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ABSTRACT

Many man-made structures such as high rise bgildmdergo various forms
of deformation and it requires mitigation measut@understand the causes and
mechanism of deformation. Global Positioning Syst€@PS) is utilised for
positioning in three dimensional and has been usedmonitor deformation
magnitude of structure. The GPS Real Time Kinem@PS RTK) and Static are
part of GPS positioning methods. GPS static in lagturacy, able to observe in all
weather conditions and no requirement for inteibdisy, with aids of
internetworking services can provide the near tmaé result in observation. The
limitation on GPS RTK in radio link communicationch as the canopy obstruction
between base and rover stations will interrupt comisation. The objective of study
is to investigate the implementation of structurainitoring system using GPS for
deformation analysis on structure in near real tiData transmission of GPS Static
between monitoring stations and central processimg is using internetworking
services. The significant role of GPS static surueyidentification of structural
stability has been studied and explored, with treuation focuses on session length
in structural monitoring and network configuratiorhe developed system consists
of planning and preparation of GPS survey, GPS lin@seeduction, network
adjustment and deformation processing as incorpdrat GPS Static Adjustment
and Deformation Detection (GPS STAAD). The accuraog reliability of GPS
STAAD have been verified with other resources, g SAD2000 and NETGPS
and the result shown all the points in the netwamk stable. This result has been
tested in simulation test and shown that a defaomanovement of up to 20mm
level has be detected by the program. In conclydeasibility of applying the GPS
Static method in structure monitoring, as well agplementation of structural

monitoring system is successfully studied.
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ABSTRAK

Banyak struktur buatan manusia seperti bangumaggitmengalami pelbagai
bentuk deformasi dan memerlukan langkah-langkalgasit untuk memahami punca
dan mekanisma deformasi. Sistem Penentududukage€faPS) digunakan untuk
penentududukan dalam tiga dimensi dan telah dicamaktuk memantau magnitud
deformasi terhadap struktur. GPS kinematik masaan{@PS RTK) dan Statik
adalah kaedah penentududukan GPS. Statik GPS épakan tinggi, boleh dicerap
dalam semua keadaan cuaca dan tiada keperluarddertk@bolehlihatan, dengan
bantuan perkhidmatan antara rangkaian boleh mekamehasil menghampiri masa
nyata dalam cerapan. Pengehadan GPS RTK dalam sgarbkomunikasi radio
seperti halangan kanopi antara stesen rujukan @merima akan mengganggu
komunikasi. Objektif kajian adalah untuk mengkagigksanaan sistem pemantauan
struktur yang menggunakan GPS untuk analisis defsirmstruktur dalam
menghampiri masa nyata. Penghantaran data statkdb&ntara stesen penerima ke
unit pemprosesan pusat adalah dengan menggunatdmdpeatan antara rangkaian.
Peranan penting statik GPS dalam pengenalan klestagiruktur juga telah dikayji
dan diteroka dengan, penilaian memberi tumpuan dep@mpoh sesi dalam
pemantauan struktur dan konfigurasi jaringan. 8isy@ng telah dibangunkan ini
terdiri daripada perancangan dan persediaan urkuk GPS, pengurangan garis
dasar GPS, pelarasan jaringan dan pemprosesamdsiaeperti yang digabungkan
dalam sistem GPS pelarasan statik dan pengesarfarmdsi (GPS STAAD).
Ketepatan dan kebolehpercayaan GPS STAAD telalhlihsadengan sumber lain,
iaitu GPSAD2000 dan NETGPS dengan keputusannya mugdkan semua titik
dalam jaringan adalah stabil. Keputusan ini telsaltkan dengan ujian simulasi dan
menunjukkan pergerakan deformasi sehingga tahapm2Qeiah dikesan oleh
program. Kesimpulanny&ebolehlaksanaakaedah statik GPS dalam pemantauan

struktur dan pelaksanaan sistem pemantauan stiodtjarya dikaji.
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CHAPTER 1

INTRODUCTION

11 Introduction

The Global Positioning System (GPS) is a spaced&lebal Navigation
Satellite System (GNSS), and consists of a comsitati of 24 satellites which are
freely accessible by anyone with a GPS receivenand. It provides location of the
users at anywhere on the earth where is an unabstrline of sight to four or more
GPS satellites at the space, it meant it offediable and efficient method for three-
dimensional survey: X, Y and Z. Nowadays, GPS resndully deployed and useful
tool for commercial uses, scientific uses, trackiagd surveillance. Beside, GPS is
also being used in car navigation, topographical aadastral survey in land
surveying, deformation studies for stability ofustiure, and vessel navigation in
hydrographical survey because GPS provide real tifend post processing result
of positioning. More researches have been carrigdim order to improve and
enhance the precision and accuracy of GPS. Withdbntribution and GPS to be
played an important role in high precision geodsticveying, such as deformation
survey/monitoring to monitor the stability and s@feof deformable bodies or

structures.

For the last few years, the GPS deformation maonigoapplications have
shown that GPS is a surveying tool which is capdblenonitor sub-centimetre
deformation. Ogajaet al. (2001) mentioned that GPS technology can measure
directly the position coordinates and relative Bispments can be measured at rates

of 10Hz and higher. This provides a great oppotyutd monitor, in real time, the



displacement or deflection, behaviour of engimegrstructures under different
loading conditions, through automated change detéctind alarm notification
procedures. According to Hudnut and Behr (1998)nitoong the integrity of
engineered structures demands very high precisgptadement measurements from
a robust system, as close as possible to real-tmeddition to dams, other types of
engineered structures such as freeway overpassdgedsy and high-rise buildings
can feasibly be monitored using continuous GPS.tiGoous data recording from
the GPS satellites, using ground-based receivadsr@vust telemetry, can be used
for monitoring the health of engineered structusex] can thereby be useful for the
public safety aspects of civil, structural, andiegmake engineering.

Deformation is defined as a change of shape or @izen object due to
external force in tensile, compressive or torsidhe deformation may cause the
damage to structures and failure of structurehley tcause the loss of people life and
human property. Therefore, it is important thatodefation survey to be taken in
place to determine the stability of position of exij points on the monitored
structure, wherever one dimensional, (1D) (ver}jcalvo dimensional (2D)
(horizontal position) and three dimensional (3Dyr{bontal and vertical) were still
in fine condition. Previously and normally conveml surveying instruments, e.g.
total station and automatic level has been usedetermine the horizontal and/or
vertical positions of structure. A network of redace stations located in stable areas
nearby the project site and away from monitoredicsire is established. The
elements of distance, angle, and height differaneasurements are made to object
points on the monitored structure using survey@gent. The working methodology
and procedures consist of moving equipment frormtgtoi-point and observing,
recording, and checking field data on-site has kefined, planned, and executed
accordingly. Final coordinates are obtained fromeast squares adjustment on the
survey observations data by using the fixed coatdm of the reference network.
Position differences are observed over time (ndsnegdoch by epoch) at each object
point. These define a specific displacement figtidvfor the time span between two

surveys result.



The accuracy requirements for performing defornmatsurveys shall be
decided and determined by the users. The accurédeyia must be defined relative
to the particular structure’s requirements, notdhpabilities of a survey instrument
or system. The common accuracy requirement requiredeformation survey is
shown in Table 1.1. These represent the accurafiesther absolute or relative
movement on target points of monitored structurat tshould be attained from
survey observations made from external referenaggol he accuracy by which the
external reference network is established and gieady monitored for stability
should fulfill these accuracies. All the survey gopent, e.g. total stations, digital
levels, GPS device etc. are easily and capablechiee the said accuracies as

shown in table.

Table1.1: Accuracy Requirements for Structure Target Po@584 RMS) -
(USACE, 2002)

Concrete Structures: Dam, Outlet Works, Locks,Katatructures.

Long-Term Movement +5-10 mm
Relative Short-Term Deflections
Crack/Joint Movements/Monolith Alignment £ 0.2mm

Vertical Stability/Settlement +2mm

Embankment Structures: Earth-Rock fill Dams, Levees

Slope/Crest Stability + 20-30mm
Crest Alignment + 20-30mm
Settlement Measurement +10mm

Control Structures: Spillways, Stilling Basins, Apach/Outlet Channels,

Reservoirs.

Scour/Erosion/Silting + 0.2 to 0.5 foot

In the market today, there is several deformatioanitoring systems
available as follows:-

0] RT-MODS - Real Time Monitoring of Dynamic Systend(@B),
developed at Istanbul Technical University by lacel Sahin (2000).



(i) Grazia (2002), developed at Graz University of Textbgy, Gassner
et al. (2002)

(i)  GOCA — GPS Based online control and alarm systé&qR
developed at Karlsruhe University of Applied Sciesn cooperate
with the EuroNav, Kalbegt al. (2000)

(iv)  Trimble Total Control and Motion Tracker Module-vé¢éoped and
published by Trimble (2014).

The deformation monitoring system listed above lwamlivided into different
categories according to the way of using or/an@dgssing the observation data. The
first category is use the real time result cal@daand obtained in the GPS receiver,
and normally defined it as deformation monitoringhwGlobal Positioning System
Real Time Kinematic (RTK-GPS). RT-MODS are onehd# typical software in this
category of monitoring system. GOCA is also apmyamd use same principle above
by using RTK observation data, instead of taking ¢bordinates directly from the
receiver, it performs adjustment processing totla# observation data and the
outliers can be detected and filtered to achievedgoesult in deformation

monitoring.

The second category of deformation monitoring sysite categorized by the
use of the observed raw data. The observation fata the GPS receivers are
downloaded, stored and sent to a linking centradpagter where the calculations are
performed to obtain the deformation monitoring tes@razia is the software that
follows this approach with processing method by kdeuifferenced observation.
Meanwhile, Trimble Total Control and Motion Trackesm Trimble also belongs in
this category which it performs further steps widkformation analyses using
different approach, and alarm system activatiorl k&l turned on when failure of

structure is detected.

Most of the studies focused and developed monggrnogram based on GPS
RTK survey positioning method in order to provideanreal time result in structure
monitoring, for instance RT-MODS, GOCA etc. Thisudst evaluated the
observation of GPS Static is not just stand algséesn in point positioning method.



Internetworking services ensure all monitoring p®iare connected and GPS Static
data can be transferred between all stations tdempsocessing centre in near real
time. Data observation of GPS Static is used in pugation and analysis for
structural deformation monitoring. The result of &Bata analysis is subjected to
program developed to process and analysis thectedlelata thru internetworking in
order to determine the stability of structure. Asase study, this assessment was

implemented in a high rise to utilize structuralmtoring system using GPS.

1.2 Problem Statements

The need for structural monitoring of large engreestructures often arises
from concerns associated with environmental praiecproperty damage and public
safety in order to avoid loss of life, large finacexpenditures and to minimize
environmental damage. The GPS recently has emagadsurvey tool for structural
monitoring applications. Results analysis for @staccuracy of RTK-GPS baseline
from author’s previous study (Shu, 2005) found timaintaining the line of sight is
important and necessary for radio link communicatietween base and rover in
RTK-GPS survey in order to provide continuous datareal time deformation
survey. The study proven that the radio link comimation was interrupted in
canopy area where it acted as an obstruction batvese and rover during
observations. There are many constraints of RTK-GR&8uding point to point
communication link, lower accuracy result in suimgycompare to GPS Static, also
no further and additional post processing is remliin RTK-GPS. With the
abovementioned and discovered limitation, the GRficSsurvey in good result of
higher accuracy and precision, and it incorporatgth aids of internetworking
services to ensure all the points are connected datd transference to master
processing centre for processing and analysisaaige the near instantaneous result
in observation. Subsequently, GPS Static incorpdratith internetworking services

is recommended and been studied in developmemtuaitisral monitoring system.

GPS Static survey offer several advantages cormpave conventional

terrestrial methods. Inter-visibility between statiand station is no longer strictly



necessary and required, and it allows greaterUiky in the selection of station
locations. Measurements can be taken during nigtiag and under varying weather
conditions where terrestrial geodetic method unablefulfil this requirement,
especially observation at night. A structural monitg system using GPS is required
to provide continuous updates result in near r@ake twhere the structure is
undergoing repairs or maintenance. Communications Imust be built into the
system to allow GPS static data transfer betweerS G&ceivers located at
monitoring points and central processing compuldte research studied and
explored the significant role of GPS Static surweyidentification of structural
stability in development of structural monitoringsteem. The research studied the
quantification of 3D GPS Static coordinate intoatefation magnitude and direction
in order to determine significant deformation ateviversa. Prior to the development
of structural monitoring system using GPS, furthesearch in detail is required to
develop proper data observation and processinghwdaa effectively obtain a good
result in structural monitoring requirement. Th@priate procedures of GPS Static
observation and processing intended for structarahitoring system also being

investigates in the study.

Many of structure monitoring system may be effediivused in the practical
applications, some refinements and further devetogmare possible. An important
further development is to allow the system to bedusustomised and based on the
available property. An interesting area of thisther activity is a structure
monitoring system can be in a single platform aanhlsination of different type of
GNSS device in measurement and processing. Thisrnwill bring any desirable
benefits from the system, even at data observatiata achieve, data import, data
processing: baseline reduction & least square adprg and deformation studies
and analysis. Most of the structure monitoring gtisdfocuses on direct coordinate
comparison from epoch to epoch, especially at comialesoftware in industry
practice. The research studied on the importanaeffrmation study and analysis
on program development in structural monitoringteryswhere it will obtain more
realistic and reliable information about displacemehich are tested statically in
order to reduce uncertainty in the typical coortBhaomparison analysis. The

structural monitoring system using GPS will decdte raw binary GPS data,



process the data, generate output solution anthglifige result in near real time. The
result from the system can then be used for detetion of structural stability.
Successfully implemented, the research will yieldirmque structural monitoring

system.

Research is on-going by equipment manufacturer ritoduce new
technology to incorporate the integration of addii GNSS observations for
instance Global Navigation Satellite System (GLOMASrom Russian where it
offers higher precision solution and potentiallyrengontinuous updates compare to
by using stand-alone GPS. Despite offering increassellite visibility, however,
there is no assurance that satellite geometry pritivide the required level of
accuracy and precision in certain environments. Sthdy investigates the beneficial
of integration of additional GLONASS in data prasieg with GPS to achieve

effective and good result in structural monitoring.

The study focuses on the development and implementaf structural
monitoring system using GPS. It is developed urmgect orientated MATLAB
software where it allows the system to be used amstomisation for further
development is possible. The high accuracy of GR&icSdata in structural
monitoring system from all the monitoring pointsncée connected through
internetworking services and transferred to magtecessing centre for processing
and analysis purpose. The processing effectivelgdyme a good result in
computation based on baseline reduction, leastreqadjustment and statistical test
of deformation analysis against to direct coorddmamparison from epoch to epoch
in industry practise. It also overcomes the linmtatof point to point communication
in RTK-GPS.



1.3  Research Objectives

The aim of this study is to investigate and deteenrthe utilization of GPS
Static whether in practice and can be used in deftbon monitoring of structures.

More specifically, the following main objectivesgrresented to achieve it: -

() To evaluate the effectiveness of processing methedd in structural
monitoring system. The procedure focuses on seskogth in
structural monitoring, network configuration and feet of
employment of GLONASS data for solution improvement

(i) To investigate the implementation of structural mamng system
using Global Positioning System (GPS) in near raeale for
deformation analysis on structure.

(i) To determine the deformation magnitude on caseystddbah State
Administrative Centre by utilizing structural mamiing system using
GPS.

14  Research Scopes

The study concentrates on the development oftsialcmonitoring system,
work methodology and technique being studied faspgne implementation of GPS
application for structural monitoring purpose. Tiesearch scopes of this study are

as follows:-

(1) Acquisition of data for structure monitoring systdrased on GPS
Static survey method. Communications and interndéing between
stations for data transferring from remote statimmaster station in
near real time for processing.

(i) Structure monitoring system based on the processmngganalysis of
the GPS baseline reduction, GPS network adjustnagrt also
deformation detection. Criteria and processing ireguent was

elaborated accordingly.
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(iii)

(iv)

(v)

Stability of structural to be studied thru deforraatmonitoring with a
program developed and named as GPS STAAD (Globsiti®ung
System Static Adjustment And Deformation). It pseend analyse
on the observed and collected data. The correcaressvorkable of
the program in the processing and result analysibet examinated
with comparison with other program and simulatiest t

The ability and capability of instrument, effect sdssion length in
structural monitoring, network configuration, effed employment of
GLONASS data for solution improvement of structunabnitoring
system using GPS.

The structural monitoring system using GPS resaltcase study:

Sabah State Administrative Centre.

Significance of Study

The significances of this study are summarizealiods:

(i)

(ii)

The GPS Static survey technique is presented fdormation
monitoring by providing good accuracy in surveyirifhe Static
survey data can be up to millimeter accuracy idized for
deformation analyses in determining stabilize ofictre in a small
scale area, for instance building structure.

A structural monitoring system in near real timesdzh on GPS is
developed. The observed GPS data is sent througimaoaication
system with internetworking in near real time foogessing at master
station. Baseline reduction and least square adgrdtto be carried
out on the data. Further result analysis of stae#ikttest, such as
congruency test, single point test etc. for defdgiomastudies to be
performed if required. The structure monitoringteys in this study
will provide information of position changes, in rimontally or

vertically.
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(i) Structural monitoring using GPS with respect t@emitigation. The
error mitigation is subject to the work and prooegsstrategy of the
technique. A good and suitable strategy shouldakent in place to
obtain a true deformation without error and bias d@formation
monitoring. This study customised an appropriate rkwand
processing strategy for deformation monitoring Wwhitan achieve
monitoring result effectively. The benefit from tlapproach is to
verify the reliability of the GPS survey technigue deformation

monitoring.

16  General Methodology

In order to accomplish the study successfully, ganenethodology is
providing as concise as possible as shown in FigureThe general methodology is
divided into a few stages: literature review, depehent of structure monitoring
system and work methodology and data processipgesented in respective chapter

to achieve the objectives.

Literature review focused on concepts of GPS aridra®tion surveying or
structural monitoring. The current GPS applicationgeformation monitoring have
been reviewed to understand the error sourcesvasah, type of survey positioning
method and its mechanism etc. The type of netwaskitoring, technique used for
deformation monitoring, type of baseline processang adjustment method, basic
concepts and methods of deformation analysis haea Btudied to understand and
know the stability and effectiveness of selectedhoe to be used for deformation
monitoring. In order to develop structure monitgrigystem, the observation data
have been recorded and transmitted from the rerootérol station (observation
station), and received by the master control stafor processing) in near real time
by wusing internetworking and communication systemn. view of this,
internetworking function is play a very importanle to ensure the data acquisition
process able to be in order and implemented. MATL#&dtware with object

orientation features has been selected in developrog structural monitoring
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system. The software has been widely used in eflsaof applied mathematics in the
research, education and industry. The workflow tficdural monitoring system

should be formed out. The type of GPS instrumenmtsetused and its configuration,
software to be implemented, connection betweerstidgons, surveying, processing,
adjustment and deformation analysis method shoeldstoidied and ensure the
workable of system. The Trimble GPS instrumentsehla@en choose in this study

and all the explanations of GPS device configuraisoreferred to Trimble as well.

Development of structure monitoring system is tremcore of study. The
aspects of data observation, data archive, datarinip communication, and data
processing and deformation detection are studidte Joftware architecture is
reviewed. The system is developed with aids of MABLprogram and consists of
networking, baseline processing, and network adfjest and deformation detection.
The program will read GPS Static observation diatenfGPS receiver, and then data
will be imported to a master processing centre gerforming data processing:
baseline reduction, least square adjustment ard dtractural monitoring analyses.
The developed GPS monitoring system has been testiediata and simulation test
from author’s previous study (Shu, 2005). The paepof these testing is to evaluate
and verify the system’s effectiveness and correastn€he developed system can be
used in hazardous conditions, where the structuomdergoing repairs. Configuring,
testing, and commissioning of system is performartplement and run the entire

system and provide a warm to the users, if any mewve exceeds a safety threshold.

Work methodology and data processing is reviewethénstudy. The work
methodology consist of planning and preparationGéfS project by identifying
positioning requirement, selection of positioniregctinique, selection of receiver
type, GPS calibration, validation, reconnaissasceyey design, work preparations
and field operation procedures. As mentioned egatle Trimble survey equipment
has been selected to be used in this study. Tesfilt§PS device and positioning
method is carried out to ensure functionary ofeéfaipment, as well as positioning
technique is fulfil the accuracy requirement. Syrderation in structure monitors
and type of survey network in radial or triangwdatialso been studied. The
procedures and processing criteria of baselinectemhy least square adjustment and
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deformation detection have been studied and tdstel®termine the workflow and
requirement of structural monitoring system. Therkwmethodology and structure

monitoring system have been studied and implemantadtase study.

f Literature Review \

() To study and develop the workflow of structural rnbonng
system using Global Positioning System.

(i) To study on detail steps and requirement of basekduction,
least square adjustment and deformation detection.

(i) To study on survey equipment, as well as sfeguration and
data downloading.

(iv)To study on MATLAB software and IT Technology;]

K Internetworking, communication system e J
/ Development of Structure Monitoring System \

(i) Data Observation

(i) Data Achieve/lmport

(i) Data Processing: Baseline Reduction, Least Squdjusfnent,
Deformation Analysis.

(iv) Testing and Commission of system, as well as system

\ verification. l j

/ Work Methodology and Data Processing \
(i) Planning and Preparation include GPS calibration.

(i) Testing of GPS survey method: Radial or triangafatietwork,
and observation duration.

(i) Data processing: baseline processing, leasaszadjustment
K and deformation detection. /

Figure 1.1: General Methodology Flow
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1.7 Outline of the Thesis

This thesis consists of six chapters and orgarasddllows.

Chapter 1 contains the introduction of study, peablstatement, research
objectives, research scopes, significance of sty general methodology. The
outlines of the thesis are presented also.

Chapter 2 is entirely focused on literature revawconcepts of GNSS and
GPS, GPS application in structural monitoring ahd tinderstanding of the GPS
instrumentation. The workflow of structural monitay system has been highlighted.
The type of network monitoring, technique used fteformation monitoring,
baseline processing and adjustment method, coramgptmethod of deformation

analysis has been studied.

Chapter 3 is the main core of thesis. Data observatiata archive, data
import in communication, and data processing arfdrd®tion detection have been

studied. The software architecture is also outlined

Chapter 4 presented work methodology of the studlycase study. The work
methodology consist of planning and preparatiorGe&S, selection of positioning
technique, selection of receiver type, GPS calibnatvalidation, reconnaissance,
survey design, work preparations, field operatiomcpdures, procedures and
processing criteria of baseline reduction, leastasg adjustment and deformation
detection. The workflow and requirement of struatumonitoring system has been

studied, also implementation in a case study.

Chapter 5 presents the results and analysis oftties. Analyses in this
study include the reliability of the survey equipmhethru GPS calibration.
Effectiveness of GPS positioning network in stroetumonitoring and survey
duration in structure monitoring have been analy3é&eé processing method includes
baseline reduction, least square adjustment andrrdafion detection have been
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analysed as well. The developed program used ifonp@ng structural monitoring
and analysing the GPS observation data betweearstaemotely in determining the
stability of the structures in the case study. [#oahas been tested with other

programs and simulation test to confirm correctreéthe developed program.

Chapter 6 presents conclusions of the study amisses the suggestions and
recommendations to further improve study, futureseaech and potential

development.
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