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Abstract:  Stay cables are one of the most critical force-transmitting components in 

modern cable-stayed bridges and consequently play an important role in reflecting the 

dynamic characteristics and health condition of the total bridge system. In a continuous 

monitoring system, the accuracy tension forces of stay cables could be used to assess 

the health of the bridge. Since the stay cables are subject to all kinds of ambient 

excitation, the intrinsic uncertainty of cable force calculation could be bending stiffness, 

cable sag, end restraint, cable length, etc. In this paper, the correlation model between 

environmental temperature and natural frequency of stay cables were proposed using 

the environmental vibration frequency method to reduce or dismiss the influence of 

temperature on the calculation of cable forces. Based on the health monitoring system 

of ZhiJiang stayed-cable bridge, Hampel-filter was introduced to modify the outliner of 

the data. Kurtosis of frequency domain was applied to identify and remove the vibration 

abnormal values in order to extract the Eigen-frequencies of stay cables with an 

application of optimal parameters of the power spectrum method. For improving the 

calculation accuracy, this paper analyzed the correlation model between temperature 

and natural frequency of stay cable with the least square method, and founded a 

quantitative calculation of cable force based on the stay cable environmental vibration 

frequency method. The identification accuracy and robustness of the proposed 

approach was verified through the health monitoring system. 
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1. Introduction 

 

Stay cables are one of the most critical force-transmitting components in 

cable-stayed bridges, and the tension forces of stay cables can have a direct role in the 
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inner forces and the deformation of the upper structure (Qiao and Sun. 2009). At present, 

there are a majority of methods to test the tension forces which are different from each 

other (Xiong and Zhou 2012 Fang and Wang 2012). Vibration method is one of the most 

widely used methods for tension evaluation and condition assessment of stay cables 

due to its advantages of cheap cost, and accurate identification of cable forces. An 

inaccuracy estimation of cable force can be easily get when there is an error in the 

pre-determined structural and boundary conditions, in order to increase the accuracy in 

calculating tension forces of cable-stayed bridges, many experts have made qualitative 

and quantitative analysis to derive and modify the vibration method, based on the 

principle of taut string theory, especially accounting for the factors such as boundary 

conditions, bending stiffness, sag-extensibility ,cable flexural rigidity etc. In practice, the 

vibration methods have received increasing attention because of its simplicity and 

speediness. (Liao, W. Y, Ni, Y. Q, Zheng, G. 2012) 

Research found that tension forces could be considerably influenced by the 

environmental temperatures. Limited by the effect of different factors, however, the 

quantitative analysis of temperature influence on cable forces is less research 

worldwide. It is extremely important to evaluate and assess the exact tension forces by 

reducing or dismissing the impact of environmental temperature (Hou, Peng and Ye. 

2002). In this paper, a new modified quantitative tension forces calculation is introduced 

to take temperature into consideration based on the correlation model between 

temperature and natural frequency of stay cable, which provides accurate testing for the 

tension forces of cable-stayed bridges. 

 

 

2. Vibration measurement based on taut string theory  

 

2.1 Basic hypothesis 

A cable is tensioned by the force T,  is cable per unit length mass, EI is the stiffness. 

To make formula derivation understandability, hypothesis are made as follows: 

(1) Neglecting the sag-extensibility in the micro-unit of the cable, considering the cable 

is straight and the tension keep constant along the cable axis. 

(2) Neglecting elongation of the cable unit. 

(3) Taking the bending deformation into consideration, neglecting the shearing and 

rotating deformation. 

(4) Neglecting the mass of the cable unit.  

(5) The terminals on the cable are fixed. 

 

2.2 Theoretical derivation of vibration method 

At any point, the cable vibrates at the direction of the vertical axis of the bridge, when 
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analyzing the cable unit which makes slight vibration at the speed direction, there can 

be observed the inertial force, tension, bending moment, shear and other noises 

(including the cable gravity). The computational model shows below: Liu and Wen. 

(2011 Xu 2001 Russell, JC, Lardner, TJ. 1998) 

 

 

Fig. 1 calculation diagram of micro-unit of the cable 

 

If considering the influence of bending deformation and neglecting the shear 

deformation, the equations of motion can be shown as follows: 
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Since  is relatively small when the cable vibrates at the ideal straight balanced state, 

translating equation (1) to the similar form: 
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Delete the higher orders, according to the moment-equilibrium and the bending 

theory in Mechanics of Materials: 
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Simplifying equation (3): 
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Taking the initial conditions: 
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At last we can get the cable force: 
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Where，
nf  denotes the nth natural frequency in Hz. The terms T, ρ, and L denote 

tension force, mass density, and length of cable, respectively.  

 

 

3. Self-diagnose of Bridge Health Monitoring 

 

3.1 Hampel-filter to Identify and Modify the Out-liner of the Data 

 

 Due to the influence of all kinds of external disturbance and quality of sensors, there 

can be lots of errors or abnormal data collecting by the Bridge Health Monitoring System. 

In this paper, we take a good advantage of the Hampel-filter method to identify and 

modify the outliner data that are caused by temperature and eighteen-frequencies, in 

order to eliminate the effect of the data fluctuation to the parameters coloration 

 (Russell, JC, Lardner, TJ. 1998). 

Setting ,{ }, 1,2,...,ix i n , outliner 
jx is defined as the data larger than default setting 

data in the window. 

Where , x  is the mid-value of the sliding window, n  is the window length, S  is the 

central difference, is the adjusting coefficient( to ensure S  is equal to the standard 

deviation in the normal distribution)(Russell, JC, Lardner, TJ. 1998). 
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(b) 

Fig. 2 Temperature and vibration abnormal data Identification in BHMS 

 

3.2 The vibration data of kurtosis self-diagnose  

 

Kurtosis is the reaction of numerical signal vibration distribution parameter which is 

very sensitive to the vibration signals (Pearson RK 2002 Cong and Chen 2012). 

Spectral kurtosis theory was first used by Dwyer as a signal processing method (Antoni 

J. 2006), Spectral kurtosis method was strictly proved by Antoni using the method in 

mathematics and a fast algorithm was proposed (Antoni J. 2007 Russell, JC, Lardner, 

TJ. 1998). Though analyzing the vibration data gathered in bridge health monitoring 

system, we find that the vibration data which has no abnormal data in the time domain 

has a significant peak in the frequency domain and the frequency difference of adjacent 

peaks is similar in the frequency domain of the vibration signal, however, there's no 

such properties in abnormal data. In this paper, a new method of the power spectrum 

density to obtain frequency information of vibration data and segmented kurtosis 

abnormal data recognition method was proposed. 

Power spectrum density spectrum is a kind of probabilistic method, which is a 

measure of the mean square value of random variables. It generally used for random 

vibration analysis, continuous transient response can only be described by probability 

distribution function that is the probability of appearing a horizontal response. The 

definition of PSD is as follows: 
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Where, the definition of power spectrum Sxx ( ) is as follows: 
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In the formula, Rxx (m) is the autocorrelation function of X data, j is the imaginary unit, 

fs is the sampling frequency. 
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Using the peak of PSD segmented kurtosis index to verify abnormal data of cable 

vibration. Dividing the power spectrum PSD ( ) to Nfrq sections in accordance with 

the corresponding frequency range, then calculate the kurtosis of each section on the 

PSD(i= 1, 2, ..., Nfrq)： 

                           
2

4 23iKurt E PSD E PSD                      (10) 

In the formula, E(·)is a mathematical expectation operator, and the measured data 

are calculated by means of the mean value. 

Reviewing the Nfrq sections of Kurti (i= 1, 2，...， Nfrq) calculated by formula(10), then 

Setting the absolute value of |Kurti|> 50*10-7 of Kurti as the section number NLrg. If 

NLrg satisfies the following conditions: when NLrg/Nfrq≥50%，then it shows that the 

acceleration data is good. Nevertheless, the vibration signal will be regard as abnormal 
data with NLrg/Nfrq<50%. 

Selecting the cable SL12010 of Zhijiang Bridge as the case for the vibration data 

kurtosis abnormal diagnosis analysis. The fundamental frequency of the cable is 

0.8550Hz, adopting the Optimization parameter PSD power spectrum of each interval to 

minus its mean, getting the kurtosis of the acceleration data in each segment of the 

frequency domain. The data are as follows: 

 

 

Table 1 kurtosis of cable SL12010 acceleration data in each segment in the frequency 

domain（*10-7） 

Signal 

data 
[0, 1] [1, 2] [2, 3] [3, 4] [4, 5] [5, 6] [6, 7] [7, 8] [8, 9] [9, 10] 

1 10.279 261.469 71.513 136.002 62.537 12.557 121.350 6.032 61.790 96.209 

2 10.607 10.533 178.881 6.500 7.541 14.099 6.470 7.069 5.742 13.925 

3 9.659 234.168 6.280 14.385 6.721 6.648 13.516 11.531 6.054 6.227 

4 10.830 257.830 6.633 14.059 6.427 8.899 12.556 6.083 6.150 9.064 

5 7.493 12.903 5.847 5.508 6.770 5.585 5.861 6.751 6.739 12.253 

6 8.074 14.340 5.459 6.017 6.116 5.268 7.472 5.772 7.298 8.499 

 

 

Table 2 NLrg of the absolute value of kurtosis |Kurti | > 50*10-7 in the frequency domain 

segment 

Signal data 1 2 3 4 5 6 

NLrg 6 1 2 1 0 0 



 

Fig.2 Identification of normal and abnormal values of vibration data 

 

 

The frequency domain number NLrg, as well as Nfrq = 10 is given in Table 1 showing 

that all the kurtosis of each segment in signal1 NLrg/Nfrq≥50%, NLrg/Nfrq≥50% in other 

signals. According to the statistics rule of PSD segmented kurtosis extraction method, it 

can be seen that the vibration data of the signal1 is abnormal, The rest signals are good 

with the frequency characteristic value well recognized. It is shown in Figure 1 that the 

frequency domain characteristics of the cable in time 1 are not recognized under the 

special environment noise interference, while time 6 can accurately extract the 

frequency characteristics of the cable. So Segmented kurtosis of self-diagnosis 

technology can not only calculate the accuracy of all kinds of vibration data but also 

identify cable vibration abnormal value in special events. 

 

 

4. Energy spectrum principle and Welch algorithm 

 

Power spectrum estimation function Welch has a good effect in the application of 

narrow band signal from broadband noise, its algorithm is stable and has good 

engineering application value. The health monitoring vibration data sample length N is 

divided into P segment. Each section has M data, the P segment of the correction cycle 

is: 
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window function, the power spectrum estimation of the whole signal can be obtained by 

averaging the periodic graphs of P segments. 
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The variance of spectrum estimation of Welch algorithm can be approximately 

calculated by the following formula: 
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It can be known from the taut string theory, the frequency of stay cable is

14nf n T l nf   , the characteristic value of the adjacent natural frequency of the cable 

is evenly spaced, using this characteristic, in the program the first 7 order frequency 

values of the vibration signal power spectrum are extracted by the method of optimized 

PSD. 

Using the loop control variable method, with the accuracy of frequency identification 

as the standard, and the normal vibration data training of N strip is selected to get the 

best parameter value. The optimization objective function is: 
7
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Where， 

error is total recognition error; 

j is the error between identification of power spectrum feature vector and theoretical 

value; 

ifre is identification of power spectrum feature vector； 

iFre is theoretical value； 

N is power spectrum calculation times, n for the number of samples, 1n is the number of 

sample segments. 

 

 

5. Temperature and frequency correlation model of cable 
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Fig. 3 the flow chart of correlation between temperature and frequency algorithm 

 

 

The research shows that there is a correlation between the frequency of the stay 

cable and the spatial position of the cable. From Figure 4, table 3 it can be seen, when 

the ambient temperature rises far away from the main tower of the cable, temperature 

deformation at both ends of the cable in bridge is larger than temperature axial 

stretching deformation of itself, when the frequency characteristic value increases, the 

cable force value rises, and vice versa. From Figure 7, table 4 shows that when the 

short cable ambient temperature near the main tower rises, temperature deformation at 

both ends of the cable in bridge is less than temperature axial stretching deformation of 

itself, when the frequency characteristic value decreases, the cable force value drops, 

and vice versa. 



Due to the spatial structure of cable stayed bridge and the difference between the 

different parts of the material, the deformation of each part of the structure under the 

action of temperature is different, so it is difficult to obtain the uniform temperature 

correction cable force formula. 

However, the health monitoring system has been built for cable stayed bridge, In this 

paper, the temperature and acceleration data are analyzed and by using the cable 

temperature frequency linear model, the temperature frequency dependence of the 

cable is obtained, which provides the basis for the accurate calculation of the cable 

force in the later period of the stay cable. This method is to obtain the temperature 

frequency characteristic value for a specific cable, therefore, in the evaluation of cable, it 

has the characteristics of strong pertinence and accurate calculation. 

With the Zhijiang Bridge cable SL12010, SL12012 vibration data and top temperature 

14036 data as an example, the algorithm is as follows: 

 

5.1 Linear principle of least squares fitting 

 

When the data distribution is close to a straight line, it is better to use the linear fitting, 

its approximate function is: 

                            0 1y a a x e                                 (14) 

Where 0 1,a a  are coefficients, denote the intercept and slope respectively; e is the 

error or residual between the model and the observed value, by using the least square 

method, the error is the sum of the square sum of the least residual error that is: 

              2 2

0 1

1 1

( ) , 1,2,3...
n n

r i i

i i

s e y a a x i
 

                  (15) 

The following calculation are 0 1,a a  values： 
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The partial derivative is equal to 0,then get the below formula: 
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Fig 4 correlation chart between temperature and the third order frequency of cable 
SL12010 

 

 

Fig 5 correlation chart between temperature and the forth order frequency of cable 
SL12010 

 

 

Fig 6 correlation chart between temperature and the fifth order frequency of cable 

SL12010 

 

 



 

Table 3 cable SL12010 temperature and frequency linear fitting parameters 

parameters 3th order 4th order 5th order 

p1（ 310 ） 0.4913 0.4679 0.5455 

p2 2.551 3.398 4.239 

RMSE（ 210 ） 0.5684 0.4134 0.9407 

 

 

 

Fig 7 correlation chart between temperature and the third order frequency of cable 

SL12012 

 

 

 

Fig 8 correlation chart between temperature and the forth order frequency of cable 

SL12012 

 



 
Fig 9 correlation chart between temperature and the fifth order frequency of cable 

SL12012 

 

Table 4 cable SL12012 temperature and frequency linear fitting parameters 

parameters 3th order 4th order 5th order 

p1（  310 ） -0.3166 -0.3065 -0.3807 

p2 2.551 5.527 6.891 

RMSE（ 210 ） 0.7037 0.5299 1.728 

 

 

Due to the high order and low order frequency of the cable are influenced by the 

cable sag, stiffness, length and other factors so its results deviate from the theoretical 

frequency. As can be seen from the Table 3,4, the three order, the four order, five order 

temperature frequency of the cable has a clear linear relationship, and the slope of the 

first order linear regression equation is basically the same. The root mean square error 

of the four order frequency in the cable is least, and the linear regression model is the 

optimal fitting, so the value of cable force is calculated by the method of four order linear 

fitting equation-frequency differences method, for eliminating or decreasing the 

influence of temperature on the calculation of cable force. 
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Equation (19), (20), it can be calculated to eliminate the cable force under the effect 

of temperature and to Improve the calculation accuracy of frequency based on 

frequency method. At the same time, through the difference between the parameters of 

P2 it can be more objective to calculate the frequency difference of the cable. 

 



6. Conclusions 

 

In this paper taking Zhijiang Bridge health monitoring system as the engineering 

background, adopting the cable force algorithm which is based on the frequency method 

of temperature and frequency correlation normalization in stayed cables, in order to 

obtain the frequency domain characteristic values of the first 7 orders of the cable. 

Research shows that the vibration data of segmented Kurtosis Algorithm for 

self-diagnosis can well identify abnormal vibration data, the optimization parameter 

power spectrum method is stable and precise which can be used to obtain the 

characteristic value of the cable vibration frequency domain. The analysis shows that 

there is a significant linear correlation between the frequency characteristic of the cable 

and the ambient temperature, the least square linear fitting method can be used to 

normalize the cable force value, the effect of temperature on cable force is effectively 

eliminated or reduced which provide a technical support for the early warning and 

assessment of the cable. 
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