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ABSTRACT: This paper takes the Tsing Ma Bridge in Hong Kong as an example to manifest 
how the structural health monitoring system (SHMS) installed in the bridge has been utilized 
since 1997. The SHMS installed in the Tsing Ma Bridge is briefly introduced first. How to use 
the SHMS for investigating highway loading, railway loading, wind characteristics, and 
temperature effects is then presented. Identification of time varying natural frequencies and 
modal damping ratio of the bridge under strong winds in terms of the SHMS is also 
demonstrated. Toward the performance assessment and damage detection of the bridge, SHMS-
based computer simulation and damage assessment are discussed. The establishment of SHMS-
based bridge rating system is finally commented as an on-going research work. 
 

1 INTRODUCTION 

The increasing globalization of world economy significantly impacts the engineering profession 
and intensifies the competition of construction industries. Such competition also brings many 
innovative large civil structures made of new materials and implemented by new technologies. 
These large civil structures surrounded by harsher environment than ever before engender many 
challenges to professionals on how to ensure these structures function properly throughout their 
long service lives and how to prevent them from failure under extreme events. Recently 
developed structural health monitoring technology provides a better solution for the problems 
concerned (ISIS Canada, 2001). In Hong Kong and Mainland China, structural health 
monitoring systems (SHMS) have been installed in more than 40 long span bridges and a few 
tall buildings and large space structures. Nevertheless, some key issues remain unsolved in 
pursuing the utmost goals. It is also not clear how to make good use of data recorded by SHMS 
toward the utmost goals. The Tsing Ma Bridge in Hong Kong is a long suspension bridge 
carrying both highway and railway. The Tsing Ma Bridge is also located in one of the active 
typhoon prone regions. The Hong Kong Highways Department installed a Wind And Structural 
Health Monitoring System (WASHMS) and a Global Positioning System-On-Structure 
Instrumentation System (GPS-OSIS) in the Tsing Ma Bridge in 1997 and 2000, respectively 
(Wong et al. 2001a, 2001b). This paper takes the Tsing Ma Bridge as an example to manifest 
how the SHMS (WASHMS + GPS-OSIS) installed in the bridge has been used since 1997.  

2 SHMS IN TSING MA BRIDGE 

The Tsing Ma Bridge has an overall length of 2,132 m and a main span of 1,377 m between the 
Tsing Yi tower in the east and the Ma Wan tower in the west (Fig. 1). The height of the two 
reinforced concrete towers is 203mPD. The two main cables of 1.1 m diameter and 36 m apart 
in the north and south are accommodated by the four saddles located at the top of the tower legs. 
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The bridge deck is a hybrid steel structure consisting of Vierendeel cross frames supported on 
two longitudinal trusses acting compositely with stiffened steel plates. The bridge deck carries a 
dual three-lane highway on the upper level of the deck and two railway tracks and two 
carriageways on the lower level within the bridge deck. The further information on the bridge 
can be found in Xu et al. (1997). 

 
Figure 1 Tsing Ma Bridge and layout of sensory system 

The WASHMS installed in the Tsing Ma Bridge is composed of five sub-systems, namely, 
sensory system, data acquisition system, data processing and analysis system, computer for 
system operation and control, and fibre optic cabling network system (Wong et al. 2001a). The 
sensory system consists of about 300 sensors and associated interfacing units, including 
anemometers, temperature sensors, accelerometers, strain gauges, level sensing stations, 
displacement transducers, weigh-in-motion sensors, signal amplifiers, and interfacing 
equipment. To improve the efficiency and accuracy of the WASHMS in displacement 
monitoring, the Highways Department further installed a Global Positioning System-On-
Structure Instrumentation System (GPS-OSIS) in December 2000 with on-going updating until 
September 2002(Wong et al. 2001b). There are a total of 14 GPS receivers for the bridge 
located at the edges of deck sections at mid-span, the main cables at mid-span, and the tower-
tops. Two additional GPS receivers installed adjacent to the Tsing Yi administrative building 
are used as the base reference stations. A workstation is used to process the GPS data and work 
together with the measured data from the WASHMS. 
 

3 SHMS-BASED LOADING ASSESSMENT 

The Tsing Ma Bridge is subjected to four major types of loads. They are referring to highway, 
railway, wind and temperature loads. 

3.1 Road traffic condition and highway loading 

The road traffic condition and highway loading on the Tsing Ma Bridge are monitored by 
dynamic weigh-in-motion (WIM) stations for two carriageways (the Airport bound way and the 
Kowloon bound way). The M-class vehicle classification system is used to classify types of 
vehicles running on the bridge according to their main features such as the number of axles, axle 
distance and gross weight. For instance, it was measured that in 2006, a total of 17.3 million 
vehicles ran cross the bridge. The car, vans and taxi took about 70% of the total vehicles. The 
percentage of heavy goods vehicles was about 5% to 6%. More vehicles ran on the middle lane 
than other lanes, and most of heavy goods vehicles used the slow lane. 
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Axle load and gross vehicle weight (GVW) are two important parameters for bridge pavement 
and bridge structure. The percentage of axle load in different loading ranges and the percentage 
of vehicles in different GVW ranges were determined. The derived numbers of axles and 
vehicles falling into their corresponding individual load ranges were presented in ascending 
series in a probabilistic way to form an axle load spectrum and/or a GVW spectrum. These 
spectra could then be used as a basis for deriving the equivalent number of passage of standard 
fatigue vehicle for estimating fatigue life of the bridge. A typical example of the axle load 
spectrum from the recorded WIM data in 2006 for the slow lane of the Airport bound way is 
presented in Fig. 2 together with the two reference load spectra: the standard vehicle axle load 
histogram specified in BS5400 Part 10 and the design vehicle axle load histogram. 
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Figure 2 Axle load spectrum for airport bound slow lane  

3.2 Train traffic condition and railway loading 

Railway tracks supported on the bottom chords of the cross frames of the bridge deck are 
constituted of track plates, rail waybeams and tee diaphragms. To monitor train traffic flow and 
identify bogie load distribution, a set of strain gauges were installed on the inner waybeam of 
each pair of waybeams under the two rail tracks. Through a proper calibration, the signals from 
the strain gauges can be converted to the bogie load data, by which the requested information on 
train traffic flow and bogie load distribution can be obtained.  
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Traffic volume and composition of trains are two important indexes of train traffic condition. 
Based on the bogie load records, the annual number of trains passing through the bridge was 
calculated in terms of the number of bogies and it is shown in Fig. 3. It is observed that after the 
opening of the Hong Kong Disneyland in September 2005, 16-bogie trains become dominant 
and the percentage of the 16-bogie trains is about 90%. The bogie load distribution in a 16-
bogie train is actually the distribution of 16 bogie loads along the train. The maximum, mean 
and minimum bogie load distributions were compared with the design bogie load distribution 
provided by the MTR Corporation Hong Kong Limited. The results show that the patterns of the 
measured bogie load distributions follow the design pattern. The bogie load distribution with the 
maximum bogie load is below the design bogie load distribution. 

3.3 Wind characteristics 

Hong Kong is situated at latitude N22.2o and longitude E114.1o. Two types of wind conditions 
dominate Hong Kong: monsoon wind and typhoon wind. The local topography surrounding the 
bridge is quite unique and complex, which includes sea, islands, and mountains of 69 to 500m 
high. The complex topography makes wind characteristics at the bridge site very complicated. 
The SHMS installed in the bridge makes it possible to investigate wind characteristics and to 
gain a better understanding of wind loading on the bridge. Wind data recorded by the SHMS 
were analyzed, and wind characteristics such as mean wind speed, mean wind direction, 
turbulence components, turbulence intensities, integral scales, wind spectra, single and joint 
probability density distributions were obtained for both monsoon wind and typhoon wind. 
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Figure 4 Polar plot of mean wind direction      Figure 5 Polar plot of mean wind speed     (Wind speed m/s) 

As examples, Fig. 4 shows the polar plot of the 10-minute mean wind direction for typhoon 
events. It can be seen that almost 23% records are taken from the N direction. This observation 
is consistent with that made by the Hong Kong Observatory. Fig. 5 displays the polar plot of the 
10-minute mean wind speed for typhoon events. It can be observed that wind speeds within the 
range from 10 to 18 m/s are dominant for typhoon events. The joint probability density function 
of wind speed and wind direction is essential when assessing wind-induced fatigue damage to 
the bridge. A practical joint probability distribution function is adopted for a complete 
population of wind speed and wind direction. Wind records of hourly mean wind speed and 
direction were used to ascertain the joint probability density function of hourly mean wind 
speed and direction for the subsequent wind-induced fatigue damage assessment. 

3.4 Temperature effects 

Long suspension bridges are subjected to continuous temperature variations primarily due to 
solar radiation and ambient air temperature. The temperature variations will then cause the 
bridge to expand and contract in the longitudinal direction and to bend in the vertical plane. 
Since the movements of the bridge are often accommodated by the bearings and expansion 
joints, large forces may develop in the bridge structure if any component of the movements is 
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restrained. These forces sometimes may cause damage to the bridge. The temperature effects on 
the displacement responses of the Tsing Ma Bridge were investigated using the long-term 
measurement data from the SHMS. The statistical details of ambient air temperature, bridge 
effective temperature, and bridge displacement responses were analysed. The statistical 
relationships between the bridge effective temperature and the displacement responses of the 
bridge were established. Displayed in Fig.6 is the distribution of variation rates of the 
longitudinal displacement of the bridge based on daily mean data. As far as the bridge deck is 
concerned, owing to the accumulation of bridge displacement in the longitudinal direction, the 
magnitude of displacement variation rate gradually increases in the longitudinal direction from 
the Ma Wan side span to the Tsing Yi abutment. 

 

 
 

 

 

Figure 6 Distribution of variation rates of longitudinal displacement 

4 SHMS-BASED SYSTEM IDENTIFACTION 

Natural frequencies and modal damping ratios are two most important parameters to be 
determined when designing a long suspension bridge. Knowledge of these properties is essential 
to understand and interpret with confidence the response of the bridge to strong winds. For a 
long suspension bridge, the most popular approach for identifying natural frequency and modal 
damping ratio is to carry out ambient vibration measurements and then to apply the FFT-based 
method to the measured bridge response time histories. Though this approach can identify 
natural frequencies quite accurately, it often overestimates modal damping ratios due to bias 
error involved in the spectral analysis. This approach also cannot provide the information on 
how dynamic characteristics vary with bridge deformation caused by winds. Motivated by this 
problem, the (EMD+HT) method, which consists of mainly the empirical mode decomposition 
(EMD) and the Hilbert transform (HT), was used and applied to the field measurement results 
recorded by the SHMS of the bridge during Typhoon Victor. The results demonstrated that the 
natural frequencies of the bridge decreased slightly with the increase in either mean wind speed 
or vibration amplitude. The total modal damping ratios and the structural damping ratios both 
exhibited an increasing trend with increasing vibration amplitude or increasing mean wind 
speed. The information on this topic can be found in Chen et al. (2004).  

5 SHMS-BASED COMPUTER SIMULATION 

Real-time monitoring of bridge behavior by SHMS is the best way to examine the currently-
used design rules and to develop and/or verify new analytical methods if necessary. Let us take 
wind effects on train-bridge system as an example. Heavy trains running on a long suspension 
bridge may significantly change the dynamic characteristics and affect the serviceability of the 
bridge. If a long suspension railway bridge is built in wind prone area, the bridge will 
experience considerable vibrations due to aerodynamic effects. The vibration of the bridge due 
to both strong winds and running trains may in turn deform the railway track laid on the bridge 
deck and affect the running safety of trains and the comfort of passengers. Therefore, the 
understanding of dynamic behavior and the prediction of dynamic response of long suspension 
bridges under both high winds and running trains become an important task. Xu et al. (2003, 
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2004) presented a framework for predicting the dynamic response of a long suspension bridge to 
high winds and running trains. However, this study is a numerical study only. The rationality 
and feasibility of the framework and the accuracy of dynamic responses of the system predicted 
from the framework are needed to be verified before it can be used for bridge health assessment. 

On 16 September 1999, Typhoon York, which is the strongest typhoon since 1983 and the 
typhoon of longest duration on record, passed by Hong Kong. All vehicles except trains were 
prohibited from running on the Tsing Ma Bridge for two and a half hours. This event provided a 
distinctive opportunity to examine the proposed framework. The field measurement data 
recorded by the SHMS during Typhoon York were analyzed and the four particular cases were 
identified. The four particular cases identified included the bridge without any vehicles (Case 
1), the bridge with one train (Case 2), the bridge with two trains running in opposite direction 
(Case 3), and the bridge with three running trains (Case 4). For each case, wind characteristics, 
bridge acceleration responses, and bridge displacement responses were analyzed using the 
measurement data from anemometers, accelerometers, and level sensing systems, respectively. 
The number, speed and location of trains running on the bridge were also identified using the 
measurement data from strain gauges. The field measurement results were finally used to verify 
the proposed framework. Displayed in Fig.7 are the computed and measured maximum 
acceleration responses along the bridge deck in the lateral and vertical direction. It can be seen 
that the computed maximum acceleration responses of the bridge deck are all close to the 
measured results. The absolute relative discrepancies are less than 8% for lateral response and 
less than 18% for vertical response. The further information on this topic can be found in the 
literature (Xu et al. 2007b; Guo et al. 2007). 
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Figure 7 Comparison of measured and computed maximum deck accelerations (Case 2) 

6 SHMS-BASED DAMAGE DETECTION 

The number of sensors is always limited for a long suspension bridge and the locations of 
structural defects or degradation may not be at the same positions as the sensors. Possibility 
exists that the worst structural condition may not be directly monitored by sensors. Therefore, 
for the accomplishment of the structural health assessment of the bridge, the combination of 
SHMS-based computer simulation and damage assessment is necessary. This section introduces 
one example in the structural health monitoring based damage assessment: wind-induced fatigue 
damage assessment of the bridge. 

When a long suspension bridge is built in a wind-prone region, the bridge will suffer 
considerable buffeting-induced vibration which appears within a wide range of wind speeds and 
lasts for almost the whole design life of the bridge. As a result, the frequent occurrence of 
buffeting response of relatively large amplitude may cause fatigue damage to steel members of a 
long suspension bridge. A framework for assessing long-term buffeting-induced fatigue damage 
to a long suspension bridge was proposed by the author and his colleagues (Xu et al. 2009) 
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using the structural health monitoring system and by integrating a few important wind/structural 
components with the continuum damage mechanics (CDM)-based fatigue damage assessment 
method. By taking the Tsing Ma Bridge as an example, a joint probability density function of 
wind speed and direction was first established based on wind data recorded by the WASHMS as 
described before. The numerical procedure for buffeting-induced stress analysis of the bridge 
based on its structural health monitoring-oriented finite element model was then established and 
used to identify stress characteristics at hot spots of critical steel members under different wind 
speeds and directions. The accumulative fatigue damage to the critical members at their hot-
spots during the bridge design life was finally evaluated using a CMD-based fatigue damage 
model taking into consideration of long-term effects of buffeting forces. Fig. 8 shows the 
damage evolution of the bridge deck at the six hot spot stress locations during 120 years period. 
It can be seen that damage index increases with time. Slight nonlinear relationship between the 
damage index and time can be observed, which indicates the nonlinear nature of fatigue 
initiation and growth and the capability of the damage evolution model used in this study. The 
further information can be found in Xu et al. (2009). 

 
Figure 8 Damage Evolution during 120-year Return Period 

7 SHMS-BASED BRIDGE RATING SYSTEM 

Although the SHMS installed in the Tsing Ma Bridge has demonstrated various degrees of 
successes in providing useful field measurement data for identification of various loads on the 
bridge, verification of the rules used in the design, and assessment of the bridge performance, 
the complete structural health monitoring functions have not been reached. An effective and 
scientific bridge rating system is still missing to provide a rational basis for rating risk of major 
bridge structural components utilizing the existing SHMS and for selecting types and 
frequencies of inspection and maintenance.  A collaborative research project was initiated by the 
Hong Kong Highways Department and The Hong Kong Polytechnic University in 2005. It is 
expected that some of the results will be reported to public in late 2009.  

8 CONCLUDING REMARKS 

This paper has demonstrated how to make good used of structural health monitoring systems for 
important large structures by taking the Tsing Ma Bridge in Hong Kong as an example. The 
structural health monitoring system installed in the Tsing Ma Bridge has been used for the 
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identification of highway loading, railway loading, wind loading, and temperature loading. The 
structural health monitoring system has also been used to identify time-varying modal 
properties of the bridge during strong wind and to verify the newly-developed computer 
simulations of the bridge under complicated loading conditions toward a better understanding of 
bridge behavior. The structural health monitoring system has also utilized for a better 
assessment of bridge performance. The idea of the establishment of a structural health 
monitoring system-based bridge rating system has also been commented as an on-going 
research work. Although a significant progress has been made in this new frontier, there are 
many challenging issues to be solved for a complete wind environment monitoring, wind 
loading identification, damage detection, inspection and maintenance works, and decision 
making after extreme events.  
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