
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


   

 

 

Data-driven damping evaluation of cable-

supported bridges from long-term data 

 

      

    

 

 

 2020  2  

 

 

  

 

 

 



 

 i 

Abstract 
 

 

This thesis presents a data-driven damping evaluation process for long-span cable-

supported bridges, whose low damping capacity and flexibility make damping a 

critical factor in assessing their vibrational serviceability. While many studies have 

focused on improvement of damping estimation and evaluation from relatively short-

term data, there are many questions about variability of damping in changing 

environmental conditions. Long-term operational data collected from built-in 

monitoring systems of two cable-supported bridges were acquired for this study. An 

automated damping estimation process using a density-based clustering algorithm, 

based on Natural Excitation Technique ï Eigensystem Realization Algorithm 

(NExT-ERA) was developed and employed. Amplitude dependency of damping 

ratios was observed, as well as effects from aerodynamic phenomena. After 

evaluating damping ratios with environmental conditions in context, statistical 

models were presented. It is recommended that similar damping evaluation processes 

be carried out for other cable-supported bridges to construct a damping database that 

can be used to gain a better understanding of damping. 
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1. Introduction 
 

 

1.1. Research Background 
 

Damping is associated with the energy dissipation of a system in motion. It is 

represented by a dimensionless measure called the damping ratio, or fraction of 

critical damping.[1] In structural engineering fields, damping ratios are used for 

aerodynamic and aeroelastic analysis, bridge-vehicle interaction analysis, finite 

element model updating and other dynamic analyses. For structures such as long-

span cable-supported bridges that are relatively more flexible and possess low 

structural damping capacity, damping ratios are especially critical in evaluation of 

vibrational serviceability. 

Current code practices in Korea suggests 0.4% of structural damping ratio for 

welded steel cable-stayed / suspension bridges (Table 1.1) according to Commentary 

on Highway Bridge Design Code [2]. However, damping capacity cannot be 

predicted before design and completion of structure, and thus may be lower than the 

initially assumed values specified in code. 

 

Table 1.1. Suggested structural damping ratios in current practices [2] 

Structural Type 
Structural  

Damping Ratio (%) 

Cable-

stayed/ 

suspension 

bridges 

Steel 

bridges 

Welded 0.4 

High 

resistance bolts 
0.5 

Ordinary bolts 0.8 

Composite bridges 0.6 

Concrete bridges 0.8 

Independent 
pylons 

Steel 0.2 

Concrete 0.5 
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This issue is highlighted by recent occurrences of vortex induced vibrations (VIV) 

in multiple cable-supported bridges in Korea that caused undesirable vibrations 

exceeding serviceability limits. In the case of the Second Jindo Bridge, it was 

discovered by Kim et al. [3] that one of the major causes of such undesirable 

vibrations was lower damping ratios (0.29% for the 1st vertical mode) than initially 

assumed design values. Similar cases were observed and examined for the Yi Sun 

Shin bridge [4], [5] and Cheonsa Bridge, where it was concluded that lower damping 

capacity was one of the causes for their serviceability issues. These recent events 

underscore the importance of damping estimation after construction of bridges, as 

outlined in many previous literatures. 

The simplest approach to identifying the damping ratios of structures is through 

controlled dynamic testing. This is generally referred to as experimental modal 

analysis (EMA), in which dynamic properties of a structure (modal frequencies, 

shapes and damping ratios) are identified from measurements of excitation and 

response.[6] While EMA can be readily applied to small structures that are in 

controlled environments, it is quite a challenge for large civil engineering structures 

such as bridges. These structures are large and massive, requiring specialized 

equipment such as mechanical exciters that are costly and cumbersome. Furthermore, 

bridges are subjected to a multitude of uncontrollable excitation sources such as wind 

and traffic, rendering a controlled experiment nearly impossible. Consequently, 

recent studies have focused on operational modal analysis (OMA), in which dynamic 

properties are identified from output only. OMA makes use of ambient excitation 

sources such as wind and traffic that are already present during operational 

conditions and allows civil engineers to identify dynamic properties during operation 

of structures; only response data such as acceleration and displacement are required. 

With more availability of built-in monitoring systems for bridges, operational field 

data can be used in conjunction with OMA to perform damping estimation that 

reflects environmental conditions. 
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However, there are major challenges in applying OMA for damping estimation. 

Because OMA is a type of system identification problem, it is ill-posed and thus 

highly sensitive to parameter selection. Nonstationarity of excitation and response is 

also an issue, since it violates one of the fundamental assumptions of OMA. 

Variability of damping itself creates difficulties since there is no single well-

established damping mechanism, and it is well-known that damping varies by many 

environmental conditions. All of the aforementioned issues contribute to the 

uncertainties of damping ratios and makes OMA-based damping estimation a 

difficult process. 

 

 

1.2. Literature Survey 
 

In order to identify environmental effects on the modal properties, Soyoz et al. [7] 

used long-term monitoring data collected over a 5-year period to estimate modal 

frequencies of a concrete bridge. Mao et al. [8] performed automated modal 

identification with k-means clustering and other classification techniques on 20 days 

of data collected from the structural health monitoring (SHM) system of Sutong 

cable-stayed Bridge and analyzed the environmental effects and variations in modal 

frequencies. However, for both studies, only modal frequencies, not damping ratios, 

were identified from the long-term data. 

Asadollahai and Li [9] performed statistical analysis of modal properties from long-

term data collected by a wireless sensor network over a 1-year period and examined 

the effects of temperature and excitation levels on modal properties including 

damping ratios. Zhang Yilan et al.[10] also assessed the effects of environmental 

conditions on modal properties from data collected by a long-term monitoring 

system. For both studies however, environmental effects were unclear due to large 

uncertainties in estimated damping ratios. 

 To increase robustness of damping estimation process, Kim et al. [11] performed 
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parametric studies on a time domain OMA algorithm and successfully estimated 

damping ratios for a cable-stayed bridge from 4 days of operational field 

measurement data. Boroschek and Bilbao [12] applied Ordering Points to Identify 

the Clustering Structure (OPTICS), a type of density-based clustering algorithm, to 

automatically cluster data and remove spurious poles from OMA results. Kim et al. 

[13] applied displacement reconstruction to measured acceleration and demonstrated 

that using the reconstructed displacement physically repressed high-frequency 

components from traffic-induced vibrations and enhanced the stability of damping 

estimates. 

 

 

1.3. Research Scope and General Layout 
 

This dissertation seeks to first, propose an automated damping estimation process 

that requires minimum user intervention and is robust against faulty data. Second, 

by applying the proposed process to long-term operational data obtained from 

monitoring systems of two cable-supported bridges, it aims to construct statistical 

models of damping ratios and assess the effects of environmental conditions. 

 

1.3.1. Target Structures 

Jindo Bridge (the First Jindo Bridge) and Sorok Bridge were selected as target 

structures for damping estimation. Both bridges are located at the southern part of 

the Korean peninsula, in the South Jeolla Province (Jeollanam-do). Their general 

characteristics are outlined in Table 1.2. 
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Table 1.2. General characteristics of target structures 

Bridge Jindo Bridge Sorok Bridge 

Structure 

Type 
Cable-stayed bridge 

Self-anchored suspension 

bridge 

Main Span 
Length 

344 m 250 m 

Deck Type Steel-box girder Steel-box girder 

Pylon Type Steel pylon Diamond concrete pylon 

Cable Type Locked Coil Rope (LCR) 

Mono-cable, Prefabricated 

Parallel Wire Strand (PPWS) 

cable 

 

  
(a) (b) 

Figure 1.1. Target structures (a) Jindo Bridge; (b) Sorok Bridge 

 

Monitoring systems built into the target structures are maintained by the Korea 

Infrastructure Safety Corporation (KISTEC). Long-term data were directly acquired 

from the servers of the monitoring systems with permission from KISTEC. An 

overview of the available sensors and data characteristics for each of the target 

structures is outlined in Table 1.3. For Sorok Bridge, only two accelerometers at the 

midspan were utilized as the accelerometers at 1/4 span were often corrupted with 

faulty data or did not match the modal frequencies detected at midspan. 
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Table 1.3. Available sensors and data characteristics for target structures 

Bridge Jindo Bridge Sorok Bridge 

Accelerometer 
Total: 2 (2 at 1/2 points of the 

main span) 

Total: 4 (2 at 1/4, 2 at 1/2 

points of the main span) 

Anemometer 
1 propeller type and  

1 ultrasonic type at midspan 
1 propeller type at midspan 

Acquired Data 
2016-01-01 00:00 ~  

2018-08-31 23:00 

2015-01-27 17:00 ~  

2019-04-05 11:00 

Sampling 

Frequency 
100 Hz 100 Hz 

Data Format 
10-minute segments,  

TXT files 

10-minute segments,  

TXT files 

 

1.3.2. General Layout 

 Chapter 2 describes in detail the proposed automated damping estimation process. 

Threshold-based fault isolation and displacement reconstruction are used for 

preprocessing the measured acceleration data. A time domain OMA algorithm is used 

for damping estimation and postprocessing is performed with a density-based 

clustering algorithm. In Chapter 3, results from application of the proposed process 

are discussed, particularly in relation to environmental conditions. Finally, damping 

ratios are evaluated and statistical models are presented for each target structure. 
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2. Automated Damping Estimation Process 
 

 

2.1. Preprocessing 
 

 Before damping estimation, data from measurement systems must be preprocessed 

beforehand in order to isolate various faults. Such faults, if not properly removed, 

can lead to failure of damping estimation process or erroneous results. 

 

2.1.1. Threshold-based Fault Isolation 

 Various types of faults inevitably exist in measurement data acquired from long-

term monitoring systems. Such faults include missing values, bias, drift, gain and 

noise. While missing values, bias and drift can be easily detected prior to analysis 

from simple data inspection (e.g. checking for not a number (NaN) values) and time 

domain data statistics (e.g. mean and root mean square (RMS) values), noise cannot 

be so easily isolated from cursory inspection. Examples of faults found in long-term 

data are included in Figure 2.1. 
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(a) 

 
(b) 
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(c) 

Figure 2.1. Examples of faulty data found in long-term data: 

(a) Missing values; (b) Bias and drift; (c) Unidentified noise 
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Thus, maximum correlation factor (MCF), a simple measure representing similarity 

of signals in the frequency domain is applied for isolation of faulty data. MCF is 

defined in Equation (2.1), 

 

 ὓὅὊὭ άὥὼὅέὶὶὖ ẗρππ (2.1) 

 

where ὖ is the power spectral density of the signal in channel i, Corr is the matrix 

of pairwise correlation coefficients for all channels, and MCF is the maximum value 

of the resulting matrix rows excluding its diagonal terms. Thus, if a channel 

possesses a relatively low MCF value, it will imply dissimilarity compared to other 

channels in the frequency domain. Another point to consider is that if a channel 

possesses an MCF value of exactly 100%, it suggests that the channel is comprised 

of noise identical to another channel comprised of the same noise. MCF values for 

long-term data obtained from target structures were calculated and manually 

inspected. It was assessed that datasets with MCF values below 80% indicated the 

presence of abnormal channels. Such an example is shown below in Figure 2.2. By 

employing MCF to long-term data, faulty data can be isolated with minimum user 

intervention and computational overhead is reduced that would otherwise have been 

wasted on defective data. 

 
























































































