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Abstract

:

In this study, a structural health monitoring system for cable-stayed bridges is developed. In the system, condition assessment of the structure is performed based on measured records from seismic accelerometers. Response indices are defined to monitor structural safety and serviceability and derived from the measured acceleration data. The derivation process of the indices is structured to follow the transformation from the raw data to the final outcome. The process includes, noise filtering, baseline correction, numerical integration, and calculation of relative differences. The system is packed as a condition assessment program, which consists of four major process of the structural health evaluation: (i) format conversion of the raw data, (ii) noise filtering, (iii) generation of response indices, and (iv) condition evaluation. An example set of limit states is presented to evaluate the structural condition of the test-bed cable-stayed bridge.
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1. Introduction


For the public safety management, the use of a structural health evaluation system based on seismic accelerometers is in increasing demand. Due to the recent development of sensor and measurement technologies, the number of monitoring systems installed on important structures such as cable bridges is rapidly increasing [1,2,3]. The range of the application of the structural health monitoring is very wide. Various researches have been performed to examine the condition of the infrastructure for durability issues [4,5,6]. Besides the issues of the condition assessment, structural health monitoring systems can be deployed to ensure that the built structure satisfies the design requirements and assumptions [7]. For example, the effect of spatial variation of seismic ground motions on the super structures of long-span bridges has been studied using the measured data during the earthquake [8]. Investigation of damping mechanisms and estimation of damping values based on the real structure behavior are performed [9]. Researches on damage detection of bridge structures have been continuously developed on the basis of the sensor and communication technologies. Structural health monitoring technologies based on imaging and vision sensors [10,11], and microelectromechanical systems (MEMS) sensors [12,13] can be considered as emerging technologies [14]. Application of wireless sensor network [15,16] for the condition assessment has evolved to internet of things (IOT) [17,18] based structural health monitoring system.



While the state-of-the-art research and novel sensors lead the progress of technologies in structural health monitoring of bridges, it should be noted that detailed information on the analysis and interpretation of data is essential for engineers to construct the monitoring system. The originality of this study lies in providing details of monitoring algorithms for interpretation of the measured data in the post-earthquake condition assessment based on seismic accelerometers. This study focuses on practical information to deal with the issues encountered in data processing procedures and calculation of response indices, which have not been treated enough in the previous studies.



The condition assessment system is useful for pre-earthquake disaster planning and post-earthquake recovery programs [19]. The majority of the monitoring software in the field are developed by the equipment providers and hence have not been verified their reliability in structural condition assessment. Therefore, it is of importance to develop reliable health monitoring software that can generate appropriate response indices of the structure [20,21,22]. In this paper, major components of a health monitoring software and a data matrix to generate response indices are discussed. The data matrix represents the interrelationship between the measured data from the seismic accelerometers and the response indices.




2. Structure of the Monitoring System


The system is composed of four parts each of which corresponds to the major process of the structural health evaluation (Figure 1). The first part is the format conversion process where the compressed format of the acquired acceleration data is converted to text format for numerical calculations (Figure 2). The Standard for the Exchange of Earthquake Data (SEED) and its subset with reduced metadata (miniSEED) are widely used for recording the raw data from seismic accelerometers. These formats are maintained by the international Federation of Digital Seismograph Networks (FDSN) and additional details can be found elsewhere [23]. Since the SEED and the miniSEED are data formats devised mainly for the archival and exchange of seismological time series, format conversions are needed for processing of data. The compressed format of the raw data needs to be converted to text data for further analysis procedures. Physical factors are needed to make text data from the raw data, which is the record of changes in voltage acquired from the accelerometer sensors. The physical factor is calculated from the sensitivity value for the recorder and the response value for the accelerometer. The physical factor is calculated from the sensitivity value for the recorder and the response value for the accelerometer and acceleration in gal is obtained by multiplying the physical factor to the count values in the raw data, where, gal is defined as 1 cm per second squared (1 cm/s2). For instance, the physical factor is calculated as 2.336 × 10−4 from Equation (1), if the sensitivity and the response values are given as 1.1921 μV/count and 0.5102 V/(m/s2), respectively.


   Physical   Factor  =   1.1921   0.5102   ·      μ V    count      V   m    sec  2        = 2.336   ×     10   − 4   gal / count .  



(1)







The second step is the noise filtering process. Since there are various sources of noise in the measured accelerogram, processing data without noise filtering will mislead the analysis result, as shown in Figure 3. Details on the noise filtering schemes for seismic accelerometers are given elsewhere [24]. Raw data of acceleration records include noise from various sources such as instrument’s installation conditions and environments. In general, low-frequency noise below 0.1 Hz is called microseism, and high-frequency noise above 0.5 Hz is called microtremor [25,26]. Noises are continuously generated, change in time and space and vary across all frequency ranges [27]. It has been shown that the applications of the noise filtering process and the base-line correction have a significant effect on displacement time histories derived through double integration of acceleration time histories [28]. If noise is not filtered from the raw data, the noises are accumulated to be diverged results. Butterworth filter is generally preferred since the shape of the curve is relatively sharp at the corner period and there is no riffle in the band range, as shown in Figure 3.



The third step is the calculation of the response indices, which are used for condition assessments. In this study, response indices are categorized as time and frequency domain indices based on the calculation process. While response histories of the time domain indices are obtained from time-integration on the accelerograms, frequency domain indices are obtained from Fourier transformation. Displacements at measurement points are obtained through double-integration of acceleration time histories at the corresponding locations and relative displacements are derived by subtracting the displacement at one location from the displacement at the other location. For instance, the relative displacement of the pylon is calculated by subtracting the displacement at the bottom of the pylon from the displacement at the top of the pylon.



The interrelationship between the measured data of a cable-stayed bridge and analysis results, which is used for the response indices are represented in Figure 4. As shown in the latter figure, a whole set of data in this system is organized in the form of 2D matrix. This form of data set is devised to pursue efficiencies in database accommodation and expandability to other structures.



While damage indicating methods have been traditionally developed based on relative displacements of the structure [29], studies on relationship between the degree of structural deterioration and the changes in natural frequencies have shown that the pattern of changes in natural frequencies is affected by the location and the degree of damage. The change of natural frequencies can be used as a damage indicator since it is sensitive to the stiffness change of a structure [30]. In the study performed by the National Disaster Management Institute [20], a method to identify the structural damages based on the change in the natural frequencies is presented. Earlier studies on the measurement of dynamic responses showed that the detection of a structural damage is feasible by observing changes in natural frequencies due to damages on the structural members [30,31]. Based on the recent development on sensor and measurement technologies, advanced studies on the relationships on vibration modes and structural damages have been performed to identify the location of damages and show that a stiffness decrease due to a structural deterioration causes the change of natural frequencies in lower modes [32,33,34,35,36].



The fourth step is the condition evaluation of the bridge structure. The latter process, in general, includes decision of limit states and generation of formatted report to be submitted to the facility management organization. Table 1 is an example of limit states used for the condition evaluation of a cable stayed bridge. While the threshold of the limit states for those indices that can be obtained from the time domain responses can be determined directly from references and structural analyses, decision of limit states for changes in natural frequency of a major structural component such as pylon or cable needs chronical data for a reliable condition assessment.




3. Measured Data and Condition Assessment


The analysis procedures and usability of the developed system are presented through the reference application for a cable-stayed concrete girder bridge (Figure 5). Locations of the seismic accelerometers are given in Figure 6. A three axes accelerometer is located at the base of one of the pylon. Two axes accelerometers are located at three locations; center of the deck, top of the pylon and deck height of the pylon. The bridge is located at the south coast of Korea peninsula. The height of the pylon and the length of the main span are 90 m and 230 m, respectively. A set of acceleration records were obtained from the reference bridge during an earthquake with magnitude of 5.0, which occurred off the coast of Ulsan, South Korea, on 5 July 2016. Locations of the bridge and the epicenter are shown in Figure 7. Since the reference bridge is 229 km away from the epicenter, the intensity of ground shaking was minor. The measured peak ground acceleration is 1.4 gal, which is only 0.93% of its design level earthquake intensity.



As shown in Figure 2, all of the measured acceleration time histories are converted from the binary format of the miniSEED to the ASCII (American Standard Code for Information Interchange) format and this is followed by the synchronization process. Since some of the response indices in this system are based on the relative displacements synchronization of the acceleration time histories is necessary. After the format conversion and synchronization, noise filtering and base-line correction are carried out. The latter stage is followed by the calculation of the response indices for the condition assessment (Table 1). Details of the calculation procedure of the response indices are as follows:




	(1)

	
A peak ground acceleration was obtained by calculating the maximum absolute value of the horizontal acceleration time histories, which is the vector sum of the two horizontal components (North–South and East–West) of the accelerometer at the free field (Figure 8a). In this calculation, the vertical component was not accounted for. Figure 8b shows that the accelerations at the top of the pylon were much larger than those at the ground because the accelerations were amplified by the structural responses.




	(2)

	
A frequency change of the pylon was calculated by the percentage ratio of the change in the natural frequencies to the original of natural frequency. The natural frequency was obtained by identifying the location of the peak amplitude of the transfer function, which is the ratio of the Fourier amplitudes [37] of the top to the bottom. The results of the Fourier transformation performed on the measured data from the example earthquake are given in Figure 9. Details on the calculation of the transfer function are given elsewhere [38].




	(3)

	
A frequency change of the cable was calculated by the percentage ratio of the change in the natural frequencies to the original of natural frequency. The natural frequency was obtained by identifying the location of the peak of the Fourier amplitude, which is derived from the acceleration time histories at the center of the cable span in the vertical direction.




	(4)

	
A maximum vertical displacement of the deck is the peak value of the absolute of the vertical displacement time histories at the center of the deck (Figure 10b). Since there were two accelerometers at the center of the deck as shown in Figure 6, mean value of the vertical displacement of the two devices was used as the vertical displacement at the center of the deck. It is worth noting that the natural frequencies of the pylon and the deck could be implicitly estimated based on the observation on the distances between the peaks of the waves in the displacement time histories in Figure 10.




	(5)

	
A maximum torsion of the deck is the maximum value of the angle of torsion of the deck. The angle of torsion of the deck is calculated by the relative vertical displacement between the two accelerometers at the center of the deck divided by the width of the deck.









The result of the overall condition assessment should be derived based on the careful observation of the multiple response indices in Table 1. In general, for the safety reason, the worst case scenario is often assumed in the final decision, i.e., if one of the response indices were out of the safe boundary, the overall system would not be in the safe condition and need inspections. Despite the theoretical discussions given in this paper, unexpected errors in the field are the most difficult issue. Most of the latter problems may be dealt with by experienced field experts and these issues are beyond the boundary of this research. Determining a value of each of the limit states for the response indices requires is very difficult and requires huge amount of research effort. Since presenting the limit state is out of the boundary of this research, some examples of the limit states are given in Table 1.




4. Conclusions


A program for structural health monitoring of cable-stayed bridges using seismic accelerometers was developed. Various response indices in monitoring structural safety and serviceability of the bridges were discussed. Additional studies including a long term monitoring of field systems and statistical analyses were needed to better define the limit states of response indices for condition assessments. A systematic approach to process the raw data for generating appropriate response indices was proposed. The proposed system was composed of major components of a health monitoring software. The data matrix adopted in the system represents the interrelationship between the measured data from the seismic accelerometers and the response indices. A whole set of data in this system was organized in the form of 2D matrix. This form of data set was devised to pursue efficiencies in database accommodation and expandability to other structures. Through the reference application, it is shown that the proposed system of data process and the format of data organization could be used for the condition assessment of cable stayed bridges.
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Figure 1. Major processes of the monitoring system. 
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Figure 2. Conversion process from miniSEED to ASCII data formats. 
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Figure 3. Displacement response histories with/without filters and comparison of noise filters. 
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Figure 4. Overview of the data processing procedures and response indices. 
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Figure 5. Overview of the reference bridge. 
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Figure 6. Location of the installed seismic accelerometers on the reference bridge. 
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Figure 7. Location of the epicenter of the example earthquake. 
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Figure 8. Measured time histories of the acceleration at the ground and top of the pylon. (a) Ground motion. (b) Top of the pylon. 
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Figure 9. Fourier amplitude spectra of measured accelerations. (a) Top of the pylon (longitudinal direction). (b) Center of the span (vertical direction). (c) Cable (horizontal direction). 
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Figure 10. Displacement time histories. (a) Relative displacement of the pylon (longitudinal direction). (b) Vertical displacement of the center of the span. 
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Table 1. Response indices and limit states.
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Response Indices

	
Values

	
Limits

	
Result

	
Limit States Decision






	
Peak ground acceleration

	
80 gal

	
110 gal

	
Safe

	
Design ground acceleration




	
Frequency change of the pylon

	
5%

	
16%

	
Safe

	
Empirical-chronical data




	
Frequency change of the cable

	
2%

	
10%

	
Safe

	
Empirical-chronical data




	
Max. vertical displacement of deck

	
230 mm

	
450 mm

	
Safe

	
Structural analysis




	
Max. torsion of deck

	
0.005 rad

	
0.01 rad

	
Safe

	
Structural analysis




	
Overall Condition Evaluation

	
Safe

	












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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