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ABSTRACT: Nowadays, there are more large scale structures such as long span bridge, dams 
and high rise buildings than in the past. These structures are being designed to be much more 
flexible and to resist extensive damage from changes in temperature, severe wind gusts and 
earthquakes. Dynamic characterization of civil engineering structures is becoming increasingly 
important for dynamic response prediction, finite element modal updating and structural health 
monitoring. For many years, monitoring the dynamic behavior of engineering structures has 
relied on measurements made by accelerometer, which requires a double integration process to 
arrive at displacements. This process is not readily automated because it requires selection of 
filters and baseline correction. The Global Positioning System (GPS) as an alternative method 
has been tentatively used in the health monitoring of large structures such as long-span bridges, 
high-rise buildings and high industrial chimneys in recent years since it is weather independent, 
capable of autonomous operation, and does not require a line-of-sight between target points. 
The aim of this paper is to show the real-time kinematic (RTK) GPS to measure the low-
frequency vibration of a medium span suspension bridge. The field data, such as acceleration 
and displacement responses were simultaneously and continuously measured under ambient 
excitation. The spectral densities of the displacements measured by GPS corresponded with the 
numerical results by the finite-element method analysis and the forced vibration test results. The 
mode frequencies of both results showed good agreement in the low frequency range and the 
spectral peaks estimated by the accelerometers corresponded to the GPS values with good 
accuracy. It is concluded that the GPS method is reliable and useful to clarify the ambient 
vibration response behaviors of flexible structures. 

KEYWORDS: health monitoring; Global Positioning System (GPS); Real-Time Kinematic 
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1 INTRODUCTION 
The rapid development of the global, urban landscape continues to propel structures to new 
heights and spans, enhancing the role of structural engineers in assuring a safe and habitable 
built environment (Li, et al. 2002). Bridges, a type of important civil infrastructures, are 
normally designed to have long life span. Service loads, environmental and accidental actions 
may cause damage to bridges. Structural engineers generally require precise, reliable 
instruments to resolve their concerns about angular movements, displacements and structural 
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vibrations of the bridges. Continuous health monitoring or regular condition assessment of 
important bridges has become an inevitable request in civil engineering. 

The classical geodetic methods to measure displacements with optical methods are very often 
not suitable when following the quick displacement of structures. Otherwise, the physical 
methods using accelerometers have some problems requiring post-processing with double 
integration constants. The GPS technology as an alternative method has various attractive 
characteristics, such as weather independence, capable of autonomous operation, and does not 
require a line-of-sight between target points, has become an emerging tool for measuring and 
monitoring both static and dynamic displacement responses of large civil engineering structures 
to environmental loads(Li, et al. 2004.). For the last few years, numerous studies have been 
conducted concerning the technical feasibility of using the GPS to measure displacements of 
high-rise buildings. For example, the Calgary Tower in Alberta, Canada (Lovse, et al.1995) and 
the Di Wang building in China were monitored briefly to explore the efficacy of GPS for 
determining wind-induced response (Guo et al. 1997). Later that year, the movement toward 
continuous monitoring for extended periods of time is now being promoted by Celebi et al. 
(1999, 2002), for 34 and 44-story buildings in California, and Tamura et al.(2002) for health 
monitoring, as well as full-scale monitoring project for tall buildings in Chicago (Kijewski-
Correa et al. 2003). Breuer et al. (2002) advocated the potential of GPS for health monitoring 
and urban disaster response, following a number of field experiments, they found that the 
tracking ability of GPS is quite effective. Li et al. (2005, 2006) integrated with traditional 
accelerometer-based monitoring systems to capture motions of the building under strong winds. 

The overall objective of this project is the creation of a system employing advanced 
computational tools coupled with GPS sensors able to remotely monitor the health of 
operational bridges. The paper is arranged as follows: Section 2 provides a general description 
of the bridge. Section 3 is devoted to the previous works that include how the three-dimensional 
dynamic FE model is created and the ambient vibration tests of the bridge using accelerometer 
method. GPS measurement technology is studied in Section 4. The final section gives some 
concluding and remarks. 

2 BRIDGE DESCRIPTIONS 

The target Dalian BeiDa Bridge in this paper is a bridge on Coastal Road over a barranca in 
Dalian, Liaoning Province, China. The bridge is a three-span simply-supporting stiffened truss 
suspension bridge with an overall length of 230m (48m+132m+48m), having two lanes and 
carrying two roadways with 12m wide. The height of the towers is 35m with 17m above the 
bridge deck. Fig.1 shows the schematic plan view of the bridge. The bridge was start 
constructed in the year 1984, and it was officially open to the traffic in the year 1987.The 
general format requirements are as follows: 

 

Figure 1. Dalian BeiDa bridge. 
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3 FINITE ELEMENT MODELING OF THE BRIDGE 

To perform the analytical modal analysis of the bridge, a three-dimensional FE model has been 
developed using ANSYS v10.0 software. The model represents the bridge in its current as-built 
configuration with the geometry and structural properties estimated from the design drawings. 
Three types of finite elements are used to model the different structural members: 

The steel girders, stringers, floor beams and steel towers are modeled by three-dimensional 
elastic beam elements (BEAM188), since they are the structural members possibly subjected to 
tension, compression, bending and torsion. There are in total 5224 beam elements used. All 
suspension cables (160 elements) and sag rods (156 elements) are modeled by 3-D tension-only 
truss elements (LINK10) since they are primarily designed to sustain tension forces. With this 
element, the stiffness is removed if the element goes into compression, thus simulating a slack 
cable. No bending stiffness is included, whereas the pre-tensions of the cables can be 
incorporated by the initial strains of the element. The stress-stiffening capability is needed for 
analysis of structures with a low or nonexistent bending stiffness as is the case with cables. The 
cable sagging effect can be considered with the stress-stiffening capability. The element is 
nonlinear and requires an iterative solution. The concrete slab is divided into 2288 shell 
elements (SHELL63). 

The constructed three-dimensional FE model of the Dalian BeiDa Bridge is shown in 
Fig.2~Fig.5 shows the first three vertical mode shapes obtained from the analytical modal 
analysis. Vertical modes are those modes dominated by the vertical bending of the bridge deck. 

       

Figure 2. 3D FE model of the bridge                            Figure 3. 1st vertical mode shape 

       

Figure 4. 2nd vertical mode shape                                 Figure 5. 3rd vertical mode shape 

4 AMBIENT VIBRATION TESTS OF THE BRIDGE USING MICROTREMORS 
METHOD 

Modal testing of a bridge on site provides an accurate and reliable prediction of its global modal 
parameters. The equipment used for the tests included accelerometers, signal cables, and an 8-
channel data acquisition system with signal amplifier and conditioner. Accelerometers convert 
the ambient vibration responses into electrical signals. Cables are used to transmit these signals 
from sensors to the signal conditioner. The signal conditioner unit is used to improve the quality 
of the signals by removing undesired frequency contents (filtering) and amplifying the signals. 
The amplified and filtered analog signals are converted to digital data using an analog to digital 
(A/D) converter. The signals converted to digital form are stored on the hard disk of the data 
acquisition computer; these are the data for modal parameter identification. 
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To identify the good mode shapes of the bridge, a dense measurement location on the deck in 
the vertical direction was conceived. Measurement stations were chosen near each anchor 
position on the deck. In addition, several measurement stations were chosen on the span. As a 
result, there were in total 38 measurement stations on the bridge deck. The measurement station 
arrangement on the bridge deck is shown in Fig.6. Force-balance accelerometers with 
measurement frequency ranging from 0.2 to 50 Hz were used to record the ambient vibration 
responses. The accelerometers were directly placed on the pavement due to the limited access to 
the actual floor beams. Three accelerometers were used in the tests; two accelerometers were 
moveable, and one accelerometer was fixed as reference accelerometers. A reference location 
was selected according to the information obtained from the mode shapes of the preliminary FE 
model. A base station was located at the center of the main span. There were 19 test setups to 
cover all planned measurement locations of the bridge deck. Each setup yielded a total of three 
sets of data, two sets from the moveable stations and one set from the base stations. 

The test was started from the Tiger Beach side and progressed to the Xinghai Square side. Once 
the data were collected in one setup, the moveable accelerometers were shifted to the next 
stations while the base stations remained stationary. This sequence was repeated 19 times to 
obtain ambient vibration measurements on all stations. The sampling frequency on site was 50 
Hz. The ambient vibration measurements were simultaneously recorded for 20 min at all 
channels.  

 
Figure 6. Measurement station arrangement for ambient vibration test 

5 MEASUREMENT OF DYNAMIC RESPONSE OF THE BRIDGE USING GPS 

5.1 GPS System Design and Installation 

The aim of the GPS-based measurement system is to determine, by direct measurements, the 
absolute structural deflections arising from ambient effects (such as temperature differentials, 
and static and dynamic components of wind). This system want to permit the analysis of data 
downloaded automatically from the database, and to occasionally adjust, by remote control, the 
system parameters. Fig.7. illustrates the instrument layout for the bridge monitoring trial made 
on June 11, 2007. The GPS component is composed of three main sub-systems: 

i) One base station comprising a dual-frequency, geodetic-grade GPS Trimble-5700 receiver 
installed at a nearby location, complete with mounting brackets, accessories and battery backup 
for operation for up to one day without power, as shown in Fig.8. 

ii) Two 'rover' stations, comprising a pair of GPS receivers installed at the center of a side span 
(S1, N1) (Fig.9), at the 1/4 main span (S2, N2) and at the center of the main span (S3, N3), 
respectively. 

iii) Control centre PC running the real-time monitoring software. 

The communication link between the control centre PC and the GPS stations are provided via a 
UHF radio link to the base station and HyperTerminal connections to the 'rover' receivers. The 
UHF radio link transmits the base station GPS data to the rover receivers continuously, allowing 
for RTK solutions to be generated. Instantaneous time and position results for the rovers' 
antennas can then be output via the RS-232 serial ports. 
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According to the Nyquist’s sampling theorem, the minimum sampling frequency should be 
twice of the maximum frequency from signal recording in order to avoid the data aliasing. As 
discussed previous, the first three vertical modes frequencies computed by the ANASYS 
software are all below 1.5Hz. Therefore, the GPS data recording frequency for this 
measurement was at the rate of 10Hz to provide accurate position information on the responses 
of the building to the environmental loads. This meant that the modal properties extractable 
should have a frequency smaller than 5 Hz. 

 

Figure 7. General schematic of the GPS deployment on the bridge 

  

Figure 8. GPS static station  

 

Figure 9. GPS rover station 
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5.2 Modal Parameter Identification 

The GPS units utilize Trimble Geomatics Office (TGO) v1.6 software as a tool to execute the 
kinematic solutions of the signals from the satellites. In order to compare results from the 
accelerator measurement results, the dynamic trajectory in the GPS coordinate system (World 
Geodetic System 1984, i.e. WGS-84) was then transformed into the bridge local coordinate 
system(X, Y, Z) as follows: 
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Where, α is the azimuth of the bridge main axis in the local coordinate system, which be 
calculated from the mean coordinates of both the reference (ref) and the rover (rov) stations. 

A three-order Butterworth band pass was designed and applied to the dynamic displacement 
measurement data obtained from the GPS receiver. Fig.10~Fig.12 illustrate the curves of 
vertical displacements of the bridge and corresponding PSD using the Periodogram method. It 
can be seen from the figures that the response of the variation of the deck ambient vibration 
responses is significantly. The amplitude fluctuates between -3.4 and 4.0cm in the Vertical-
direction. The first three fundamental frequencies are clearly present in the figures. 

Table1 shows the comparison of the mode frequencies obtained by the GPS data and those 
obtained by the accelerometers and FEM. The mode frequencies obtained by GPS agreed well 
with these natural frequencies. These indicate that the GPS method is useful and reliable for the 
dynamic measurements in the low-frequency range.  

Table 1. Comparison of modal frequencies 

FEM Acc. GPS | (FEM-GPS) 
|/FEM | (Acc.-GPS) |/Acc 

 (Hz) (Hz) (Hz) (%) (%) 
Mode 1 0.64 0.68 0.67 4.69 1.47 
Mode 2 0.85 0.98 1.00 17.65 2.04 
Mode 3 1.38 1.48 1.37 0.72 7.43 

   

Figure 10. Typical time series of displacement responses and PSD of the bridge at S3 station in vertical 
direction 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

- 8 - 

 

 

Figure 11. Typical time series of displacement responses and PSD of the bridge at S2 station in vertical 
direction 

 

 
Figure 12. Typical time series of displacement responses and PSD of the bridge at S1 station in vertical 
direction 

6 CONCLUDING REMARKS 

Civil infrastructures serve as the underpinnings of our present highly industrialized society. In 
this paper, a new method using GPS to measure directly the displacements of a suspension 
bridge girders induced by environmental loads was detailed investigated. The main conclusions 
are as follows: 

(1) An initial three-dimensional FE model for the Dalian BeiDa Bridge was established using 
ANSYS software. By modal analysis, the modal parameters of the bridge were obtained. After 
model updating in the future, the calibrated FE model could be served as a baseline model to 
provide baseline data for structural maintenance, condition evaluation and health monitoring. 

(2) It is easily to find the peak frequencies of the GPS measured displacements and to clarify 
their dynamic characteristics. The spectral densities of the displacements measured by GPS and 
accelerometers showed good agreement in the low-frequency range. The mode frequencies also 
agreed well with the frequencies obtained by the FEM analysis. The analytical and experimental 
modal analysis could provide a comprehensive investigation on the dynamic properties of the 
suspension bridges. 

(3) A GPS is limited partly by lots of noise, relatively low frequency of data, as well as the need 
to have good satellite coverage, while accelerometers are limited due to the fact that the 
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derivations (velocities, displacements) from the original uncompensated acceleration readings 
will drift over time, as well as only capture the dynamic components of the response. In large 
span bridge, the quasistatic component of wind loads may be significant, although not a cause of 
fatigue in itself: failure to account for it may cause incorrect evaluation of the load on the 
structure. Therefore, the integration of the two systems will help to eliminate the disadvantages 
of the two separate units. 
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