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ABSTRACT 

Pre-stressed cable has been widely utilized in the long-span bridge because of its low costs, superb bearing capacity and stable 

service performance. To recognize the time-varying cable tension is thus an essential step for condition monitoring and health 

diagnosis of cable-supported bridges. Vibration-based method is a reliable method to identify the cable tension by adopting the 

function between cable tension and frequency of the dynamic response. Relying on dynamic response, this paper proposes a new 

framework for recognition of time-varying tension in time-frequency domain by using Synchro-Squeezing Fourier Transform 

(SSFT). The synchro-squeezing Fourier transform (SSFT) is a robust instantaneous frequency tracking technique in 

time-frequency domain and employed to identify the instantaneous frequency of the cable, while ridge extracting (RE) detecting 

the frequency trace along time. The efficacy of the method is demonstrated by the finite element (FE) model and practical 

engineering observed acceleration data from Sutong and Jiangyin bridge, and the results show that our method improves on 

existing method used in time-varying cable tension recognition under single sensor and low sampling frequency. 

 

KEYWORDS: time-varying cable tension, synchro-squeezing Fourier transform, instantaneous frequency, single sensor, low 

sampling frequency 

1. INTRODUCTION  

Pre-stressed cable, such as parallel wire cable and steel strand cable, has been widely used in the long-span bridge because of its 

low costs, superb bearing capacity and stable service performance. To recognize the time-varying cable tension is thus an 

essential step for condition monitoring and health diagnosis of cable-supported bridges [1]. 

The available methods for cable tension identification for prestressed cables structures are generally divided into the following 

five categories, strain gauge (SG) sensor [2], oil pressure (OP) meter [3], magnetic flux (MF) method [4], fiber Bragg grating 

(FBG) method [5] and vibration-monitoring (VM) method [6]. SG and OP methods are only available to measure cable in 

construction by piezoelectric or hydraulic principle. For the bridges under construction, the SG and OP sensors cannot be 

installed in the later stage directly. Though it has higher measurement accuracy, the equipment of MF and FBG is extremely 

expensive and extremely easy to be damage because of the complex environment in engineering. 

Vibration-based method is an economical and reliable method to identify the cable tension, which based on the function 

establishing between the cable tension and frequency of the dynamic response [7]. However, the resolution in time domain and 

frequency domain cannot be optimized on the same time because of the uncertainty principle. In other word, it cannot pick up 

the instantaneous frequency by conventional Fourier-based method, which restricts the application of the vibration-based method 

to identify the time-varying cable tension in practical engineering.  

A series of methods can be found in the literature for identifying signal frequency, such as linear transform method (e.g., Fourier 

transform, wavelet transform), bilinear transform method (e.g., Wigner-Ville transform and HHT transform), sparse 

representation and matching tracking algorithm and time-domain method. Recently, Time-response redistribution method [8, 9]. 

SST based method for estimating IF has emerged with various applications in biomechanics [10], and in mechanical engineering 

[11]. 

This paper proposes a new framework for recognition of time-varying tension in time-frequency domain by using 

synchro-squeezing Fourier transform to identify the instantaneous frequency, in turn to recognize the time-varying cable tension. 
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The rest of this paper is organized as follows. Section 2 introduces the method of synchrosqueezing Fourier transform, by which 

the instantaneous frequency ridges of the structure can be effectively extracted. Section 3 shows the results of proposed 

SST-based method, whose capability is proved by numerical model and experimental procedure. Section 4 presents the 

conclusions of this study. 

2. FORMULATION OF CONCEPT 

To use the VM for instantaneous cable tension identification purposes, the relationship between cable tension and frequency was 

modeled from transverse vibration control equations in this section. The regime is realized by an improved method: SSFT based 

instantaneous frequency recognition. 

2.1 GOVERNING EQUATIONS 

Suppose the cable with small sag, uniform section, linear elastic homogeneous material and without considering the effect of 

damping, the transverse vibration in plane of the cable governed by [1, 4]: 

 � � �,� + � �4� �,��4 = � � �,��                                  (1) 

where , �, , are the unit length quality, flexural rigidity and tension of the cable respectively. � �, �  is the transverse 

displacement, which is the function of time and spatial location. The boundary condition of the cable is hinged and 

substituting it to Eq. 1, the frequency function of the cable is as following: 

 sin �� =                                           (2) 

where� = √ / � + � / � + / �4
,  and � is the frequency and length of the cable, respectively. Eq. 2 

implies �� = �, the formulae can be transform as the following: 

 = � ��� − � � ��                                       (3) 

where The slenderness ratio of the cable is large in the practical engineering and the effect of bending stiffness is negligible 

for long cable. So the right side second term of Eq. 3 can be ignored: 

 = � ���                                          (4) 

Eq. 4 is the core practical formula in the engineering to calculate tension by the frequency of the cable. 

2.2 ERROR ANALYSIS   

The full differential of Eq. 4 can be formulated as 

  d = � ��� d + 8 ��� d� + 8 � ��� d �                           (5) 

where d  and d� are not changed in a short period of time： 

 

  d = 8 � ��� d �  ∆ = 8 � ��� ∆ �                             (6) ∆ � is the frequency resolution, for Fourier transform-based strategy, there is a contradiction between frequency resolution 

and time resolution, in other word, it cannot accurately extract frequency from a short time interval. For example, the 

relative error of tension need to be controlled into 5%: 

 

 
∆�� = 8 � ��� ∆ �/ � ��� = ∆��∙��� = �� ∙ � < %                        (7) 

where 
 

is the sampling frequency,  is the first natural frequency and � is the number of sampling points. The 

sampling frequency of sensor in practical engineering are normally 20 Hz and  of the cable is between 0.5~0.8 Hz. 

Substituting to Eq. 7 can drive � > , that means it needs at least 800s sampling time to ensure the accuracy of cable 

force. Though Eq. 4 is very useful to calculate the cable tension, it has the obvious shortcoming in identifying the 

time-varying cable tension. 
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2.3 SSFT BASED IF IDENTIFICATION   

Based on the theory of the SSFT [8, 9], the short time fourier transform �ℎ �, �  of acceleration signal �  can be 

expressed as: 

 

  �ℎ �, � = ∫ � ℎ∗ � − � e−���d� �                                 (8) 

where � is the time, � is the frequency, ℎ �  is the window truncation function. ℎ∗ �  is the complex conjugate of ℎ � . The power spectrum function of the system can be expressed as �ℎ �, � = | �ℎ �, � |                                      (9) 

            

The instantaneous frequency of signal is the derivative of instantaneous phase, which can obtain the instantaneous 

frequency ridge line � �, �  along the time from the STFT spectrum: 

 

� �, � = � arg �ℎ �, � = ℜ −�� ∙ � �ℎ ,��ℎ ,�                         (10) 

where ℜe indicates the real part of the variable. It should be noted that � �, �  is a superduper approximate expression 

of real instantaneous frequency. By concentrating the energy on the instantaneous frequenc � �, � , it can derive the 

synchrosqueezing transform �ℎ �, � : 

 �ℎ �, � = ∫ �ℎ �, � �[ℜ � �, � − ]d� �                          (11) 

where � �  is the impulse response function. Eq. 11 establish a ridge line extract method to recognize the instantaneous 

frequency from time series. By this method, we can first track the instantaneous frequency ridge line of the cable structure 

and further calculate the time-varying tension by Eq. 4. 

3. RESULTS AND DISCUSSION 

3.1 NUMERICAL VERIFICATION   

To verify the validity of SST based instantaneous cable tension recognition method, a cable made by pre-stressed steel strand 

from Sutong cable-stayed bridge was taken as a numerical simulation model (as shown in Fig. 1) for illustration. The detail 

parameters of the cable list as following (as shown in Table 1): 

 

 

Fig. 1 The outlines of Sutong bridge and benchmark cable. 

 

Number Specification(m) Length(m) 
cross-sectional 

area(m2) 

Young’s 
modulus(N/m2) 

Poisson's 

ratio 

A10 187× ∅0.007 226.361 7.196×10-3 1.95× 11 0.3 

 

Table 1 The model parameters. 
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In addition to extract the dynamic response of the cable, ANSYS17.0 finite element software was employed to obtain the 

acceleration data of the cable by using transient dynamic analysis module. The entire process was manufactured in six stages: (1) 

geometric model establishment, (2) material property definition, (3) meshing and endowing material characteristic, (4) defining 

loads and boundary conditions, (5) transient dynamic analysis, and (6) post-processing and time-frequency analysis. First, the 

original scale cable solid model was built in spatial coordinate frame. Then, the steel strand was based on a linear theory that 

assumes constant material properties. Then, 3D beam element was employed to simulate the transverse motion in plane. Then, 

impulse load was exerted to the middle and quarter of the cable and the by a small amplitude, while the two ends were fixed by 

simply supported boundary. Then, transient dynamic analysis was carried out to finite element calculate, the large deformation 

and nonlinear condition was considered in this step. Finally, the dynamic response, in which subsequently acceleration 

sequences were observed within the ANSYS time series post processing system. Synchro-squeezing Fourier transform was 

applied to pick up the real frequency ridge of the cable. 

It needs to be noticed that, decreasing temperature method was used through the load procedure to simulate the prestress action. 

More specifically, for each element, the change of the temperature should satisfy the functional relationship between force and 

material parameter, which yields: 

 ∆ = �� ∙� ∙                                           (12) 

Where ∆  represents e diversification of the temperature. α is the linear expansion coefficient. � ,  and �  are the 

cross-sectional area, Young’s modulus and the corresponding prestress value of the cable, respectively.  

           

Fig. 2 The SSFT results(a) with its local ridge line(b) and the STFT results(c) with its local fuzzy outline(d). 

 

The Short time Fourier transform and synchro-squeezing Fourier transform was compared to track the frequency ridge by using 

512 (about 5s) window length. Time-frequency analysis data were normalized to compare the ability of two methods. The results 

prove that, as time windows reduce to a small length, SSFT can extract precise instantaneous frequency variation quantitatively, 

while STFT can only express the outline scope of the real frequency (as shown in Fig. 2). The ridge line of SSFT are clearly 

change along the time while STFT can only give the fuzzy outline near the real instantaneous frequency. 
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Fig. 3 The instantaneous cable tension recognition results. 

 

The assumed variation of cable force in the simulation process comes from the moving load data measured in the actual bridge, 

it can divide into four part to simulate a big truck (55-75s), a small truck (120-130s), environmental fluctuation (152-155s) and 

continuous multiple vehicles (180-250s) passing though the bridge. As shown in Fig. 3, the instantaneous cable tension results of 

first second order frequency were consistent with actual value but only minor deviations in some areas. First order frequency is 

sensitive to the peak value while second order frequency accurate response to normal fluctuations changes. When continuous 

multiple vehicles passed the bridge, the precision of first frequency were descend and produce deviations. The possible reason is 

that the fundamental frequency reflects the low frequency vibration of structure, the sensitivity to the change of continuous cable 

tension is poor. On the other hand, the second order frequency is able to effectually indicate the slight change. It should be notice 

that, a small change at 150s was identified by the second frequency.  

 
Order 1 2 3 4 5 6 

Average Error(%) 0.73 0.22 0.40 0.53 0.74 1.01 

Max Error(%) 2.04 1.49 1.77 2.36 2.16 2.31 

 

Table 2 Cable tension calculation error of each frequency. 

 

The cable tension calculation results of higher order frequency are similar to the first second order frequency, the specific error is 

shown in Table 2. All frequency has the high calculation precision within 1.01% average error and 2.36% max error. The second 

order frequency has the smallest computation error than other frequency. Due to the influence of bending stiffness, the calculation 

error gradually increases from the second order to higher order frequency. 

3.2 EXPERIMENTAL VERIFICATION 

To further verify the feasibility of the proposed method, a prototype load test were carried out in Jiangyin suspension bridge (as 

shown in Fig. 4). Unlike the Sutong bridge, the Jiangyin bridge adopts parallel steel wires, whose length of cables is shorter and 

tension of single cable is lower, each cable is composed of two parallel cables. The whole experiment was conducted in the early 

morning from 0 to 5 o’clock to undertake 4 loading conditions. In this section, only the first loading condition is chosen as the 

example to validate proposed method because of the limitation of sensor installation position. Dozens of trucks loaded with 

gravel were as the loading tools at the bridge. During the test, the direction of wind was from southern to eastern wind. The 

maximum wind speed of the north tower is 10.28 m/s, average wind speed is 3.95 m/s. The temperature of the anchorage is about 

15℃. 
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Fig. 4 The static loading test scene. 

The length of observed four cables are 39910.5 mm (21 North), 39901.6 mm (21 South), and the weight are 1079.9 kg and 

1079.8 kg, respectively. In order to assess the ability of proposed method to respond the time-varying cable tension, the cable 

tension acceleration sensor and GPS sensor with 20 Hz sampling frequency were installed at the cable on 1/4 span on the north 

side as loading position (as shown in Fig. 5). Twenty trucks loaded with gravel stayed on the loading position from 0:50 to 1:30, 

the standard carrying capacity of each truck is 340 KN, specific actual loading weight are shown in Table 3. The cables were 

excited by wind and vehicle loads. The acceleration and longitudinal displacement data were collected by vibrating wire 

accelerometer sensor and z-direction GPS sensor.  
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(a) 

  

(b) 

 

Fig. 5 The front (a) and planform (b) view of the experimental location. 

 

Table 3 Cable tension calculation error of each frequency. 

No. 

Front axis 

weight 

(KN) 

Intermediate 

axis weight 

(KN) 

Rear axis 

weight 

(KN) 

Total weight 

(KN) 

Error 

(KN) 

1 78.4 149 120.5 347.9 7.9 

2 75.5 141.1 116.6 333.2 6.8 

3 71.5 144.1 131.3 346.9 6.9 

4 92.1 130.3 126.4 348.9 8.9 

5 64.7 137.2 129.4 331.2 -8.8 

6 62.7 146 121.5 330.3 -9.7 

7 71.5 132.3 122.5 326.3 -13.7 

8 73.5 144.1 119.6 337.1 -2.9 

9 65.7 137.2 132.3 335.2 -4.8 

10 71.5 155.8 121.5 348.9 8.9 

11 75.5 136.2 127.4 339.1 -0.9 

12 50 160.7 133.3 344 4 

13 65.7 138.2 125.4 329.3 -10.7 

14 68.6 146 122.5 337.1 -2.9 

15 66.6 155.8 115.6 338.1 -1.9 

16 62.7 150.9 132.3 345.9 5.9 

17 100 134.3 113.7 347.9 7.9 

18 66.6 133.3 120.5 320.5 -19.5 

19 51 149 134.3 334.2 -5.8 

20 80.4 131.3 123.5 335.2 -4.8 

sum 1414.2 2852.8 2490.1 6757.2 -29.2 
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SSFT were used to process acceleration signal collected from one acceleration sensor. The time-interval window length was 

chosen as 256 (about 13s). The instantaneous frequency ridge line can be tracked by the SSFT method (Fig. 6), the first three 

frequency of the cable were identified along the time. Because of the environment noise, the second order frequency was not 

clear during the first hour. However, the time-varying characteristics of the instantaneous were consistent with the GPS tendency. 

When the trucks stop on the loading location from 55min to 96min, the cable tension was increased as the response while 

z-direction GPS was descended at the same time. The first order frequency increased from 2.471 to 2.883, which means the 

tension increase from 1052.6 KN to 1432.9 KN, The difference between the change is 380.3 KN, which is very close to weight of 

trucks(±340 KN). 

  

(a)                                                 (b) 

 

Fig. 6 Time-varying frequency SSFT recognition results (a) and the corresponding GPS displacement response (b). 

4. CONCLUSION 

To recognize the time-varying cable tension, this study proposes a new framework in time-frequency domain by using SSFT 

relying on dynamic response. The SSFT is formulated to prove the validity in instantaneous frequency extraction, further 

calculation the instantaneous cable tension. The efficacy of the method is demonstrated by the numerical model and observed 

data from Sutong and Jiangyin bridge, and the results show that our method improves on existing method used in time-varying 

cable tension recognition under single sensor and low sampling frequency. Some conclusions are drawn below: 

1. SSFT can accurately extract precise time-varying frequency variation, the ridge line of SSFT are clearly change along the 

time. 

2. First order frequency is sensitive to the peak value while second order frequency accurate response to normal fluctuations 

changes. All frequency has the high calculation precision within 1.01% average error and 2.36% max error. 

3. The instantaneous frequency ridge line can be tracked by the SSFT method in actual engineering and can be proved to have a 

good recognition effect by the GPS data. 
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