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ABSTRACT 
 
After the rapid growth in construction of bridges in the last three decades, maintenance of existing bridges 
becomes even more important than ever in Korea. Long-span bridges in Korea are mostly young and take 
significance in various aspects, thus life extension through proper maintenance using operational monitoring has 
been one of the major issues. Accordingly, major long-span bridges have been instrumented with operational 
monitoring system. However, despite of such achievements of sophisticated hardware equipment, data 
exploitation for assessment and evaluation remains still quite limited due to some unique characteristics of 
Korean bridges. This paper reviews the state-of-the-art of operational monitoring system for long-span bridges 
in Korea and data exploitation for bridge performance assessment. Recent R&D activities for expediting 
exploitation of operational monitoring data, such as performance assessment and FE model based structural 
identification considering uncertainties of data, are also addressed. 
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INTRODUCTION  
 
Korean bridge engineering has realized remarkable progress in the domain of long-span bridges such as cable-
supported bridges in the last three decades. Such examples include Incheon Bridge (main span: 800m) that ranks 
at the eighth position among the longest cable-stayed bridges in the world, and Yi Sun-Sin Bridge (main span: 
1545m), that is the fourth longest suspension bridge in the world in 2013. Some of major cable-supported 
bridges are summarized in Table 1.  
 
Because of the rapid increase of structures in such a short period, most bridges in Korea are found as relatively 
young and 98% of which lifetime is more or less 30 years. However, there is concern that the number of 
deteriorated bridges would increase rapidly in the next 10 years at which their lifetimes significantly reach 
design life. In fact, the number of deteriorated bridges is expected to increase 5 times in the next 10 years while 
the number of structures on expressway has increased 2.5 times in past 10 years. Thus, the importance and 
necessity of bridge management and maintenance system have been recognized in Korea, and recent paradigm 
has been being shifted from construction of new infrastructure to management of existing structures. The recent 
announcement of the new Korean government policy that there would be no further investment for new 
infrastructures in the next 5 years can be a good sign of this shift. 
  
Currently, two national institutes take overall management of bridges in Korean road system. The Korea 
Expressway Corporation (KEC) is responsible for the construction, operation, maintenance and repair of the 
expressway network. Bridges in the other road networks, which are the national highway network, the metro-
city road network, the provincial road network and the city-county road network, are mainly managed by Korea 
Infrastructure Safety & Technology Corporation (KISTEC) (Koh et al. 2005). 
 
Meanwhile, long-span bridges have high importance and functionality in many socio-economic aspects. For 
example, many long-span bridges in Korea are constructed to connect island-island or island-inland. They 
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contribute to economic growth not only by taking over traffic flow and reducing travel time, but also as a 
landmark of regional community (Koh et al. 2009). In addition, there are no alternative routes in many cases of 
long-span bridges, which would result in high cost for the bridge closure due to repair or replacement. Social 
cost for closure of long-span bridges for regular inspection and repair would also be innumerable. Thus, 
operational monitoring system can be the most suitable method for long-span bridges in order to secure the 
performance and serviceability without closure, and to prevent unexpected failures. Accordingly, virtually all 
the long-span bridges in Korea are equipped with operational monitoring systems considering importance of 
long-span bridges. Compared to the periodic measurement by specific field test usually considered for ordinary 
bridges, operational monitoring of long-span bridges enables to achieve efficient management data through real-
time continuous measurement of global and local behaviour during whole lifetime for systematic maintenance 
and extension of lifetime.  
 

Table 1. Major cable-supported long-span bridges in Korea (MOLIT 2013) 
Designation Type Length (main span, m) Completion  Classification Management Authorities 
Namhae Suspension 660 (404) 1973 Highway KISTEC 
Dolsan Cable-stayed 450 (280) 1984 Highway KISTEC 
Jindo Cable-stayed 484 (344) 1984 Highway KISTEC 
Olympic Cable-stayed 1,470 (300) 1990 Metro-city road Seoul City 
Haengju Cable-stayed 320 (120) 1995 Highway Seoul City 
Seohae Cable-stayed 990 (470) 2000 Expressway KEC 
Youngjong Suspension 550 (300) 2000 Expressway New Airport Highway Co. 
Youngheung Cable-stayed 460 (240) 2001 Provincial road Yooshin Engineering Co. 

Gwangan Suspension 900 (500) 2003 Metro-city road Busan Infrastructure Co. 
(BISCO) 

Samcheonpo Cable-stayed 436 (230) 2003 Highway KISTEC 
2nd Jindo Cable-stayed 484 (344) 2006 Highway KISTEC 
Sorok Suspension 470 (250) 2008 Highway KISTEC 
Machang Cable-stayed 740 (400) 2008 Highway Machang Bridge Co. 
Donggang Cable-stayed 460 (100) 2009 Highway KISTEC 
Incheon Cable-stayed 1,480 (800) 2009 Expressway Incheon Bridge Co. 
Busan-Geoje 
Fixed Link  
(2-pylon) 

Cable-stayed 919 (475) 2010 Provincial road GK Fixed Link Co. 

Busan-Geoje 
Fixed Link  
(3-pylon) 

Cable-stayed 676 (230) 2010 Provincial road GK Fixed Link Co. 

Wando Cable-stayed 340 (200) 2011 Highway KISTEC 
Geogeum Cable-stayed 1,116 (480) 2012 Highway KISTEC 
Geobukseon Cable-stayed 464 (230) 2012 Highway KISTEC 
Mokpo Cable-stayed 900 (500) 2013 Highway KISTEC 
Yi Sun-Sin Suspension 2,260 (1,545) 2013 Provincial road Undetermined 
 
Necessity of operational monitoring system for long-span bridges is also explained in the LCC (life cycle cost) 
viewpoint. Usually, design lifetime of long-span bridges much exceed ordinary bridge. Operational monitoring 
without bridge closure is required for the major long-span bridges in order to continuously monitor any defects 
and make proper maintenance action to prolong its purposed life, which could increase economic efficiency in 
the LCC viewpoint and make use of limited budget for infrastructures.  
 
Operational monitoring system can also be effective for the operation of long-span bridges in harsh 
environmental condition and extreme events. For instance, operational monitoring enables the manager to 
quickly assess bridge’s status and provide warning for traffic block against unexpected extreme events. A good 
example is that operational monitoring system of Gwangan Bridge was successfully used to give an alarm, block 
and reopen the bridge during the crossing of typhoon Maemi in September, 2003 (Koh et al. 2008). In addition, 
the possibility of centralized and integrated management of remotely located several long-span bridges can be 



another advantage of operational monitoring system considering topographical condition of Korea where the 
most of long-span bridges are located in Southern coastal area (Koh et al. 2008). 
 
Because of these reasons, operational monitoring systems have been installed in virtually all major long-span 
bridges in Korea since late 90’s. Along with the rapid and massive progresses of IT technologies for 
infrastructures, monitoring systems evolve to acquire, process and communicate real-time data of bridges more 
effectively. However, despite of such achievements of sophisticated hardware equipment, operational 
monitoring data exploitation for assessment and evaluation still need to be improved. Much effort should be still 
devoted to provide data processing and analysis tools, which enables the engineer or manager to quantify current 
performance of the bridge and make qualitative decisions.  
 
This paper reviews the state-of-the-art of operational monitoring system for long-span bridges in Korea and data 
exploitation for bridge performance assessment. Recent R&D activities for expediting exploitation of 
operational monitoring data, such as performance assessment and FE model based structural identification 
considering uncertainties of data, are also addressed.  
 
OPERATIONAL MONITORING SYSTEM OF LONG-SPAN BRIDGES AND DATA UTILIZATION 
IN KOREA 
 

Evolution of Monitoring System in Korea  
 
Installation of health monitoring systems for bridges in Korea began since 1995, immediately after the 
successive collapses of Haengju Bridge during its construction and Sungsu Bridge in 1994, only 15 years after 
its completion. These collapses urged the public recognition of the importance of the management of bridges 
and the potential devastating disruption of infrastructure systems due to manmade and natural hazards. These 
events together with the increasing number of deteriorated bridges built during the industrialization boom of 
1970s led the governmental authorities to issue more stringent requirements on bridge management and 
operational programs, including systematic visual inspection, instrumentation, load capacity tests and field 
measurements for design and construction verification, and long-term performance monitoring and assessment 
(Koh et al. 2005). The first applications were realized on existing bridges in order to collect field data through 
full loading tests or ambient vibration tests, and identify structural integrity and safety (Koh et al. 2008). 
However, those systems were hard to be defined as operational monitoring system since data management and 
exploitation strategies were not established with respect to application to the long-term maintenance. 
 
Following the early stage, the importance of reliable and efficient data management system was recognized with 
respect to its usefulness in bridge maintenance. Monitoring systems were strengthened to include software for 
data processing through the adoption of advanced techniques such as communication by fiber-optic cable, 
wireless data transmission, and internet-based remote acquisition as well as sensing technologies along with 
advancement in hardware. Assessment, evaluation, and control were recognized as an important part of the 
long-term health monitoring system. As a result, previous stand-alone systems evolved into more advanced 
bridge management system involving two kinds of integration: operational integration where multiple stand-
alone systems operate together and, functional integration where bridge monitoring system operates with 
different systems such as bridge management system (BMS) or vehicle monitoring system (Koh et al. 2003). 
One of the remarkable technologies in this stage was sensor-based monitoring system (SBBMS) which intends 
to provide advanced innovative functions like sensor fusion, reliable massive signal transmission, automated 
surveillance, adaptive signal processing, etc. Along with those developments, operational monitoring system 
which integrates sensing, data management and exploitation method became installed in all major long-span 
bridges since 2000s (Koh et al. 2009). At the same time, old hardware of previously instrumented bridges was 
replaced and refined as modernized ones to manage data more efficiently. 
 
Recently, further developments are being in progress to improve data processing and exploitation for bridge 
assessment. Functions of developed software include data storage and managing techniques, bridge assessment 
and evaluation techniques, and performance prediction techniques. The combination of such techniques in 
addition to hardware development of sensors and data transmission equipment will finally make operational 
monitoring system to be fully utilized, by which monitoring data is linked to decision making and finally a 
reliable performance and extended lifetime of bridges can be achieved. At the current stage of development, 
some of the main issues to challenge in order to achieve the goal of operational monitoring data exploitation 
include: huge volume and non-stationary nature of operational monitoring data; long design life of long-span 
bridges over a hundred year; large structural scale along with complex local behaviour, etc. Further R&D are 
thus to be dedicated to provide data processing and analysis tools enabling to extract valuable and reliable 



information from huge volume of structural responses and reflect uncertainties quantitatively in the assessment 
considering distinct features of long-span bridges. This will be explained in more detail in the next chapter.  
 
A Few Examples of Operational Monitoring System Equipment and Data Exploitation 
 
Successful application of operational monitoring system can be achieved by integration of sophisticated 
hardware, comprehensive software environment for data managing, data exploitation process with proper 
management authorities. A few examples of major cable-supported long-span bridges are shown below in order 
to present state-of-the-art about operational monitoring system equipment and data exploitation for bridge 
performance assessment in Korea. 
 
Hardware Development 
 
Seohae Bridge (60+200+470+200+60m), constituted by stiffened steel girders with precast slab, is one of good 
examples showing advancement in hardware equipment. After the completion in 2000, initially 195 units of 10 
types of sensors including accelerometer, displacement transducer, tiltmeter, and strain gage were deployed in 
the major parts of the cable-stayed bridges and approaches. In addition, BWIM, anemometer, seismometer and 
thermometer were also deployed. The monitoring system started operation in April, 2001. However, after nearly 
8 years of service, the hardware of the SHM system experienced degradation that was potentially increasing the 
risk of errors and defects. Accordingly, the retrofit of the SHM hardware in the cable-stayed bridge and 
approaches of Seohae Bridge started in November, 2008, and completed in October, 2009. During this retrofit, 
total number of sensors in the cable-stayed part was reduced from 121EA to 94EA by removing some strain 
gages, and adoption of additional sensors like Global Navigation Satellite System (GNSS) receiver. In case of 
approach bridges part, the number of sensors was dramatically reduced from 74EA to 2EA based on the analysis 
of 8-year monitored data. Analysis of long-term data indicated that overall structural behaviour was very healthy 
and stabilized as expected. Based on the analysis results, the new monitoring system excluded some sensors for 
structural safety such as strain gauges for long-term monitoring items considering their monitored responses 
which are 5 to 12 % of design value.  
 

     
(a)    (b)    (c) 

Figure 1. (a) Sensor deployment, and (b) corresponding real-time display of monitoring data  
at (c) main operation room by Seohae Structural Health Monitoring System (SSHMS) 

 
All the measurements have been systematically managed through Seohae Structural Health Monitoring System 
(SSHMS) which has been operated since 2001 by KEC, and was revised to reflect newly developed 
technologies during the retrofit of the operational monitoring system in 2009. Signals of each sensor are 
collected at local data logger, then are transmitted to main server at operation office via fiber-optic network. The 
unified system makes it feasible to perform real-time monitoring on current status of Seohae Bridge at the 
control center of KEC (Figure 1).  
 
Youngjong Bridge (125+300+125m), completed in November, 2000, is also a representative example of well-
established hardware equipment. A total of 393 sensors, including static and dynamic strain gauges, and 23 data 
loggers are distributed over the bridge. The hardware system was designed to collect data remotely (Koh et al. 
2005).  
 
Incheon Bridge (80+260+800+260+80m), a cable-stayed bridge completed in 2009, has also representative 
operational monitoring system with respect to sophisticated hardware. The design of the SHM system took 
consideration of its management throughout the whole lifecycle of the bridge from construction to repair after 
completion. For this purpose, special monitoring systems to collect traffic information through RWIS (Road 
Weather Information System) for road condition, temperature and visibility monitoring, VDS (Video Detector) 
to collect vehicle information, have been equipped. 



Data Exploitation 
 
Seohae Bridge can be regarded as a good example showing operational monitoring data exploitation. 
Operational monitoring data of the bridge has been continuously recorded and observed data was periodically 
analysed to study the structural behaviour of critical components of the bridge. One of such analysis results 
showed that the annual variation of the vertical deflection and stress range in the stiffening girder are well below 
the allowable design limit during the first 2 years of service, which indicates that the bridge is healthy in view of 
its long-term behaviour and current highway bridge design specifications may produce excessively conservative 
structures (Koh et al. 2005). The results from the operational monitoring data are now being utilized to adjust 
the live load model in the new design guideline which is in the process of development for long-span cable 
supported bridges in Korea. Currently, various types of measurements including wind, acceleration and 
displacement are constantly monitored and analysed to find short-term abnormality as well as long-term 
performance variation. For example, cable tension forces are estimated from acceleration of cables in Seohae 
Bridge, and continuously monitored to detect any chance of cable break, and variation of tension force by 
vehicle and thermal load. 10 year of long-term accumulated data using operational monitoring system showed 
that tension force has been stayed close to initial value in spite of small perturbation in a short-duration (Fig. 2). 
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Figure 2. (a) Annual variation of cable tension force in 2011; (b) comparison of average tension force in 2011 
with initial value in 2000 and 2001 of Seohae Bridge. 

 
An example of data exploitation in the case of the vibration control can be found at 2nd Jindo Bridge. 2nd Jindo 
Bridge (70+344+70m), completed in 2006, was built adjacent to 1st Jindo bridge to compensate insufficient load 
carrying capacity of 1st Jindo Bridge. A total 85 sensors, including static strain gauges, accelerometers, 
displacement transducers and anemometers, are distributed over the bridge. Recent noticeable event was the 
observation of very huge vortex induced vibration at girder in April 19, 2011. Maximum value of acceleration 
was about 1.5m/s2 and exceeded the serviceability limitation 0.5m/s2 of the Korea Bridge Design Code (KBDC) 
(MLTM 2012), while 10 minute average wind speed was maintained below the design wind speed as 10 to 14 
m/s for two hours (Figure 3).  
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(a)                       (b) 

Figure 3. (a) Operational monitoring data at 2nd Jindo Bridge indicating vortex induced vibration (VIV) in terms 
of excessive deflection and acceleration by NW seasonal wind in 2011,  

and (b) installed MTMD devices to mitigate VIV 
 



This phenomenon had been occurred repeatedly since 2007, in the period of April to May when seasonal wind is 
blown in North-West direction. Vortex induced vibration in 2011 was extraordinary large compared to other 
several wind conditions including typhoon Tembin in 2012 of which wind velocity is around 23m/s. After a 
series of wind tunnel tests conducted at Seoul National University, it was concluded that interactive behaviour 
between two decks of adjacent bridges caused huge vibration. Using the operational monitoring data, it was also 
found that damping ratios of 2nd Jindo Bridge were around 0.29% which is lower than the recommended value 
of 0.4% by Korean Guideline. To mitigate the vibration, MTMD (Multiple Tuned Mass Damper) was installed 
at the center of the girder of 2nd Jindo Bridge, which is expected to reduce excessive vortex induced acceleration 
from 1.5m/s2 to 0.3m/s2 (Kim et al. 2013a).  
 
Disaster management systems for the cases of extreme events such as earthquake and strong wind, are one of the 
most representative examples of operational monitoring data exploitation. The use of monitoring system for 
Gwangan Bridge (200+500+200m, 2003), an earth-anchored suspension bridge with a double-deck warren truss 
girder carrying roadways, was the first application of disaster management system. As reported in previous 
paper (Koh et al. 2008), during the typhoon Maemi struck Busan in September 2003, the traffic was 
successfully controlled by the data analysis of wind speeds, inclination sensor values and natural frequencies of 
the bridge during. After that, disaster management systems have begun to be installed at other long-span bridges, 
and systematic disaster management against typhoon has been established. A number of long-span bridges have 
been simultaneously monitored and managed by Long Span Bridge Management Center (LOBMAC) which 
belongs to the KISTEC’s task of Unified Monitoring System for Cable-Supported Bridges. Figure 4 shows 
specific example of 10 minutes average and maximum wind speed measurements during operation of some 
bridges against typhoons in 2012. Traffic is blocked when 10 minutes average wind speed exceeds the 
acceptable wind speed of 25m/s.  
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Figure 4. Operational monitoring data of average/maximum wind velocity  

by LOBMAC against typhoons in 2012 
 
At Namhae Bridge, operational monitoring data was also exploited to check integrity of bridge against vehicle 
collision on the bridge. In the late night on July 10th in 2013, a truck hit guard rail while it entered the bridge. 
Acceleration at top of pylon, and vertical displacement of deck at the pylon location which had been monitored 
via operational monitoring system were analysed to identify any problem on bridges. Right after the collision, 
maximum acceleration was about 2.50 m/s2 which exceeds acceptable criteria 1.14 m/s2. Similarly, vertical 
displacement of girder, 1.2 mm, slightly exceeded acceptable criteria, 1.0 mm. However, the observed vibration 
attenuated within 10 seconds, and acceleration and vertical displacement reduced below criteria. Based on the 
quick assessment using operational monitoring data, the bridge was determined as stayed in safe condition. 
 
Operational monitoring data have been used not only for abnormality detection against external loads, but also 
for structural change identification due to additional construction during service. Youngjong Bridge was initially 
designed to be used for both roadway and railway, but it was opened in 2000 with vehicle roadway only. In 
2004, railway was constructed while the bridge remained in service for vehicle loads. The influence of 
additional construction on structural behaviours was identified by the benefit of operational monitoring system 
which continuously monitor important components’ behaviours. Increased dead load by construction of railway 
was 1.91 tonf/m in cable-stayed bridge part, which is 3.8% increase in overall dead load. As a result, rapid shift 
of girder and pylon displacement, hanger forces, and natural frequencies were identified by the measurements 
from operational monitoring system (Figure 5). The change of displacement of steel girder reached 41.1mm 
after the railway construction, which was safely below the expected responses in the design stage. Static loading 
tests using 12 trucks and 2 trains were also conducted to calculate load carrying capacity. Based on the 
monitoring data and test results, it was concluded that structural integrity and performance were guaranteed in 



spite of additional construction of railway while the bridge remained open for vehicular traffic. Such 
comprehensive analysis and construction without bridge closure can be possible by utilizing operational 
monitoring system. 
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(a)                                                         (b)                                                      (c) 

Figure 5. Variation of (a) hanger force, (b) vertical displacement at girder,  
and (c) natural frequency of girder by the construction of railway in Youngjong Bridge 

 
 
Integration of individual bridge’s monitoring data at main operation center is worth mentioning. Large portion 
of long-span bridges in Korea are located in south-west coastline to connect island to island or island to inland. 
Maintenance of individual bridge by independent management office is inefficient, and standardized assessment 
is hard to be attained. Recent government policy has been transformed to the establishment of unified 
management system.  
 
KISTEC has been operating Long Span Bridge Management Center (LOBMAC) to accomplish the task of 
integrated monitoring of several cable-supported bridges since 2008. The task includes periodic/non-periodic 
diagnosis and in-depth inspection, management of operational monitoring system, database management and 
analysis of measurements, organization of bridge management guideline, and prognosis model development 
using accumulated database of measurement in cooperation with Korea Institute of Construction Technology 
(KICT). For those purposes, Long Span Bridge Management Center (LOBMAC) has managed 17 long-span 
bridges in cooperation with 3 regional local management offices. Monitored data of individual bridge is 
gathered at local management office, and the whole data are transferred to main center via internet. Huge 
volume of database is stored in the server after clustering and processing of data. As a result, centralized and 
integrated management of remotely located several long-span bridges became possible by the advantage of 
operational monitoring system. 
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Figure 6. Organization chart of the integrated management several long-span bridges by LOBMAC  

in cooperation with 3 local management offices 
 
Operational monitoring system of major long-span bridges in Korea has seen the outstanding and encouraging 
development achieved in a short period. However, it should be pointed out that there has been little significant 
development on unified and standardized data exploitation procedure for the assessment of bridge compared to 
considerable development of sophisticated hardware. While several examples of data exploitation were 
presented for individual bridges, only limited and unprocessed responses such as maximum displacement, 
acceleration, wind speed and natural frequency, were directly used for decision making. Thus still need exists 
for improvement of data exploitation techniques which can trace structural performance degradation 
continuously using operational monitoring data instead of regular inspection and test requiring high cost and 
bridge closure in some cases. 
 



Challenges in Operational Monitoring Data Exploitation for Bridge Assessment in Korea 
 
There are some reasons why operational monitoring data have not been fully exploited in Korea. As discussed 
earlier, operational monitoring systems are usually installed only for long-span bridges in Korea. This is because 
long-span bridges have much higher importance and functionality in many socio-economic aspects, in spite of a 
concern that the number of deteriorated bridges with small- and medium-span would increase rapidly in the next 
10 years at which their lifetimes significantly reach design life. However, relatively young and healthy state of 
most long-span bridges in Korea lessens the need for exploitation and development of analysis techniques from 
monitored data. For example, there is more concern on the evaluation of present bridge performance state for the 
purpose of maintenance and extension of lifetime than on the detection of damage or failure. Recent concern on 
the extension of lifetime can be attributed in some extent to the new Korean government policy that there would 
be no further investment for new infrastructures in the next 5 years. 
 
Data processing techniques to handle both huge volume and uncertainty of operational monitoring data have not 
been established adequately. For example, the data measured by static and dynamic sensors corresponds to a 
total of 60,000 data per sensor every 10 minutes in the case of Seohae Bridge. In addition, dynamic data are also 
stored once a day at definite period during 10 minutes. This means that the volume of data acquired in Seohae 
Bridge reaches 7 million data per day, leading to 2,605 million data per year. Finding valuable information in 
the big data is certainly a big problem which is hard to be solved by conventional method. Non-stationary 
characteristic of operational monitoring data which consist of intrinsic uncertainties and environmental effects 
also makes conventional method to work poorly. It was shown in the previous examples that all types of 
responses and structural features such as displacement, natural frequency, are perturbed in short and long term 
behaviour. Selection of representative value from dispersed data without probabilistic approach is difficult and 
may lead to non-representative evaluation without probabilistic approach. Valuable structural information can 
be obtained from huge and uncertain operational monitoring data if proper algorithms are provided. 
 
Little theoretical background and practical procedures to extract reliable and useful  information, from 
monitored data, to be used for identifying actual damage or performance state of bridges can also be one of 
reasons for insufficient data exploitation. Bridge assessment techniques which can quantify current status of 
bridge, such as global performance evaluation and local damage detection, have not been fully established. For 
example, some approaches based on frequency responses in many cases fail to detect noticeable local damage at 
existing bridges due to the loss of information provoked by modal approaches, which is rather suitable to 
represent global performance of the bridge.  
 
Some R&D activities are in progress to tackle those obstacles considering distinct features of operational 
monitoring data and unique characteristics of long-span bridges in Korea. Among them, this paper presents two 
recent activities, one of which is the effort that would expedite data exploitation by proposing a procedure for 
the bridge performance assessment using operational monitoring data to be used in Bridge Evaluation Guideline 
in Korea. The other is the recent research activity on FE model updating scheme that can improve reliability and 
accuracy of analysis results from operational monitoring data. 
 
 
ACTIVITIES OF OPERATIONAL MONITORING DATA EXPLOITATION FOR THE 
PERFORMANCE ASSESSMENT  
 

Development of Bridge Evaluation Guideline – Performance Based Vehicle Load Carrying Capacity 
Assessment 
 
A new version of the Korean Bridge Design Code (KBDC) (MLTM 2012) adopting philosophy of reliability-
based design was recently issued in Korea based on research achievements by the 6-year efforts of KBRC 
(Korea Bridge Design & Engineering Research Center) at Seoul National University. After 3 year of grace 
period, the new KBDC is scheduled to be applied for bridge design. Along with the development and 
application of reliability-based bridge design code, need for the revision of bridge assessment code according to 
reliability-based philosophy has been emerged in Korea, similarly to the recent issue of Manual for Bridge 
Evaluation by AASHTO (2011). Research has been performed for revising of Guideline for Assessment of 
Concrete Bridges (KCI 2010) starting from 2011, which is expected to be new bridge assessment guidelines 
based on reliability and LRFR (Load and Resistance Factor Rating) format. Especially, a systematic procedure 
was developed to utilize operational monitoring data for estimating load factors and load carrying capacity of 
target bridges. 
 



In order to obtain proper load factor for a target bridge, operational monitoring data from WIM (Weigh-In-
Motion) system were exploited. Unlike load factor in the design codes which should apply to the design of 
bridges in entire domestic region, the load factor for bridge assessment which corresponds to a specific bridge 
should be calibrated using site-specific traffic data. Operational monitoring data which collect vehicle 
information continuously through WIM system were used to identify probabilistic characteristics of the local 
traffic information.  
 
The procedure of load factor calibration proposed in this project is as follows. Once WIM data of targeted 
bridge is collected from operational monitoring system, the upper 10% of the weight data is fitted to a 
probability model such as Gumbel distribution according to the class of truck. The maximum truck weight with 
respect to the reference period is estimated by extrapolating the observed data during limited period into 
reference period of 5 years. It is shown in Figure 7 that reduced reference period from 50 or 100 years to 5 years 
results in decreased maximum truck weight. Then the flexural moments due to the estimated maximum truck 
weights are calculated for a girder of a target bridge. The ratio of extrapolated moment to design value is a load 
factor for the evaluation considering the effect of local traffic information and reduced reference period (Paik et 
al. 2013).  
  

 
Figure 7. Estimation of the maximum truck weight for reference periods by 3 classes of trucks (Paik et al. 2013) 
 
FE analysis model update using operational monitoring data is also considered in this procedure. In the 
evaluation of bridge performance, accurate analysis of load effect is as important as of load factor calibration. It 
is known that initial FE analysis model being based on design drawings is insufficient to reproduce load effects 
for the bridge evaluation due to various uncertainties in real structures and FE modelling. Operational 
monitoring data is suitable to reduce uncertainty of initial FE analysis model by providing information about 
current performance of bridge.  
 
As an illustrative example, load factor calibration was performed for Geumdang Bridge (KEC 2013), a PSC-
girder expressway bridge, using operational monitoring data obtained by the WIM system at the site. The 
proposed procedure estimates 1.21 for the live load factor and 0.88 for the 2 lane multiple presence factor, 
which are much smaller compared to 1.80 and 1.94, respectively, computed by procedures based on current 
design codes. Thus, the actual vehicle load rating factor for Geumdang Bridge using the operational monitoring 
data at the site is estimated to increase by 78% from the value that would be estimated by current design code. 
The present procedure based on reliability theory has been used to propose a new guideline for performance 
assessment of bridges to cope with the new reliability-based Korean Bridge Design Code based on limited 
design concept. 
 
Advanced Bridge Assessment through FE Analysis Model Update Considering Uncertainties Using 
Operational Monitoring Data 
 
The importance of operational monitoring in bridge performance assessment has increased because valuable 
structural information can be extracted from the monitored data. FE analysis model update is one of critical 
tools to assess current bridge performance state accurately and reliably from operational monitoring data. In 
general, discrepancies between FE model and target structure, which are caused by uncertainties coming from 
design assumptions, degradation of actual bridge and modelling error, are expected to be minimized by using 
operational monitoring data. Updating procedures of a FE analysis model mostly involve an optimization 
problem which would find the best model parameters such that the errors between measured and model data are 
minimized (Park et al. 2012). However, in solving the optimization problem, there also exist uncertainties in 
target measurement by the intrinsic non-stationary characteristic of operational monitoring data. This 
complexity of the problem implies that it is hard to justify one best model even if it is found by successfully 
solving optimization problem.  



To tackle the problem of uncertainty in operational monitoring data, a new procedure for multiple model 
identification and representative model selection has been proposed (Kim et al. 2013b). Several FE analysis 
models are identified each of which is the best model for given uncertainties in operational monitoring data. 
Machine learning techniques such as principal component analysis (PCA) and K-means clustering are utilized to 
classify and group the identified FE analysis models in accordance to their relative common characteristics. 
Through the proposed approach, reasonable variation range of evaluation can be obtained which also properly 
represents uncertainty in operational monitoring data. This method is explained briefly in followings. 
 
Multiple Model Identification by using Varied Weight Values 
 
To enhance the accuracy of updated model, various types of information from operational monitoring data can 
be adopted in model update procedure. Natural frequency and mode shape information are generally regarded as 
good indices since they represent structural dynamic property, and are relatively easily obtained without traffic 
control. Static deflection is also a very good response indicating global and local characteristics of the structure, 
while it is usually hard to obtain due to difficulty in traffic control and tests. Unfortunately, the more data we 
have for better model accuracy, the more complex the updating procedure becomes. For the problems with large 
number of parameters and refined finite element models, finding optimal models in the multi-objective 
optimization problem by minimizing error between responses of candidate model and measured results may not 
be feasible due to computational cost along with many objective values and parameters. Thus, the problem can 
be formulated by simply employing an aggregated single objective function by weighting each object values 
properly, as shown in Eq. (1). 
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where ei is the error of i-th response such as natural frequency, displacement; wi is a relative weighting value for 
ei. Usually, wi is determined according to relative importance or reliability between each index. It is noted that 
the optimal solution of problem (1) depends on the set of weighting parameters, and a set of appropriate models 
can be generated by solving the optimization problem for the variety of weighting values wi representing various 
possible situations. Higher weighting values imply larger importance and reliability of the corresponding data, 
and vice versa. Every identified model can be considered as the best calibrated, reliable model because the error 
between analysis model and real structure is minimized for given weighting values. In this manner, a set of 
updated parameters, which corresponds to each updated model and weighting condition, is obtained to generate 
multiple finite element models. 
 
Machine Learning Techniques for FE Analysis Model Classification 
 
Principal component analysis (PCA) widely used as data mining technique for dimension reduction, data 
compression, feature extraction and visualization is adopted to find a set of principal components of structural 
parameters in relation with finite element model updating. The variability of the data can be explained the best 
in the transformed space. 
 
To acquire principal components from the original data, covariance matrix S must be constructed as in Eq. (2) 
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where x is the mean of normalized sample set data, given by 
 

∑
=

=
N

n
nx

N
x

1

1
      (3) 

 
In this study, N is the total number of structural parameters, and xn corresponds to the values n-th parameter of 
candidate models.  
 
By applying eigenvector decomposition on S, principal components are obtained from its eigenvector as 
decreasing order of matched eigenvalues. The principal components  corresponds to the column vectors of 
eigenvector matrix u in Eq. (4). 
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Eigenvalue matrix Σ contains coefficients of principal components in its diagonal component, and principal 
components u form an orthogonal basis for the data. 
 
Relation of structural parameters’ variation and distribution of identified FE analysis models can be revealed 
more obviously by using K-means clustering algorithm as well as PCA. K-means clustering technique is used to 
classify data into k clusters based on measuring distance between data points (Bishop 2006). Once the number 
of cluster k is determined, the algorithm iteratively finds belonging elements and centroids of clusters which 
minimize the objective function the most. The most plausible k is judged by looking at the data dispersion on 
principal components’ space. Plotting data set onto first two or three dominant principal components provides 
insight into the data distribution. Such insight enables us to understand characteristics of each cluster, and 
ultimately to select representative models conforming objective of model use.  
 
Models in the same clusters are expected to share similar tendency with respect to weighting properties, which 
in turn imply the direction of updated model. Representative models will show those shared properties of the 
cluster more obviously (Kim et al. 2013b).  
 
Representative models’ structural parameters are obtained from centroids. It is expressed in Eq. (5) as 
 

[ ][ ] 1−= ux cc µ        (5) 
 
where u is the principal components matrix, μc is the cluster centroids’ coordinate matrix in principal 
components space, xc is the coordinate in original space. Those representative models are expected to provide 
reasonably refined variation range of evaluation since the effect some FE models calibreted to extreme condition 
can be alleviated. 
 
Application Example 
 
As an illustrative example, application to Yeondae Bridge, a real steel-box girder bridge in Korea, is presented 
(Kim et al. 2013c). A baseline FE model for Yeondae Bridge was developed as 3D spine model using three 
dimensional beam elements, of which structural parameters are estimated from design calculation. This baseline 
model was updated using field test data conducted on 11th, May in 2012. Vertical deflections at the web end of 
each girder, natural frequencies and vibrational mode shapes extracted from the acceleration data are referred to 
indicate real bridge’s structural properties. Discrepancy between 3 measurements and analysed responses of 
baseline FE model determine the adjustment direction of the parameters. Error of each term indicating such 
discrepancy are defined and aggregated into single objective function. Finally 67 independent pairs of weighting 
combinations are defined, and corresponding 67 candidate FE models are obtained which fit given data 
condition the most.  
 
By applying PCA and K-means clustering to those FE models, 5 distinct groups are identified. 5 representative 
models are selected at each clusters’ center to represent those features in the assessment effectively (Figure 8) 
and utilized for the bridge performance assessment via vehicle load rating. The calculated rating factors by these 
5 representative models produce not a deterministic single evaluation but a possible variation range of rating 
factors by the influence of uncertainties. Compared to the rating factor 22% variation range obtained by all the 
67 FE models, the representative FE models produce much refined 8% variation range. This is benefit of the 
representative FE models which could alleviate excessive effect of some FE models calibrated under extremely 
assumed condition. 
 
In this way, it is shown that the proposed approach is able to realize uncertainties in various types of operational 
monitoring data by adopting multiple FE analysis model identification, and to produce much reasonable and 
applicable range of assessment. Details of the field test, FE model update and model classification procedure 
can be found in Kim et al.’s (2013b) analysis. 
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Figure 8. Plotting of 67 candidate FE models representing uncertainties of measurement data in original space of 

structural parameters, in the first two principal components’ space, and grouped into 5 clusters  
 
The present procedure proposes reliable and efficient FE analysis model update scheme for bridge performance 
assessment considering uncertainty of operational monitoring data. Uncertainty in the operational monitoring 
data is considered by adopting multiple FE model identification and representative model selection. Several 
identified FE analysis models corresponding to various types and levels of uncertainty in operational monitoring 
data produce reasonable and applicable range of performance state variation.  
 
CONCLUSION 
 
Ever since the first monitoring system installation about three decades ago, many major bridges in Korea have 
been equipped with operational monitoring system. Application and utilization of operational monitoring system 
have achieved outstanding development in a relatively short period in Korea. However, this popularity of 
operational monitoring system does not necessarily mean the maturity of the system. Although the recent 
operational monitoring system has adopted the most up-to-date technologies, there are still challenges and 
problems to overcome.  
 
Due to their high importance and functionality, virtually all the long-span bridges in Korea are now equipped 
with operational monitoring system. In some cases such as for the Seohae Bridge, operational monitoring and 
data utilization have been well performed in order to evaluate bridge performance both in short- and long-term 
period. However, in most cases, operational monitoring data has not been fully exploited because of some 
unique situations in Korean bridges. There are still some issues and obstacles to overcome, which include lack 
of data exploitation strategies, little theoretical background and practical procedures to extract reliable and 
useful information from monitored data, inefficient data processing techniques to handle both huge volume and 
uncertainty of operational monitoring data, as well as relatively young and healthy nature of Korean long-span 
bridges.  
 
Recent R&D activities have been focusing mainly on expediting the operational monitoring data exploitation 
and improving data analysis techniques. These include a development of systematic procedure for estimating 
load factors and load carrying capacity of a target bridge by utilizing operational monitoring data. The procedure 
is proposed for guidelines for assessment of bridges which have been or being revised to cope with the new 
reliability-based Korean Bridge Design Code based on limited design concept. Other important research 
activities are the development of reliable and efficient analysis techniques for bridge performance assessment 
considering uncertainty and huge volume of operational monitoring data. Further researches on other critical 
issues, such as combination of global performance assessment and local damage detection, decision making for 
maintenance and lifetime extension, are to be forthcoming. 
 
ACKNOWLEDGEMENT 
 
This research was supported by the grant (13CCTI-A052531-06-000000) from the Ministry of Land, 
Infrastructure and Transport of Korean Government through Super Long Span Bridge R&D Center as a Core 
Engineering Technology Development Program at Seoul National University, and partially supported by 
Integrated Research Institute of Construction and Environmental Engineering at Seoul National University. The 
authors are thankful to Dr. G.-S. Kim of KISTEC, Dr. J.-C. Park of KEC, and Dr. I.-H. Bae of New Airport 
HIWAY for providing their valuable information. 
 



 
REFERENCES 
 
AASHTO (2011). The Manual for Bridge Evaluation, 2nd Ed., AASHTO, Washington, DC. 
Bishop, C.M., Pattern Recognition and Machine Learning, Springer, Science+Business Media, LLC, 2006. 
Hwang, E.-S. (2008). Development of Live Load Model for Reliability-Based Bridge Design Code, Korea Bridge 

Design & Engineering Research Center, Technical Report Series 034, Seoul, Korea. 
KCI (2010). Guideline for Assessment of Concrete bridges, Korea Concrete Institute, Seoul, Korea.  
KEC (2013). Development of Reliability-based Bridge Assessment Guideline: Internal report, Korea 

Expressway Corporation, Seoul, Korea. 
Kim, S., Calmer, R., and Kim, H.-K. (2013a). “Estimation of damping ratio for a cable-stayed bridge subjected 

to an interference vortex-induced vibration”, Proceedings of European-African Conference on Wind 
Engineering, Cambridge, UK, July 2013. 

Kim, H.J., Park, W., Koh, H.-M., and Choo, J.F. (2013b). “Identification of structural performance of a steel-
box girder bridge using machine learning technique”, Proceedings of the International IABSE Conference, 
Rotterdam, Netherland, May. 

Kim, H.J., Kim, H.-K., and Park, J.Y. (2013c). “Reliability-based Evaluation of Load Carrying Capacity for a 
Composite Box Girder Bridge”, KSCE Journal of Civil Engineering, KSCE, 17(3), 575-583. 

Koh, H.-M., Choo, J.F., Kim, S., and Kim, C.Y. (2003). “Recent application and development of structural 
health monitoring systems and intelligent structures in Korea. State-of-the-art report”, Proc. of First Intern. 
Confer. on Structural Health Monitoring and Intelligent Infrastructure, Tokyo, Japan, November 2003. 
Balkema Publishers: The Netherlands, 2003; 99-111. 

Koh, H.-M., Choo, J.F., Kim, S., and Kil, H.B. (2005). “Applications and researches in bridge health monitoring 
systems and intelligent infrastructures in Korea”, Proceedings of Second International Conference on 
Structural Health Monitoring and Intelligent Infrastructure, Shenzhen, P.R. of China, November 2005.  

Koh, H.-M., Lee, H.S., Kim, S., and Choo, J.F. (2008). “Monitoring of bridges in Korea”, Encyclopedia of 
Structural Health Monitoring: Civil Engineering Applications. John Wiley & Sons, Ltd., 1-23. 

Koh, H.-M., Park, W., Choo, J.F. (2009). “Achievements and challenges in bridge health monitoring systems 
and intelligent infrastructures in Korea”, Proceedings of Fourth International Conference on Structural 
Health Monitoring and Intelligent Infrastructure, Zurich , Switzerland, July 2009.  

MLTM (2012). Highway Bridge Design Code (Limit State Design Method), Korea Ministry of Land, 
Transportation and Maritime Affairs, Seoul, Korea. 

MOLIT. (2013). Yearbook of Bridge and Tunnel Statistics, Ministry of Land, Infrastructure and Transport, 
Seoul, Korea. 

Paik, I., Ahn, S.-S., Shin, S. (2013). “Safety assessment of concrete expressway bridges employing probabilistic 
concept”, KSCE Journal of Civil Engineering, 17(3), 584-593. 

Park, W., Kim, H.-K., and Park, J. (2012). “Finite Element Model Updating for a Cable-Stayed Bridge Using 
Manual Tuning and Sensitivity-Based Optimization”, Structural Engineering International, IABSE, 22(1), 
14-19. 


