation, and bicubic interpolation. 

Among these, bilinear interpolation is frequently employed 

due to its high accuracy and computational efficiency [22]. 

Bilinear interpolation utilizes the grayscale values of four 

neighboring pixels surrounding the target pixel to perform 

linear interpolation in two directions, thereby enhancing 

resolution. The grayscale value of the sub-pixel point can be 

computed using equation (8). 

 𝑓(𝑥𝑖 + 𝑢, 𝑦𝑗 + 𝑣) = 𝑎 + 𝑏𝑢 + 𝑐𝑣 + 𝑑𝑢𝑣 (12) 

The gray value of the desired sub-pixel point, 𝑓(𝑥𝑖 + 𝑢, 𝑦𝑗 +

𝑣) , involves four parameters that can be determined by 

constructing a system of equations based on the gray values of 

the four surrounding pixel points, as shown in equation (9). 

 

{
 
 

 
 𝑎 = 𝑓(𝑥𝑖 , 𝑦𝑗)

𝑏 = 𝑓(𝑥𝑖 + 1, 𝑦𝑗) − 𝑎

𝑐 = 𝑓(𝑥𝑖 , 𝑦𝑗 + 1) − 𝑎

𝑑 = 𝑎 + 𝑓(𝑥𝑖 + 1, 𝑦𝑗 + 1) − 𝑏 − 𝑐

 (13) 

2.5 Calculation Process of Cable Tension 

 

First, the video captured by the industrial camera is converted 

into a time-ordered sequence of images. Based on the cable’s 

vibration characteristics, a suitable ROI window is selected in 

the reference frame to expedite template matching. A template 

image is then chosen in the reference frame. Both the template 

image and ROI undergo preprocessing, where they are 

converted to grayscale and filtered to reduce noise. To 

enhance image resolution, bilinear sub-pixel interpolation is 

applied to the preprocessed template image and ROI. 

Template matching is performed by calculating the ZNCC to 

determine the optimal template match position within the ROI 

window for each frame, thereby calculating pixel 

displacement. This displacement is then converted to 

structural displacement using a scaling factor. Finally, the 

natural frequencies of each vibration mode of the cable are 

determined through PSD analysis of the cable displacement. 

These frequencies, excluding the first-order vibration mode, 

are applied to the vibration frequency method to calculate the 

cable tension. 

 

3. Experimental Analysis 
 

3.1 Experiment Setup 

 

This study evaluates the performance of the proposed 

vision-based monitoring system using a programmable 

controlled linear slide module. As the vibration frequency 

method indicates, cable tension is closely related to its natural 

frequency, so this experiment aims to verify the frequency 

measurement accuracy under different experimental 

conditions, as shown in Figure 3. To measure the dynamic 

response of the linear slide module, a laser displacement 

sensor (LDS) and an infrared target lamp were installed on it. 

The industrial camera was used for video image acquisition, 

with the LDS synchronized at a sampling frequency of 50 Hz. 

Two experiments were conducted under different test 

scenarios. The first experiment verified the measurement 

accuracy of the vision-based monitoring system at different 

distances, thereby confirming the effectiveness of the 

sub-pixel algorithm. The second experiment assessed the 

system's accuracy in identifying multiple vibration 

frequencies. 

 
Figure 3: Experiment setup 

3.2 Subpixel Experimental Verification 

 

In practical engineering, the displacement measurement 

accuracy of the template matching method is often influenced 

by the measurement distance and camera resolution. Image 

resolution can be improved by using a high-resolution camera 

or reducing the measurement distance, but these approaches 

are often accompanied by high costs or are impractical in 

real-world operations. Therefore, more efficient sub-pixel 

interpolation techniques have been introduced to enhance 

image details. In this experiment, the bilinear interpolation 

sub-pixel algorithm was applied, and experiments were 

conducted at three different distances (15 m, 30 m, and 60 m). 

Since the motion of the linear slide is identical at different 

distances, the LDS selected only one of the measurement 

results as the reference value. The displacement measurement 

results are shown in Figure 4, and the frequency analysis 

results are shown in Figure 5.  

Fixing fixture

LDS

Slider Linear slide module

Infrared target lamp

Fixed baffle RS485 repeater
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Figure 4: Displacements of different distances 

 
Figure 5: PSD of different distances 

As shown in Figure 4 and Figure 5, the displacement 

measurement results and frequencies at different distances are 

generally consistent with those obtained by the LDS. To 

further validate the measurement accuracy of the vision-based 

monitoring system, an error analysis of the frequencies at 

different distances was conducted, and the results are 

presented in Table 1. 

Table 1: Frequency error analysis 
Conditions Frequency (Hz) Error (%) 

LDS 5.860 / 

15 m 5.857 0.05 

30 m 5.859 0.02 

60 m 5.862 0.03 

As shown in Table 1, the frequency errors at different 

measurement distances are all below 0.05%, indicating that 

the bilinear interpolation sub-pixel algorithm used in this 

study maintains high measurement accuracy even at long 

distances. 

 

3.3 Multi-frequency Validation 

 

The vibration frequency method is an effective technique for 

measuring stay cable tension, where the accurate 

measurement of multiple vibration frequencies is particularly 

crucial. This method utilizes the least squares approach to fit a 

straight line to the obtained frequency data, thereby 

calculating the tension of the stay cables. To ensure 

high-precision measurement results, it is essential to capture 

the multiple vibration frequencies of the stay cables as 

accurately as possible in practical engineering applications, in 

order to minimize errors arising from inaccurate frequency 

measurements. Therefore, verifying the capability of the 

vision-based monitoring system to accurately measure 

multiple vibration frequencies is particularly important. In 

this study, a motion scenario involving the superposition of 

four vibration frequencies was simulated using a linear slide 

module to test the accuracy of the vision-based monitoring 

system in measuring multiple vibration frequencies. The 

displacement measurement results are shown in Figure 6, and 

the frequency analysis results are shown in Figure 7. 

 
Figure 6: Displacements of multiple vibration frequencies 

 
Figure 7: PSD of multiple vibration frequencies 

As shown in Figure 6, the displacement results measured by 

the vision-based monitoring system for multi-frequency 

motion are nearly identical to those obtained by the LDS, 

demonstrating the accuracy of the system's displacement 

measurement. Figure 7 shows that the multiple vibration 

frequencies measured by the vision-based monitoring system 

are essentially the same as those measured by the LDS. 

 

To further validate the accuracy of the vision-based 

monitoring system in measuring multiple vibration 

frequencies, an error analysis was conducted for each 

measured vibration frequency. The results of this analysis are 

presented in Table 2. 

Table 2: Multiple frequencies error analysis 
Frequency (Hz) LDS Monitoring system Error (%) 

1st 0.997 1.001 0.40 

2nd 1.993 2.001 0.40 

3rd 3.987 4.002 0.38 

4th 7.974 8.005 0.39 

As seen in Table 2, the vision-based monitoring system 

accurately measures the 4th-order vibration frequencies, with 

a maximum frequency error of only 0.4%. This clearly 

demonstrates the accuracy and stability of the system in 
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measuring multiple vibration frequencies. 

 

4. Conclusion 
 

To address the limitations of traditional contact measurement 

methods, this study proposes a non-contact, vision-based 

monitoring system utilizing computer vision algorithms to 

provide an effective solution for cable tension estimation in 

cable-stayed bridges. The reliability of the proposed 

vision-based monitoring system was validated through model 

experiments, leading to the following conclusions. 

 

The sub-pixel experiment results indicate that the 

vision-based monitoring system is capable of achieving 

high-precision frequency measurements at various distances, 

maintaining accurate measurement precision at extended 

ranges, with a maximum frequency error of only 0.05%. The 

results demonstrate that the sub-pixel algorithm can 

effectively enhance measurement accuracy. 

 

The multi-frequency experiment results indicate that the 

vision-based monitoring system can accurately identify the 

vibration frequencies of linear slide modules at various orders, 

with a maximum frequency error of only 0.4%. The results 

suggest that this system can be employed to measure the 

vibration frequencies of cables at different orders with 

precision. 

 

Consequently, the vision-based cable tension monitoring 

system for cable-stayed bridges, as proposed in this study, 

attains sub-pixel measurement accuracy and offers reliable 

measurements over long distances and complex frequencies. 

The system effectively measures the displacement response 

and estimates the cable tension in a cost-efficient manner. 

This significantly enhances its practical utility, rendering it 

suitable for both routine inspections and long-term 

monitoring of cable tension. 
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