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Abstract

Bridges in service are subjected to environmental and load actions, but their status and conditions are typically unknown.
Health monitoring systems have been installed on long-span bridges to monitor their loads and the associated responses in
real time. Since 1997, the Tsing Ma suspension bridge in Hong Kong has been the world’s first of the type equipped with a
long-term health monitoring system. For the first time, this study reports the first-hand field monitoring data of the bridge
from 1997 to 2022. The 26-year data provide an invaluable and rare opportunity to examine the long-term characteristics of
the loads, bridge responses, and their relationships, thereby enabling the assessment of the bridge’s load evolution and struc-
tural condition over time. Results show that traffic loads have remained stable after 2007, highway vehicles kept increasing
until the COVID-19 pandemic in 2020, the annual maximum deck temperature continued to increase at a rate of 0.51 °C/
decade, typhoon durations increased by 2.5 h/year, and monsoon speeds decreased and became dispersed and variable. For
the bridge responses, deck displacement is governed by the varying temperature. Natural frequencies in the past 26 years
were almost unchanged. The overall condition of the bridge is very satisfactory. Current status and recent update of the
health monitoring system are also reported. Lastly, prospects of bridge health monitoring are discussed. This study is the
first to report the over one-quarter century status of a structural health monitoring system and the behavior of a long-span
suspension bridge. This research provides a benchmark for many other bridge monitoring systems worldwide.
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1 Introduction

Long-span bridges serve as lifeline structures in transporta-
tion networks and are critical to the economies of various
countries. Their @ @failure can be catastrophic in terms of
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life losses and economic and social impact [1, 2]. Through-
out the service life of bridges, they are subject to complex
loadings and hazards (e.g., typhoons and earthquakes) and
exposed to harsh environments (e.g., corrosion) [3, 4].
Therefore, long-span bridges should meet the functionality
requirements under operational loads and safety require-
ments under extreme events [5]. The 2021 ASCE Report
Card [6] shows 7.5% bridges in the US are in “poor” condi-
tion and require $125 billion in repairs. In this regard, under-
standing and assessing structural functionality and safety
conditions in real time, alerting the owners as early as pos-
sible for potential damage, and formulating a cost-effective
maintenance strategy are important.

Systematic inspections of bridges began after the collapse
of a bridge at Point Pleasant, US, in 1967 [7]. Since then, the
structural health monitoring (SHM) technology has under-
gone continuous development over time [3, 4, 8—12]. The
SHM technology is now recognized as crucial for assessing
structural serviceability and safety, guiding effective main-
tenance programs, and early warning to prevent failures
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[13-16]. In addition, the SHM technology plays a valuable
role in establishing long-term historical databases and pro-
viding design guidance for the construction of new bridges
[17-19].

Since the 1990s, SHM systems have been successfully
implemented on numerous long-span bridges [20—24], such
as Tsing Ma Suspension Bridge in Hong Kong, China,
Akashi Kaikyo Bridge [25] in Japan, Runyang Bridge [23]
in China, Great Belt East Bridge [26] in Europe, and Golden
Gate Bridge [27] in the US [28]. The design of bridge SHM
system has been incorporated into new bridge designs, such
as Sutong Bridge [22] and Stonecutters Bridge [29]. Their
SHM systems were accomplished in synchronism with con-
struction and can provide these bridges “birth” archives.
The newly constructed Governor Mario M. Cuomo Bridge
is equipped with the largest and most complex SHM sys-
tem of its kind in the US, providing real-time feedback on
such aspects as pier and pylon tilt, deformation and settle-
ment, and reinforcement corrosion rates [30]. In summary,
SHM technologies are increasingly being applied to long-
span bridges and have shown their effectiveness in ensuring
structural serviceability and safety.

However, most SHM systems have only been in opera-
tion for a relatively short period. Available literature has
only reported several years (typically 1-2 years) of observa-
tions, which may not capture the long-term deteriorations
or degradation of bridges because their service life is gener-
ally around 100 years or even longer. Moreover, long-span
bridges generally have been designed and constructed care-
fully owing to large investments. Their failure or deteriora-
tion during the first several service years is rare. In addition,
the status of these SHM systems after years of operation has
not been reported either.

Tsing Ma Bridge has been equipped with a state-of-the-
art SHM system since its operation in 1997 [31, 32], which
is the first comprehensive system of its kind worldwide. The
SHM system has been in continuous operation for over a
quarter century. The field monitoring data of the system have
been adopted to study the load effects of the bridge caused
by highway, railway, wind, and temperature [9]. Similar to
other SHM systems, the long-term data and bridge behavior
have not been studied.

This study conducts an extensive analysis on the data
measured by the SHM system of Tsing Ma Bridge over the
past 26 years from 1997 to 2022. First, the development of
the SHM system in Hong Kong is reviewed. Second, Tsing
Ma Bridge and the SHM system, as well as their current
status and recent update, are introduced. Third, in-depth
analysis is performed on the monitoring dataset, consisting
of three aspects: (1) long-term trends for key bridge loads,
including wind, temperature, train, and vehicle loads; (2)
long-term structural performance of the bridge, such as
deformations, natural frequencies, and fatigue damage of
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critical components; and (3) correlation analysis between
external loads and structural responses, quantifying such
relationships as temperature and deformation, wind and
deformation, and temperature and modal characteristics. The
results can be regarded as a benchmark of other long-span
bridge monitoring systems.

2 Development of SHM systems in Hong
Kong

The SHM systems for bridges in Hong Kong have undergone
several generations of development over the past decades.
The first generation of SHM systems was developed in the
1990s and implemented on major bridges, such as Tsing Ma,
Ting Kau, and Kap Shui Mun. These early systems marked
the transition from traditional manual bridge inspections
toward sensor-based SHM systems, making Hong Kong at
the forefront of SHM development. These first-generation
systems focused on monitoring key parameters, such as wind
speeds and deck movements. Data analysis is more manual,
less integrated with advanced analytics, and relies heavily on
the expertise of engineers. These systems were designed to
utilize wired transmissions to identify problems and support
routine maintenance.

In the 2000s, the second generation of SHM systems was
applied on such bridges as Western Corridor Bridge [33]
and Stonecutters Bridge [29]. These systems featured more
comprehensive sensor networks, with Stonecutters Bridge
alone incorporating 1571 monitoring sensors across 15 dif-
ferent types; this bridge may have the most number of sen-
sors among all bridges. Advanced sensing technologies, such
as video cameras, were also integrated, and corrosion sen-
sors were installed to monitor the durability of the bridge. In
addition, these systems introduced centralized data process-
ing and control systems, enabling more advanced analytics
compared with the previous generation [34]. The second
generation of SHM in Hong Kong is a refinement and devel-
opment of the first generation, marking the beginning of
more intelligent and advanced technologies in the field of
bridge health monitoring.

The latest, third-generation SHM systems in Hong Kong,
which incorporate cutting-edge artificial intelligence (AI)
and digital twin (DT) technologies, are currently under
development. For example, cameras and weigh-in-motions
are integrated to monitor the traffic load along the entire
bridge using the computer vision technique [35-37].
Machine learning models are trained and embedded into
the SHM system to automatically detect anomalies [38, 39].
Digital twins are virtual, data-driven models of the physical
bridge structures. These models are continuously updated
with real-time data from extensive sensor networks on the
bridges. Al and DT-enhanced SHM systems can provide
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comprehensive and real-time bridge information, including
loading conditions and structural responses. The systems
can also provide predictive analytics. They can predict future
behaviors, estimate component life, and recommend optimal
maintenance actions. With these new technologies, the latest
SHM generation will assist in intelligent, data-driven bridge
management in Hong Kong.

3 Tsing Ma Bridge and its SHM system
3.1 Introduction of Tsing Ma Bridge

Tsing Ma Bridge, connecting Tsing Yi Island and Ma Wan
Island, is a dual-use suspension steel bridge for highways
and railways. It has two highway carriageways on the upper
deck and two rail lines and two emergency carriageways on
the lower deck. The bridge has a main span of 1377 m and a
total length of 2132 m. The height of the two towers is 206.4
m high with respect to the base level, as shown in Fig. 1 [40].
Tsing Ma Bridge was officially opened on May 22, 1997.

3.2 Overview of the SHM system on Tsing Ma Bridge

The SHM system was operated from 1997 [41]. The system
consists of six module sensors, namely data acquisition and

transmission, data processing and control, structural health
evaluation, portable data acquisition, portable inspection,
and maintenance system [9]. The sensor system deployed on
Tsing Ma Bridge includes 283 sensors in 8 types, as listed
in Table 1, in which the Global Positioning System (GPS)
was integrated into the SHM system in 2001 [9, 42]. These
sensors measure loads, such as wind, traffic, and tempera-
ture; and structural responses, such as acceleration, strain,
and displacement. Additional details of the SHM system are
provided in Xu and Xia [9].

3.3 Current status of the SHM system

The mean time between failures of the SHM system was
designed to be 15-20 years. After 26 years of operation,
sensor damage has occurred over time. Table 2 presents the
number of damaged sensors after 15 years (2012), 20 years
(2017), and 25 years (2022) of operation.

Table 2 shows that the sensors are generally in good
operating condition. In particular, all anemometers and dis-
placement transducers remaining are undamaged as of 2022.
Comparatively, GPS exhibits the most severe damage, with
4 out of the 14 stations malfunctioning. Apart from GPS,
the number of damaged thermometers increased from 6 in
2012 to 11 in 2022. Three strain gauges were damaged in
2012 and eight more in 2017. The damaged strain gauges

1377 m ‘

WEST

Ma Wan Tower

Fig. 1 Elevation of Tsing Ma Bridge

Table 1 Sensors deployed on Tsing Ma Bridge [9]

Tsing Yi Tower

Monitoring items Sensor types No. of sensors

Positions

Wind speed and direction Anemometer 6
Temperature Thermometer 115
Highway traffic Weigh-in-motion station 7
Displacement Displacement transducer 2

GPS station 14

Level sensing station 10
Acceleration Accelerometer 19
Strain Strain gauge 110
Total 283

2: deck of main span; 2: top of towers; 2: deck of Ma Wan side span
6: ambient; 23: main cables; 86: deck section

Approach to Lantau Toll Plaza

1: portal beam of Ma Wan tower; 1: deck at the Tsing Yi abutment

4: top of towers; 2: middle of main cables; 2: middle of the Ma Wan side
span; 6: Y4, ¥2, and % of the main span

1: abutment; 3: towers; 4: deck of the main span; 2: deck of the Ma Wan
side span

8: uni-axial, deck, and Tsing Yi tower; 9: bi-axial, deck, and main cables;
2: tri-axial, main cables, and the Ma Wan abutment

29: Ma Wan side span; 49: main span; 32: cross frame at Ma Wan tower
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Table 2 Sensor damage on Tsing Ma Bridge

Sensor types No. of damaged sensors

2012 2017 2022
Anemometer 0/6 0/6 0/6
Thermometer 6/115 /115 11/115
Displacement transducer 0/2 0/2 0/2
GPS station 1/14 1/14 4/14
Level sensing station 1/10 1/10 0/10
Accelerometer 0/19 0/19 1/19
Strain gauge 3/110 11/110 5/110

decreased to 5 in 2022 after an SHM system update. Dam-
aged level sensing stations also decreased in 2022 compared
with 2017.

3.4 Recent update to the SHM system
The SHM system has been updated in the following aspects:

e A ship impact detection alarm system was provided,
comprising four CCTV cameras approaching the two
towers and two loops of fiber optics running along the
south and north sides of the deck. This system enables
the rapid identification of fiber-break locations and dis-
tances for fast damage detection.

e An acoustic monitoring system was installed on the main
cables to capture acoustic emission signal from broken
wires.

e The rehabilitated GPS system was upgraded by integrat-
ing GPS, BeiDou, GLONASS, Galileo, and QZSS.

e The data transmission system was upgraded from a fiber
optic “token ring” network to wireless.

e A customized operating system with graphical user inter-
face was established. It includes various features, includ-
ing multiple sensor type selection, graphical display of
sensory data, and reporting function.

4 Monitoring of loads

4.1 Train load

The railway on Tsing Ma Bridge connects Hong Kong
Airport to the MTR Hong Kong Station. The Tung Chung
Line and Airport Express on the bridge began operation
in late June and early July 1998, respectively. Consider-
ing that train loads are the primary source of fatigue for
bridge railway, monitoring the distribution of train loads
and bridge responses is crucial to ensure operational
safety [43, 44]. Accordingly, a set of strain gauges has
been installed on the bottom of the railway T-section to
record railway strain responses. Train traffic flow data can
be extracted from the measured strain signals [44].

The annual total number of trains in two directions (i.e.,
airport-bound and Kowloon-bound) crossing Tsing Ma
Bridge from 1998 to 2022 is illustrated in Fig. 2. The total
number of trains increased significantly in 2003 owing
to the opening of the 4-lane track from Olympic to Lai
King stations and the implementation of 8-car trains on the
Tung Chung Line. Increases in 2006 and 2007 were caused
by the Lantau Airport Railway K-Train being put into ser-
vice on the Tung Chung Line. Thereafter, the train number
remained stable until a significant decrease in 2020 caused
by the COVID-19 pandemic but gradually recovered from
2020 to 2022. Annual trains increased from 65,666 in 1999
(average of 180 per day) to 199,745 in 2019 (547 per day),
a threefold increase compared with the initial operational
period. Data in 1998 are not compared because the trains
were operated on 22 June 1998. Data in this year are not
representable. In addition, compared with the original
design of the bridge, the designed annual single-line load
capacity of the railway was 51 billion kilograms [40],
while the maximum value observed in 2019 was 38.25
billion kilograms.

Fig.2 Annual total trains cross- 3.0 T
ing Tsing Ma Bridge from 1998
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4.2 Vehicle load

The hourly, daily, and monthly traffic statistics at the core
station of the Lantau Line (from Tsing Ma Bridge eastern
end at Tsing Yi to Ngong Shuen Au) are recorded [9]. The
vehicles are categorized into 10 types: motorcycle, car,
taxi, private light bus, public light bus, light goods vehicle,
medium/heavy goods vehicle, coach, single-decked bus,
and double-decked bus.

Figure 3 illustrates the annual total traffic flows across
Tsing Ma Bridge in two directions from 1997 to 2022. The
annual total number of vehicles crossing the bridge shows
a consistent increase since its operation, reaching a peak
in 2019. The total number of vehicles in 2019 (3.61 X 107,
average of 98,787 per day) is almost four times the number
recorded in 1998 (0.95x 107, average of 26,041 per day).
In 2020, the total number of vehicles decreased by half
owing to the COVID-19 pandemic.

Among all vehicle types, cars and taxis showed the
most significant increases before 2020. Their com-
bined total number increased fivefold from 0.46 x 107 in
1998 (average of 12,488 per day) to 2.42x 107 in 2019
(66,286 per day). In 2020, taxis experienced the sharpest

decrease from 8.85 x 10° (24,252 per day) in 2019 down
to 1.59 x 10° (4349 per day).

Figures 4 and 5 show the gross vehicle weight and lane
distributions, respectively. In general, the proportion of vehi-
cles decreases as gross vehicle weight increases. For the
airport- and Kowloon-bound directions, vehicles are concen-
trated in the middle lane, with the proportion of vehicles in
the fast lane close to that in the slow lane. Vehicles weighing
below 4000 kg exceed 80% of the total vehicles and are most
prevalent in the middle lane, followed by the fast lane, and
least in the slow lane. By contrast, vehicles weighing over
4000 kg are concentrated in the slow lane, partially in the
middle lane, and rare in the fast lane. Consequently, the slow
lane may be subject to significant fatigue damage owing to
traffic loads.

4.3 Temperature load

Temperature variations may have a more significant effect
than operational loads, particularly for long-span bridges
[45-47]. A total of 115 temperature sensors were installed
on Tsing Ma Bridge to monitor temperature loads. The sen-
sors include 6 ambient, 86 section, and 23 cable temperature
sensors (denoted as P3, P1/P2/P4/P6, and TC, respectively)

Fig.3 Annual total number T T T T T T T
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[48], as shown in Fig. 6. All temperature sensors sample at
a frequency of 0.07 Hz.

Figure 7 presents the monthly maximum, mean, and mini-
mum effective temperatures of the Tsing Ma Bridge deck
(Section O in Fig. 6) from 1997 to 2022. Ambient air tem-
perature from sensor P3-TJS is also shown for comparison.
The effective deck temperature is the area-weighted average
temperature at multiple measurement points on the cross
section.

The monthly effective temperature follows a similar sea-
sonal variation as the ambient air temperature. The maxi-
mum effective temperature exceeds the air temperature by
about 9 °C in the summer and 4 °C in the winter. The mean
effective temperature is about 2 °C higher than the ambient
air temperature. The minimum effective temperature closely
aligns with the ambient air temperature.

Figure 8 shows the yearly maximum, mean, and mini-
mum deck effective temperatures and ambient air tempera-
tures. Linear regression analysis shows that the maximum
deck effective and ambient temperatures increase at rates
of 0.51 °C/decade and 0.72 °C/decade, respectively. Simi-
larly, the increase rates of the mean deck effective and
ambient temperatures are 0.16 °C/decade and 0.20 °C/dec-
ade, respectively; and those of the minimum deck effective
and ambient temperatures are 0.20 °C/decade and 0.50 °C/
decade. Therefore, the maximum deck effective tempera-
ture increases faster than the mean effective temperature.
The results are also consistent with the records of the

Fig.6 Layout of the tem-
perature sensors on Tsing Ma
Bridge

Ma Wan Tower
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Hong Kong Observatory (HKO), which show an increase
in temperature in Hong Kong over the past 30 years, as
shown in Fig. 9. The maximum, mean, and minimum air
temperatures in the last 30 years have been increasing at a
rate of 0.74 °C/decade, 0.28 °C/decade, and 0.2 °C/decade,
respectively.

The designed maximum and minimum effective tem-
peratures of the deck are 46 °C and —2 °C, respectively [9].
Although the measured effective temperatures remain within
the design values, the annual maximum effective tempera-
ture is extremely close to the design limit. In particular, the
maximum effective temperature in 2022 was 44.90 °C, just
1.10 °C below the design value. These temperature increases
may be caused by global warming during the past decades,
which has not been considered in the original design code.
The IPCC ARG report predicted that the global mean surface
temperature could increase by about 1.85 °C and 3.55 °C
by the end of twenty-first century compared with that in
1995-2014 under the intermediate (SSP2-4.5) and very high
(SSP5-8.5) greenhouse gas emissions scenarios, respectively
[49]. Therefore, the maximum effective temperature of the
bridge may likely exceed the design value in the future
because the maximum temperature increases faster than the
mean value. If the trend in the past 26 years continues, then
the maximum effective temperature of the bridge deck may
reach the design value (46 °C) in 22 years (=1.1/0.51 x 10).
Although this case may not cause damage or failure of the
bridge immediately, it reduces the reliability of the structure.

P1-TON/S (37)
P3-TON/S (5)
P4-TOS (2)
P6-TOS (4)

Section O

Tsing Yi Tower
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Figure 10 illustrates the monthly maximum vertical
temperature gradients on the south and north sides of the
Tsing Ma Bridge deck (the bridge is approximately in the
east—west direction). The gradients exhibit seasonal vari-
ations, reaching its peak in the summer at about 17 °C and
minimum in the winter at about 8 °C. The south and north
side gradients are relatively consistent in the winter, while
the north side gradient is higher than the south side by
3 °C in the summer. The reason for this phenomenon is
that the bridge is located south of the Tropic of Cancer,
resulting in the direct solar radiation on the north side of
the bridge during the summer, causing a higher tempera-
ture gradient on the north side.

(¢) Minimum

4.4 Wind load

Tsing Ma Bridge has two types of wind environments:
typhoons and monsoons. Monsoons are prevalent from
November to April, while typhoons dominate the sum-
mer months. Six anemometers were installed on the bridge
(Fig. 11), including two digital type Gill Wind Master
ultrasonic anemometers in the middle of the main span
(WI-TJS-01 and WI-TIN-01) and 4 analogue mechanical
(propeller) anemometers on the tower and middle of the
Ma Wan side span. The sampling frequency of anemom-
eters is 2.56 Hz.
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Fig.8 Yearly ambient and T
deck effective temperatures in
1997-2022
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4.4.1 Typhoon wind characteristics

Anemometer data in the typhoon periods from 2004 to 2022
are analyzed when HKO issued Tropical Cyclone Signal No.
3 or above. A total of 581 h of valid typhoon wind data are
selected. Recorded wind speeds are categorized into four
groups based on three thresholds: 10, 18, and 45.8 m/s [9].

Figure 12 presents the polar plot of the 10-min mean wind
directions and speeds during typhoons. The predominant
direction is from the NE direction, and wind speeds are
concentrated within the range below 10 m/s. The maximum
hourly mean wind speed observed over the past 26 years was
22.64 m/s, which is significantly lower than the designed
threshold of 50 m/s [40].

‘‘‘‘‘‘

2005 2009

Year

2013 2017 2021

(c) Minimum

Figure 13 plots the Weibull probability density func-
tions (PDFs) of the 10-min mean wind speeds in three
periods: 2006-2011, 2012-2016, and 2017-2022.
Typhoon data for 2004-2005 are scarce and have not been
used to consider long-term trends. This situation enables
the analysis of long-term typhoon wind trends. The results
show no significant trend in wind speed and distribution
during a typhoon. Figure 14 shows the annual typhoon
duration from 1997 to 2022 when the HKO issued Tropi-
cal Cyclone Signal No. 3 or above. According to linear
regression, typhoon duration has an increasing trend of
2.5 h/year.
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Fig. 11 Location of the ane-
mometers on Tsing Ma Bridge
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Fig. 15 Weibull distribution of the 10-min mean wind speed from all
directions

ESE direction. In addition, winds from the east are more
common than those from the west.

Figure 17 shows the Weibull scale and shape parameters
from 2004 to 2022. The scale parameter, which represents
the mean wind speed, shows a decreasing trend at a rate
of 0.087/year. This result indicates that the monsoon wind
speed distribution is shifting toward low values. Note that

Fig. 16 Weibull scale and
shape parameters and relative
frequency of wind direction

the shape parameter reflecting variability also shows a
decreasing trend at a rate of 0.028/year. This result indi-
cates that monsoon wind speeds have become markedly
dispersed and variable.

The preceding findings align with observations from
HKO, which has noted a weakening summer and winter
monsoons affecting China in recent decades owing to
global warming. Monsoon winds are caused by the tem-
perature contrast between land and sea. Over the past few
decades, the land has warmed more significantly than the
oceans, and the temperature contrast between land and
sea has decreased, leading to a weakening of the winter
monsoon. The increase in anthropogenic aerosols reduces
incoming sunlight, which decreases the temperature con-
trast between land and sea in the summer, thereby leading
to a considerably weak summer monsoon [50].

Figure 18 shows the Weibull PDF plots of daily extreme
wind speeds during monsoons in 2004-2009, 2010-2015,
and 2016-2022 on Tsing Ma Bridge, revealing a declining
trend in wind speeds from 2004 to 2022 during the mon-
soon. The results are also consistent with the observations
in Fig. 17.

SSwW

SSE

(c) Frequency of wind direction
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Fig. 18 Distribution of daily extreme wind speeds during monsoons

5 Monitoring of bridge responses
5.1 Displacement
5.1.1 Displacement sensor layout

The locations of level sensing stations, displacement trans-
ducers, and GPS stations on Tsing Ma Bridge are shown in
Fig. 19. Level sensing stations (labelled as “LV”’) measure
the vertical displacement of the bridge deck at multiple
locations. The displacement transducer (DS-TRA-01)
on the Tsing Yi side span measures the longitudinal dis-
placement of the bridge deck, and another displacement

‘‘‘‘‘‘

2010 2013

Year

2019 2022

transducer (DS-TEN-01) on the north side of a bearing
frame measures the lateral bridge deck displacement. GPS
stations (labelled as “TM”) measure the lateral, vertical,
and longitudinal displacements of the bridge deck, towers,
and main cables at multiple locations.

5.1.2 Relationship between displacement and temperature

The relationship between the bridge deck effective temperature
and displacement is explored in this section. A linear regres-
sion model can be expressed as follows [9]:

X=aT +b+e¢, €))

where X and T are the bridge displacement and effective
temperature, respectively, a and b are the coefficients, and
€ is the fitting error.

The relationship between the daily mean mid-span deck
deflection and effective temperature in 1997-2022 is shown in
Fig. 20a, where upward and elongation displacements are posi-
tive. Applying Eq. (1) leads to a= —48.11 mm/°C, b=1412.32
mm, and the coefficient of determination R*=0.890. Accord-
ing to Zhou et al. [51], owing to the short length of the mid-
span suspender, the temperature-induced mid-span deflection
of a suspension bridge is almost equal to the displacement of
the main cable, which can be simplified as follows:

h,,+h
DV = < 3L + —pl pz)a,

~Ton 3 2
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Fig. 19 Locations of the dis-
placement sensors on Tsing Ma
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where L is the total length of the bridge, # is the sag ratio
of the main cable, h,; and h,,, are the height of the left and
right towers, respectively, and « is the expansion coef-
ficient. For Tsing Ma Bridge, L=2132 m, n=0.091, and
a=1.2x107%/°C. The calculated deflection of the mid-
span is —50.24 mm/°C, which is extremely close to the

30 40 10 20 30 40
Temperature (°C)

(b) Tsing Yi end

measured —48.11 mm/°C. These results indicate that tem-
perature is the primary contributor to the bridge vertical
displacement.

The relationship between the longitudinal displace-
ment at the Tsing Yi end and deck effective temperature is
shown in Fig. 20b. According to Eq. (1), the coefficients
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are a=25.52 mm/°C, b= —637.18 mm, and R*=0.956.
Given that the bridge deck is fixed on the Ma Wan side
and free to move on the Tsing Yi side, the unit temper-
ature-induced longitudinal displacement at the Tsing Yi
side can be calculated as follows:

D, =aL,, ?3)

where L, is the length between sensor DS-TRA-01 and the
fixed end on the Ma Wan side, which is 2072 m. The calcu-
lated longitudinal displacement is 24.86 mm/°C, which is
also extremely close to the measured 25.52 mm/°C.

5.1.3 Relationship between displacement and wind

As described by Xu and Xia [9], the lateral displacement
of the bridge deck shows the evident correlation with
the mean wind speed. Thus, the relationship between the
wind and lateral displacement can be modeled using the
following equation [19]:

D, = cUY, @)

where D, is the 10-min lateral mean displacement, ¢ and d
are the fitting coefficients, and U is the 10-min mean wind
speed. The 10-min mean wind speeds from the NNW direc-
tion over 5.0 m/s and corresponding bridge lateral displace-
ments at four locations of the deck and main cable from
2011 to 2022 are utilized to establish Eq. (4). The fitted
curves for the bridge deck and main cables at the mid-span
are presented in Fig. 21. The regression coefficients are
listed in Table 3. The regression coefficients d at four loca-
tions are 1.894, 1.760, 1.638, and 1.862, indicating that the
mean lateral displacement is approximately proportional to
the square of the 10-min mean wind speed. The results are
also consistent with those of previous research [32].

Table 3 Regression coefficients
in the wind direction sector

GPS stations Regression coef-

NNW ficients
c d
TM-01 —-0.578 1.894
TM-02 —-1.265 1.760
TM-03 —1.552 1.638
TM-04 —-0.734 1.862

5.1.4 Long-term displacement responses

Figure 22 shows the monthly mean mid-span deflection and
longitudinal displacement at the Tsing Yi abutment from
1997 to 2022, in which GPS- and level sensing stations-
measured mid-span deflection are displayed. The upward
deflection and expansion of the longitudinal displacement
are positive. The mid-span deflection of the GPS station and
level station matches well, mutually verifying the reliability
of the two displacement sensors for long-term monitoring.
The vertical and longitudinal displacements exhibit evident
seasonal variations caused by the temperature effect. The
annual vertical movement at the mid-span is about 850 mm,
and the longitudinal is approximately 400 mm.

5.2 Acceleration
5.2.1 Accelerometer layout

A total of 19 accelerometers are placed on Tsing Ma Bridge
to monitor vibrations on the deck, cable, tower, and abut-
ment. Figure 23 illustrates the sensor layout, where “AS,”
“AB,” and “AT” denote uni-axial, bi-axial, and tri-axial
accelerometers, respectively. Uni-axial accelerometers meas-
ure vertical vibration. Bi-axial sensors measure vertical and
lateral vibrations. Tri-axial sensors record accelerations in
three directions.

Fig.21 Wind-induced mid-span E 0 [ T 0 [
lateral displacement versus g Data g Data
wind speed in the direction sec- :g Fit g Fit
tor NNW 5 -50 g -50

=) =]

Q [

g g
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£ -200 5 -200
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5.2.2 Relationship between frequency and temperature

Acceleration data are used to extract the dynamic proper-
ties of the bridge, including frequencies and mode shapes,
through modal analysis [52]. Four days in different seasons
in 2018 (6 February, 16 April, 2 August, and 21 Novem-
ber) are chosen to explore the relationship between the
frequencies and effective temperature. Figure 24 plots the
first four vertical and two lateral modal frequencies. Given
that different modal frequencies differ in magnitude, each
frequency is normalized by dividing its initial value. Verti-
cal and lateral frequencies decrease as the effective tem-
perature increases. The vertical frequency ratio slope against
temperature is — 1.7 x 107#/°C, approaching half the steel
modulus temperature coefficient (— 3.6 x 107#°C), which is
consistent with that in previous research [53]. The lateral
frequency ratio slope is —6.7 X 107#/°C. This result reflects

Tsing Yi Tower

the influence of the concrete towers, which have a tempera-
ture coefficient of modulus of — 3.0 x 1073/°C.

5.2.3 Long-term variation of the frequency

Dynamic properties are closely associated with the stiff-
ness of a structure. Therefore, the long-term variation in
frequencies can be an indicator of bridge condition. The
previous subsection showed that varying temperatures may
affect the frequencies as well and should be removed. In
this regard, the bridge deck acceleration responses between
2:00 and 4:00 in March to May from 2004 to 2022, when the
bridge deck’s effective temperatures ranged between 23 and
24 °C, are selected to calculate the natural frequencies of the
bridge. This situation will minimize the effects of varying
temperatures and traffic on the frequencies. In each year, the
calculated frequencies are averaged. Figure 25 shows the

uuuuuu
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Fig. 24 Relationship between 1.02
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Fig. 25 Variations in the first four frequencies from 2004 to 2022

first four vertical frequency ratios versus the effective tem-
perature from 2004 to 2022. The frequency ratios decrease
at the ratio of —4.55x 10™%/year. The decrease rate is quite
small and is neglectable.

5.3 Strain
5.3.1 Strain gauge layout
A total of 110 strain gauges have been installed on Tsing Ma

Bridge. Figure 26 shows 44 single strain gauges, 62 pairs of
strain gauges, and 4 rosette strain gauges, corresponding to

Temperature (°C)

(b) Lateral modes

“SS,” “SP,” and “SR,” respectively. The sampling frequency
was 25.6 Hz until 2002 and 51.2 Hz thereafter. Figure 27
shows two typical strain gauges underneath the railway beam
and on the upper deck.

5.3.2 Long-term fatigue damage of the railway beam

Traffic-induced fatigue damage is a major defect of long-
span steel suspension bridges [54, 55]. Therefore, strain
responses of key components are analyzed to estimate the
fatigue damage and predict the fatigue life resulting from
the combined effects of railway and highway loads. The
procedures specified in BS5400 Part 10 are followed [56].
The rainflow counting method and Miner’ rule are adopted
[55, 57].

Previous studies [57] have shown that railway loads
dominate the fatigue damage of the main components of
the bridge, particularly the bottom of the railway T-section
beam, which undergoes significant train-induced responses.
Sensor SS-TLS-13 was installed at the bottom of the rail-
way T-section beam, as shown in Fig. 27. The railway beam
experiences substantially larger strain ranges when trains are
running on the bridge compared with no trains. This case
allows the strains from trains and vehicles to be separated
into two components. Using the strain response recorded on
July 1, 2018 as an example, the fatigue damage caused by
the train loads was 5.93 x 1078, approximately 98.50% of

Fig.26 Layout of the strain
gauges on Tsing Ma Bridge
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Fig. 27 Locations of sensors SS-TLS-17 and SS-TLS-13

the total combined damage from trains and vehicles. There-
fore, railway beam fatigue damage is mainly caused by train
loads.

Figure 28 shows the annual and cumulative fatigue dam-
age of the railway beam at the sensor SS-TLS-13 from 1998
to 2022. By the end of 2022, the cumulative fatigue damage
of the railway beam was about 0.026. If the annual number

SS-TLS-13 —I— L.

Detail B Section H1-H1

of trains and associated fatigue damage remain the same
as 2019, the remaining fatigue life of the railway beam is
predicted around 592 years. If the annual number of trains
continues to increase at the rate of before 2022, then the
remaining fatigue life is estimated to be about 194 years.
In particular, the number of trains is unlikely to increase
indefinitely. Nevertheless, even under the adverse scenario,

Fig. 28 Annual and cumulative
fatigue damage of the railway
T-section beam
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the remaining fatigue life of the railway beam exceeds the
120-year design life.

5.3.3 Long-term fatigue damage of the upper orthotropic
deck

Sensor SS-TLS-17, located on the bottom of the slow lane of
upper orthotropic deck plate (Fig. 27), recorded the highest
fatigue damage among all strain sensors. The deck strain
from trains is opposite to the strain from vehicles, enabling
the separation of strain induced by train and vehicle loads.
Similarly, the strain responses recorded on July 1, 2018
show that the fatigue damage caused by vehicle loads was
6.60x 1077, approximately 98.15% of the combined damage
from trains and vehicles. This result indicates that fatigue
damage of the upper orthotropic deck is mainly caused by
vehicle loads.

The calculated annual and cumulative fatigue damage of
the orthotropic deck at sensor SS-TLS-17 are presented in
Fig. 29. The cumulative fatigue damage of the component
keeps increasing from 1997 to 2022, and reaches approxi-
mately 0.271 by 2022. Continuous monitoring and appropri-
ate measures if necessary will be conducted. For example,
two long-span bridges in the area are under design to allevi-
ate the traffic volume on Tsing Ma Bridge and deal with the
new development of the Lantau Tomorrow Vision.

Note that the welds of the orthotropic deck, such as the
trough—plate interface, are susceptible to fatigue damage
from the repetitive traffic loads. Their strains cannot be
measured using the present SHM system and can be simu-
lated using numerical analysis, which is beyond the scope
of this research.

6 Conclusions

The behavior of the Tsing Ma Bridge and the operational
status of its SHM system raise widespread concerns. Field
monitoring data over the past 26 years are analyzed to inves-
tigate the long-term bridge loads and responses. The cur-
rent status and recent update of the SHM system are also
discussed. The following conclusions can be drawn from
this study:

(1) Sensors in the SHM system are generally in good oper-
ating condition, with all anemometers and displace-
ment transducers remaining undamaged by 2022. The
status of the GPS stations and thermometers requires
attention owing to the increase in damaged sensors.
The data transmission system has been upgraded to a
wireless system. The ship impact detection alarm and
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acoustic monitoring systems have been integrated to
the SHM system.

The maximum and mean effective deck tempera-
tures have increased at the rate of 0.51 °C/decade and
0.16 °C/decade, respectively, which are likely caused
by global warming in the past decades. Moreover, the
maximum effective temperature of the bridge deck
approaches the design value. The deflection at the
mid-span and longitudinal displacement of the deck
end have a linear regression with temperature variation.
Frequencies of the bridge decrease with an increase in
the effective deck temperature.

The predominant wind directions for typhoons and
monsoons are NE and ESE. The Weibull PDF of
monsoon winds shows no significant directional fea-
tures. Monsoon wind speeds show a decreasing trend
and have become markedly dispersed and variable.
Typhoon speeds are concentrated within the range
below 10 m/s. Moreover, there is no significant trend
in typhoon speeds, while the duration increased by 2.5
h/year until 2022. For the relationship between wind
and bridge responses, the 10-min mean wind speeds are
proportional to the square of the lateral displacements
of the deck and cables.

During 2004 to 2022, the first four natural frequen-
cies of the bridge remained almost unchanged with a
neglectable decrease rate of —4.55 x 10™>/year, indicat-
ing that the overall condition of the bridge is very good.
Both railway and vehicle traffic have increased since
1997 and decreased thereafter from 2020 to 2022. As of
2019, the number of vehicles and trains stands at about
3 and 4 times the 1998 and 1999 levels, respectively.
The analysis shows that the fatigue damage of the main
component is primarily caused by trains, while fatigue
of the orthotropic deck is mainly caused by highway
vehicles.

7 Discussion and suggestions

The findings in this research underscore the significant ben-
efits of long-term SHM in ensuring the safety and service-
ability of long-span bridges. Without the SHM system, iden-
tifying these issues would be challenging or less convincing.
With the continued development of bridge SHM systems in
Hong Kong, several key enhancements should be made in
the future.

ey

Expansion of sensor networks. Future SHM systems
should expand their sensor networks to include a mark-
edly comprehensive set of monitoring capabilities.
This undertaking should incorporate corrosion sen-
sors, pyranometers for solar radiation measurement

2

3

)

&)

(6)

(7

and consider the effects of climate change [58], and
hygrometers to monitor moisture levels, particularly for
critical bridge components, such as cables.
Integration of SHM and inspection data. Combining
the real-time SHM data with regular bridge inspection
findings can provide a markedly complete understand-
ing of the overall bridge conditions. This endeavor
will enable bridge operators to develop considerably
comprehensive maintenance strategies based on the
structural performance data and physical inspection
observations.

Incorporation of climate change adaptations. Bridge
life cycle assessments should integrate climate change
projections and scenarios to substantially understand
the long-term impact on structural performance. Future
SHM should also develop decision-making tools to pro-
vide appropriate repair and strengthening strategies to
enhance the climate change resilience of bridges.
Integration of advanced technologies. Advanced tech-
nologies such as Al and can improve the efficiency of
SHM systems and also to reduce costs by analyzing
data and detecting anomalies in real time, and DT tech-
nology can provide a virtual model of the bridge for
more accurate simulations and predictions.
Optimization of the SHM system. The SHM system
was designed and implemented in the early 1990s, pio-
neering the technology in bridge engineering. Deter-
mining the number and type of sensors was challenging
in that era. From the 25 years of SHM experience with
the bridge, the following advice can be considered in
the SHM system in the future.

Level sensing stations can be removed as the GPS sta-
tions provide stable deformation in three directions.
Level sensing stations of the Tsing Ma Bridge were
designed in the 1990s, while GPS stations were added
in 2002. The former may have the problem of liquid
vaporization and is thus not commonly used now. Fig-
ure 22a shows that the two sets of sensors give similar
results. Therefore, the removal of the level sensing sta-
tions is a natural choice. GPS has been criticized for
the low accuracy of dynamic measurement. However,
long-span bridges are usually flexible with low frequen-
cies (the first 18 frequencies of the Tsing Ma Bridge
are less than 0.38 Hz [9]). Their vibrations are gener-
ally significant and dominated by low frequencies. The
GPS stations on the Tsing Ma Bridge have the precision
of millimeters at the sampling rate of 10 Hz, which
is adequate for dynamic displacement monitoring. Of
course, if high-order modal properties are required,
accelerometers are still the best choice compared to
GPS.

The number and the location of strain gauges can be
updated. Fatigue damage is the most critical defect of
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steel bridges with orthotropic decks. However, only
a few strain gauges were installed on the orthotropic
steel deck (Detail A in Fig. 27), while most were on
the main components. More strain gauges should be
placed close to the fatigue-critical components, e.g.,
rib-to-deck welds. Again, it is hard to determine the
optimal position at the design stage because the actual
behavior of the large-scale structure may differ from the
numerical model.
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