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Abstract 9 

The mechanical properties of bridge bearings gradually deteriorate over time resulting from daily traffic loading and harsh environmental 10 

conditions. However, structural health monitoring of in-service bridge bearings is rather challenging. This study presents a bridge bearing 11 

condition assessment framework which integrates the vibration data from a non-contact interferometric radar (i.e., IBIS-S) and a simplified 12 

analytical model. Using two existing concrete bridges in Australia as a case study, it demonstrates that the developed framework has the 13 

capability of detecting the structural condition of the bridge bearings in real-time. In addition, the results from a series of parametric studies 14 

show that effectiveness of the developed framework is largely determined by the stiffness ratio between bridge bearing and girder (R), i.e. the 15 

structural condition of the bearings can only be effectively captured when the value of R ranges from 1/100 and 100. 16 

Keywords: bridge bearing; interferometric radar (IBIS-S); structural health monitoring; bridge natural frequency 17 

1 Introduction 18 

Bridges are progressively deteriorating due to heavy loadings and environmental conditions (e.g. corrosion and 19 

erosion)1-9. The continuous degradation of the structural components of the bridge could ultimately lead to 20 

expensive retrofitting or even bridge collapse.9-12 Therefore, damage detection and application of necessary 21 

retrofitting techniques at an early stage become necessary for prolonging the service life of the bridges.13-15  22 

Bridge bearings are one of the important components of a bridge that provides a resting interface between 23 

the bridge deck and pier. The purpose of bearings is to transfer the loading from the bridge superstructure to 24 

substructure and also to allow the horizontal movement of the superstructure due to expansion and contraction, 25 

and rotation caused by self-weight and other external loads.16, 17 Besides, elastomeric bearings are extensively 26 

used for seismic isolation of the superstructure, and deterioration in bearing mechanical properties may 27 

significantly affect the seismic response of both the superstructure and substructure.18 The most commonly used 28 

bridge bearings are steel reinforced elastomeric-bearing pads (SERBs), which can deform substantially over time 29 

without damage. They are usually flexible under uniaxial stress and shear and very stiff against any volume 30 

change.17 As it is challenging for the service life of a bridge bearing to meet the bridge design requirements, 31 

regular structural health monitoring of the bridge bearing becomes necessary.19 The study of Reoder et al. (1987)20 32 

on the performance of elastomeric bearings revealed that the stiffness of rubber can increase as high as 50 times 33 

under low-temperature conditions, while continuous fatigue loading could induce widespread cracks and tearing 34 
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in the elastomers. Also, Stanton et al. (1982)21 have suggested that in some cases the excessive deformation in 35 

bearing pads can lead to the service limit state failure of the bridge. Furthermore, Dicleli and Bruneau (1995)22 36 

identified bearing pads as the weakest link of a structural system during seismic excitation, and a minor earthquake 37 

can cause severe damage to the bearings of a bridge.23 38 

Akbari et al. (1994)16 conducted a series of field testing of more than 1000 bridge bearings. They found that 39 

around 85% of the inspected bridges had defective bearings with an average of 18 different types of bearing 40 

defects per bridge. The major types of damage observed in bridge bearings included splitting of steel and 41 

elastomeric layers, tearing and crushing of elastomer, aging, and weathering, deviation from specified mechanical 42 

properties, slip out and bulging as well as disintegration. However, the actual extent of damage to bridge bearings 43 

was difficult to quantify.  44 

Currently, one of the commonly used bearing inspection methods is visual inspection, which is subjective, 45 

time-consuming, and unable to provide a quantitative evaluation of the bearing conditions.16, 19 Also, as the 46 

mechanical testing for bearing condition assessment requires the collection of bearing samples from the bridges, 47 

it becomes costly and impractical. The vibration-based damage detection technique is one of the many commonly 48 

used methods for damage detection by monitoring the change in the dynamic characteristics of the bridges.14, 24-27 49 

A bridge structure is a dynamic system with its dynamic characteristics affected by mass, stiffness, and damping.28-50 

32 Thus, the deterioration of bridge bearings could affect support stiffness of the bridge, and ultimately the overall 51 

dynamic characteristics of the bridge (e.g. natural frequencies).33  52 

Studies have been carried out to determine a relationship between the dynamic characteristic of a system and 53 

the condition of bridge bearings supports.27, 34-39 Fayyadh et al. (2012)40 considered the dynamic properties of a 54 

beam as a way of monitoring the support condition and concluded that the bending mode shapes and natural 55 

frequency of a system can be used to assess the extent of damage or deterioration in elastic bearing supports. In 56 

addition, Macbain and Genin (1973)41 studied the effect of support stiffness on the fundamental frequency of fixed 57 

end beam and a cantilever beam, they concluded that, in comparison to shear deformation and rotary inertia, the 58 

effect of support condition on fundamental frequency is more obvious. They also developed the expressions for 59 

fundamental frequency as a function of support stiffness and length to depth ratio. Similarly, Rao and Mirza 60 

(1989)42 found that both translation and rotational stiffness of beam supports have a significant effect on the first 61 

three mode shapes and respective frequencies of a beam, the higher frequencies and mode shapes are less sensitive 62 

to the support stiffness. Carne et al.43 studied the effect of support stiffness on measured modal frequencies and 63 

developed the single degree of freedom (SDOF) and multiple degrees of freedom model systems. They proposed 64 
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a relationship between the increase in measured frequencies and square of the ratio of frequencies of rigid body 65 

mode and elastic modes. 66 

The fundamental frequency has also an important role to control the excessive vibrations in bridges under 67 

moving loads. For example, to avoid resonance the fundamental frequency of the bridge is usually adjusted away 68 

from 1.5 Hz to 4.5Hz, which is the common natural frequency range for trucks.44, 45 For a simply supported girder 69 

bridge, the recommended lower limit for natural frequency is 3.0 Hz in China, 3.32 Hz in Russia, and 3.5 Hz in 70 

America.46 Based on the bridge design specifications of Ontario (Ontario Highway Bridge Design Code, OHBDC) 71 

and Australia, the relationship between fundamental frequency and live load deflection is used for vibration 72 

control in bridges.47 The dynamic impact factor in most bridge design specifications is also based on the natural 73 

frequency of a bridge.48 OHBDC recommends an increase in the dynamic amplification factor if the dominant 74 

frequency of a structure is in the range of 2–5 Hz.49 Also, Barots (1995)50 proposed an increase in the dynamic 75 

amplification factor for structures with a fundamental frequency between 1.5 Hz and 5 Hz. Therefore, the change 76 

in bearing stiffness can lead to the change in overall vibration response of the bridge structure. 77 

To date, effective and efficient methods for structural health monitoring of bridge bearings are lacking and 78 

research work in this field is limited. In addition, the dynamic analysis of bridges using finite element (FE) analysis 79 

is very time-consuming in the preparation of data based on “as-built” bridge construction drawings and program 80 

execution. Therefore, the purpose of this study is to develop an innovative methodology involving a SDOF model 81 

and the interferometric radar (IBIS-FS) for assessing deterioration of the mechanical stiffness of the bridge 82 

bearings. The model was validated through finite element modelling and the inspection data of two bridges in 83 

Melbourne, Australia, through field testing using IBIS-FS. A series of parametric studies were then carried out to 84 

explore the limitation of the developed model and the effect of variation in elastic support stiffnesses on the 85 

dynamic characteristics of the overall system. 86 

2 Problem statement 87 

Two Australian bridges are taken as a case study for the developed analytical model implementation: (1) 88 

Merlynston Creek Bridge, (M-80, Melbourne, Australia) and (2) Port of Melbourne Bridge (PoM, Appleton Dock 89 

Road, Port Melbourne, Australia). Constructed in 1996, the M-80 Bridge is a three-span prestressed concrete 90 

girder bridge, which was extensively studied in our previous studies.27 The previously collected data of the M-80 91 

Bridge was used to validate the model predictions. The Port of Melbourne Bridge (PoM), a multiple span bridge 92 

with varying span length, was constructed in 2009 using super T-girders and a 180 mm thick concrete bridge deck. 93 

A typical span of PoM Bridge (30.5 m length x 30 m width) with 13 super T-girders (1500 mm in depth) supported 94 
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by elastomeric-bearing pads on bridge piers was considered in this study. The FE models of the selected bridges 95 

were developed and validated through field investigation data of the respective bridges. The effect of support 96 

stiffness variation on the fundamental frequency of bridge was further evaluated using validated FE models. 97 

Finally, a generalised SDOF model was developed and calibrated through the FE models along with field test 98 

results. The model establishes the relationship between fundamental frequency and support stiffness of the bridge.  99 

3 Methods 100 

As shown in Figure 1, a schematic diagram for the proposed methodology is presented for monitoring the 101 

mechanical properties of the bridge bearings using the SDOF model in conjunction with bridge testing using IBIS-102 

FS. IBIS-FS has the capability of remotely detecting the changes in natural frequencies of the bridges under 103 

operational conditions conveniently and efficiently with high accuracy.27 In the first step, the FE models of two 104 

prestressed girder bridges supported on elastomeric bearings, situated in Melbourne, Australia, were developed 105 

and validated through the field-testing using IBIS-FS. An analytical simplified single degree of freedom (SDOF) 106 

model was developed and calibrated using the validated finite element model. The “as-built” material and 107 

geometric properties of a bridge, as well as mechanical properties of bridge bearing pads, were input into the 108 

proposed SDOF model to predict the natural frequency (f1) of an intact bridge. The predicted results are then 109 

compared with the current natural frequency (f1
’) of the bridge obtained using IBIS-FS measurements. The 110 

difference between the measured frequency and calculated using the SDOF model would estimate the change in 111 

the mechanical properties of the bearings. For practising engineers, the FE calibration as shown in Figure 1 is not 112 

required, only simplified model and field-testing using IBIS-FS would give the estimate of in-service bearing 113 

stiffness. 114 

 FE modelling of concrete bridges 115 

The purpose of the FE modelling is to explore the effect of support stiffnesses on the fundamental frequency of 116 

the bridge. First, the three-dimensional (3D) FE models of the bridges were constructed and validated using IBIS-117 

FS results. Then, a series of parametric studies were carried out by varying the support conditions, and the 118 

respective variation in the fundamental frequency is studied. Finally, the FE model results were used to calibrate 119 

the developed analytical model and study the limitations of SDOF system under different conditions. 120 

As shown in Figure 2, the 3D FE models of the bridges were constructed based on the “as-built” 121 

construction drawings of the bridge. While the concrete girders and slabs were modelled using 3D solid elements, 122 

truss elements were used to model steel bars and prestressing tendons. In the current FE analysis, the displacement 123 
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compatibility between rebar and concrete elements was ensured. Also, the elastomeric-bearing pads were 124 

modelled as an elastic spring with stiffness equal to the bearing pads. The material properties are shown in Table 125 

1. 126 

The two bridges were numerically analysed using eigenfrequency analysis of commercial FE package 127 

COMSOL MULTIPHYSICS v. 5.4.51 A mesh convergence analysis was conducted to determine the optimum 128 

mesh size for the model, and the numerical model was solved using the eigenfrequency solver with relative 129 

tolerances of 1.0E-6 for the fundamental natural frequency of the bridges. The mesh sizes were chosen such that 130 

the differences between subsequent solutions in the convergence analysis were less than 1%. The entire geometry 131 

has meshed with built-in fine (0.35–2.44 m) tetrahedral elements. 132 

 Measuring the dynamic characteristics of a bridge using IBIS-FS radar 133 

Figure 3 shows the field-testing setup for Port Melbourne (PoM) bridge. A non-contact remote IBIS-FS system is 134 

used in this work which consists of a portable power unit, a sensor module, and a control PC.  IBIS-FS is a radar-135 

based system that measures the object displacement by comparing the phase differences of the electromagnetic 136 

(EM) signals reflected from measurement points at different times.27 It is based on the Stepped-Frequency 137 

Continuous Wave (CW-SF) technique along with microwave interferometry to detect multiple target points along 138 

the radar line of sight. The minimum distance required between two target points to be detected individually is 139 

defined as the range resolution, the respective area is called the range bin. The IBIS sensors obtain high range 140 

resolution with an electromagnetic sweep of large frequency bandwidth which can be defined as, 141 

∆𝑟 =
𝑐

2𝐵
      (1) 142 

where ∆𝑟 is range bin27, c is the speed of light and B is the frequency bandwidth. Higher bandwidth will result in 143 

a higher range resolution (shorter range bin). The large bandwidth is achieved by transmitting a burst of N single 144 

pulses of discrete electromagnetic waves with a constant increment in frequency ∆f. That is, 145 

𝐵 = (𝑁 − 1)∆𝑓     (2) 146 

The response is measured in the frequency domain for N discrete frequencies with data consisting of vectors 147 

of N complex samples representing the radar echo (signals) from the respective range bin. The amplitude of the 148 

echo is the reflectivity of the target. The measured response is then reconstructed in the equivalent time domain 149 

using Inverse Discrete Fourier Transformation. The interferometric technique provides the line of sight 150 

displacement of all the reflectors by measuring the difference in the phase angle of EM waves reflected from the 151 

object at different times.27 That is, 152 
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𝑑𝑟 =
𝜆

4𝜋
∆𝜃      (3) 153 

where 𝜆 is the wavelength of EM signals and ∆𝜃 is phase shift.  154 

 Development of SDOF model 155 

The governing equation of motion of a bridge girder supported by elastic bearings in the transverse direction can 156 

be described as, 157 

𝐸𝐼
𝜕4𝑦

𝜕𝑥4
(𝑥, 𝑡) + 𝜌𝐴

𝜕2𝑦

𝜕𝑡2
(𝑥, 𝑡) = 0     (4) 158 

where y is the transverse displacement; x is the distance along the length of the girder; A, 𝜌 and EI are the cross-159 

sectional area, mass density, and flexural rigidity of the bridge girder, respectively. The boundary conditions for 160 

the beam resting on elastic supports are as follows: 161 

at x=0, 162 

𝐸𝐼
𝜕3𝑦  (0,𝑡)

𝜕𝑥3 = −𝑘𝑠1𝑦(0, 𝑡),             𝐸𝐼
𝜕2𝑦 (0,𝑡)

𝜕𝑥2 = 0   (5a, b) 163 

at x=l, 164 

𝐸𝐼
𝜕3𝑦  (𝑙,𝑡)

𝜕𝑥3 = 𝑘𝑠2𝑦(𝑙, 𝑡),               𝐸𝐼
𝜕2𝑦 (0,𝑡)

𝜕𝑥2 = 0   (6a, b) 165 

 Using the method of separation of variable, the free vibration solution can be expressed as, 166 

𝑦(𝑥, 𝑡) = ∑  𝑌𝑛(𝑥)𝑇(𝑡)∞
𝑛=1      (7) 167 

where yn (x) is the n-th mode of natural vibration, which is given by,  168 

𝑌𝑛(𝑥) =  𝐶1 cosh 𝛽𝑥 +  𝐶2 sinh 𝛽𝑥 +  𝐶3 cos 𝛽𝑥 + 𝐶4 sin 𝛽𝑥   (8) 169 

𝛽4 = (𝛼/𝐿)4 =  𝜔𝑛
2 𝜌𝐴/𝐸𝐼     (9) 170 

𝜔𝑛 =  𝛼2√
𝐸𝐼

𝜌𝐴𝐿3       (10) 171 

where ωn is natural frequency of the girder beam, and 𝛼 is the mode-dependent coefficient. Eq. (7) and (8) along 172 

with initial boundary conditions result in four homogeneous equations with four constants (i.e. C1, C2, C3, and C4). 173 

Solving the governing equations simultaneously yields the complex frequency equations for girder beams with 174 

elastic restraints. The complex partial differentiation-based models on the vibration-based characteristic of an 175 

elastic support system can be obtained by using the study of Kang and Kim (1996).36 176 

To expedite the complex dynamic analysis, there are well known techniques available in the textbooks 177 

for simplifying a structure with distributed masses into an equivalent generalized lumped mass single-degree-of-178 

freedom (SDOF)52. A simplified SDOF system was implemented in this study (Figure 4) considering both the 179 
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bridge girder and bridge bearing stiffnesses. The bridge girder is taken as an individual member with mass and 180 

stiffness, vertically supported on elastic springs. The equation of motion for free-response of given SDOF system 181 

is given as; 182 

𝑚0.
𝑑2𝑦

𝑑𝑥2  (𝑡) + 𝐾𝑒 . 𝑦(𝑡)  =  0     (11) 183 

Considering the simple harmonic oscillations and solving Eq. (11) results the fundamental frequency of the system 184 

as 185 

𝑓1 =  
1

2𝜋
√

𝐾𝑒

𝑚0
      (12) 186 

where mo is the lumped mass of the bridge girder; and Ke is the effective stiffness of the bridge which is dependent 187 

on the elastic stiffness of beam with rigid vertical supports (kb) (Table 2) and the support stiffness (ks). That is, 188 

𝐾𝑒 =  
(𝑘𝑠1 + 𝑘𝑠2)×𝑘𝑏

 𝑘𝑏+𝑘𝑠1 + 𝑘𝑠2
      (13) 189 

where ks1 and ks2 are the stiffnesses of two bearing supports. Assuming the same stiffness of bearing pads on both 190 

ends of the bridge girder, Eq. (13) can be simplified as,  191 

𝐾𝑒 =  
2𝑘𝑠 × 𝑘𝑏

 𝑘𝑏+2𝑘𝑠 
       (14) 192 

3.3.1 Semi-continuous / partially restrained supports 193 

The support rotational restraints also have an impact on the overall stiffness of flexural members, ultimately the 194 

bending moment distribution, deflections, and natural frequencies of the member. Several simplified models have 195 

been developed for conventional continuous or discontinuous structural systems (moment distribution method, 196 

slope deflection method, stiffness matrix method, etc.). As shown in Figure 5a, the superstructure of a bridge 197 

usually consists of precast girders resting on simple supports and a continuous deck slab which may partially 198 

restrain the rotation at the ends of bridge girders resulting so-called “semi-rigid” end restraints.53 Several 199 

simplified models have been developed to describe the semi-rigid support conditions using power, polynomial, 200 

and exponential functions.54 In this study, the beam stiffness under different end restraint condition is given as,  201 

𝑘𝑏 = 𝛼4 × 𝐸𝐼 𝐿3⁄       (15) 202 

here α is a parameter describing the end restraints of a bridge girder (refer to Table 2). In Table 2 the 203 

continuous/fully restrained column refer to the end conditions where both the girders and the deck slab are 204 

continuous. Whereas the semi-continuous/partially restrained refer to the end conditions when the bridge girder 205 

is simply supported but the deck slab is continuous as depicted in Figure 5a. For the semi rigid restraints, the 206 

factor κ is introduced in this study which is defined as the stiffness coefficient of the bridge which incorporates 207 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 

 

the effects of semi-rigid restraints conditions to the elastic stiffness of the bridge girder. The value of κ depends 208 

on the ratio between the flexural rigidity of continuous section of the bridge (EI) (i.e., slab) and the bending 209 

stiffness of the overall section, n = (EcIc) / (EbIb/Lb) where Eb, Ib, and Lb are Young’s modulus, the moment of 210 

inertia and span of a bridge girder; Ec and Ic are Young’s modulus and moment of inertia of bridge deck. It can be 211 

obtained from the developed design chart (Figure 5b) generated by using FE analysis. Using a simple bridge girder 212 

as an example, Figure 5b shows that the value of κ generally increases with the increase of the ratio of flexural 213 

rigidity of continuous slab deck and bending stiffness of the girder beam n = (EcIc) / (EbIb/Lb). In addition, it can 214 

be seen from Figure 5b that the length of the bridge girder has limited influence in the value of κ. The results are 215 

consistent with the study of Duarte da Costa et al. (2017)55 and Couchman (1997).56 216 

4 Results and Discussion 217 

 Measuring natural frequencies of the bridges using IBIS-FS 218 

As shown in Figure 3, the dynamic characteristics of the PoM Bridge under traffic loading were monitored using 219 

IBIS-FS. Figure 3c shows the intensity of the radar signal echoes reflected from different points on the bridge as 220 

a function of the structure range profile. The obtained displacement response spectra from the test point in the 221 

frequency domain are shown in Figure 3d, which leads to a fundamental frequency of 4.1Hz. Similarly, the data 222 

obtained from our previous fieldwork using IBIS-FS for the M-80 Bridge shows that the fundamental frequency 223 

for the bridge was 9.4 Hz.27  224 

 The finite element model validations 225 

Table 3 shows the comparison between the finite element model and field-testing results. It shows that the finite 226 

element model predictions are remarkably well in accordance with the field testing results.   227 

 Prediction of natural frequencies of the bridges using the SDOF model  228 

The SDOF model developed in Section 3.3 was validated using field testing results of IBIS-FS. The mechanical 229 

and material properties of the M-80 and PoM bridges used in the Eq. (12)– (15) are shown in Tables 1 and Table 230 

4. The boundary conditions of the bridge girders were determined based on bridge stiffness coefficient (κ) 231 

depending on the ratio of flexural rigidity of continuous slab deck and bending stiffness of the girder beam n = 232 

(EcIc) / (EbIb/Lb). The stiffness of the bearing pads used in this model was based on the “as-built” construction 233 

information of the bridges.  234 
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Table 5 shows the comparison of SDOF to IBIS-FS test results. It demonstrates that SDOF can predict the 235 

fundamental natural frequency of M-80 and PoM bridges reasonably well. This indicates that the developed SDOF 236 

can capture the dynamic behaviour of a bridge.  237 

 Parametric studies 238 

4.4.1 SDOF model calibration with the FE model 239 

As shown in the previous section, both the FE model and the SDOF model were able to predict the dynamic 240 

characteristic of the selected bridges. The validated FE model was further utilised to calibrate the SDOF model 241 

for different support stiffnesses of the bridge. The support stiffnesses were varied from 0.1 kN/mm to 100,000 242 

kN/mm using the FE model and the corresponding change in fundamental frequencies of the bridges are plotted 243 

in Figure 6. The same support stiffness parameters were tested on the developed SDOF model to predict the 244 

respective fundamental frequency of the structure. The analytical model results are also plotted in the same figure 245 

along with FE model predictions. It can be seen that SDOF model predictions are matching remarkably well with 246 

the FE model predictions for any support stiffness. 247 

4.4.2 Effect of bearing stiffness on the fundamental frequency of bridges 248 

This section investigates the effect of bearing stiffness on the fundamental frequency of the M-80 and PoM 249 

bridges. Figure 6 showed that the developed SDOF model can predict the change in the fundamental frequencies 250 

of these two bridges due to the change of bearing stiffness, and the prediction results are consistent with FE 251 

analysis results. The fundamental frequency of a bridge (f1) initially increases with the increase of bearing stiffness 252 

(ks) from 0.1 to 1000 kN/mm, and then gradually reaches to a steady-state. This indicates that the change in bearing 253 

stiffness has an impact on the overall frequency of the bridge within a certain range, therefore the use of developed 254 

SDOF is limited. In the current study, the monitoring of fundamental natural frequencies of the M-80 and PoM 255 

bridges is only effective when the value of ks is relatively low (i.e. <1000 KN/mm). 256 

4.4.3 Effect of support to girder stiffness ratio (ks/kb) 257 

As shown in Eq. (12)– (15), the dynamic behaviour of a bridge is significantly influenced by the stiffnesses of the 258 

bridge girders (i.e. kb) and their support conditions (i.e. ks). Figure 7 shows the effect of support to girder stiffness 259 

ratio (R) on the fundamental frequency of the system for the two selected bridges. The change in the fundamental 260 

frequency of system with respect to the girder stiffness is plotted against the stiffness ratios. It is observed that the 261 
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change in frequency ratio always follows the same trend regardless of the support condition. For higher stiffness 262 

ratio the system behaves as a beam supported on rigid supports and the governing frequency is the frequency of 263 

the girder. Whereas for low stiffness ratios, the girder acts as a rigid mass and the stiffness of the supports 264 

determines the fundamental frequency of the overall system. 265 

Figure 8 presents the percent change in natural frequency with the change in the ratio between the supports 266 

(ks) to girder beam stiffness (kb) (i.e. R = ks/kb). It shows that the variation in fundamental frequency is noticeable 267 

only within a certain range (i.e. R = 1/100 to 100). Therefore, the developed SDOF model can effectively predict 268 

the change in fundamental natural frequency when R falls into the range between 1/100 and 100. However, in the 269 

case of a very rigid girder (R<1/100) or very rigid support conditions (R>100), the fundamental natural frequency 270 

of a bridge becomes insensitive to the change in support stiffness.  271 

Our previous studies27 have shown that measuring the change in fundamental natural frequency provides an 272 

effective way for damage detection in the support areas of a bridge (e.g. degradation of bearing stiffness) but has 273 

limited capability in detecting corrosion and decrease in the materials properties of a bridge girder which usually 274 

do not significantly affect the overall structural integrity of a bridge. In addition, the present study shows that the 275 

developed SDOF model can only effectively detect the variation in bridge bearing stiffness when the ratio of the 276 

bearing stiffness to the girder stiffness (R) falls in the range between 1/100 to 100 which could lead to a detectable 277 

change in natural frequency. 278 

Figure 9 shows the role of bridge bearing stiffness in fundamental natural frequencies of the M-80 and PoM 279 

bridges, respectively. The results also show that the effectiveness of developed SDOF is bridge dependent. For 280 

example, 40% decrease in bearing stiffness results in around 8% decrease in fundamental natural frequency of the 281 

M-80 Bridge but only 2% decrease in that of PoM Bridge. (The R-value for M-80 Bridge was 1.2 and PoM Bridge 282 

was 8.5). 283 

5 Conclusions  284 

The natural frequency of a bridge is one of the critical parameters which can be used to assess the structural health 285 

condition of the bridge. In this study, a bridge bearing monitoring method involving an analytical SDOF model 286 

and IBIS-FS was developed. The following are some major conclusions: 287 

 The developed model can capture the dynamic characteristics of a bridge and estimate the mechanical 288 

stiffness of bridge bearing. 289 

 The proposed model was validated by bridge field testing results using IBIS-FS in conjunction with FE 290 

analysis. 291 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



11 

 

 The effectiveness of the model for detecting the deterioration of bearing stiffness is much dependent on 292 

the ratio between bridge bearing stiffness and girder stiffness (R).  293 

 The developed model can only effectively predict the change in fundamental natural frequency due to 294 

the deterioration of bearing when R falls into the range between 1/100 and 100. However, in the case of 295 

very rigid girder (R<1/100) or very rigid support conditions (R>100), the fundamental natural frequency 296 

of a bridge becomes insensitive to the change in support stiffness.  297 
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List of Tables 

Table 1. Material properties of selected bridges  

Parameter Unit Girder Concrete Slab Concrete Rebars Tendon 

Bridge Description PoM Bridge / M-80 Bridge 

Mass density kg/m3 2550/2400 2600/2400 7850 7850 

Poisson’s ratio - 0.2 0.2 0.3 0.33 

Youngs Modulus MPa 35,000/34800 35,000/32800 200,000 200,000 

Springs/ bearing pad stiffness kN/m 690,000/168000 

 

Table 2. Generalised stiffness of beam/girder 

End restraints  Continuous/fully restrained Semi-continuous / partially restrained 

Simply supported α = π - 

Fixed-Fixed α = 𝜋 + 𝜋 2⁄  α= 𝜋 + (𝜋 2)⁄ . 𝜅 

Fixed-Pin α= 𝜋 + 𝜋 4⁄  α= 𝜋 + (𝜋 4)⁄ . 𝜅 

*κ = stiffness coefficient of bridge that incorporates the effects of semi-rigid restraints conditions on 

the elastic stiffness of the bridge girder (kb) (Figure 5b). 

 

Table 3. FE model results comparison with IBIS-FS test results 

 Natural frequency (Hz) 

Method Port Melbourne Bridge, Melbourne Merlynston Creek bridge, M-80 

 1st mode 2nd mode 1st mode 2nd mode 

Field test (IBIS-FS) 4.1 6.08 9.4 15.5 

FE prediction  3.88 5.97 9.55 15.75 

 

Table 4. Elastic stiffness calculation for M-80 and PoM bridges with semi-continuous girders 

Bridge 

 

Slab end- 

restrain 

Structural 

member 

E* 

(N/m2) 

I* 

(slab) 

(m4) 

I* 

(total) 

(m4) 

L 

(m) 

𝒏

=
(𝑬𝑰)𝒄
(𝑬𝑰)𝒃
𝑳𝒃

 

κ α kb 

(kN/m

m) 

M-80 Fixed-Fixed Slab/Girder 32.8 x 109/ 

34.8 x 109 

0.0011 0.0579 13.5 0.26 0.35 1.175π 140.8 

PoM Fixed-Pin Slab/Girder 35.0 x 109/ 

35.0 x 109 

0.0012 0.351 30.0 0.104 0.24 1.06 π 61.25 

*the given properties correspond to single girder area only 

 

Table 4. SDOF model results comparison with IBIS-s test results 

Method  Port Melbourne Bridge, Melbourne Merlynston Creek bridge, M-80 

Natural frequency 

(Hz) 

% 

difference 

Natural frequency 

(Hz 

% 

difference 

Field test (IBIS-FS) 4.1 5.3% 9.4 0.2% 

SDOF model  3.87 9.42 
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FIGURES 

 
 

Fig. 1. A schematic framework to estimate the current bridge bearing stiffness using simplified bridge dynamic model in conjunction with 

field testing using interferometric radar (IBIS-FS) 

 

 

Fig. 2. (a) FE model of Port Melbourne bridge (b) FE model of super T-girder for sensitivity analysis; typical cross-section. 
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Fig. 3. Field testing of PoM bridge; (a) IBIS-s configuration, (b) Field testing setup, (c) Radar echo intensities from different range bins as a 

function of range profile of bridge cross-section, and (d) Measured natural frequency of bridge generated from experimental dataset 

 

 

Fig. 4. Simplified bridge dynamic model using single degree of freedom (SDOF) approach (ks = stiffness of bearings, kb= stiffness of 

girders, Ke=effective stiffness of overall system) 

(a) (b) 

(c) (d) 



 
Fig. 5a. Support conditions of bridge girder, (i) elevation (ii) cross-section    

 

Fig. 5b. Bridge stiffness coefficient (κ) as a function of ratio of flexural rigidity of continuous slab deck and bending stiffness of the girder 

beam n= (Ec Ic) / (EbIb / Lb); (L0 = 10m) 
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Fig. 6. Effect of bearing stiffness variation on fundamental frequency of the bridge 

 

Fig. 7.  Effect of stiffness ratios (R) on fundamental frequency of system (ks = stiffness of spring, fs = natural frequency of system with 

flexible supports, kb= stiffness of girder, fb= natural frequency of system with rigid supports)  
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Fig. 8. Percent change in frequency with the change in stiffness ratio, R (ks = stiffness of spring, kb= stiffness of girder) 

 

Fig. 9. Change in natural frequency of M-80 and PoM bridges with change in bearing stiffness 
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