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Abstract

Many long-span cable-supported bridges have been built across the world in the
past two decades to meet the economic, social, and recreational needs of
communities. However, due to the highly flexible nature and low damping
levels of such bridges, they are vulnerable to wind-induced vibration. To protect
the immense capital investments made in such bridges and ensure user comfort
and safety during the service stage, the implementation of long-term structural
health monitoring systems (SHMS) on long-span cable-supported bridges has
become a trend in wind-prone regions. Among all measurement parameters,
displacement is a paramount variable used to assess the serviceability, safety and
integrity of long-span cable-supported bridges. However, it is difficult to measure
the wind-induced absolute displacement of a long-span cable-supported bridge,
which includes both a static component and a dynamic fluctuating component, by
using traditional sensors. One alternative solution is to use global positioning
systems (GPS), but the application of the GPS for bridge monitoring engenders
many challenges to professionals. This thesis therefore focuses on the application
and integration of global positioning systems (GPS) with structural health
monitoring systems (SHMS) and computer simulation to monitor and assess the
serviceability and strength of long-span cable-supported bridges under strong
winds.

Although calibration works of GPS have been performed by other researchers for
building structures, the performance of GPS must be thoroughly validated for
application to long-span cable-supported bridges because the fundamental
frequency of a long-span cable-supported bridge is often much lower than that of
a building. In this connection, a motion simulation table is designed and
manufactured as a test station that simulates various types of two-dimensional
motions across a wider range of frequencies in either the horizontal plane or the
vertical plane. A detailed calibration study is then carried out in an open area in
Hong Kong using the motion simulation table to assess the dynamic
displacement measurement accuracy of the GPS in the longitudinal, lateral, and
vertical directions. In the calibration study, the static tests are first carried out



with stationary antennae to identify the background noise in the GPS
measurements. An examination of statistical data recorded over a period of 9
hours shows that the background noise is dominated by low frequency
components. A band-pass filtering scheme for sinusoidal motion and circular
motion is designed and applied to the displacement data recorded by the GPS,
which are then compared with those generated by the table. The comparative
results show that for two-dimensional sinusoidal and circular motions in the
horizontal plane and one-dimensional sinusoidal motions in the vertical direction,
the GPS can be used to obtain accurate dynamic displacement measurements if
the motion amplitude is no less than 5 mm in the horizontal plane or 10 mm in
the vertical direction and the motion frequency is less than or equal to 1 Hz. The
dynamic displacement measurement accuracy of the GPS is finally assessed
using the measurement data of wind-induced two-dimensional dynamic
displacement responses of the Di Wang Tower in the horizontal plane during
Typhoon York and wind-induced one-dimensional dynamic displacement
response of the Tsing Ma suspension bridge deck in the vertical direction during
Typhoon Victor. The comparative results demonstrate that the GPS can trace
complex wind-induced dynamic displacement responses of real structures
satisfactorily.

However, the reduced accuracy of GPS displacement measurements due to
multipath effects and the low sampling frequency of the GPS receivers is also
highlighted in the motion simulation table tests described above. To enhance the
measurement accuracy of the total (static plus dynamic) displacement response
of civil engineering structures, the concept of integrating signals from a GPS and
an accelerometer for deformation monitoring is suggested. This thesis presents
two frameworks of integrated data processing techniques that use both empirical
mode decomposition (EMD) and an adaptive filter. To assess the effectiveness of
the proposed integrated data processing techniques, a series of motion simulation
tests simulating various types of motion around a pre-defined static position are
performed at a site and recorded by a GPS receiver and an accelerometer. The
proposed data processing techniques are then applied to the recorded GPS and
accelerometer data to find both static and dynamic displacements. These results
are compared with the actual displacement motion generated by the motion
simulation table. The comparative results demonstrate that the proposed
technique can significantly enhance total displacement measurement accuracy.

Wind and structural health monitoring systems including GPS have been



installed on some long-span cable-supported bridges, but it is not clear how to
use GPS data to assess the serviceability and strength of the bridge under strong
winds. This thesis takes the Tsing Ma Bridge as an example to manifest how the
GPS and anemometers installed on the bridge can be used for this purpose. The
Tsing Ma Bridge in Hong Kong is a long suspension bridge, and a Wind And
Structural Health Monitoring System (WASHMS) that includes 6 anemometers
and 14 GPS stations has been fully operational on the Tsing Ma Bridge since
1997 (for the anemometers) and 2002 (for the GPS stations), respectively.
Because Hong Kong is situated in an active typhoon region and encompassed by
a complicated topography, wind characteristics around the Tsing Ma Bridge are
very complicated. The wind environment surrounding the Tsing Ma Bridge is
thus ascertained by analyzing long-term wind data recorded by the anemometers
for both typhoons and strong monsoons. The wind measurement data taken in the
field are first pre-processed in an attempt to produce a high quality database. The
wind measurement data recorded by the ultrasonic anemometers in the middle of
main span from 1997 to 2005 are then analyzed to obtain the mean wind speed,
the mean wind direction, the mean wind inclination, the turbulence intensity, the
integral scale, and the wind spectrum of both 10-minutes and 1-hour in duration.

After identifying the wind environment surrounding the Tsing Ma Bridge, the
next step is to analyze wind-induced bridge displacement response. Nevertheless,
the GPS monitoring displacement data for the in-service Tsing Ma suspension
bridge are induced by a combination of environmental and operational loadings,
which include wind, temperature, and highway and railway traffic. In this
connection, the bridge displacement response data recorded by the GPS during
the period from 2002 to 2005 are collected, along with the temperature and
vehicle flow data from the temperature sensors and weigh-in-motion sensors,
respectively. Several algorithms are developed using MATLAB as a platform to
pre-process the GPS measurement data for producing high quality databases. An
identification method is subsequently developed to extract wind-induced
displacement response by eliminating temperature- and traffic- (highway and
railway) induced displacements and GPS background noise from the measured
total displacement response. The relationship between wind speed and
wind-induced displacement response in the lateral and vertical directions is
finally explored according to wind direction and the locations of GPS stations on
the bridge deck. The results show that the magnitude of displacement response
varies with wind direction, and the location of GPS stations. The relationship
between wind speed and displacement response is almost quadratic in the lateral
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and vertical directions.

However, the aforementioned relationships are limited to the locations where
GPS receivers are installed. In addition, the maximum wind speed encountered
by the bridge and measured so far is also smaller than the design wind speed.
Therefore, how to perform serviceability and strength assessments of the bridge
is a challenging issue. This necessitates the integration of computer simulation of
the bridge under the action of wind and WASHMS-based measurements. For this
purpose, a complex structural health monitoring-based finite element model
(FEM) for the Tsing Ma Bridge with significant bridge deck modeling features is
used. The wind forces, composed of steady-state wind loads due to mean wind,
buffeting forces due to turbulent wind, and self-excited forces due to interaction
between wind and bridge motion, are then generated and distributed over the
bridge deck surface following a series of procedures. The displacement responses
of the bridge are then computed and compared with the responses measured from
the field. The comparison is found to be satisfactory in general. The statistical
relationship predicted from the field at the mid-main span is thus extended to
extreme wind speeds and other locations on the bridge deck through computer
simulation. The results are finally compared with measurements data from wind
tunnel tests and the allowable movements of the bridge under the given limit
state for serviceability assessment. The outcomes demonstrate that the lateral and
vertical displacements follow the designed pattern and the bridge functions
properly when the bridge is subjected to strong winds.

As the span length of a cable-supported bridge increases, the bridge may suffer
considerable buffeting-induced vibration across a wide range of wind speeds
over almost the whole design life of the bridge. The frequent occurrence of
buffeting responses of a relatively large amplitude may result in serious fatigue
damage to steel structural components and connections, and may subsequently
lead to catastrophic failure. Therefore, in addition to assessing its serviceability,
it is also imperative that the strength of a long-span cable-supported bridge under
high winds be assessed on the basis of wind-induced stress/strain analysis.
However, the number of sensors available to take strain measurements on the
Tsing Ma Bridge is limited. It is not possible to monitor all the stress responses
of all the local components directly. In this connection, the complex structural
health monitoring-based FEM which replicates the geometric details of the
as-built complicated bridge deck, is used to compute wind-induced stress in all
the bridge components and identify critical steel members. The wind-induced
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stresses of the critical members are then linked to the wind-induced displacement
response at the mid-main span through the hybrid use of the GPS measured
displacements and FEM analyses. The wind-induced stresses derived at extreme
wind speeds are then compared with the yield stress of the steel material to assess
the strength of the bridge. The results demonstrate that the mean stresses, stress
standard deviations, and total stress responses vary quadratically with mean
displacement, displacement standard deviation, and total displacement,
respectively. The outcomes also demonstrate that the strength of the Tsing Ma
Bridge under strong winds is guaranteed.
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Chapter 1

INTRODUCTION

1.1. RESEARCH MOTIVATION

Many long-span cable-supported bridges have been built across the world in the
past two decades to meet the economic, social, and recreational needs of
communities. Some examples include the Akashi Kaikyo suspension bridge in
Japan, which has a main span of 1,991 m, and the Sutong cable-stayed bridge in
China, which has a main span of 1,088 m (see Figure 1.1). Increasing numbers of
long-span cable-supported bridges are expected to be constructed in the coming
years. For instance, the construction of the Hong Kong-Zhuhai-Macau Bridge,
which has long been promoted by the governments of the People’s Republic of
China (PRC), the Macau Special Administrative Region (MSAR), and the Hong
Kong Special Administrative Region (HKSAR), is expected to commence no
later than 2010 (Hong Kong Special Administrative Region Government 2008),
and will bestow significant socio-economic benefits in the Greater Pearl River
Delta region. When completed in 2015-2016, the 29 km long bridge will be one

of the longest spanned bridges in Asia.

However, the increased span length of modern cable-supported bridges
significantly raises their buffeting response, causes greater fatigue damage to

structural components and connections, affects the stability of vehicles traveling
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on the deck, and can make crossing uncomfortable for pedestrians (Zhu 2002).
This situation is likely to be amplified for long-span cable-supported bridges
located in wind-prone areas. It is now well known that air temperatures are
gradually increasing due to the greenhouse effect, which has resulted in stronger
and more frequent typhoons (Xu 2008a). It is thus a challenge in typhoon regions
to construct long-span cable-supported bridges that function properly during their

long service lives and do not suffer catastrophic failure under strong winds.

Recently developed structural health monitoring technology offers good
solutions to some of these problems. Structural health monitoring technology is
based on comprehensive sensory systems and sophisticated data-processing
systems that use advanced information technology and are supported by bespoke
computer algorithms. The main objectives of structural health monitoring are to
monitor the loading conditions of a structure, assess the performance of the
structure under various service loads, verify or update the rules used in the design
stage, detect damage or deterioration, and guide inspection and maintenance. In
Hong Kong and mainland China, comprehensive structural health monitoring
systems (SHMS) with a variety of sensors have been installed in more than 40

long-span bridges (Xu 2008a).

Of all of the responses of long-span cable-supported bridges measured by SHMS,
displacement is the most important parameter in assessing integrity and safety,
because displacements that deviate from the designed geometrical configurations
redistribute the stresses and strains in the bridge components and affect the

load-carrying capacity of the entire bridge (Wong et al. 2001a; 2001b). However,
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before the deployment of global positioning systems (GPS), the wind-induced
total displacement response of long-span cable-supported bridges, which
includes a static component and a dynamic fluctuating component, was difficult
to measure using traditional sensors. For instance, traditional displacement
transducers can only be used to measure relative displacement (Ko & Ni 2005),
and laser transducers and total stations have proved unsuitable for the long-term
monitoring of long-span bridges due to line-of-sight issues. Level-sensing
stations allow the real-time monitoring of displacements at typical stiffening
deck sections, but can only monitor the static component (Wong et al. 2001a;
2001b). Clearly, a sensor that can effectively and accurately measure the
wind-induced total displacement of a bridge is necessary and imperative to
improve the efficiency and accuracy of displacement monitoring in SHMS. In
recent decades, the application of GPS has been extended from its original
navigational function to encompass geodesy and surveying, and due to its global
coverage and continuous operation under all metrological conditions it has
become a useful tool for measuring both the static and dynamic displacement
responses of long-span cable-supported bridges subjected to winds. Typical
examples of bridges assessed using GPS include the Humber Bridge in England
(Ashkenazi & Roberts 1997), the Akashi-Kaikyo Bridge in Japan (Fujino et al.
2000; Toriumi et al. 2000; Kashima et al. 2001; Miyata et al. 2002), and the

Tsing Ma Bridge in Hong Kong (Wong et al. 2001a, 2001b).

However, the accuracy of displacement measurement using GPS depends on
many factors, such as the data sampling rate, satellite coverage, atmospheric

effects, the multipath effect, and the GPS data-processing method used. It is
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therefore questionable whether GPS can accurately measure displacement to
submillimeter levels. In addition, given the significant progress in hardware
technology recently, there is an urgent need to conduct a broad assessment of
new types of GPS receivers and to carry out calibrations to verify whether GPS is
a suitable technology for monitoring long-span cable-supported bridges. In recent
years, several calibration programs have been conducted to assess the dynamic
performance of GPS using motion stimulators as a test station (Tamura et al.
2002; Kijewski-Correa 2003; Nickitopoulou et al. 2006). As the technology
being tested was intended for the monitoring of buildings, only horizontal
uni-axial motions and bi-axial circular motions were assessed in these programs.
However, in long-span bridge health monitoring it is important to measure the
wind-induced dynamic displacement response of the bridge deck in the vertical
plane and of the bridge towers in the horizontal plane. The fundamental
frequency of the bridge in one direction, which is much lower than that of
buildings, may not be the same as that in the other direction. Therefore, an
advanced motion simulation table that can simulate various types of
two-dimensional motions of bridge decks in the vertical plane and bridge towers
in the horizontal plane at frequencies that are common in bridges is urgently

required.

Although the feasibility of applying GPS in deflection monitoring has been
ascertained from a number of field tests, it has also been highlighted that GPS is
unable to capture the higher-mode natural frequencies of bridges due to the low
sampling frequency of the receivers (Roberts et al. 2004). To overcome this

problem, it has been suggested that the GPS signals be integrated with those from
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another sensor for better structural deformation monitoring. As accelerometers
cannot reliably measure static and low-frequency structural responses but can
accurately measure high-frequency structural responses, measurement signals
from accelerometers have been used to complement the GPS signals (Roberts et
al. 2000, 2004; Li 2004; Li et al. 2006a, 2006b). However, the displacement
values obtained by the integration algorithms proposed by Roberts et al. (2000,
2004) involve the dynamic component only, and although Li (2004) successfully
isolated the static and quasi-static components from GPS data, the accuracy of
GPS, particularly in the low-frequency range, is greatly reduced by the effects of
multipath interference (Ray et al. 2001; Kochly & Kijewski-Correa 2006).
Therefore, an advanced data-processing technique is needed to derive a
noise-free total (static plus dynamic) displacement signal from the GPS and the

accelerometer.

The use of GPS in bridge health monitoring clearly shows great promise, yet how
to take full advantage of GPS data and SHMS to continuously monitor the
serviceability and strength of long-span cable-supported bridges under strong
winds remains a challenge to professionals. The Tsing Ma Bridge in Hong Kong
is the longest suspension bridge in the world, carrying both highway and railway.
As the bridge is located in one of the most active typhoon regions in the world, a
Wind And Structural Health Monitoring System (WASHMS) that comprises 6
anemometers and 14 GPS stations has been in full operation since 2002 to ensure
that the bridge functions properly during its long service life and is prevented
from suffering catastrophic failure under strong winds. This full-scale and

long-term monitoring campaign offers an excellent opportunity for assessing the
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effect of wind on bridges by determining the statistical relationship between wind

and the wind-induced bridge displacement response.

In the full-scale absolute displacement monitoring of long-span cable-supported
bridges, researchers and engineers are confronted with the problem of a limited
number of sensors that may not be installed in the same positions as the structural
defects or degradation. In addition, because the displacement measured is limited
to the wind speeds and directions measured, researchers and engineers cannot
predict the risks to long-span cable-supported bridges exposed to very high wind
speeds, which makes the satisfactory assessment of bridges under high winds
difficult. It would thus be interesting to research how the limited GPS sensors in
SHMS could be used to predict the wind-induced displacement response of an
entire long-span cable-supported bridge under extreme wind speeds and at
different wind skew angles. The rapid development of computer technology and
computational methods has allowed the development of an analytical method for
predicting the buffeting and flutter instability response in long suspension
bridges in the frequency domain (Davenport 1962; Scanlan 1978) and the time
domain (Bucher & Lin 1988; Xiang et al. 1995). In addition, a sophisticated
finite element model (FEM) formulated using the full truss girder modeling
approach has been developed in recent years that appears to be appropriate for
modeling the global and local structural characteristics of a long-span
cable-supported bridge. These studies indicate that it would be worthwhile to
integrate computer simulation with GPS measurement to predict the
wind-induced displacement response of an entire long-span cable-supported

bridge under extreme wind speeds.
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As the span length of cable-supported bridges increases, they suffer considerable
buffeting-induced vibration that occurs over a wide range of wind speeds and
lasts for almost the whole design life of the bridge. The frequent occurrence of a
buffeting response of relatively large amplitude may result in serious fatigue
damage to the steel structural components and connections of the bridge, which
could lead to catastrophic failure. The accurate assessment of the wind-induced
stresses and strains of a long-span cable-supported bridge is thus imperative.
Ideally, strain measurement sensors would be installed in all of the members of a
long-span cable-supported bridge, but in practice the number of sensors is always
limited. To counteract this limitation, member stress evaluation using a hybrid of
FEM analysis and GPS may be an appropriate method of improving the health

monitoring of long-span cable-supported bridges exposed to high winds.

1.2. OBJECTIVES

This thesis focuses on the application and integration of global positioning
systems (GPS) with structural health monitoring systems (SHMS) and computer
simulation to continuously monitor the serviceability and strength of long-span
cable-supported bridges under strong winds. The main objectives and

originalities of the thesis are as follows.

1. To assess the displacement measurement accuracy of GPS in three orthogonal
directions for application in long-span cable-supported bridges. For this
purpose, an advanced motion simulation table will be developed as a test
station to simulate various types of two-dimensional motions of towers in the

horizontal plane and bridge decks in the vertical plane. The validation of the
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performance of GPS will be accomplished by comparing the original motions

with those generated by the motion simulation table.

2. To enhance the measurement accuracy of the total (static plus dynamic)
displacement response of civil engineering structures by integrating
GPS-measured signals with accelerometer-measured signals. For this purpose,
integrated data-processing techniques that use both empirical mode
decomposition (EMD) and an adaptive filter will be developed. A series of
motion simulation tests that simulate various types of motion around a
pre-defined static position will be performed on site to assess the

effectiveness of the proposed integrated data-processing techniques.

3. To assess the effects of wind on in-service long-span suspension bridges by
determining the statistical relationship between wind and the wind-induced
displacement response. To this end, an identification method will be
developed to ascertain the wind-induced displacement response of Tsing Ma
suspension bridge, after first evaluating the effects of the environmental and
operational loads such as traffic loads. The statistical relationships between
wind speed and the wind-induced displacement response will be explored for

different wind directions and different locations of the bridge deck.

4. To perform an effective and reliable serviceability assessment of in-service
long-span cable-supported bridges exposed to wind by integrating computer
simulation with GPS measurement. In this regard, a complex structural health

monitoring finite element model for the Tsing Ma Bridge that includes the
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significant features of the bridge deck will be applied. The statistical
relationships predicted in the field at the mid-main span of the bridge will
then be extended to extreme wind speeds and other locations of the bridge
deck using FEM analysis. The results will then be compared with the
responses measured during wind tunnel tests and the limit state displacements

determined at the design stage of the bridge.

5. To perform a strength assessment of a long-span cable-supported bridge
under high winds based on an analysis of the wind-induced stresses. For this
purpose, the statistical relationship between wind and the wind-induced
displacement response will be extended to the stress level to allow
comparison with the load-carrying capacity of the bridge. The statistical
relationship between the wind-induced stresses and the wind-induced
displacement response will then be developed using a hybrid of FEM

analysis and GPS.

1.3. ASSUMPTIONS AND LIMITATIONS

The application of GPS for monitoring long-span cable-supported bridges under

high winds is subject to the following assumptions and limitations.

1. Currently, there are two Global Navigation Satellite Systems (GNSSs) in
operation: the global positioning system (GPS) owned by the United States
and the Global Navigation Satellite System (GLONASS) of the Russian
Federation. As GPS has been fully used for over a decade and the receivers

available on the market mainly support only GPS signals, GPS is selected for
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2.

this research work.

Integrated data-processing techniques based on measurement data collected
by GPS receivers and accelerometers using EMD and an adaptive filter have
been developed to enhance the measurement accuracy of the total
displacement response of civil engineering structures. However, in view as
the Tsing Ma Bridge is very slender, the most majority of wind-induced
displacement responses with a frequency less than or equal to 1 Hz have
already been well captured by GPS. In addition, because the accelerometers
and GPS receivers are positioned at different locations on the Tsing Ma
Bridge, the proposed data-processing technique cannot be applied in this

Ccase.

Acceleration is another important variable in assessing the serviceability
performance of long-span cable-supported bridges under the action of wind.
The statistical relationship between wind speed and the wind-induced
acceleration of the Tsing Ma Bridge has been investigated, but as the main
focus of this research work is the application of GPS for the monitoring of
long-span cable-supported bridges under strong winds, the information

related to acceleration is not presented in this thesis.

The displacement responses measured by GPS for the in-service Tsing Ma
Bridge are induced by a combination of environmental and operational
loadings. To develop an identification method for extracting the

wind-induced displacement response from the measured total displacement
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response, the various displacement responses of the bridge to moving

vehicles, trains, and wind are assumed to be uncorrelated.

5. The accuracy of GPS is affected by a number of factors, one of which is the
multipath effect. To assess the influence of this effect on the GPS data
measured on the Tsing Ma Bridge, a calibration test using the
two-dimensional motion simulation table will be carried out. However, as
calibration must be carried out in a stationary place that is not influenced by
moving vehicles and trains, the test will be carried out on ground next to the

Tsing Ma Bridge.

6. Because of time and resource limitations, wind tunnel tests cannot be
performed to obtain the wind pressure distribution for the whole Tsing Ma
Bridge deck. As such, the wind pressure distribution of other suspension
bridges with similar sections is adopted and assumed to be the same as that
experienced by the Tsing Ma Bridge deck. The fluctuating wind pressure for
the whole bridge deck section is assumed to be linearly related to the

fluctuating wind speeds.

7. The results from the finite element analysis are used to extend the measured
statistical relationships between wind and the wind-induced displacement
response. Only wind coming in at right angles to the longitudinal axis of the

bridge deck is considered in the analytical process.
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1.4.

THESIS LAYOUT

This thesis covers a variety of research topics to achieve the aforementioned

objectives. It is divided into nine chapters and is organized in the following way.

Chapter 1 gives a brief introduction of the research motivation and

objectives, the assumptions and limitations, and the layout of the thesis.

Chapter 2 presents an extensive literature review of four relevant topics.
The fundamentals of GPS are first outlined to provide an understanding
of GPS concepts. The second section presents an in-depth survey of the
application of GPS to civil engineering structures. The third section
explains the effects of wind on long-span cable supported bridges. The
final section reviews the wind and structural health monitoring of the
Tsing Ma Bridge to outline the need for this research and the challenges

created by the combination of computation simulation and SHMS.

Chapter 3 presents an experimental investigation of the dynamic
performance of GPS in monitoring long-span cable-supported bridges. An
advanced motion simulation table that can simulate various types of
two-dimensional motions of the bridge towers in the horizontal direction
and the bridge deck in the vertical direction is designed and presented.
Performance tests, both static and dynamic, are then conducted in an open
area using a motion simulation table and GPS. A band-pass filtering
scheme is presented and applied to the table motion data recorded by GPS

based on an analysis of the background noise recorded in the static tests.

1-12



Chapter 1 I ntroduction

Finally, the dynamic measurement accuracy of GPS in the horizontal and
vertical planes is assessed and described by comparing the table motion

recorded by GPS with the original motion generated by the table.

e Chapter 4 focuses on the possibility of integrating GPS signals with
accelerometer signals to enhance the accuracy of the measurement of the
total (static plus dynamic) displacement response of civil engineering
structures. Integrated data-processing techniques using both EMD and an
adaptive filter are presented, and a series of motion simulation table tests
performed on site using three GPS receivers, one accelerometer, and one
motion simulation table are reported. The proposed data-processing
techniques are then applied to the recorded GPS and accelerometer data
to find the static and dynamic displacements. The effectiveness of the
integrated method is assessed by comparing the integrated results with the

original motion generated by the motion simulation table.

e Chapter 5 presents extreme wind studies on the Tsing Ma Bridge using
wind data measured during the period 1997 to 2005. The main features of
the Tsing Ma Bridge are introduced in the chapter, and the anemometers
in the WASHMS installed on the Tsing Ma Bridge and the terrain
surrounding the bridge are concisely described. To remove unreasonable
and undesirable data, some pre-processing steps for the wind data are
designed and presented. The recorded wind data, which is categorized as
either typhoon or monsoon, is then analyzed to evaluate the mean wind

speed, mean wind direction, turbulence components, turbulence intensity,
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integral length scale, and wind spectra for time intervals of 10-minutes

and 1-hour in 16 cardinal directions.

e Chapter 6 focuses on the effects of wind on the bridge by determining the
statistical relationship between wind and the wind-induced bridge
displacement response using wind and displacement measurement data
recorded during the period 2002 to 2005. The locations of the GPS
receivers used in the WASHMS installed on the Tsing Ma Bridge deck are
described and a series of data pre-processing techniques are then
presented and applied to the GPS data in an attempt to produce a
high-quality database. Attention is then placed on assessing the influences
of GPS background noise, temperature, and moving vehicles and trains on
the static and dynamic displacement measurements taken by the GPS
sensors. An approximate identification method is then developed to
extract the wind-induced displacement response from the measured total
displacement. The relationship between wind speed and wind-induced
displacement response in the lateral and vertical directions is then
explored for various wind directions and locations on the bridge deck

using GPS.

e Chapter 7 presents an effective and reliable serviceability assessment of
the Tsing Ma Bridge carried out by integrating a computer simulation of
the bridge under the action of wind and the measurements taken by the
WASHMS. A complex structural health monitoring finite element model

(FEM) for the Tsing Ma Bridge that includes significant features of the
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bridge deck is presented and applied. The wind forces, which comprise
steady-state wind loads, buffeting forces, and self-excited forces, are then
generated using the wind characteristics measured in the field and the
aerodynamic and flutter coefficients measured in the wind tunnel tests.
The displacement response of the bridge is computed and compared with
the responses measured in the field. The statistical relationship predicted
from the field data at the mid-main span is then extended to extreme wind
speeds and other locations of the bridge deck using FEM analysis to allow
a comparison of the results from the wind tunnel testing and the most

tolerant movements of the bridge under given limit state.

e Chapter 8 focuses on the strength assessment of the Tsing Ma Bridge
under high winds based on wind-induced stress analysis. The statistical
relationship between wind and the wind-induced displacement response is
first extended to the stress level to compare the load-carrying capacity of
the bridge. The statistical relationship between the wind-induced stresses
at the critical bridge components and the wind-induced displacement
response at the mid-main span is then developed using a hybrid of FEM

analysis and GPS.

e Chapter 9 summarizes the key results from the study and draws some
conclusions on the application and integration of GPS with SHMS and
computer simulation for monitoring the serviceability and strength of
long-span  cable-supported bridges under high winds. Some

recommendations for future work are given at the end of the thesis.
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Figure 1.1. Examples of long-span cable-supported bridges
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Chapter 2

LITERATURE REVIEW

As discussed in Chapter 1, this thesis seeks to integrate the global positioning
system (GPS), a structural health monitoring system (SHMS) and computer
simulation to monitor long-span cable-supported bridges under high winds. The
fundamentals of GPS are first outlined to provide for an understanding of GPS
concepts. An in-depth survey of the application of GPS technology to civil
engineering structures including tall buildings and long-span bridges is then
reviewed. Because this thesis mainly focuses on the behaviour of long-span
cable-supported bridges under wind action, a review of the existing literature on
the effect of wind on bridges is then presented. This chapter concludes with a
review of the wind and structural health monitoring of long-span cable-supported
bridges in an effort to outline the necessity for and challenges faced in a

combination of computational simulation and SHMS.

2.1. THE FUNDAMENTALS OF GLOBAL POSITIONING SYSTEMS

2.1.1. Global Navigation Satellite Systems

Global Navigation Satellite Systems (GNSSs) are space-based radio positioning
systems that provide 24-hour, three-dimensional position, velocity, and time
information to suitably equipped users on the surface of the Earth
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(Hofmann-Wellenhof et al. 2008). There are two GNSSs currently in operation:
the global positioning system (GPS) owned by the United States, and the Global
Orbiting Navigation Satellite System (GLONASS) of the Russian Federation. To
reduce the dependence of users on the United States and Russian systems, a third
system called Galileo is being developed by the European Union. In addition,
China is planning to expand its existing regional satellite system called Beidou-1
into a truly global satellite navigation system to be known as the Compass
Navigation Satellite System (CNSS). Each of these systems is described in the

following subsections.

Global Positioning System

The global positioning system (GPS) developed by U.S. Department of Defence
(DoD) in 1973 was originally designed to assist soldiers, military vehicles,
planes, and ships (Sahin et al. 1999). The network is composed of 32 satellites in
six orbital planes. Each satellite operates in circular 20,200 km orbits at an
inclination angle of 55°, and each satellite completes an orbit in approximately
11 hours and 57.96 minutes (Hofmann-Wellenhof et al. 2008). The spacing of
satellites in orbits is arranged so that at least six satellites are always within line
of sight from any location on the Earth’s surface at all times
(Hofmann-Wellenhof et al. 2001). Nowadays, GPS is the only system that is
fully operational. However, to counter competition from systems such as
GLONASS and Galileo, the United States has equipped some GPS satellites with
a third navigation signal on top of the two already in place. This recent
modification allows civilian users to achieve point-positioning accuracy

equivalent to that of the military. In addition, the power of the signals has also
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been increased so they can be easily received in unfavourable conditions (Meyer

2004).

Global Orbiting Navigation Satellite System

The Global Orbiting Navigation Satellite System (GLONASS) operated by the
government of the Russian Federation is a dual use navigation system that
provides positioning, navigation and time services. The complete GLONASS
network is comprised of 24 satellites in three orbital planes. Each satellite, which
orbits the Earth at an altitude of approximately 19,100 km with an inclination
angle of 64.8°, completes a single orbit of the Earth in approximately 11 hours
and 15.73 minutes (Hofmann-Wellenhof et al. 2008). GLONASS, which has a
nominal 24 satellite constellation, was first completed in 1996, but the number of
available satellites declined soon afterwards due to a lack of funding. A federal
GLONASS program update released in 2006 indicated that GLONASS services

would be fully operational by the end of 2009 (Hofmann-Wellenhof et al. 2008).

Galileo

Galileo is the global navigation satellite system being developed by the European
Union and the European Space Agency. Galileo consists of a constellation of 30
satellites (27 operational plus 3 active spares) distributed in 3 orbital planes at an
altitude of 23,616 km (some 3,000 km higher than GPS). Each plane is inclined
56° relative to the equator. The satellites complete an orbit in approximately 14
hours and 4.75 minutes. The cost of the Galileo program as a whole is in the
range of EUR 3.4 billion. Galileo is due to be fully operational by 2013

(Hofmann-Wellenhof et al. 2008).
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Compass/Beidou-2

The Beidou navigation system is a Chinese project aimed at developing an
independent satellite navigation system. While the current Beidou-1 system,
which consists of 3 satellites (Chen 2006), has limited coverage and application,
the new generation system known as Compass or Beidou-2 will be a
constellation of 35 satellites, including 30 medium Earth orbit satellites and 5
geostationary Earth orbit satellites, offering complete coverage of the globe. The
30 medium Earth orbit satellites, with an average altitude of 21,500 km, will be
distributed in 3 orbital planes. Each plane is inclined 55° relative to the equator
(China Satellite Navigation Project Center 2008). The first medium Earth orbit

satellite was launched in 2007 (Selding 2008).

2.1.2. Principles of Satellite Positioning

The previous section highlights the important system parameters of the global
satellite systems: GPS, GLONASS, Galileo, and Beidou-2. However, reference is
being made to GPS for satellite positioning for two reasons. The first is that GPS
has been fully utilised for over a decade now, and the second is that most
receivers available on the market support only GPS signals. GPS has thus been
selected as the global satellite system used for this research work. The principles

underlying GPS are described in the following sections.

2.1.2.1. Operation of GPS

As shown in Figure 2.1, GPS operates via a process of continuous coordination
among the ground/control segment, the space segment, and the user segment.

The ground-control segment of GPS is composed of six master control stations
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and four ground antennae located around the globe (U.S. Air Force 2008). This
segment does what its name implies — it tracks the orbital configuration of the
satellites and updates satellite clock correction information. A further important
function of the ground-control segment is to determine the orbit of each satellite
and predict its path for the following 24 hours. The space segment of GPS
consists of the 32 orbiting satellites. Each satellite, which is precisely timed by
an atomic clock, continuously broadcasts two L-band carrier wave signals,
referred to as L1 and L2, to satellite positioning users. The L1 carrier broadcast
at 1,575.42 MHz has two codes modulated upon it: a C/A code and a P-code. The
C/A code, with a frequency of 1.023 MHz and a wavelength of about 300 m, is
accessible to all users. This code consists of a series of 1,023 binary chips that
are unique to each satellite, enabling receivers to identify the origins of received
signals. The P-code, which is modulated at 10.23 MHz and has a wavelength of
about 30 m, is ten times more accurate than the C/A code for positioning (Wolf
& Ghilani 2002). The P-Code is transmitted on both the L1 and L2 bands.
However, since September 2005, a new military signal (M-code) on both the L1
and L2 channels and a more robust civil signal (L2C) on the L2 channel have
also been broadcast by GPS Block IIR-M satellites (Engineering Surveying
Showcase 2007; U.S. Air Force 2008). These signals are received by GPS
receivers in the user segment and converted into three-dimensional spatial

coordinate information with corresponding GPS time (Leica 1999).

2.1.2.2. Satellite Positioning Based on Distance Measurements

To determine the position of a satellite, the range D:;’:SS which is the distance

between satellite s is first

gps and navigation satellite receiver 7

gps
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approximated. Conceptually speaking, there are two ways to define a
satellite-receiver range: according to code range measurement and according to
phase measurement. Under the code ranging method, distance is determined at
the receiver by counting the time delay for a sequence of codes transmitted from
the satellite and an identical sequence of codes arriving at the receiver. The
propagation time is then multiplied by the velocity of light (299,792,458 m/s) to
obtain the range value (Mok & Retscher 2001). However, because carrier
wavelengths are short (approximately 19 cm for L1 and 24 c¢cm for L2) in
comparison with C/A and P code wavelengths, better satellite range
measurement accuracy is achieved by observing a phase of GPS signals (Rizos
1999). The range measured by a sinusoidal wave signal with wavelength 4 from
the satellite to the receiver can be expressed as Na,,, cycles of A plus the
fraction of cycle Ag , ie. D:;;’SS = ;L(N +Ago) . Based on distance

Agps

observations made to multiple satellites ( X*%°, Y°%°, Z***) | the position of

an unknown receiver (Xr Y., | Z,. ) can be determined using the
gps gps gps

triangulation concept and the following equation in a constellation of Ns, s

satellites:

DS — J (x° —x,, )2 +(r -y, | )2 +(z -z, )2 @.1)

Tgps

where s;,; = 1,2,-,Ng, . By inspection, a minimum of three satellites are
required to determine a position estimate. However, because GPS receivers do
not have perfectly accurate clocks in practice, an additional satellite is used to

correct the receiver’s clock error (Hofmann-Wellenhof et al. 2001).
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2.1.2.3. The Geodetic Coordinate System

In practice, the unknown receiver position (Xrgps,ngps,zrgps) computed in
Equation (2.1) is the geocentric coordinate on the reference frame of the
Earth-fixed-Earth-centred (EFEC) World Geodetic System 1984 (WGS84).
However, using the coordinate in that form is inconvenient for surveyors. The
main reasons are that (1) geocentric coordinates are extremely large values; (2)
the axes are unrelated to the conventional directions of north, south, east, and
west on the surface of the Earth; and (3) geocentric coordinates give no
indication of relative elevations between points (Wolf & Ghilani 2002). For these
reasons, the geocentric coordinates of any point (Xrgps,ngps,zrgps) are usually

converted into its geodetic value in latitude (¢ ), longitude (ﬂrgps), and
gps

ellipsoidal height (Hrg,,s)-
The longitude Argps is first calculated as

Y,
ﬂrgps = tan™' <ﬂ> (2.2)

Tgps

An approximate latitude ¢ is then computed by

Z

¢ =tan™! s (2.3)
(1_62)\]szgps +ergps

where e?

is the first eccentricity of the reference ellipsoid. By inputting this
approximate figure into the following equation, an improved value for the

latitude ¢ is obtained.
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ae .
ngps +TSID (¢0 )
1—e“sin “ ¢,

2 2
\/ X7 gps T¥rgps

¢ =tan"! (2.4)

where a is the semi-major axis of the reference ellipsoid. The calculation in
Equation (2.4) is then repeated by replacing ¢~ with ¢ until the change in ¢
between iterations becomes negligible. The final value of ¢ will be the latitude

of the GPS receiver ¢ .
gps

The following formulae are then used to compute the geodetic height Hy of

the GPS receiver:

_ -1 2 2 . * °
Hrgps = COS (¢Tgps ) wIX’"gps + Yrgps Jm for ¢Tgps <45 (2.52)
Tgps

H, =sin! (¢

T
gps Tgps

a(l—ez) °
)Zr — 2  forg =45 (25h)
gps Tgps

—_e2¢in2
,1 e~ sin ¢Tgps

Although the geodetic latitude (¢rgm) and longitude (;trgps) coordinates
accurately represent the position of a point on the Earth’s surface, the engineer or
researcher in civil engineering is not usually interested in the coordinates of
terrestrial points; rather, plane coordinates are the preferred form of results.
Hence, a map projection is required to transform a point in the geodetic
coordinate on the ellipsoid into a point in northing and easting (Nrgps,Ergps) on
a plane. Projection formulae are used to allow users to convert the latitude and
longitude into Universal Traverse Mercator (UTM) grid coordinates (Lands

Department 1995):
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Tgps 2

Ny, =No +mg l(M —M, )+ vg (sin ¢rgm) (cos ¢ )Ml (2.6a)

Vg (flrg,,s - A ) (cos ¢Tgps)

E, =E, +m, ( 3 (2.6b)
e %gps —o ) 3 2
+v, c (cos ¢rgm) (\ys — tan ¢rgm)
where
N, ,E,, = northing, easting of projection origin
Ao = longitude of projection origin
M = meridian distance measured from the Equator to the navigation
satellite receiver 7,
M, = meridian distance measured from the Equator to origin of
projection
m, = scale factor on central meridian
v, = isometric latitude
Vs = radius of curvature in the prime vertical
The meridian distance, M, is calculated by:
M=a [AO ¢rgps — A,sin (2 ¢Tgps) + Aysin (4¢Tgps )] (2.7)
where
' e? 3e?
AO —1-;-; (283.)
C=3(e2 48
Ay =2(e2+5) (2.8b)
’ £ 4
A, = e (2.8¢c)
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Using projection formulae (2.6) to (2.8) and appropriate parameters listed in

Table 2.1, the UTM grid coordinate based on WGS84 datum can be calculated.

2.1.3. Sources of Errors in GPS Positioning

In recent years, manufacturers have worked to develop a new generation of GPS
receivers that can provide users with highly accurate real-time location
determinations anywhere on Earth. However, the accuracy of GPS positioning
estimates is affected by a number of factors such as the data sampling rate, the
multipath effect, satellite coverage, atmospheric effects, and satellite and
receiver-dependent biases. The following sections briefly review each of these

factors.

2.1.3.1. Data Sampling Rate

Figure 2.2 is an extract from the GPS World Receiver Surveys of 2001 to 2007,
which reveal trends in the sampling capabilities of GPS receivers available in the
market which are made by some of the most common well-known manufacturers.
It is noteworthy that Javad Navigation Systems (JNS) has introduced receivers
with sampling rates of 100 Hz. However, its receivers can record code and carrier
phase data on the L1 frequency only. Although single frequency receivers
typically cost less than dual frequency receivers, dual frequency L1/L2 receivers
have been in use for some time now. This is because GPS receivers capable of
measuring both L1 and L2 frequencies broadcast from satellites have a
comparative advantage in eliminating ionospheric interference delay, especially
when the baseline between the reference and rover stations is beyond 25 km

(Hofmann-Wellenhof et al. 2001). In addition, an unknown number of cycles of
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ambiguity Ng,,, can be computed within seconds by combining two
frequencies for L1/L2 receivers. The highest sampling frequency for a modern

dual-frequency GPS receiver is 25 Hz, as shown in Figure 2.2(a).

In principle, a continuous signal can be properly sampled if it does not contain
frequency components of above half the sampling rate. This is called the Nyquist
sampling theorem. However, the full-scale GPS monitoring of a 108 m high steel
tower in Tokyo amply demonstrates the practical frequency capture ability of
GPS (Li 2004; Li et al. 2006a, 2006b). In their monitoring program, the seismic
and wind-induced responses of the tower were recorded by the GPS and an
accelerometer at sampling frequencies of 10 and 20 Hz, respectively. By
analyzing the frequency domain measurements, it was concluded that the GPS
and accelerometer successfully captured the peak for both types of event at
0.57 Hz, the first mode natural frequency of the tower. While the third mode of
the tower at the frequency of 4.56 Hz was successfully captured by the
accelerometer in both events, the GPS failed to do so, even if the Nyquist
frequency of the GPS receiver was 5 Hz. The results of this study clearly show
that the Nyquist frequency (i.e. half the sampling rate) is not a good indicator of
the frequency detection capability of the GPS. To further assess the performance
of the GPS and the accelerometer in field monitoring of the same 108 m steel
tower in Tokyo, Li (2004) and her colleagues (2006a; 2006b) found that the GPS
could pick up signals at the low frequency end (0-0.2 Hz). In contrast, the
accelerometer recorded high frequency signals (2 Hz and above) more easily.
Based on these observations, Li (2004) and her colleagues (2006a; 2006b)

concluded that the measurement performance of the accelerometer was
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complementary to that of the GPS. Therefore, the possibility of integrating
GPS-measured signals with accelerometer-measured signals was explored to
enhance the accuracy of displacement response measurements for large civil
engineering structures (Roberts et al. 2000, 2004; Li 2004; Li et al. 2006a,

2006h).

In the integration algorithms proposed by Roberts et al. (2000; 2004), the
measurement signals from an accelerometer were filtered by a conventional filter
to remove high-frequency noise and the measurement signals from a GPS were
filtered using an adaptive filter to reduce multipath. A single integration of
acceleration signals from the accelerometer was then performed to find velocity
signals. The velocity signals from the accelerometer were reset using the velocity
constant calculated from the GPS data. These calibrated velocity signals were
integrated to obtain displacement signals, which were finally reset with the GPS
coordinates to obtain the actual displacement of a structure. The results of this
study revealed that the proposed integration scheme allowed millimeter-accurate
positioning to be maintained within several tens of seconds. The displacement
measurements obtained using the earlier method were purely dynamic

displacement measurements.

Because large civil engineering structures are typically very slender, it is very
difficult to measure their low-frequency responses to winds accurately with an
accelerometer. Furthermore, other than wind-induced dynamic displacement,
wind-induced static displacement of a structure measured by GPS is likely to be

contaminated by multipath, which is described in the following subsection.
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Hence, it is difficult to apply the existing integration scheme to the total

displacement response of large civil engineering structures.

2.1.3.2. The Multipath Effect

Multipath is the propagation error attributable to the fact that a satellite-emitted
signal arrives at the receiver via more than one path. Figure 2.3 shows that the
satellite signal arrives at the receiver S via two different paths, one being direct
(Sp) and the other indirect (S; ). In mathematical terms, these paths can be

represented by:

in which
Sp =Acos @ (2.10a)
Sp =pA cos(go+ A(pm) (2.10Db)

where A and ¢ are the amplitude and phase of the direct signal, respectively;
Ag,, is a phase shift of the reflected signal relative to the direct signal phase; S
is a damping factor of between 0 and 1, with O implying no reflection and 1
implying strong reflection. The indirect signal S; is mainly caused by
reflecting surfaces near the receiver, such as water and metallic surfaces and
nearby buildings (Hofmann-Wellenhof et al. 2001; Kochly & Kijewski-Correa
2006). Secondary effects are reflections at the satellite during signal transmission.
In the case of range data, the maximum multipath error that can occur is one half
the chip length of the code, which is about 150 m for C/A-code measurements

and 15 m for P-code measurements. However, carrier phase multipath does not
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exceed one quarter of the wavelength (Rizos 1999). This shows why phase
information is usually used for position calculations. Figure 2.3 shows that the
phase shift A¢,, can be expressed as a function of the extra pathlength As:

= sinE (2.11)

~|&

A@,, =

By inspection, the multipath can be regarded as a periodic function because E
varies with time and its frequency f,, can be represented as
(Hoffmann-Wellenhof et al. 2001):

dE

_ d(8gm) _ 2k dE
fm = —~ = cosEdt (2.12)

This equation shows that the multipath frequency f,, increases as the distance
between the reflector and antenna h increases. Today’s technology provides two
techniques for mitigating multipath: better GPS instrumentation design, and data

post reception processing techniques.

Better Instrumentation: For better GPS instrumentation, the choke ring antenna

is @ GPS multipath resistant antenna that can be used to mitigate signals reflected
from objects below the antenna (Kijewski-Correa 2003; Zheng et al. 2005;
Kijewski-Correa & Kochly 2007; Even-Tzur 2007). However, this device cannot
reject multipath signals reflected from objects above the antenna plane
(Kijewski-Correa & Kochly 2007; Even-Tzur 2007). Therefore, manufacturers

are working to develop advanced receivers that use data processing algorithms to
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eliminate code and/or carrier phase multipath effects at the signal processing
level in the receiver (Zheng et al. 2005). The typical method used is to improve
the receiver tracking loop design (Han & Rizos 1997) such as through narrow
correlator spacing technology (van Dierendonck et al. 1992), multipath
elimination technology (MET) (Townsend & Fenton 1994), or the multipath
estimating delay lock loop (MEDLL) (van Nee 1992). Although these three
methods can reduce the effects of multipath propagation in code and/or carrier
phase locking, the residual multipath effects of these methods on position
estimation can still be as large as several centimeters (Zheng et al. 2005). This
represents a significant error in GPS applications with millimeter-level

requirements (Zheng et al. 2005).

Post-reception Processing Techniques: A number of post-processing filtering

techniques have been developed by end users to diagnose and remove GPS
multipath effects, such as digital filters (Han & Rizos 1997; Kijewski-Correa &
Kochly 2007; Zheng et al. 2005), wavelet filters (Chen et al. 2001; Xiong et al.
2004), and adaptive filters (Ge 1999; Ge et al. 2000; Roberts et al. 2002; Meng
2002). As GPS satellites repeat their orbits every sidereal day, multipath errors
that are dependent on the geometry relating to the GPS satellites, reflective
surfaces, and antenna will repeat in the same period if the geometry remains
unchanged (Han & Rizos 1997; Ge 1999; Ge et al. 2000; Chen et al. 2001;
Kijewski-Correa & Kochly 2007). Therefore, in most proposed filtering
techniques, the feature of repeatability of multipath error every sidereal day
(about 23 hours 56 minutes) has been applied (Han & Rizos 1997; Chen et al.

2001; Ge 1999; Ge et al. 2000; Roberts et al. 2002; Meng 2002; Zheng et al.
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2005). For instance, Han and Rizo (1997) performed a spectral or frequency
analysis on a discrete-time signal measured on four successive days. Based on
the observations of frequency plots, they concluded that the carrier-phase
double-differenced multipath effect exhibited significant correlation between
successive days and was repeated at the frequency band from 1/2,400 Hz to
1/120 Hz consecutively. Therefore, a bandpass filter with a cutoff frequency
between 1/2,400 and 1/120 Hz was designed to generate a multipath model that

corrects the multipath effects collected on a subsequent day.

However, Ge (1999) pointed out that the GPS multipaths and the deformation
signals of interest can fall in the same frequency range and that multipaths
change continuously. Ge therefore suggested using an adaptive filter for
multipath mitigation because it allows unknown filter parameters to be estimated
in real time. Studies that have applied the adaptive filtering approach (Ge 1999;
Ge et al. 2000; Roberts et al. 2002; Meng 2002) have used information from two
measurement time series collected on two consecutive days. On a selected day,
the first measurement input r(n) (also known as the reference measurement)
was the time series that contained the noise contribution from multipath v’ (n).
Another measurement input s(n) collected on the next day (known as the
primary measurement) contained the signal free of multipath x(n) and the noise
contribution from multipath v(n). By using the adaptive system to obtain a
noise-free signal x(n) from the primary measurement input s(n), the signal
x(n) in the primary input s(n) had to be uncorrelated not only with the
multipath v(n), but also with v'(n) in the reference input r(n) (Ge 1999; Ge

et al. 2000; Roberts et al. 2002; Meng 2002). As multipath noises are repeated on
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successive days in a nearly static antenna environment, the multipaths v(n) in
the primary input s(n) and v'(n) in the reference input r(n) that are

correlated with each other satisfy another adaptive filtering requirement.

By inputting the two measurement inputs s(n) and r(n) into the adaptive

system as shown in Figure 2.4, the coherent component V(n) is calculated as:

o(n) = W (r(m) = S5 w, (Wr(n — i) (2.13)

And will be output directly from the adaptive finite-duration impulse response
(FIR) filters. In the above equation, M is the length of the adaptive FIR filter,
rn) =[rn)r(n—1)- r(n—M+ 1)]" is the reference signal vector, and
w(n) = [wo(n) wy(n) --- wy_1(n)]" denotes a tap weight vector. In the case
proposed by Ge (1999), the coherent component V(n) is the multipath of the
primary input s(n) because it is the only composition correlated with a
composition of the reference signal r(n). In contrast, the incoherent component,
also known as the estimation error e(n), is the composition of the primary signal
s(n) which is uncorrelated with a composition of the reference signal r(n). Itis

given as:

e(n) =s(n) —9(n) (2.14)

By inspection, this estimation error e(n) is actually the estimate of the signal

free from multipath x(n) of the primary signal s(n).
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The concept underlying the least mean squares (LMS) adaptive filter (Ge 1999;
Ge et al. 2000; Roberts et al. 2002; Meng 2002) is to minimize the least squares

error &(n), which is defined as:

e(n) = 5o €2 () (2.15)

To minimize the least squares error function, e(n) is partially differentiated

with respect to the tap weights of the filter w(n) and the result set to zero:

de

de(n) ~ 2e(j) o
i = 22/=0e(D 5ucs = —2 X e(Dr() =0 (2.16)

Replacing e(j) = s(j) — wT (m)r(j), Equation (2.16) is finally equivalent to

R(n)w(n) = P(n) (2.17)

where

R(n) = X r(Dr" () (2.18)

is the autocorrelation matrix for r(j), while

P() = Yo s(Dr()) (2.19)

is the cross-correlation between the primary input s(j) and the reference input
r(j). By inspection, the adaptive filtering will be switched off if the

compositions of the primary input s(n) are completely uncorrelated with those
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of the reference input r(n) (Ge 1999).

Because the statistical quantities of R(n) and P(n) are unknown in practice,
an iterative gradient descent method was used (Ge 1999; Ge et al. 2000; Roberts
et al. 2002; Meng 2002) to compute the weight of an FIR filter w(n) =

R I(n)P(n):

w(n) =wn—1) + ue(n)r(n) (2.20)

where u is the step-size parameter. In a study analyzing the application of an
adaptive filter for multipath mitigation, Ge (1999) found that the standard
deviation of time series reduced on pseudo-range to about one quarter and on

carrier phase to about one half the value of the uncorrected time series.

In addition to the repeatability of multipath, Kijewski-Correa and Kochly (2007)
suggested that multipath frequency content was consistent in both displacement
axes of a tall building. Their explanation was that the local coordinate system
was determined by tracking the arrival time of transmissions from individual
satellites. The GPS receiver would receive both the original transmission and a
delayed version due to multipath effects. The delay introduced by the periodic
distortion (multipaths) would infiltrate the displacement estimates along both of
the local coordinate axes. Kijewski-Correa and Kochly (2007) thus performed
wavelet instantaneous frequency spectra (WIFS) analysis for the 30-minute long
displacements of the building along the structural axes. They identified a

consistent low-frequency component at 0.02 Hz in both response directions. As it
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was suspected that some additional multipath energy resided in the
large-amplitude peak at 0 Hz, Kijewski-Correa and Kochly used a high-pass
filter with a cut-off frequency of 0.05 Hz to eliminate the identified multipath
effect at 0.02 Hz, along with any other residual effects bedded at the 0 Hz
frequency for the data. Although the approach provided a new way of mitigating
multipath effects, the long-span cable-supported bridge was very slender,
meaning the low natural frequencies of the bridge deck may have fallen in the

same frequency range.

Apart from removing multipaths based on their own characteristics, Xiong et al.
(2004) suggested that the response frequency phase observation series to
structure deformation should be the same for all satellites, while the multipath
effects should be different for different satellites. Therefore, in the analysis
conducted by Xiong et al. (2004), each double difference phase observation
series was first decomposed into different frequency bands with wavelet
transformation. The correlations between the phase observation series from
different satellites were then computed for each frequency band. The signals with
significant correlations between all the satellites were kept and reconstructed
using inverse discrete wavelet transformation. The final reconstructed signal was
considered to be the double difference phase observation series of structural
deformation. The two tests conducted by Xiong et al. (2004) showed an
improvement of more than 27% in the three directions when the method was
applied. Similarly, there is always a possibility that the signals of interest will fall
in the same frequency range of GPS multipaths when the proposed approach is