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Re-deployable Sensors for Modal Estimates of Bridges and Detection of 

Damage-Induced  Changes in Boundary Conditions. 

Mode shapes are sensitive to the structural condition of bridges but a reasonable estimate 

of such changes require several accelerometers, which can be resource intensive. This 

paper obviates this problem through a novel structure health monitoring (SHM) approach 

for estimating modal parameters of bridges, including damage-induced changes of 

boundary conditions by using progressively re-deploying sensors along a monitored 

bridge. This concept of re-deployable sensors and subsequent use of a series of 

measurements allow extracting data from different bridge segments and also to get an 

indication of the condition of the bridge through frequency domain decomposition. Data 

from different segments are combined to estimate the global mode shape of the bridge 

and its gradient is observed to be indicative of support stiffness change. The concept is 

successfully tested through a full-scale field trial on a railway bridge in the Republic of 

Ireland, before and after the rehabilitation of its supports. The results are expected to 

guide future on-site measurement of damages due to flooding, scour, and other natural 

hazards, along with the effectiveness of intervention actions like repair and 

rehabilitation, providing a clear evidence base for practical value of SHM. 

Keywords: structural health monitoring; re-deployable sensors; bridge; bearings; 

damage detection; mode shape 

1. Introduction 

Detection and monitoring of damage or repair on a bridge can be relevant in establishing 

investment decisions for such repair and rehabilitation by the owner (Quirk et al., 2018). It can 

also establish the impact of such decisions for the users and other stakeholders like the taxpayer 

and businesses affected by the decisions (Weninger-Vycudil et al., 2015). While data-driven 

decision making using Structural Health Monitoring (SHM) can be particularly relevant in 

ensuring that most effective decisions are taken while maximising safety and other needs in a 

bridge network, lack of full-scale implementation often undermines the value of SHM. Under 

such circumstances, clear demonstrations of full-scale applications of novel SHM 

implementations can lead to a paradigm shift in terms of how decisions are eventually made 



 

 

on individual or a stock of bridges. 

A particular problem in this regard is the detection of damage, which often manifests 

itself through changes in boundary conditions (Aloisio et al., 2020; Morassi & Tonon, 2008; 

Majumder & Manohar, 2003; Yau et al., 2001) due to flooding, scour, and other natural 

hazards. Such changes also take place when a repair or rehabilitation in a bridge is carried out 

and there is a need to assess the efficacy of such repair or rehabilitation from on-site 

measurements. Over its lifetime, a bridge is increasingly exposed to natural hazards and the 

relevance of this problem is thus fundamentally linked its safety and functionality.  

To address damage detection of this nature, it is important to be able to estimate the 

mode shapes of a bridge in field-conditions and ensure that changes in such mode shapes are 

detected due to damage. This is a challenge by itself since higher mode shapes are more 

sensitive to damage but more uncertain in their estimates while the more consistently measured 

lower mode shapes are less sensitive to damage. Additionally, the estimation of a mode shape 

requires measurements at multiple locations on the bridge, which in turn requires access to 

several accelerometers (Gomez et al., 2011; Kim et al., 2003; Shi et al., 2000; Shih et al., 2013). 

This can be resource intensive and may require the closing down of the bridge, leading to 

significant loss of tangible and intangible financial resource (Pakrashi et al., 2011). Extensive 

instrumentation requiring bridge closure is also related to safety of traffic and workers and can 

be difficult to maintain. Consequently, an effective SHM method for practical applications 

must be sensitive to damage, stable in terms of measurement and with minimised impact on 

the operations of the bridge. Minimisation of instrumentation needs would also be preferable 

to establish its value. 

The recently concluded EU Cooperation in Science and Technology (COST) Action 

TU1402 established the needs for demonstrating the value of SHM in different fields of 



 

 

operation, with its quantification being firmly rooted in full-scale evidence bases. The action 

focused on the relevance on optimal sensor placement and robust metrics (Leyder et al., 2018; 

Žnidarič et al., 2018) and in-service monitoring relevance (Thöns et al., 2017). 

This paper addresses the practical problem of detecting damage in bridges through 

changes in mode shapes due to damage induced variations of boundary conditions by using re-

deployable sensors along the bridge and assembling data from each-segment in a bespoke 

manner. Accelerometers are ubiquitous as a choice for mode shape measurement (Doebling et 

al., 1998; Hester & González, 2015) and they can be instrumented to the bridge or the vehicle 

traversing it. Strain gauges can detect damage but generally need to be significantly close to 

the damage location for localised damages in which bridge strain due to damage peaks sharply 

within a very short length close to the damage location (Carneiro & Inman, 2002; Pakrashi et 

al., 2013). Strain gauges can thus require extensive instrumentation and can be disruptive to 

traffic.. The decentralised approach, used in this paper, provides the advantage of obtaining 

data from relatively denser monitoring points than what we would have achieved with static 

sensors. In the absence of re-deployable strain gauges, this method of using accelerometers 

provides a particular advantage, as has been demonstrated in the paper.  The changes in 

boundary conditions can be due to varied causes including scour from flooding and gradual 

degradation of bearings due to daily wear. Overall, such damage or changes are typically linked 

to changes in rotational stiffness at the supports (Kliewer & Glisic, 2017), for which an array 

of strain sensors is often unfeasible due to practical challenges on site despite numerical or 

small-scale experimental feasibility studies (Kliewer & Glisic, 2017). In fact, repair or 

rehabilitation of such damage will also demonstrate a change in rotational stiffness as 

compared to the damage state or the reference state. 

Deviation of mode shapes due to damage has been characterised through changes in 

curvature (Kliewer & Glisic, 2017), change in modal energy (Shi et al., 2000) and similar 



 

 

markers. However, the process of measuring the curvature involves the differentiation of bridge 

accelerations which is prone to errors. Densely spaced strain gauges can avoid this problem, 

but it comes with the aforementioned challenges of bridge closedown and sensor maintenance 

problems along with traffic and worker safety.  

An alternative approach to this is the bourgeoning idea in the literature around using 

the responses of bridge-vehicle interaction (Pakrashi et al., 2010) and then obtaining modal 

(natural frequency, damping, mode shape) and damage information indirectly. This approach 

reduces instrumentation but introduces variability from road surface roughness (Jaksic et al., 

2014). Additionally, there is a paucity in literature in full-scale implementation of estimating 

relevant features of interest of a bridge by utilising the interaction with a moving vehicle. For 

example, Zhang et al. (2012) estimate bridge mode shape squares from the vehicle 

accelerations and take them as a damage index while Yang et al. (2014) extend this research 

by constructing the bridge mode shapes theoretically using responses from a passing vehicle. 

Recently, a method of Short Time Frequency Domain Decomposition (STFDD) has 

been proposed which estimates bridge mode shapes using a multi-stage series of acceleration 

measurements (Malekjafarian & OBrien, 2014, 2017). The multi-stage process estimates 

segments of mode shape using the Frequency Domain Decomposition (FDD) concept 

(Brincker et al., 2001) and connects them using common points between neighbouring 

segments (Sim et al., 2010). A main criticism of the STFDD drive-by method is that it is 

critically influenced by vehicle velocity, thereby making it difficult to detect damage unless it 

is travelling at an unrealistically slow speed. Direct decentralised and multi-setup approaches 

for modal analysis have been proposed for modal estimation techniques, that use independent 

groups of measurements with overlapping nodes to capture local spatial information in stitch-

able segments (Sim et al., 2010), or reference-based multi-setup stochastic subspace 

identification algorithms (Dohler et al., 2013). Sim et al., (2010) analysed different sensors 



 

 

topologies to study the effect of changing overlapping nodes on the accuracy of the estimated 

global mode shapes, and Dohler et al., (2013) computed statistical uncertainties and covariance 

mode shapes derived using multi-setup subspace system identification algorithm and applied 

the approach on bridge ambient vibration data. Although, these direct approaches provide 

successful results using free or ambient vibrations of the structure, the effect of forced 

vibrations caused by moving vehicles, still poses a challenge for the decentralised modal 

estimation techniques. The forced vibrations provide higher amplitude of bridge dynamic 

responses due to heavy traversing loads as compared to the free or ambient vibrations, hence, 

resulting cleaner signals and sharper frequency peaks. Therefore, the forced vibrations may 

facilitate the mode shape estimation and damage detection technique proposed in this paper.   

This paper addresses several of the challenges described in this section with a focus 

around practical implementation. A bespoke method is proposed here where a small number 

of sensors are moved along the bridge and are re-deployed for various segments (by changing 

the location of the sensors on the bridge with time and independently of traffic movement) to 

obtain the modal parameters and the variations due to damage in the form of changes in 

rotational stiffness of the boundary condition of the bridge. This approach does not need 

indirect methods of analyses, which is typical for drive-by measurements using instrumented 

vehicles for which vehicle conditions are required to be known precisely and uncertainties are 

introduced in real life from lack of control over the vehicular characteristics and their 

movement. The proposed approach with re-deployable sensors allows a high-density array of 

measurement points to be monitored without using a large number of sensors. In this paper, a 

novel approach of using bridge forced vibrations due to traversing vehicles is proposed to offer 

a more repeatable testing condition and cleaner signals than free vibrations, which have been 

used in the past, but exhibit significantly lower response amplitudes. A sequence of movements 

ensures that accelerations are recorded over the full span of the bridge. Subsequently, the FDD 



 

 

technique (Brincker et al., 2001) is applied to the bridge accelerations to calculate segments of 

mode shape, which are  subsequently stitched together at common locations to create a global 

mode shape. Change in the global mode shape with different bridge bearing condition changes 

is studied for damage detection. To initially establish the feasibility of the idea numerically, a 

simplified vehicle model is simulated traversing a beam with rotational springs at the supports 

(Cantero et al., 2010; González, 2010; Yang & Lin, 2005) to represent bridge bearing stiffness 

(Kliewer & Glisic, 2017). A typical class ‘A’ road profile is randomly generated (Tyan et al., 

2009) for a road surface and the bridge acceleration responses are analysed (Bathe & Wilson, 

1976) to determine the mode shape segments at relevant locations, along with the changes of 

the mode shapes due to damage. The first mode shapes have been used to numerically 

demonstrate the concept of re-deployable sensors and the first global mode shape, along with 

its gradient, is observed to be an effective way of detecting damage. The idea is then established 

in a comprehensive fashion by demonstrating its implementation through a full-scale test on a 

railway bridge in the Republic of Ireland and considering before and after scenarios of damaged 

and rehabilitated conditions. The results from these field tests demonstrate and quantify the 

effectiveness of the proposed concept in damage detection and provides key evidence in 

establishing its value for implementation at a wider scale by the owners of bridge infrastructure. 

This work also has the potential to be applied to the renewable energy sector (Buckley et al., 

2018) where changes in boundary condition from soil-structure interaction can be a significant 

problem in terms of lifetime performance and design of control systems. 

2. Numerical Estimation of Mode Shapes within a Re-deployable Sensor 

Framework 

The Bridge-Vehicle Interaction Model 

A bridge is idealised as a finite element (FE) model (Figure 1) of a simply supported beam 

(González, 2010) spanning 20 metres. It consists of 20 discrete beam elements, each with 4 



 

 

degrees of freedom (DOF) (2 per node – vertical translation and in-plane rotation) (González, 

2010). The horizontal translation is not included in the analysis given that axial deformations 

in the beam element can be neglected due to a lack of loading in that direction. To represent 

realistic bridge support conditions, a spring is added at each support with rotational stiffness 

(Krot). This spring is added in a way that provides additional restraint to the rotational DOF at 

both bridge ends without adding extra DOFs in the model. The value of Krot in reality lies 

somewhere between 0 (free to rotate) and infinity (fully fixed). The mechanical properties of 

the bridge with simply supported boundary conditions and the first three natural frequencies 

are shown in Table 1. 

[Insert Figure 1] 

[Insert Table 1] 

A sampling frequency (fs) of 500 Hz is used when simulating bridge accelerations, which vary 

with time based on the position of the passing vehicle. A location matrix, Nb (na x ns), is 

calculated for each axle location on the bridge where ns is the total number of time steps and 

na is the number of vehicle axles. An approach length of 100 metres is added to ensure 

equilibrium before the vehicle arrives on the bridge (McGetrick et al., 2015). A class ‘A’ road 

surface profile is generated according to the ISO standard (ISO, 1995) with a geometric spatial 

mean of 16x10-6 m3/cycle and added to the model (Keenahan et al., 2014).  Bridge dynamic 

response to time-varying forces is calculated at each time step (McGetrick et al., 2009) using 

the system of equations as:  

M y C y  K y N f        (1) 

where Kb, Cb and Mb are the (n x n) bridge stiffness, damping and mass matrices, respectively, 

and y , y  and y  are the (n x ns) vectors of bridge nodal displacements, velocities and 

accelerations, respectively. The term fint is the vector of total bridge and vehicle interaction 



 

 

forces at each axle contact point calculated using the road profile and the bridge displacement 

under each vehicle axle.  

The bridge is assumed to be simply supported in its healthy state and to have gained 

rotational stiffness at the supports due to deterioration (Kliewer & Glisic, 2017). Thus, Krot 

changes from zero to a finite value as the supports become constrained, thereby resulting in 

changes in mode shapes. 

A quarter-car (Figure 1) model of vehicle, which is a simplified manifestation of a 

moving axle, is considered consisting of 2 DOFs corresponding to sprung mass bounce (ys) 

and axle hop (yu), respectively (McGetrick et al., 2010). The mechanical properties of the 

quarter-car considered in this paper (Keenahan et al., 2014) are shown in Table 2. The sprung 

mass (ms), and the unsprung axle mass (mu) are connected through a linear spring with stiffness 

Ks and a viscous damper with damping coefficient Cs. The axle mass is connected to the road 

surface via another spring with stiffness Kt. 

[Insert Table 2] 

The equations of motion for the vehicle model, expressed in terms of vehicle DOFs, are created 

by imposing equilibrium of the forces (González, 2010) acting on the masses:  

                            M y C y K y f           (2) 

where, Kv, Cv and Mv are the (nv x nv) stiffness, damping and mass matrices of the vehicle 

respectively, and y , y  and y  are the (nv x ns) vectors of vehicle displacements, velocities and 

accelerations respectively. The fv vector represents the dynamic interaction forces applied to 

the vehicle by the road profile and the bridge displacements. 

The bridge and the vehicle models are coupled in a global coordinate system at each 

axle contact point to implement the dynamic interaction (González, 2010) between them as: 

 M u C u K u F          (3) 



 

 

where, Mg and Cg are the coupled ((n + nv) x (n + nv)) mass and damping matrices, respectively, 

Kg is the time-varying coupled stiffness matrix that depends on the axle locations and the bridge 

static displacements due to vehicle loading and F is the system force vector (McGetrick et al., 

2009). The vectors, u, u and u ((n + nv) x ns) contain the modal displacements, velocities and 

accelerations of the system, respectively. The equations of the coupled system are solved using 

the Wilson-Theta integration scheme (Bathe & Wilson, 1976), with θ =1.420815 for 

unconditional stability in the integration process. 

Re-deployable Sensors for Bridge Mode Shapes Estimation 

The modal properties of the bridge are estimated using a sequence of measurements from a 

small set of accelerometers that are moved from one end of the bridge to the other. In this study, 

only two accelerometers (Ac1 & Ac2 in Figure 2) are considered at any given instant of time. 

These accelerometers are re-deployed to different bridge nodes at different time instants. This 

re-deployment of accelerometers is independent of the location and speed of the moving 

vehicles. The bridge acceleration responses at each node undergo a Frequency Domain 

Decomposition  (FDD) and an estimated mode shape for each measured segment between two 

measured nodes is created for a desired frequency from the spectral densities of the 

accelerations in the frequency domain (Brincker et al., 2001). Numerically, the bridge 

accelerations due to the quarter-car passage were calculated using the equations of the coupled 

system in the previous section.  Figure 2 illustrates the proposed concept applied in five stages. 

In each stage, FDD gives a vector of mode shape amplitudes [φli, φri] for a segment of mode 

shape, where l and r are the left and the right ends of the segments, respectively and i is the 

stage number. It should be noted that to implement the concept of re-deployable sensors, 

neighbouring segments must be contiguous to allow consistent rescaling and subsequent 

combination to create a global mode shape. This is achieved by allowing one accelerometer to 

stay fixed in a segment while the other moves to the next. 



 

 

[Insert Figure 2] 

The use of FDD enables the estimation of segments of bridge mode shape without prior 

knowledge of vehicle parameters, which is advantageous over several drive-by approaches. 

Mode shape amplitudes are obtained by decomposing the power spectral density matrix  

(Ĝ(jωi)) through Singular Value Decomposition (SVD) for each frequency i of the acceleration 

response (Brincker et al., 2001; Hoskere et al., 2019; Malekjafarian & OBrien, 2014) as: 

𝐺 𝑗𝜔  𝑈 𝑆 𝑈                      (4) 

where Ui is the unitary matrix of singular vectors, Si is a diagonal matrix containing singular 

values and H denotes the complex conjugate of the matrix. Mode shape amplitudes are 

calculated as the singular vectors corresponding to a selected frequency. Details of the FDD 

method are provided in (Brincker et al., 2001). 

To obtain a global mode shape, the segments are stitched together using the 

decentralised modal analysis procedure (Sim et al., 2010). This combines the mode shape 

amplitudes at the common locations by rescaling them. The rescaling factor, Rs, is calculated 

as the ratio between the mode shape amplitude at the sth stage common location to the one at 

the (s+1)th stage. The global mode shape (∅ ) for a frequency i, using the r number of segments 

[ψ1, ψ2, … ψr], is then given by: 

∅ ⋃ 𝑅 𝜓           (5) 

Numerical Validation of the Proposed Concept 

Bridge accelerations are simulated using the vehicle-bridge interaction model presented 

(González, 2010) and segments of mode shapes are calculated using the FDD algorithm 

(Malekjafarian & OBrien, 2014). The mode shape segments are stitched together using 

Equation (5) to generate the global mode shape. In this paper, the first three mode shapes of 

the bridge model, shown in Figure 1, are estimated using the proposed concept.  



 

 

The span is divided into 5 equal segments, each having a length of 4m, with nodes at 

0, L/5, 2L/5, 3L/5, 4L/5 and L respectively (Figure 2). The  healthy bridge condition 

corresponds to a perfectly pinned support. For each stage, the body mass and vehicle velocity 

of the quarter-car are chosen randomly, based on a Monte Carlo simulation (Figueiredo et al., 

2014), drawing from Normal distributions with means and standard deviations of typical two-

axle traffic data. White noise (OBrien & Keenahan, 2015) with a mean of 0 and 5% of the 

forced signal standard deviation which depends on the moving vehicles’ mass and speed 

parameters, is added to the acceleration responses to allow for possible measurement 

inaccuracy. 

For each stage, the bridge accelerations are calculated at the left and right ends of the 

segment of interest starting from the arrival of the quarter-car model on the bridge until 2 

seconds after it exits regardless the velocity of the vehicle. Consequently, the signal consists 

of a mix of forced and free vibration responses. The SVD diagrams from the 5 stages (Figure 

3) indicate that at each stage the dominant peaks are present at or near the bridge natural 

frequencies. The difference in the frequencies between the true values (from Table 1) and those 

found from the SVD diagrams, can be explained by the effect of the moving load (Cantero et 

al., 2016). 

[Insert Figure 3] 

The singular vectors for the first three bridge frequencies are obtained from the labelled peaks 

in the SVD diagrams (see Figure 3) and define the local mode shape for each segment. By 

applying the rescaling process, the first three global mode shapes are calculated. These have 

been normalised and compared with the exact mode shapes obtained from the FE model in 

Figure 4. The MAC values (Malekjafarian & OBrien, 2014) for the first three mode shapes, 

compared with the theoretical eigen-value mode shapes,  are all greater than 0.9975, suggesting 

a good accuracy, with lower values for higher modes as expected. 



 

 

[Insert Figure 4] 

Influence of Rotational Stiffness on Mode Shape 

Damage in the form of bearing stiffness is chosen to be investigated in this paper as an 

illustrative case. Bearing damage introduces constraints at the boundaries of the bridge in the 

form of rotational stiffness and thus changes modal properties. The degree of damage is related 

to the magnitude of rotational stiffness. The first translational mode shape (in vertical direction) 

is measured most accurately and is relatively easy to obtain in site. Additionally, the static 

deflected shape is often a reasonable approximation of the first translational mode shape. The 

gradient of the first mode shape is used an indicator of damage. 

The support bearing damage is simulated numerically by increasing the Krot value, starting 

from 0 Nm (the healthy condition) and increasing to a value of 1012 Nm, at which point, the 

supports start behaving almost like a beam with two fully fixed (mode shape gradient at support 

(support gradient) = 93% of fully fixed) ends. The body mass and the velocity of the quarter-

car model are taken as 10 t and 20 m/s respectively while other properties are kept constant as 

in Table 2. The first natural frequencies (Table 3) and translational mode shapes (Figure 5) are 

calculated for different values of Krot reflecting the degree of support stiffness. In the context 

of Table 3, the severity is defined based on the percentage of mode shape gradient to a fully-

fixed bearing condition. The change in the natural frequency, which is typical of any damage 

case, is used in this paper as a secondary parameter to verify change in the bridge condition. 

The bridge frequency corresponding to Krot = 1012 Nm and Krot = 1013 Nm are close, showing 

that the bridge supports have nearly reached fixed support condition.  Figure 5 also indicates 

that increasing the stiffness of the supports reduces the gradient of the first mode shape at those 

points.  

[Insert Table 3] 

[Insert Figure 5] 



 

 

The Mode Shape Gradients (MSGs) of the first mode shape are plotted in Figure 6. The use of 

MSGs can be seen to amplifies the effect of changing support stiffness. The general trend is a 

change from a sigmoid shape for the simply supported state, towards an approximate sine wave 

shape for the fixed-fixed state. The increase in Krot percentage forces the MSG at the support 

toward a value of zero and demonstrates reasonable sensitivity to this change. It can be seen in 

Figure 6 that the MSG indicator can effectively detect moderate damage of the bearing 

condition which corresponds to almost 12% of fully fixed mode shape gradient value. 

Therefore, in this paper, the MSG curve is used as one of the indicators of changes in the bridge 

support condition. The flowchart of the proposed approach for detecting bridge bearing seizure 

is illustrated in Figure 7. It should be noted that in this paper, the approach is developed based 

on one type of bridge damage – bearing failure, instead of combination of different types of 

damages. For any combined case, it will be difficult to inverse-model and detect the difference 

only using this one scheme of re-deployable sensors, especially if they are overlapping in their 

effects. On the other hand, damages due to stiffness loss within the structure can be picked up 

by re-deployable sensors even with bearing rotational stiffness deterioration, since it will be 

identified in a different set of experiments. The topic of inverse detection of combined damage 

from various sources remains a challenging topic. 

[Insert Figure 6] 

[Insert Figure 7] 

3. Experimental Validation of Modal Parameters and Damage Effects using the 

Proposed Re-deployable Sensor Framework 

The proposed concept of using re-deployable sensors was validated next through a full-scale 

study. The Oranmore bridge (UBG165) (Figure 8) in Co. Galway, Republic of Ireland was 

selected for this purpose. UBG165 has an 18.3m long single-span skewed steel deck and carries 

one operational rail track. The bridge consists of 2 primary longitudinal, 8 secondary transverse 



 

 

and 4 tertiary longitudinal steel beams with a thin steel plate deck. The bridge is 8.8m wide 

and is skewed at an angle of 48.5o. 

[Insert Figure 8] 

There was uncertainty about the support conditions (Figure 9) and the bridge was rehabilitated 

on 26th October 2019. The ends of the deck were repaired and new bearings and abutments 

were installed (Figure 10). Re-deployable accelerometers were used to assess the bridge before 

refurbishment on 15th-16th of October and then again after refurbishment on 12th-13th 

November. The field tests utilised bridge accelerations induced by passing trains and the first 

bridge mode shape was estimated before and after the replacement of support bearings.  

Rehabilitation Details 

Before the rehabilitation, the Oranmore bridge was inspected by the Irish operator and 

identified as being affected by inadequate bridge support conditions. Figure 9 illustrates the 

support conditions before the rehabilitation. Two primary, two secondary and two tertiary 

beams were resting on stone abutments at both sides of the bridge with unknown restraints to 

rotational capacity of the beams. Following refurbishment, the constraints at the boundaries 

were released and the field-implementation aimed to see if damage resulting in non-zero 

support stiffness could be identified following refurbishment. 

[Insert Figure 9] 

The replacement of the supports of the Oranmore bridge took place on the 26th of October 

2019. The rails were cut, and ballast removed to clear the deck, which was then lifted using a 

crane (Figure 10(a)) and placed on the road below. The bridge was out of operation for two 

days while the rehabilitation took place. The abutments were replaced with a precast concrete 

transition slab and elastomeric bearings fitted at the beam ends. Other minor repairs were 

carried out on rusted areas of the bridge. 



 

 

[Insert Figure 10] 

Instrumentation Details 

Two triaxial wireless MEMS accelerometers (LORD MicroStrain G-Link-LXRS) were used 

to record the deck accelerations due to passing trains before and after the rehabilitation. 

Technical specifications of the accelerometers are mentioned in Table 4. In order to maintain 

time-synchronisation (Shajihan et al., 2020), a sensors’ in-built beacon-based time-

synchronisation tool is used, which is facilitated by a gateway, that communicates wirelessly 

to all the sensors before measuring the bridge accelerations in each stage. Six measurement 

locations were selected on the primary beam on the North side (Figure 11). Testing was carried 

out in 5 stages, each involving sensors at two locations on the beam, while always keeping one 

location in common with the neighboring segment/stage. These correspond to A-B, B-C, C-D, 

D-E and E-F  in Figure 11. The accelerometers were attached to the beam web at each location 

using magnetic mounting bases and accelerations were recorded at a scanning rate of 256 Hz. 

Recharging of the accelerometers was carried out after each phase using a car battery and DC 

inverter. It has been observed that in most of the measurements, the acceleration response 

damps out instantly after the train leaves the bridge, making it difficult to estimate mode shapes 

using only free vibrations. For that reason, the modal estimation is carried out using the forced 

accelerations, which provided reasonable excitation in the bridge. An example of measured 

acceleration responses at locations A and B before rehabilitation, in time and frequency domain 

are shown in Figure 12(a) and 12(b), respectively. For each stage of measurement, the 

accelerations in response to 3 passing trains were recorded and transmitted wirelessly to a base 

station near the bridge. Recording was continued for two seconds of free vibrations after the 

passage of each train.  

[Insert Table 4] 

[Insert Figure 11] 



 

 

[Insert Figure 12] 

Development of a Numerical Model of the Bridge 

To compare the first mode shape of the bridge for the healthy support condition with that 

obtained from full-scale experimentation, a Finite Element (FE) model of the  bridge was 

created in PATRAN/NASTRAN 2018 (Figure 13(a)). Typical steel properties were assigned 

to all elements and pinned supports were assumed on both ends. The first mode shape is 

illustrated in Figure 13(b) and its gradient in Figure 13(c). These are used as damage indicator 

reference values in this study. For practical deployments, such a model is useful but is not a 

must if the unconstrained experiment is consistent and if there is confidence about the freedom 

at the boundaries. 

[Insert Figure 13] 

Experimental Results and Discussion 

The first natural frequency of the bridge is calculated experimentally using a Fast Fourier 

Transform (FFT) from the forced and free vibration signals for each passing train (Table 5). It 

can be seen from Table 5 that the average frequencies have decreased after the rehabilitation 

for both forced and the free vibrations. This change is consistent with a release of support 

stiffness due to the installation of new bearings (see Table 3). The frequency change in Table 

3 for the numerical study is higher due to the idealised conditions. However, in reality the 

deviation obtained from experimentation is, although lower than the numerical model but is 

reasonably high and indicates that the stiffness change is approximately 10%, indicating that a 

definitive change in structural condition has occurred. Although this change indicates 

significant bridge damage, further mode shape analysis must be carried out to detect specific 

bridge bearing seizure. 

[Insert Table 5] 



 

 

The data from each stage of the field test is analysed using FDD to obtain a segment of the first 

mode shape. For each stage, the mode shape segment is calculated three times, once for each 

of the passing trains. Over five stages, with three segments of mode shape per stage, there are 

(35=) 243 possible ways in which the segments can be combined. All 243 estimates of the mode 

shape are normalised and presented in Figures 14 and 15(a) for the pre- and post-rehabilitation 

measurements. A second statistical estimation based on a Monte Carlo approach (Figueiredo 

et al., 2014) is also carried out to assess the uncertainty of the estimated mode shapes. A mean 

and a standard deviation of modal amplitudes are used to randomly generate 500 modal 

amplitudes for each sensor location which are then stitched together to obtain 500 global mode 

shapes. The normalised mode shapes for the pre- and post-rehabilitation measurements, using 

the Monte Carlo estimation, are shown in Figure 15(b). It can be seen in Figure 15(a) and (b) 

that there is considerable overlap in mode shape values near the peak (normalisation) point. 

However, this is not the case for other points and, when the whole mode shape is taken together, 

the differences are clear. There is a significant difference between the two mode shapes, with 

the post-rehabilitation mode shapes being more U-shaped towards the centre. This change is 

due to a lower support stiffness and is consistent with the numerical results shown in Figure 5. 

[Insert Figure 14] 

[Insert Figure 15] 

To obtain a finer resolution of the mode shape (as only five sample points were monitored in 

the field tests), a 4th degree polynomial is fitted to the mean mode shape (Figure 16(a)). The 

post-rehabilitation fitted mode shape matches well with the  numerical FE model results 

(shown in Figure 13(b)) and is significantly different from the pre-rehabilitation shape. The 

gradients of the fitted mode shapes are illustrated in Figure 16(b). Again, the post-rehabilitation 

result is a good match to the numerical FE model results (shown in Figure 13(c)). The pre-

rehabilitation MSG shape is clearly different and is close to the shape of a sine wave than a 



 

 

sigmoid shape (see Figure 6). Both mode shape amplitude and MSG can be seen to be 

appropriately robust indicators of support condition. 

[Insert Figure 16] 

4. Conclusion 

This paper presents a novel measurement and analyses strategy for bridge structural health 

monitoring to assess damages due to changes in support conditions. The approach utilises a 

low number of re-deployable accelerometers to estimate modal parameters by combining 

estimated mode shapes at various segments of the bridge and subsequently compute damage 

indictors. The proposed method demonstrates its application on damages in bridge bearings. 

For both forced and free-vibration data form bridge-vehicle interaction due to random traffic, 

the changes in the first translational mode shape and its gradient was observed to be 

consistently indicative of damages related to changes in rotational constraints at the boundaries. 

The proposed concept, by using the forced vibrations due to passing random vehicles, reduces 

field instrumentation, avoids a need of sensitivity analysis and indirect computation from 

instrumented drive-by vehicles and their related uncertainties allowing a bridge to remain 

operational. The approach can also be used to establish the efficacy of repair and rehabilitation 

work. The proposed approach was numerically demonstrated to be feasible. Subsequently, the 

concept was tested successfully on a full-scale bridge before and after a bearing change. Only 

two accelerometers were adequate to demonstrate the proposed concept in field conditions, by 

moving them progressively along one of the primary beams of the bridge with three train 

passages occurring between each move. The numerical study and the field study concur in their 

overall observation. 

The key findings of this study are as follows: 

(1) In the numerical analysis, the re-deployable sensors concept effectively calculated the 

first three mode shapes with MAC values in excess of 0.9975. 



 

 

(2) In the numerical analysis, the first mode shape and its gradient undergo a definitive 

change due to bearing damage. The shape of the gradient curve in particular, is an 

effective indicator of support stiffness. 

(3) In the field analysis, the first mode shape of the bridge after rehabilitation closely 

resembles the numerically generated mode shape with simple supports. The mode shape 

and its gradient successfully indicate the change in support conditions, due to 

rehabilitation. 

Bridge mode shapes are sensitive to changes in support condition, and the possibility 

of using the re-deploying sensors concept for detecting bridge bearing/abutment damage 

appears to have excellent potential. The approach can also be helpful for bridges that have 

undergone scour damage, damage due to flooding and earthquake. The work can also be 

relevant for monitoring the soil-structure interaction conditions of onshore and offshore wind 

turbines along with intervention designs like the installation of a passive controller. Bridge 

monitoring using this approach in a case of multiple sources of damage may still remain a 

challenge and can be investigated in the future studies.  
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Table 1. Properties of the bridge model. 

Bridge Property Notation Value 

Total no. of degrees of freedom n 42 

Young's Modulus E 35×109 N/m2 

Breadth  w 5 m 

Depth d 1 m 

2nd moment of area J 0.417 m4 

Mass per unit length µ 12500 kg/m 

Damping ξ 3% 

1st natural frequency f1 4.24 Hz 

2nd natural frequency f2 16.97 Hz 

3rd natural frequency f3 38.18 Hz 

 

  



 

 

Table 2. Mechanical properties of the idealized quarter-car adapted from (Keenahan et al., 
2014) 

Quarter-Car Vehicle Property Notation Value 

Unsprung mass mu 700 kg 

Tyre stiffness Kt 1.75×106 N/m 

Suspension stiffness Ks 40×104 N/m 

 Suspension damping Cs 104 Ns/m 

 

  



 

 

Table 3. First natural frequency of an idealized bridge for different percentages of Krot 
obtained  numerically. 

Krot (Nm) 0 109 1010 1011 1012 1013 

Support gradient (% of fully fixed 

value) 

0 3 12 55 93 99 

Damage Condition Pinned Low Moderate Severe Fixed Fixed 

Bridge 1st Frequency (Hz) 4.24 5.18 7.81 9.35 9.60 9.64 

Difference in Frequency (%) 0 22 84 121 126 127 

 



 

 

  

Table 4 Technical specifications of  LORD G-Link/ LXRS accelerometers 

Sensors’ Property Value 

Measurement range ± 10 g  

Accuracy 10 mg 

Resolution 12 bit 

Sampling frequency 256 Hz 

Sampling mode Synchronized 

 
  



 

 

Table 5. First bridge natural frequency from the bridge accelerations to each passing train at 

UBG165. 

1st Natural Frequency 
Before bridge rehabilitation After bridge rehabilitation 
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Freq./ 
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Free 
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freq. 
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A
 &

 B
 

1 Galway to 
Dublin 

10.15 10.32 16 Galway to 
Dublin 

9.66 9.64 

2 Limerick to 
Galway 

9.72 10.26 17 Limerick to 
Galway 

9.51 9.65 

3 Dublin to 
Galway 

9.16 10.23 18 Galway to 
Dublin 

8.98 9.65 

B
 &

 C
 

4 Galway to 
Dublin 

10.18 10.25 19 Dublin to 
Galway 

7.20 7.39 

5 Dublin to 
Galway 

10.10 10.27 20 Limerick to 
Galway 

9.00 9.62 

6 Galway to 
Limerick 

10.12 10.26 21 Dublin to 
Galway 

9.29 9.62 

C
 &

 D
 

7 Limerick to 
Galway 

9.72 10.25 22 Galway to 
Limerick 

9.59 9.65 

8 Dublin to 
Galway 

10.54 10.33 23 Galway to 
Dublin 

7.17 7.31 

9 Galway to 
Dublin 

10.43 10.48 24 Limerick to 
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9.98 10.14 28 Galway to 
Dublin 

9.49 9.57 

14 Galway to 
Limerick 

9.03 10.01 29 Galway to 
Limerick 

9.28 9.62 

15 Galway to 
Dublin 

9.59 9.80 30 Galway to 
Dublin 

7.24 7.38 

Avg. 9.85 10.22 Avg. 8.83 9.05 

 

 

 



 

 

 

Figure 1. An idealized bridge model with support degradation traversed by a quarter-car 

vehicle. 
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Figure 2. A Visual Schematic of the proposed accelerometer redeployment concept. 
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Figure 3. SVD Diagrams for (a) stage 1; (b) stage 2; (c) stage 3; (d) stage 4; (e) stage 5. 
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Figure 4. Bridge mode shapes measured using the concept of moving sensors: (a) 1st mode 
shape; (b) 2nd mode shape; (c) 3rd mode shape; MAC = Modal Assurance Criterion. 

  



 

 

 

Figure 5. Numerically obtained first mode shape of an idealized bridge with different damage 
constraints at the boundaries. 

  



 

 

 

Figure 6. Numerically obtained First Mode shape gradient for different support stiffnesses for 
an idealized bridge. 
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Figure 7. Flowchart of the proposed approach. 

  



 

 

 

(a) 

 

(b) 

Figure 8. The Oranmore Bridge: (a) North side from the South; (b) top of the bridge from the 
West. 
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(a)  (b) 

Figure 9. Support conditions of the Oranmore bridge - before rehabilitation: (a) primary 
longitudinal beam; (b) tertiary beam.  



 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 10. The rehabilitation of Oranmore bridge: (a) deck lift; (b)view on top of new precast 
concrete abutments and bearings; (c) bridge support bearing installation; and (d) side view of  

new precast concrete abutments. 

  



 

 

 

(a) 

 

(b) 

Figure 11.Meaurement locations on primary beam on North side: (a) elevation with 

dimensions (in mm) and percentage of span; (b) photograph. 
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(a) 

 

(b) 

Figure 12. Acceleration signals (forced and free vibrations) from bridge locations A and B 

(before rehabilitation); (a) in time domain; and (b) in frequency domain.  
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(a) (b) (c) 

Figure 13. The Oranmore bridge numerical model: (a): the FE model; (b) calculated 1st 

bridge mode shape in distance domain; and (c) the 1st bridge mode shape gradient in distance 

domain. 

  



 

 

 

(a) 

 

(b) 

Figure 14. Normalised 1st bridge mode shape of the Oranmore bridge from 243 combinations: 

(a) before rehabilitation; (b) after rehabilitation. 

  



 

 

 

(a) 

 

(b) 

Figure 15. Mean ± one standard deviation of 1st bridge mode shape before and after the 

rehabilitation; (a) using 243 combinations; (b) using Monte Carlo estimation. 

  



 

 

 

(a) 

 

(b) 

Figure 16. Damage indicators before and after rehabilitation; (a) fitted 1st bridge mode shape; 

(b) Mode Shape Gradient (MSG). 
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