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Abstract 
Today, 40% of the US’s freight tonnage is carried by railroads and the demand for railroads 
is expected to double in 20 years. While use of railroads keeps increasing, operations of 
maintenance, repair and replacement (MRR) cannot respond to the aging infrastructure 
immediately due to limited resources. Since railroad bridges are under constant stress of train 
loads, the assessment of existing railroad bridges is required for sustainable, safe, reliable and 
continuous railroad operations. However, accurate measurement of bridge movements during 
operation is a challenging task. This paper proposes a new method fusing multi-metric 
measurement data obtained from accelerometers and inclinometers in real-time to provide 
quantitative information for data-driven structural health assessments. To study the 
performance of the proposed method, a cantilever beam representing pier bent is simulated in 
real-time. Measured responses at the tip of the beam are compared to the displacements 
estimated by the data fusion method. The results indicate that bridge responses can be 
accurately estimated even in the events where pseudo-static displacements due to non-
symmetrical heavy train loading are dominant. 

 
1 INTRODUCTION 

Railroads are interested in informing their decisions about regular bridge maintenance and 
replacement prioritization, because more than 50% of the current bridge inventory will age 
over one hundred years [1]. Current bridge inspections are subjective, expensive, and 
sometimes not even possible, especially under limited resources. Three significant challenges 
affect railroad bridge inspections today: (1) bridge structural elements are not always visible 
and not all can be visually rated; (2) visual observations are, in general, subjective; and (3) 
even when objective data is collected, it is not obtained under service loads, and does not 
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inform about the dynamic performance of the bridge [2, 3]. Compared to periodic visual 
inspection, measured lateral dynamic displacement of a railroad bridge during train crossing is 
acknowledged as an indicator for the structural performance when train derailment is 
considered as a main concern [4]. Evaluation of the bridge safety requires physical attachment 
of a displacement sensor between the bridge and a fixed reference point, which could be as far 
as 500m from the bridge [5]. Thus, installation of multiple displacement sensors for data 
collection is impractical, takes large amount of time and is considered costly due to 
mobilization issues. To reduce the installation costs, reference-free accelerometers can be used 
as a more convenient way to quantify bridge displacements. Accordingly, displacements can 
be reproduced by processing recorded acceleration data [6]. Prior research employed on 
acceleration data-driven displacement estimation has overlooked the presence of pseudo-static 
deformations during train crossings, hence the resulting displacements cannot be estimated 
correctly [4]. In fact, accelerometers are only capable to capture the dynamic response and are 
not able to collect other components such as non-symmetric pseudo-static deformation under 
the train massive weight. This paper seeks to overcome the aforementioned challenge by 
proposing multi-metric sensing system utilizing both accelerometers and tiltmeters to deliver 
reference-free high fidelity displacement estimations under train crossing events in real-time. 

Ultimately, high fidelity data of bridges responses under train crossing events enables (i) an 
accurate assessment of the capacity of the entire railroad bridge network in real-time and (ii) 
systematic prioritization of maintenance, repair, and replacement of bridge network based on 
objective data. 

2 SENSOR DATA FUSION 

Typically, structural health monitoring (SHM) combines a variety of sensing technologies 
to measure and store dynamic responses of structural systems. Accordingly, SHM provides a 
reliably monitoring and testing platform to inform about the health of structures. For instance, 
it has been demonstrated that with the help a wireless SHM sensor network, transverse 
displacements of a timber railroad bridge under service loads can help to capture critical 
changes in the bridge's performance [4].  

As mentioned in previous section, bridge displacements can be estimated using reference-
free acceleration sensors without the aid of a FE model of the bridge, i.e. model-free. Lee et al. 
proposed a FIR filter that can approximate displacement as a linear combination of measured 
accelerations within a finite time interval [6], as written below: Δ� =  岫��� + �態�岻−怠�����̅岫Δ�岻態 = ��̅岫Δ�岻態 (1) 

where Δ�, Δ�, �̅, �, ��, �, and � are estimated displacement, time increment, measured 
acceleration, diagonal weighting matrix, integrator operator, optimal regularization factor, and 
coefficient matrix for the displacement reconstruction, respectively. An optimal regularization 
factor with �, number of data within the finite time window is suggested by Lee (2010): � = ね6.8な�−怠.95 (2) 

One certain drawback of this FIR filter is its incompetence to capture pseudo-static 
displacements since acceleration data only contains dynamic information. This inability of the 
filter is evaluated by comparing the transverse displacements estimated from acceleration data 
with measured responses by LVDT recorded during train crossing event, as illustrated in Figure 
1 [4]. Comparison indicates that while LVDT is able to capture pseudo-static displacement 
components caused by the asymmetrical loading of train weight successfully, FIR filter fails 
to estimate the true displacement accurately. To obtain the transverse response of the bridge 
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from the FIR filter displacement estimations correctly, the error due to pseudo-static 
components should be compensated. 

 

Figure 1: Estimation of transverse displacements using accelerations at pile bent level [4]. 

In this paper, a new approach to deliver model-free and reference-free total displacement 
estimation is proposed. Unlike the previous example, this method couples dynamic 
acceleration data with tilt/rotation response captured by inclinometers, which are also 
reference-free sensors, at pile bent level. While purely dynamic displacement can be estimated 
with the FIR filter from acceleration data, pseudo-static component can be reconstructed using 
the tilt data. By adding the pseudo-static displacement, ∆鎚 to dynamic displacement, ∆�, total 
displacement, ∆痛 can be obtained: ∆痛= ∆� + ∆鎚 (3) 

Assume that a bridge pier bent can be simplified as a cantilever beam. A lateral load 
simulating transverse load due to asymmetric train loading is applied at the tip of the cantilever 
(see Figure 2). According to Euler-beam theory, the static deflection, ∆鎚 and rotation, �鎚 can 
be calculated as given in Equations (4.a) and (4.b). Static displacement can be rewritten in 
terms of rotation, as in Equation (4.c). For a perfect cantilever beam, static displacement will 

be equal to 
態戴 �鎚�. To simplify the solution, static displacement could be approximated to �鎚�, 

see Equation (4.d). It should be noted that this simplification will add error to the total 
displacement; on the other hand, it generalizes the problem for any type of pier bent, regardless 
of its shape. ∆鎚= ��戴ぬ�� (4.a) 

�鎚 = ��態に�� (4.b) 

∆鎚= にぬ �鎚� (4.c) 

∆鎚≅ �鎚� (4.d) 
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Figure 2: Idealization of pier bent. 

Many modern inclinometer sensors are designed to measure dynamic tilt of the pile bent 
using the gravity as the reference. Since sensor fusion approach prosed herein focuses on 
pseudo-static component of the tilt, a simple moving average (SMA) filter is applied to detrend 
the dynamic tilt measurement and to determine the mean value, which is equal to the static tilt. 
This resulting filtered data can be considered as static rotation, �鎚: 

�鎚[件] = な� ∑ ��[件 + 倹]�−怠
�=待  (5) 

where ��, 件, and � are dynamic tilt, 件th time step, and number of points in the average, 
respectively. In the subsequent sections, the total displacement estimations resulting from 
Equations (4.c) and (4.d) will be evaluated by comparing them to true bridge responses. In 
addition, the effect of number of points in SMA filter, as well as mechanical built-in filters 
existing in some inclinometers will be investigated. 

3 REAL-TIME DISPLACEMENT ESTIMATION 

Railroad industry is interested in real-time displacement measurement, since many of the 
management decisions tied to operation and maintenance cost estimations are based on the 
performance of bridges network under train loads in real-time. With the help of real-time 
displacement estimation, any safety concerns regarding bridge stability could be tracked in 
real-time. With the recent advancements in software and hardware technologies, a low-cost 
personal computer along with inexpensive data acquisition boards and sensors can easily be 
utilized as a turn-key solution to collect and process responses from bridges network in real-
time. For example, Simulink Desktop Real-time by MathWorks provides a real-time kernel 
capable of processing analog and digital sensor signals in real-time [7]. In view of that, since 
FIR filter and SMA filter are causal and computationally efficient, measured acceleration data 
can be converted to displacement data within the kernel’s timing constraints. A potential 
application of real-time displacement estimation is presented in Figure 3. 

This setup requires two measurement signal: acceleration and tilt data. Acceleration data 
can be converted through FIR filter to dynamic displacement which does not include the 
pseudo-static component. Likewise, dynamic tilt data can be converted to static tilt using SMA. 
Later, static tilt is multiplied with the length of the pier which produces the pseudo-static 
displacement, see Equations (4.c) and (4.d). Finally, dynamic and static displacements are 
added together to obtain real-time total displacements. When the window size of FIR filter and 
the number of averages in SMA filter do not match, a delay block can be used to delay the data 
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by a specified amount of time corresponding to the difference between window sizes of two 
filters. 

It should be noted that there are some restrictions on the hardware and software level that 
apply to any real-time system. For example, this proposed scheme has a maximum sampling 
rate limit depending on which hardware it is running on. Likewise, selection of window size 
for FIR affects how computationally exhaustive the estimation is going to be. 

 

Figure 3: Concept of real-time estimation. 

4 RESULTS 

To demonstrate the effectiveness of the proposed data fusion method, a cantilever beam as 
illustrated in Figure 2 is simulated in real-time. The simulation sampling time is chosen 250 
Hz. Only first 40 second of simulation data is considered within this study. The structural 
properties of the cantilever is selected as presented in Table 1. 

 
Height 15 ft (4.57 m) 
Section W 14 x 283 

Elastic Modulus 200 GPa (29000 ksi) 
Damping 2% 

Table 1: General structural properties of the cantiveler beam. 

It is assumed that a virtual displacement sensor, accelerometer and inclinometer are attached 
to the tip of the cantilever beam. The lateral input force, measured lateral displacements and 
rotations at the tip of the beam are given in Figure 4.a and Figure 4.b. The input force, 
simulating an asymmetrical train loading, consists of four parts: (i) 0-10 sec: sine wave with a 
mean amplitude of 10 kN ramping up to 300 kN, (ii) 10-20 sec: sine wave with an amplitude 
of 10 kN and a constant mean value of 300 kN, (iii) 20-30 sec: sine wave with an amplitude of 
10 kN ramping down to 0 kN, and (iv) 30-40 sec: 0 kN force input. The resulting displacement 
responses are ranging between -1 cm and 4 cm, whereas rotation is limited to -1x10-3 and -
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12x10-3 rad. Additionally, the acceleration responses are given in Figure 4.c. Using FIR filter 
given in Equation (1), the dynamic displacements are estimated from accelerations in real-time 
and compared to lateral measured displacements, see Figure 4.d. As seen, FIR filter is not 
capable of capturing pseudo-static component of the total measured displacement occurring at 
0-30 sec. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4: Simulation input and outputs: (a) Force input to the cantilever beam; (b) Lateral displacements and 
rotation responses with respect to the given force input; (c) Measured acceleration responses to the given input 

force; (d) Estimated dynamic displacement vs measured displacement. 

As discussed in the previous section, in order to estimate total displacements by coupling 
acceleration data with tilt data, the recorded dynamic rotation responses should be converted 
to pseudo-static rotation using SMA filter, see Equation (5). Four filters are considered for this 
purpose: (a) 2 Hz Butterworth filter simulating a built-in mechanical filter of an inclinometer; 
(b) simple moving average (SMA) filter with 250 averaging points; (c) SMA with 500 points; 
and (d) SMA with 1000 points. The measured and filtered rotation data are illustrated in Figure 
5. It is observed that high number of averaging points in SMA (500-1000 points, see Figure 
5.c and Figure 5.d) reveals pseudo- static component of rotation response whereas SMA with 
250 points and mechanical 2 Hz filter do not wipe all the dynamic content. It is also noted that 
an increase in the aggressiveness of SMA also adds delay to the pseudo-static content. This 
delay can be compensated during run time, since it can be easily determined prior testing. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: Application of filters on rotation measurement: (a) Single-pole 2 Hz Butterworth Filter; (b) SMA with 
250 points; (c) SMA with 500 points; (d) SMA with 1000 points. 

After rotation responses are filtered, the obtained pseudo-static rotations are converted to 
pseudo-static displacements using Euler-beam equations, see Equations (4.c) and (4.d). Using 
Equation (3), these pseudo-static displacements are added to the dynamic displacements that 
were illustrated in Figure 4.d. The resulting total displacements for rotations filtered with SMA 
(1000 points) are shown in Figure 6. As expected, the results produced with Equation (4.d) are 
overestimating the displacements, while the calculation is simplified and generalized for any 
type of cantilever type structure. 

 

 
(a) 

 
(b) 
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Figure 6: Total displacement estimations for SMA with 1000 points: (a) Use of Equation (4.c); (b) Use of 
Equation (4.d). 

Figure 7 demonstrates the effectiveness of the data fusion of acceleration and rotation data 
for four predefined filters. Although mechanical 2 Hz filter and 250 points SMA filter were 
not able to wipe the dynamic component of the measured rotations (see Figure 5), the estimated 
total displacements are comparable to measured values. Results indicate that for all four cases, 
the measured lateral displacements are close to estimated responses. In conclusion, compared 
to FIR filter estimation, data fusion provides higher fidelity of displacement estimations. It 
should be noted that the total displacements are calculated in real-time by utilizing real-time 
displacement estimation method discussed within this paper. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: Total displacement estimations for using of Equation (4.c): (a) Single-pole 2 Hz Butterworth Filter; 
(b) SMA with 250 points; (c) SMA with 500 points; (d) SMA with 1000 points. 

5 CONCLUSIONS 

There has been an interest by the railroad industry to monitor health of the railroad bridges 
network to ensure its safe and reliable operations under service loads. In the most basic sense, 
SHM provides a means of monitoring the structural performance of railroad bridges during 
train crossing events. Correspondingly, the serviceability of a railroad bridge can be attributed 
to the measured bridge lateral displacements, when train derailment is considered as a main 
concern. Reference-free sensors, e.g. accelerometers provide more versatility compared to 
reference-based displacement sensors due to advantages such as faster deployment leading to 
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reduced application time and costs. Although FIR filters are capable of estimating 
displacements from measured acceleration data, they may fail to capture total displacement 
accurately when pseudo-static components due to unsymmetrical loading are dominant. To 
overcome this shortcoming, this paper explores data fusion of inclinometers and 
accelerometers capable of providing pseudo-static and dynamic displacements, respectively. 
The results presented demonstrate that the proposed method has the potential to offer more 
accurate information about the health of the railroad bridge compared to FIR filter. 

Since real-time information about bridges network is critical for the railroad industry, the 
proposed data fusion method is implemented to be utilized in real-time. The results have shown 
that for a simulation sampled at 250 Hz operating in real-time, the data fusion system is capable 
to deliver total displacement estimations accurately. 
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