
MONITORING OF DYNAMIC BRIDGE BEHAVIOUR USING DIGITAL 

IMAGE CORRELATION 

 

 

 

by 

 

Adam John Hoag 

 

 

 

 

 

A thesis submitted to the Department of Civil Engineering 

In conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(August, 2016) 

 

Copyright © Adam John Hoag, 2016 



ii 

 

Abstract 

Bridges are a critical part of North America’s transportation network that need to be assessed 

frequently to inform bridge management decision making. Visual inspections are usually implemented for 

this purpose, during which inspectors must observe and report any excess displacements or vibrations. 

Unfortunately, these visual inspections are subjective and often highly variable and so a monitoring 

technology that can provide quantitative measurements to supplement inspections is needed. Digital 

Image Correlation (DIC) is a novel monitoring technology that uses digital images to measure 

displacement fields without any contact with the bridge.  

 In this research, DIC and accelerometers were used to investigate the dynamic response of a 

railway bridge reported to experience large lateral displacements. Displacements were estimated using 

accelerometer measurements and were compared to DIC measurements. It was shown that accelerometers 

can provide reasonable estimates of displacement for zero-mean lateral displacements. By comparing 

measurements in the girder and in the piers, it was shown that for the bridge monitored, the large lateral 

displacements originated in the steel casting bearings positioned above the piers, and not in the piers 

themselves. 

 The use of DIC for evaluating the effectiveness of rehabilitation of the LaSalle Causeway lift 

bridge in Kingston, Ontario was also investigated. Vertical displacements were measured at midspan and 

at the lifting end of the bridge during a static test and under dynamic live loading. The bridge 

displacements were well within the operating limits, however a gap at the lifting end of the bridge was 

identified. Rehabilitation of the bridge was conducted and by comparing measurements before and after 

rehabilitation, it was shown that the gap was successfully closed. 

 Finally, DIC was used to monitor the midspan vertical and lateral displacements in a monitoring 

campaign of five steel rail bridges. DIC was also used to evaluate the effectiveness of structural 

rehabilitation of the lateral bracing of a bridge. Simple finite element models are developed using DIC 
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measurements of displacement. Several lessons learned throughout this monitoring campaign are 

discussed in the hope of aiding future researchers.   
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Chapter 1 

Introduction 

1.1 Research Need 

Rail and highway bridges are critical components of Canada’s transportation 

infrastructure, allowing freight and passengers to access remote parts of the country. A single 

unplanned bridge closure can prevent cross-country travel and cost millions. An example of this 

is the failure of the Nipigon River Bridge in Northern Ontario in January 2016, which resulted in 

the temporary closure of the Trans-Canada Highway and prevented all traffic from passing 

between Eastern and Western Canada without entering the United States.  

To prevent situations like this, bridges are inspected frequently to ensure they are still fit 

for purpose. For example, CN requires their bridges to be inspected yearly, with more detailed 

inspections every ten years (CN, 2016). During these inspections, inspectors are required to report 

any excessive displacements or vibrations. Unfortunately, these inspections provide subjective 

information about displacements and are often inaccurate (Graybeal et al., 2002). To supplement 

these visual inspections, quantitative measurements of displacements are required. Many sensor 

technologies often lack the precision to monitor small displacements of short span rail bridges or 

require a fixed reference point on which to place the sensor.  

Digital Image Correlation (DIC) is a monitoring technology that has been shown to 

provide accurate measurements of small displacements and does not require a fixed reference 

point or contact with the bridge. DIC uses a series of digital images to measure the displacement 

of any visible part of a bridge. By positioning cameras adjacent to and next to a span, vertical and 

lateral displacements can be measured. Using quantitative DIC displacement measurements, 

bridges could be rapidly and reliably evaluated in the field. This research will investigate the use 
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of DIC in campaign-style monitoring of multiple bridges, as well as using DIC to conduct in-

depth bridge investigations and to evaluate bridge rehabilitation.  

When conducting an in-depth investigation of a bridge, infrastructure owners often install 

accelerometers on the bridge to evaluate its response to dynamic freight loading. The 

performance of a bridge is often difficult to assess based on acceleration measurements, and so 

DIC could be used as an alternative sensor technology. A field study of a bridge using both 

technologies is required in order to compare the application and accuracies of both systems. 

DIC presents a unique opportunity to evaluate the effects of structural rehabilitation of a 

bridge without disruption to the traffic on the bridge. This is particularly important for bridges 

over roads or water which cannot be monitored using conventional sensors. An example of this is 

to assess the rehabilitation of a bascule lift bridge, which is of particular interest because the 

support conditions of the bridge are unknown. 

1.2 Objectives 

The objectives of this research are to: 

1. Evaluate the effectiveness of DIC as a sensor for in-depth evaluation of bridge 

performance in comparison with accelerometers, and use the measurements from this 

study to provide quantitative information about bridge performance.  

2. Use DIC to evaluate the displacements of a 100-year old bascule lift bridge to determine 

if the bridge exceeds serviceability displacement limits. The effectiveness of 

rehabilitation of the bridge superstructure and on a gap identified at the lifting end of the 

bridge was studied using DIC. 

3. Determine if DIC can be rapidly and reliably implemented such as to be used in a 

monitoring campaign of several rail bridges, and use the results from this study to 

develop and update simple finite element models of the bridges.  
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1.3 Organization of Thesis 

This thesis is presented in manuscript format as outlined by the School of Graduate 

Studies at Queen’s University. Chapter 1 is a general introduction followed by Chapters 2 

through 4 consisting of manuscripts. General conclusions are presented in Chapter 5.  

In Chapter 2, DIC and accelerometers are used to monitor the dynamic response of a rail 

bridge reported to experience large lateral displacements. DIC is used to monitor the vertical and 

lateral displacements of three spans at midspan and at the piers. Accelerometer readings are used 

to estimate displacements, which are compared to DIC measurements. The origin of the large 

lateral displacements is inferred by comparing measurement of the girders and the piers. 

Chapter 3 explores the use of DIC for the dynamic monitoring of a 100-year-old bascule 

lift bridge to ensure the displacements do not exceed serviceability limits. The displacement at 

midspan and at the lifting end of the bridge are monitored before and after structural 

rehabilitation to assess the effectiveness of the rehabilitation.  

In Chapter 4, the application of DIC for campaign style monitoring is studied and finite 

element models are developed based on the results of this campaign. This chapter describes and 

explains several lessons learned about the limitations and proper application of DIC with the goal 

of informing future researchers who intend to use DIC in the field. 

Finally, Chapter 5 gives a summary of the research carried out and the conclusions that 

can be drawn from the work. 
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Chapter 2 

Case Study of the Displacements of a Steel Railroad Bridge using Digital 

Image Correlation and Accelerometers1 

2.1 Introduction 

 North American railroads expect to exceed their traffic volume capacities over the next 

20 years at many locations and need to prepare their infrastructure accordingly (Cambridge 

Systematics 2007).  Innovations in freight cars and locomotives, have resulted in a doubling of 

the average tons hauled per freight train (Weatherford et al. 2008). According to Unsworth 

(2010), the weight/car ratio has increased rapidly in the last few decades and the capacities of 

older bridges are being exceeded. Additionally, of the 100,000 railroad bridges in North America, 

the US Department of Transportation reports that more than half were built before 1920 

(AREMA 2003). As such, many rail bridges are beyond their original design life.  

Given that rail bridges are more heavily loaded and aging, railroad companies need to 

continuously assess the structural condition of their bridges to ensure the safety and operational 

performance of rail networks (Byers and Otter 2006). American freight railroads invest billions of 

dollars to annually inspect more than 60,000 bridges (AAR 2016). Unexpected bridge closures 

can result in large expenses for railroads as well as affecting the movement of people and goods, 

and so must be avoided if possible. As such there is a need for monitoring technologies that can 

provide critical information for engineers to help to ensure that these bridges are still fit for 

purpose. Measuring bridge displacements under dynamic live loads can be used to evaluate 

railroad bridges (Moreu and LaFave 2012) and new technologies are continually being developed 

for this purpose. 

                                                      

1 Manuscript under review: Hoag A., Hoult N.A., Take W.A., Moreu F., Le H., and Tolikonda V. (2016) 

“Case Study of the Displacements of a Steel Railroad Bridge using Digital Image Correlation and 

Accelerometers.” Journal of Smart Structures and Systems. Submission date: May 18, 2016, under review. 
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The current industry practice for the maintenance and assessment of railroad bridges is to 

conduct periodic visual inspections (AREMA 2015). Current bridge inspection practices 

recommend observing and reporting “excessive deflection, settlement” (AREMA 2015). 

Measuring displacements using displacement transducers is difficult without a fixed reference 

point. When long-term or in-depth monitoring of a bridge is required, common industry practice 

is to install accelerometers and inclinometers on a bridge. These sensors can be used to determine 

the natural frequency of bridge components, and can establish a baseline behaviour for long term 

monitoring purposes. Ideally, accelerometer measurements can also be used to calculate 

displacements to evaluate the stiffness of the bridge and its response to train loading, however 

measurement noise can make this difficult. As such, engineers tasked with managing railroad 

bridge infrastructure still require a practical way to directly measure displacements without the 

need for a fixed-reference point. 

Digital Image Correlation (DIC) is a developing technology that can be used as a non-

contact sensor to directly measure displacement. DIC uses digital images to measure a 2-

dimenstional displacement field. It overcomes many of the limitations of conventional 

displacement sensors, such as the need for a fixed reference point, and can be rapidly deployed in 

the field. By strategically positioning cameras around a bridge, DIC can be used to measure 

midspan and support displacements in the vertical, lateral, and longitudinal directions, as well as 

strains (Lee et al. 2011; Hoult et al. 2013), crack widths (McCormick and Lord 2010; Nonis et al. 

2013; Hoult et al. 2016), settlement (Take at al. 2005), or spalling (Nonis et al. 2013). By 

combining DIC with conventional sensors, measurement redundancy and a more comprehensive 

evaluation of a bridge can be achieved.  

The objectives of this research are to: (i) investigate the displacement response of a 

bridge to dynamic loading using multiple sensor technologies, (ii) compare current bridge 
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monitoring technologies, and (iii) use the measurements from this monitoring campaign to assess 

the bridge performance.  

The following sections present a review of common bridge monitoring technologies as 

well as DIC. The bridge site is introduced and the experimental procedure will be described. The 

DIC displacement results from the dynamic monitoring of the bridge under service loads are 

presented, followed by the accelerometer results. The advantages and disadvantages of using both 

DIC and accelerometers for railroad bridge monitoring are discussed. DIC measurements are 

compared to those estimated from accelerations and the results from both measurement 

technologies are used to evaluate the bridge. 

2.2 Background 

2.2.1 Current Bridge Monitoring Approaches 

The most common form of structural monitoring of railroad bridges is to conduct visual 

inspections. Typically, railroad bridges need to be inspected at least once every year, with more 

in-depth inspections at least every ten years (CN 2016). Visual inspections are considered the 

industry standard but are subjective and often inaccurate (Graybeal et al. 2002; Phares et al. 

2004). A study by Graybeal et al. (2002) revealed that at most, 81% of condition rating were 

assigned correctly. Furthermore, Phares et al. (2004) tested the accuracy of visual inspections, 

revealing that at least 48% of individual condition ratings were incorrect. As such these 

inspections should be supplemented with quantitative data that can be used to more accurately 

determine the condition of these bridges.  

In a survey-based study of structural engineers conducted by Moreu and LaFave (2012), 

measuring railroad bridge deflections under live service loads was identified as the current top 

research interest. They indicate that measuring real-time deflections under live loading can be 

beneficial both in terms of railroad bridge management and railroad bridge replacement 

prioritization.  
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There are several monitoring technologies that are capable of measuring dynamic bridge 

displacements. The most common of these are Linear Variable Differential Transformers 

(LVDTs). The reason LVDTs are not often used in the field for bridge monitoring is that they 

require a stationary reference point in the immediate vicinity from which to measure 

displacements. Moreu et al. (2015) were able to overcome this by constructing scaffolding 

beneath a bridge to the level of the bridge deck but this method is not feasible for many bridges 

that span across active roads or bodies of water and so a different approach is required. 

There are sensors that do not require a fixed reference point in the immediate vicinity and 

can be used to calculate displacements, including accelerometers and inclinometers, however they 

do not measure displacement directly. A comprehensive investigation into wireless sensor 

networks by Hu and Wang (2013) combined accelerometer measurements with strain and 

temperature measurements in order to estimate bridge displacements. In this study, the proposed 

measurement system was capable of estimating displacements and mode shapes but the 

measurements were compared only to a finite element computer model and not to other 

displacement sensors. Park et al. (2014) also demonstrated that a series of accelerometers can be 

used in combination with strain gages to estimate displacements with an error of less than 1% 

when compared to laser displacement sensors. In order to estimate displacement, the accelerations 

must be filtered and manipulated using a sophisticated algorithm that combines the accelerometer 

and strain data sets (Park et al. 2014). Both of these studies were capable of accurately estimating 

displacements, however both required access to the bridge to install the sensors.  

Moreu et al. (2015) conducted field monitoring of several bridges using reference-free 

estimations from accelerations collected with Wireless Smart Sensors (WSS). In this work, actual 

displacements measured from a timber bridge trestle pile bent were compared with reference-free 

displacements under different traffic conditions. With the exception of trains at slow speeds or 

under harmonic roll, reference-free transverse displacements at a critical bridge location (as 
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identified by the railroad operator) were consistently measured accurately using accelerations 

collected by WSS. Further improvements in the accuracy of the WSS can be attained by 

incorporating various different measurements from multiple sensors that can capture pseudo-

static responses of bridges under train loading.  However, they still need to be installed on the 

superstructure, and the displacement estimations are still obtained indirectly.   

Sousa et al. (2013) calculated displacements of a bridge by measuring strain and 

inclinations and using curve fitting to approximate the curvature, and thereby calculated the 

displacements. This was done for highway bridges in the field with approximately 5% error. A 

study by He et al. (2014) demonstrated that a series of inclinometers can be used as stand-alone 

sensors to estimate displacements in a steel arch railroad bridge with a maximum error of 7%. 

These studies show that inclinometers can be used to estimate displacements without requiring a 

fixed datum, but may lack the accuracy required for monitoring the small displacements of short-

span railroad bridges.  

There are several new technologies that have been developed in order to make non-

contact displacement measurements. These include Global Positioning Systems (GPS), laser 

trackers, and laser scanners. GPS receivers lack the sensitivity of laser trackers and scanners and 

are therefore generally only used to track the large displacements of long-span suspension bridges 

(Roberts et al. 2004; Yi et al. 2013). Laser trackers measure the coordinates of targets with a high 

accuracy, whereas laser scanners sample 3-dimensional points on surfaces surrounding the 

scanner (Attanayake et al. 2013). Laser trackers can achieve a measurement resolution up to 0.32 

micrometers but access to the bridge must be available to place targets, and the system can only 

track those points on the bridge (Attanayake et al. 2013). Laser scanners do not require access to 

the bridge and can construct 3-dimensional surfaces with an accuracy of 2 mm (Attanayake et al. 

2013).  
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DIC uses digital images of an object to measure two-dimensional displacement fields, 

and as a result overcomes many of the disadvantages of commonly used sensors, such as the need 

for a fixed reference point in the immediate vicinity of the bridge and the need for access to the 

bridge. The first image in a series of images is referred to as the reference image. Areas of 

interest, known as subsets, can be identified in the reference image and tracked through the image 

series. DIC can track the natural surface of an object, provided there is a minimum level of 

texture, eliminating the need for targets or markings on the bridge. Any object of known 

dimensions within the image can be used to create a ratio of millimeters to pixels, known as a 

scale factor. This is used to convert the DIC output from image space measurements, in pixels, to 

physical space measurements, in millimeters for example. By using a high-speed camera system, 

dynamic displacements of a bridge can be calculated with the level of accuracy depending on the 

camera hardware, system setup, and DIC software. Cameras can be strategically positioned to 

measure lateral, longitudinal, or vertical displacements, at the midspan, the abutments, or any 

visible portion of a bridge. This research uses DIC to monitor only the superstructure of the 

bridge, however the substructure could also be monitored if visible and desired. 

Stephen et al. (1993) first investigated the use of DIC for bridge monitoring. At the time, 

the technology was only sensitive enough to monitor long span bridges with large displacements; 

the Humber Bridge was selected for this study. Yoneyama et al. (2007) made static measurements 

using DIC before and after applying load to a short concrete girder bridge. More recently, DIC 

has been used to dynamically measure bridge displacements. Cigada et al. (2013) investigated the 

effect of using targets for DIC tracking on dynamic bridge measurements. It was determined that 

the quality of the natural texture of the bridge strongly impacted measurement accuracy. Murray 

et al. (2014) monitored a reinforced concrete highway bridge during static and dynamic load tests. 

This research proposed using stationary objects in the image to reduce measurement errors for a 

bridge that experiences small displacements. McCormick et al. (2014) and Hoag et al. (2015) 
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both compared dynamic DIC measurements to measurements taken by conventional linear 

potentiometers.  

The DIC software package used in the current research is called GeoPIV and was 

developed by White et al. (2003) and modified by Stanier et al. (2015). GeoPIV initially 

measured displacement with an accuracy of 0.1 pixels (White et al. 2003) but with recent 

improvements in the sub-pixel interpolation scheme the accuracy has been increased to 

approximately 0.001 pixels (Lee et al. 2011).   

2.2.2 Halton 26.36 Bridge Test Site 

The bridge known as Halton 26.36 lies along the main CN Rail line between Canada and 

the United States of America (43⁰37’18.7”N, -79⁰55’54.9”W). Halton 26.36 is a steel Deck Plate 

Girder (DPG) railroad bridge comprised of six spans with one track. Figure 2.1 shows a 

schematic of the bridge, as well as an image of the bridge along with the sign convention used for 

the midspan displacement measurements. Each span is simply supported on tall masonry piers 

and is approximately 30 meters long. The original lattice truss of this bridge was replaced with 

shallower deck plate girder spans in 1910. Since the masonry piers were not replaced at that time, 

the newer, shallower, spans were elevated above the piers on large steel castings. Figure 2.1 

shows the labelled spans of Halton 26.36 with a detail of a pier at a larger scale to illustrate the 

castings which act as the bearings for the bridge. The railroad reported that his bridge experienced 

larger than expected lateral displacements based on visual observations during routine periodic 

inspections. For this reason, the bridge was monitored using accelerometers as well as cameras 

for DIC, so that the measurement techniques could be compared and the behaviour of the bridge 

could be quantified. 

2.3 Experimental Setup 

Allied Vision Technologies (AVT) GX1050 8-bit monochrome 1 megapixel (MP) high 

speed cameras with 85 mm lenses were used for the DIC monitoring of this bridge. The cameras 
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are controlled by a computer server with twelve 1 terabyte hard drives capable of storing the 

images. The server is powered by a generator, and it takes approximately an hour to setup all the 

equipment. The cameras recorded images at 100 Hz to capture the dynamic effects of the loading. 

Spans 3, 4, and 6 were each monitored using DIC under multiple freight train loadings. Cameras 

were positioned with a view of the bridge at midspan and at the girder immediately above the 

bridge piers to monitor displacements at these locations. At each location along the span, cameras 

adjacent to the bridge were used to measure vertical displacements and cameras below the span, 

aiming up at the bottom of the DPG, were used to measure lateral displacements. Figure 2.2a 

shows a typical setup for two cameras monitoring vertical displacements at the midspan and pier 

of Span 3, respectively. Figure 2.2a shows a typical Field Of View (FOV) for a camera aimed at 

the side of the DPG to capture the vertical displacement at midspan. Figure 2.2b shows a typical 

camera setup for the remaining three cameras setup to monitor the lateral displacements of Span 3 

at midspan and both piers.  

Tri-axial CX1 accelerometers from SENSR were used to record 3-dimensional 

accelerations at midspan and piers of Span 3 at 250 Hz (SENSR 2016). The locations of the 

accelerometers as well as an image of one are shown in Figure 2.2b.  The locomotive types and 

weights are summarized in Table 2.1. 

2.4 Monitoring Results 

This section will discuss the DIC and accelerometer measurements, respectively. In some 

cases, only the results from the freight train locomotives are shown for clarity, although the 

displacements due to the whole train are captured. Time zero is defined as when the train first 

enters the span being monitored. 

The process for calculating displacements using DIC involves first downloading the 

images from the camera server to a hard drive, which can take up to an hour for larger image sets. 

Then, using Matlab and the software package GeoPIV developed by White et al. (2003), areas of 
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interest within the reference image are selected. GeoPIV tracks these locations, also called 

subsets, throughout the image series, and will output the displacements of these subsets in pixels. 

To convert the displacements from pixels to millimeters, a scale factor is used. Scale factors are a 

ratio of pixels to mm that can be established using anything of known dimension captured within 

the images. Scale factors are unique for each image set, and often for areas within the image, and 

can affect the accuracy of the DIC measurements, since a large scale factor will magnify any 

errors. The whole process of running a DIC analysis can take anywhere for 20 minutes to 24 

hours, depending on the size of the image set.   

For comparison purposes, unless otherwise stated, all the monitoring results shown are 

from Span 3 under the dynamic loading of ‘Freight 4’ which was led by three locomotives: 

SD70M-2 (210 tons), C44-9W (195 tons), and C40-8M (197 tons). All of the DIC results shown 

are filtered using a low-pass filter to remove the effects of camera and tripod vibrations. A cutoff 

frequency of 7 Hz was selected as these equipment vibrations have a frequency of 10 Hz and 

above, whereas the dominant frequencies for the bridge displacements measured by DIC had a 

frequency less than 3.5 Hz. The filter used was a digital Butterworth filter of the 9th order. This 

particular filter was selected as it has a narrow influence range and reduced rippling, as discussed 

by Wheeler et al. (2016). 

A summary of the vertical and lateral displacements of all three spans under full freight 

train loading is shown in Table 2.1, which shows the peak vertical and lateral displacements 

under the seven freight trains that were monitored. Peak vertical displacements of the bridge 

spans are caused by locomotives and heavily loaded freight cars, however lateral displacements 

usually have largely consistent magnitudes throughout the passage of the train.  

2.4.1 DIC Displacement Measurements 

Figure 2.3 shows the midspan vertical displacements of Span 3 under a) the full loading 

of Freight 4 and b) the locomotive loading only. The span experiences a maximum displacement 



13 

 

of 17.01 mm as seen in Figure 2.3a. The first large displacement occurs when the first truck of a 

locomotive is directly at midspan. The subsequent peak displacement occurs when the second 

truck of the first locomotive and the first truck of the second locomotive are centered near 

midspan. The small rebound between the large displacements occurs due to the bridge being 

under less load between the trucks of a locomotive. At approximately 17 seconds, the 

locomotives have left the span and empty freight cars (with the occasional loaded freight car) are 

the only masses loading the span. These cars are much lighter than the locomotives and therefore 

produce much smaller displacements.  

Figure 2.4 shows the midspan lateral displacements of Span 3 under the same freight 

train loading as Figure 2.3. Figure 2.4a shows the displacements under the full freight train, with 

the displacements due to the locomotives only shown in Figure 2.4b. It can be seen in Figure 2.4b 

that, prior to the locomotives crossing the span, the bridge begins to oscillate about its initial 

position as the lateral displacements start to increase. Since the bridge is not skewed or curved, 

the displacements oscillate about 0 mm. Unlike the vertical displacements seen in Figure 2.3a, the 

lateral displacements do not decrease once the locomotives have left the span. Thus it appears that 

the magnitude of lateral displacements is not directly related to the weight of the train car loading 

it. The peak lateral displacements occur near the middle of the train with a maximum and 

minimum value of 2.95 mm and -2.12 mm respectively. These displacements are much larger 

than those under the locomotives and are likely the result of dynamic effects related to particular 

train cars.  

Figure 2.5 shows the vertical displacements of Spans 3, 4, and 6, due to the locomotive 

crossings of separate freight train loadings. The maximum displacements caused by the 

locomotives crossing are 13.92 mm, 14.92 mm, and 15.23 mm for Spans 3, 4, and 6 respectively. 

It should be noted that the trains that were recorded travelling across spans 4 and 6 each had only 

two locomotives, which results in fewer displacement peaks in Figure 2.5 for these spans. It 
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should also be noted that Span 6 is the last span of the bridge and so is supported by an abutment, 

rather than a pier on one side. Thus, no displacements are observed prior to the freight train 

locomotives entering the span (i.e. before time = 0 seconds on the plot).  

The comparison of lateral displacements for these spans is shown in Figure 2.6. The 

displacements of these three spans were recorded under different freight trains at different times. 

It can be seen that the displacements of Span 6 are generally smaller than the displacements of the 

other two spans. This is potentially because it is the last span of the bridge and thus is supported 

by the abutment on one side, which is significantly stiffer than the piers and provides more lateral 

support in this particular bridge. For all three spans, the peaks in the displacements due to the 

locomotives are generally between 1.5 mm and -1.5 mm.  

2.4.2 Accelerations 

Figure 2.7 shows the accelerometer data, measured in g, from the midspan of Span 3 

during the passage of the locomotives of Freight 4. The accelerations in the vertical (z), lateral 

(x), and longitudinal (y) directions are shown for comparison. It should be noted that these 

accelerations have been filtered using a low-pass filter with a cutoff frequency of 30 Hz to 

remove high-frequency noise. It can be seen that the vertical accelerations are an order of 

magnitude larger than the lateral and longitudinal accelerations, with a minimum of -0.53 g. The 

lateral and longitudinal accelerations oscillate about zero without tending towards one direction. 

The lateral acceleration peaks are between 0.05 g and -0.05 g and the longitudinal peaks are 

between 0.01 g and -0.01 g. Similar to the vertical displacements shown in Figure 2.3, the vertical 

accelerations shown in Figure 2.7 are largest under the heavy locomotives and are smaller under 

the lighter freight cars. The lateral and longitudinal accelerations remain fairly constant 

throughout the passing of the train, unaffected by freight car mass, which is similar to the lateral 

displacement measurements.  
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One of the principal uses of acceleration measurements is to calculate the natural 

frequencies of the bridge and to establish a baseline for long term monitoring. An example of 

using accelerometer data to calculate natural frequency is shown in Figure 2.8. The vertical 

accelerations of Span 3 after the freight passed over and exited the span are shown in Figure 2.8a. 

These accelerations represent the free vibrations of the bridge. The natural frequencies of these 

vibrations are shown in Figure 2.8b, with the accelerations plotted in the frequency domain. The 

frequency content of the acceleration signal was determined by using a Fast Fourier Transform 

(FFT) on the acceleration data with a rectangular time window used to capture only the free 

vibration signal. In this case, 675 acceleration data points, representing 2.7 seconds of the signal 

was analyzed. Figure 2.8b shows the amplitudes of the FFT signals, calculated by converting the 

FFT output to a one-sided real signal and normalizing by the signal length. It can be seen that the 

first modal frequency of Span 3 is 7.40 Hz.  

This result can be compared to the predicted frequency obtained using Equation [2-1] 

from Unsworth, (2010): 

                                                      𝑓 =
680

𝐿
=

680

99.5 𝑓𝑡
= 6.83 𝐻𝑧 [2-1] 

 

Equation [2-1] can be used to estimate the fundamental frequency (f) of an open deck 

girder span based on the span length (L) in feet (ft). The natural frequency of 6.83 Hz, estimated 

using Equation [2-1] can be compared with the measured natural frequency of 7.40 Hz. However, 

given the empirical and general nature of Equation [2-1], it is difficult to tell whether the 

difference between these two values represents a significant issue. 

2.4.3 Comparison of Measurement Techniques 

For all measurements other than the vertical displacements (which has a mean of -3.25 

mm), the mean measurement is approximately zero. This is true over the course of the entire train 



16 

 

crossing event, however this would not hold true during short time-windows. The vertical 

displacements have a negative mean, as expected for a span being loaded in the negative 

direction.  

Figure 2.9 shows a comparison of the frequency content of the DIC and accelerometer 

measurements under the full train crossing event. The FFT amplitudes in Figure 2.9 have been 

normalized by the largest amplitude in each respective plot to facilitate a direct comparison 

between each of the measurements. These frequencies represent the forced frequency of vibration 

of the bridge in the vertical and lateral directions. The vertical measurements of displacement and 

acceleration have dominant frequencies less than 1 Hz, whereas the lateral measurements have 

much higher frequency content. It should be noted that the same frequency filters were applied to 

vertical and horizontal measurements and thus do not affect this comparison. 

This direct comparison of displacements and accelerations contains valuable information; 

however, it is difficult to interpret this data in terms of evaluating the performance of the bridge. 

To further compare these two measurement systems, displacements can be calculated using the 

measured accelerations. These calculated displacements can be directly compared to the 

measured displacements and can be used to further investigate the response of the bridge. The 

process of calculating displacements from accelerations is described in the following section. 

2.5 Displacement Estimation using Accelerations 

Figure 2.10 illustrates estimating displacements using accelerations from a time window 

using an algorithm that can be used to estimate reference-free displacements in the transverse 

direction using acceleration measurements. To eliminate the need for information about double 

integration and unknown constants of integration, Lee et al. (2010) proposed minimizing the 

difference between the double derivative of the displacement and the acceleration within a finite 

time interval.  The objective function to be minimized is given in Equation [2-2]. 
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min
u

Π =
1

2
‖𝐋𝐮 − (∆t)2𝐋a�̅�‖2

2 +
λ2

2
‖𝐮‖2

2 [2-2] 

 

Where u, ∆𝑡, �̅�, 𝐋a, L, |∙|2, and λ are the estimated displacement, time increment, measured 

acceleration, integrator operator and diagonal weighting matrix, 2-norm of a vector, and optimal 

regularization factor, respectively.  

The optimal regularization factor λ is presented in Equation [2-3], and it depends on the 

number of data points in the time window (N).  

𝜆 = 46.81 ∙ 𝑁−1.95 [2-3] 

 

 The size of the time window is usually two or three times the longest estimated period of 

the target structure. Using the measured acceleration and Equation [2-2], the estimated 

displacement (u) can be calculated using Equation [2-4].  

𝐮 = (𝐋T𝐋 + λ2𝐈)
−1

LT𝐋a�̅�(Δ𝑡)2 = 𝐂�̅�(∆𝑡)2 [2-4] 

 

I is the identity matrix and C becomes the coefficient matrix for the displacement 

reconstruction.  

Park et al. (2013) programmed this algorithm into Wireless Smart Sensors (WSS) and 

conducted laboratory tests to demonstrate the potential of this approach. The validity of the 

proposed method was experimentally demonstrated on a three-story shear building during free 

vibrations. This algorithm will be employed herein for direct estimation of railroad bridge 

deflections under actual train loadings.  

2.5.1 Comparison of Displacements Calculated using DIC and Acceleration Measurements 

The lateral accelerations at midspan of Span 3 were used to estimate lateral 

displacements as seen in Figure 2.11. Figure 2.11a shows the comparison for the entire train 
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crossing, with good agreement between both technologies, as highlighted for the locomotive 

crossing seen in Figure 2.11b.  Figure 2.11 shows that accelerometers can reasonably estimate 

displacements for zero-mean data, such as these lateral accelerations. There are however, 

occasionally some large unexplained peaks that do not align with the DIC data as seen in Figure 

2.11c. As discussed by Moreu et al. (2015), this shows the limitation of post-processing 

accelerations to estimate displacements. In general, the accelerometer estimates of the 

displacements align very closely with the DIC measurements as shown in Table 2.2, which 

compares the peak measurements from both monitoring technologies. Table 2.2 shows that the 

error in calculating peak displacements was 1 %, 5 %, and 22% for Freights 3, 4, and 5 

respectively, when compared to DIC. 

The vertical accelerations at midspan were also used to calculate displacements and 

compared to DIC measurements as seen in Figure 2.12. In order to facilitate a direct comparison 

between the two measurement systems, the DIC data was detrended, forcing the mean to be zero. 

This was done in order to simulate a zero-mean data set, since the method of calculating 

displacements from accelerations presented earlier outputs zero-mean, peak-to-peak 

displacements. It can be seen in Figure 2.12 that the calculated displacements often significantly 

overestimate the actual displacements of the span measured by DIC, and do not provide an 

accurate representation of vertical displacements.  

These large errors are likely due mainly to two factors: (i) The method described above 

for calculating displacements from accelerations functions with zero-mean data. The vertical 

acceleration measurements are zero-mean over a long window of time, such as over the course of 

a train crossing event, however in many short windows of time (such as when the locomotives 

first enter the span) the accelerations will not be zero-mean and this can lead to large calculation 

errors. (ii) The MEMS accelerometers used in this study work best when monitoring high 

frequency vibrations. The vertical DIC and acceleration measurement have much lower dominant 
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frequencies than in the lateral direction. This is clearly emphasized in Figure 2.8 which shows the 

frequency content of the a) vertical DIC measurements, b) lateral DIC measurements, c) vertical 

accelerations, and d) lateral accelerations. As seen in Figure 2.8, the forced frequency of vibration 

was much lower in the vertical direction than in the lateral direction. These low-frequency 

vertical vibrations may be poorly measured by the accelerometers and thus lead to inaccuracies 

when calculating displacements. 

This technique of calculating displacements under a full train from accelerations may 

lead to inaccuracies that do not reflect the crossing events. This reinforces interest in using real 

time displacement measurements for bridge inspection, because some railroads are interested in 

the total dynamic movement under a train so that an engineer or competent person can quantify 

the movement being observed.  

2.6 Bridge Assessment using Sensor Data 

The displacements found in Figure 2.5 show that each of the spans monitored experience 

comparable vertical displacements. This is expected for spans of the same age, made with the 

same materials, and designed with the same span and cross section. A difference in vertical 

displacements between the spans could be the result of a difference in stiffness between the spans 

and would most likely indicate faster decay of one particular span. This does not appear to be the 

case, with all spans demonstrating a similar stiffness. Inadequate historical displacement data, as 

well as other unknown factors related to deterioration, including weather and fatigue, makes it 

impossible to determine if all the spans of the bridge are not deteriorating or if they are 

deteriorating at the same rate. Figure 2.5 does show however that Span 3 exhibits more dynamic 

vibrations than the other two spans. This is evident in the vibration response of the bridge prior to 

the train entering the span (e.g. before time = 0). Once the locomotives enter the span, Span 3 

again shows more dynamic vertical excitation that the other spans. 



20 

 

A comparison of the maximum vertical displacements to span length is shown in Table 

2.3. The span over displacement ratios are approximately equivalent to a displacement of L/2000. 

The theoretical vertical displacement of the span cannot be calculated as AREMA (2015) 

suggests without the use of a finite element model, due to the dynamic nature of the loading. 

However, AREMA does limit the vertical displacements of steel railroad bridges to a maximum 

of L/640 (AREMA 2015). CN limits the vertical displacement of their bridges to a stricter limit of 

L/750, however Halton 26.36 was not observed to experience displacements approaching either 

of these limits, reaching a maximum of 42.06 % of the displacements allowed by CN. Since the 

weights of the locomotives on different trains are very consistent and only vary by approximately 

5%, this indicates that the vertical displacements are not in excess of the industry standards and 

are not a concern.  

AREMA (2015) suggests that the maximum lateral displacements of a bridge chord 

should not exceed 10 mm for tangent track. The maximum lateral displacement recorded of 4.33 

mm is less than half of this limit. Therefore it can be concluded that the magnitudes of lateral 

displacement are not excessive and are not of concern. However, Figure 2.13 shows the lateral 

displacements of Span 3 at midspan compared to those at the piers, measured by DIC. It can be 

seen that the displacements of Span 3 at the South support are the same magnitude, and at times 

larger, than the displacements at midspan. This is unusual and could indicate an issue with lateral 

stiffness at the South support of the span since for a bridge with rigid supports, the lateral 

displacements at the supports of the span are anticipated to be small. Figure 2.13 shows that for 

Span 3, the entire span moves laterally, although more so at one support than the other, 

potentially indicating that the piers are not as stiff as expected in the lateral direction. This is an 

unexpected displacement mechanism that could potentially be an indicator of deterioration of the 

lateral bracing system near the supports. Alternatively, these findings could indicate an issue with 

the bearing conditions of the bridge, related to the unusual steel casting bearings.  
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To further investigate these large lateral displacements near the South Pier, DIC 

measurements in the bridge girder near the pier were compared to displacements calculated from 

the accelerometer affixed directly to the top of the South Pier, as shown in Figure 2.14. Figure 

2.14 shows that the girder directly above the South Pier displaces significantly more than the pier 

itself. These findings indicate that the unexpected lateral displacements must originate in the steel 

casting bearings that supports the girder above the pier. As such, it is suggested that these steel 

casting bearings should be the focus of any rehabilitation designed to reduce lateral displacements 

in this bridge based on the results of this monitoring campaign. 

Issues with lateral stiffness were identified in this bridge by using DIC measurements 

taken at midspan and at the supports of a span. This demonstrates the versatility of DIC as bridge 

monitoring sensor, since displacement measurements can be taken at any visible part of the span. 

Accelerometer measurements were used to calculate the natural frequency of the bridge and in 

combination with DIC to determine in what part of the bridge the lateral displacements originate. 

This research shows that accelerometers and DIC are useful tools for evaluating railroad bridges 

and when used in combination, can be used for measurement validation and providing a more 

comprehensive evaluation of a structure. 

2.7 Conclusions 

A case study of a steel railroad bridge monitoring campaign has been presented in which 

DIC was used for monitoring vertical and lateral dynamic displacements at midspan and the 

supports of multiple spans. One span of the bridge was also monitored using accelerometers. A 

comparison between the displacements of three spans was presented, and it can be seen that all 

spans experience displacements of similar magnitude. The acceleration data has been presented 

and was converted to displacements through the use of a proven algorithm. For zero-mean data, 

such as the lateral accelerations, this process could be done for the entire data set, to estimate the 

lateral displacements under the whole train. The lateral displacement estimates from the 
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accelerations were shown to be in agreeance with the DIC results, but with the occasional large 

erroneous peak due to equipment limitations. The calculation of vertical displacement from 

accelerometers showed many more errors when compared to DIC. This is likely due to the non-

zero-mean nature of the vertical measurements, as well as the fact that the accelerometers 

recorded much lower frequency content in the vertical direction than in the lateral direction. 

The DIC measurements of vertical displacement at midspan were compared to 

conventional limits and were shown not to be of concern. Using the lateral displacements 

measured by DIC at the midspan and at the supports of a span, it was shown that the 

displacements at the supports of the bridge were larger than expected, relative to the midspan 

displacements. By comparing measurements in the girder near the pier to measurements of the 

pier itself, it was shown that the pier does not exhibit the same lateral displacements as the girder. 

Therefore the lateral displacements must originate in the castings which support the bridge above 

the piers.  

Based on the findings of this research, it can be concluded that DIC is an effective and 

versatile tool for bridge assessment. Direct measurements of displacement using DIC can be used 

to validate displacement estimates obtained from conventional sensors and provide measurement 

redundancy. The direct measurement of displacement that DIC can provide for any visible portion 

of the bridge is useful for identifying areas of concern with respect to stiffness and can be directly 

compared to serviceability limit states defined in various codes. 

Accelerometer measurements can be used to calculate natural frequency. Displacements 

can be calculated using accelerations, however this works best for zero-mean data sets such as 

those in the lateral direction. Accelerometers can be used in combination with DIC for a more 

comprehensive evaluation of a bridge with measurement validation and to fully utilize the 

advantages of both systems. 
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Future work in this area will include obtaining DIC measurements of multiple bridges of 

different designs and span lengths. An area of particular interest is to compare total displacements 

of a span under a train travelling at different speeds. This could be used to inform the owners 

about how train speed affects the bridge response and what speed the traffic on the bridge should 

be limited to.   
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2.9 Tables 

Table 2.1: Summary of the recorded freight train crossings and the maximum vertical 

displacements and maximum and minimum lateral displacements. The largest 

displacements for each span are shown in bold. 

Span 
Freight 

# 
Locomotive Mass (ton) 

Vertical 

Displacement 

Maximum 

(mm) 

Lateral 

Displacement 

Maximum 

(mm) 

Lateral 

Displacement 

Minimum 

(mm) 

Span 

3 

3 195 193 16.81 2.91 3.51 

4 210 195 197 16.99 2.12 2.95 

5 210 210 210 17.01 2.80 3.90 

Span 

4 

6 197 210 14.92 2.12 2.30 

7 206 197 14.46 4.33 3.40 

Span 

6 

1 210 194 15.23 1.45 1.50 

2 210 197 15.42 2.79 2.79 
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Table 2.2: Comparison of lateral displacements at midspan of Span 3 under three freight 

trains. The measured response of the span under the full loading of each train is considered 

for these values. 

Train 

DIC Peak Lateral 

Displacement (mm) 

A 

Peak Lateral 

Displacement 

Calculated from 

Accelerations (mm) 

B 

Displacement 

Difference (mm) 

A-B 

Error of 

Estimation (%) 

(A-B)/A 

Freight 3 3.52 3.54 -0.02 -0.01 

Freight 4 4.38 4.6 -0.22 -0.05 

Freight 5 4.47 3.48 0.99 0.22 
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Table 2.3: Comparison of the normalized vertical displacements between three spans of 

Halton 26.36. The measured vertical displacements are compliant with all limits. 

Span 
Length 

(m) 

Maximum 

Vertical 

Displacement 

(mm) 

Span to 

Displacement 

Ratio 

AREMA 

Limit 
CN Limit 

Percent of CN 

Limit Reached 

(%) 

Span 3 30.33 17.01 L/1783 L/640 L/750 42.06 

Span 4 30.33 14.92 L/2033 L/640 L/750 36.89 

Span 6 30.33 15.42 L/1967 L/640 L/750 38.13 
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2.10 Figures 

 

Figure 2.1: Schematic of Halton 26.36 showing typical dimensions. The enlarged area highlights the 

pin and roller connections of these spans. The location of the accelerometers are shown. An image 

of Span 6 is included with the lateral (X), longitudinal (Y), and vertical (Z) coordinate system 

shown for reference. 
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Figure 2.2: Schematic of Span 3 showing typical locations of cameras as well as the accelerometer 

location: (a) Plan view of the span with two cameras adjacent to the span aimed to measure vertical 

displacement at midspan and at the North abutment. A sample image from the midspan camera is 

shown for reference. (b) Side view of Span 3 with three cameras positioned to measure lateral 

displacements at midspan and both abutments. An image of the accelerometer on the South Pier is 

shown for reference. 



33 

 

 

Figure 2.3: Vertical Displacement at midspan of Span 3 under dynamic freight train loading.  a) 

shows the displacements under the full freight train crossing, and b) an enlarged detail showing 

only the effects of the locomotives for clarity. Negative values represent downward displacements.
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Figure 2.4: Lateral Displacement at midspan of Span 3 under dynamic freight train loading, 

showing a) the full freight train crossing and b) an enlarged view of the locomotives crossing. 

Positive values represent displacements to the East.
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Figure 2.5: A comparison of the vertical displacements of three different spans of Halton 26.36.  

Each span was excited with a different freight train loading event, yet the magnitudes of 

displacements are similar. 
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Figure 2.6: A comparison of the lateral displacements of three different spans of Halton 26.36.  

Span 6 is the end span of the bridge and therefore the lateral displacements of this span are less 

than the more central spans 3 and 4.
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Figure 2.7: Raw acceleration data of the midspan of Span 3 under dynamic freight train loading, 

recorded using a tri-axial accelerometer. The vertical accelerations are the largest, while the 

longitudinal accelerations are the smallest.  

 

-1 0 1 2 3 4 5 6 7 8

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

Time (s)

A
c
c
e
le

ra
ti
o
n
 (

g
)

 

 

Vertical

Lateral

Longitudinal



38 

 

 

Figure 2.8: Free vibration accelerations at the midspan of Span 3, plotted in a) the time domain and 

b) the frequency domain. 
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Figure 2.9: Comparison of Frequency content recorded under the passage of a full freight train 

between a) Vertical DIC b) Lateral DIC c) Vertical Accelerations and d) Lateral Accelerations. The 

FFT amplitudes have be normalized by the largest amplitude of each respective frequency analysis.
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Figure 2.10: Schematic of the estimation of displacements from acceleration data, showing the 

process developed by Lee et al. 2013. 
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Figure 2.11: Comparison of the midspan lateral displacements of Span 3 measured by DIC and 

calculated from accelerometer data. a) Shows the comparison for the entire freight train crossing, 

with highlighted areas that are enlarged in b) and c). b) Shows an enlarged view of the locomotive 

displacement comparisons with good agreement between both technologies. c) Shows large 

anomalous errors in the displacements calculated from accelerometer data.  
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Figure 2.12: Comparison of the midspan vertical displacements of Span 3 measured by DIC and 

calculated from accelerometer data. The DIC data has been detrended in order to directly compare 

these two measurement systems. It can be seen that the accelerometer estimates of displacement 

generally underestimate displacements measured by DIC. Occasionally, large errors in the 

displacements calculated from accelerometer data result in large overestimates of displacement. 
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Figure 2.13: Comparison of lateral displacement, measured by DIC, between midspan and the 

supports of Span 3 under dynamic freight train loading. It can be seen that the South Support of 

Span 3 displaces laterally as much or more than Span 3 at midspan. 
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Figure 2.14: Comparison of the lateral displacements of the Span 3 girder near the pier 

(measured by DIC), and of the South Pier (calculated from accelerometers). This highlights 

the difference in displacement between the girder and the pier, indicating that the piers are 

not the source of large lateral displacements. 
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Chapter 3 

Assessment of the Rehabilitation of a 100 year Old Bascule Lift Bridge 

Using DIC2 

3.1 Introduction 

Lift bridges are an important part of North America’s transportation infrastructure as they 

facilitate the movement of people and goods on both land and water. They have unique and often 

variable support conditions, and thus require specialized monitoring to evaluate their 

performance. Trunnion bascule lift bridges are typically comprised of a steel superstructure that 

rotates about a fixed pin at one support known as a trunnion. A large counterweight is used to 

counteract the weight of the truss in order to reduce the energy required to lift the bridge. The 

other end of the bridge rests on its foundation, held in place by a locking mechanism. The support 

conditions of the bridge can change with time due to deterioration (e.g. gaps can form under the 

support if the steel corrodes). Thus in order to properly assess the performance of these bridges, 

there is a need for monitoring technologies that can provide quantitative measurements coupled 

with analysis of this data to highlight any deficiencies in the bridge’s performance. 

The LaSalle Causeway lift bridge is a trunnion lift bridge in Kingston, Ontario, Canada, 

(44°14'04.8"N, 76°28'28.0"W) that was designed by Joseph Strauss, the same designer as the 

Golden Gate Bridge in California, and was completed in 1917. The LaSalle Causeway is one of 

the two main crossings of the Cataraqui River and has approximately 23,000 vehicles crossings 

daily (PWGSC, 2014), although this number can increase significantly when the primary crossing 

is closed. Closing the LaSalle Causeway frequently for testing would result in significant traffic 

congestion throughout the city and should be avoided if possible. Figure 3.1 shows an image of 

                                                      

2 Manuscript under review: Hoag A., Hoult N.A., and Take W.A. (2016) “Assessment of a Bascule Lift 

Bridge Using DIC” ICE Journal of Bridge Engineering. Submission date: June 6, 2016, under review. 
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the LaSalle Causeway a) lowered to allow traffic across, b) in the process of lifting, and c) fully 

raised to allow ships to pass underneath. 

During a routine inspection, corrosion of the bottom chord and a gap at the end of the 

bridge that lifts were noticed. Further inspections indicated that in-service traffic caused visible 

deflections at this location indicating the presence of a gap. This gap could potentially result in 

unexpected dynamic effects, unanticipated loading on the trunnion at the other end of the bridge, 

or fatigue issues. Rehabilitation of the bridge was planned to eliminate this gap and to address 

visible corrosion of the bottom chord. A schematic of the LaSalle Causeway lift bridge is shown 

in Figure 3.2 with an enlarged view of the lifting end of the bridge that highlights the rehabilitated 

areas. During this rehabilitation, 2.5 metres of the bottom chord of the bridge, which was heavily 

corroded, was replaced on the North side. Also, the gusset plate and bearing plate, which are 

components of the support at the end of the bridge that lifts, were replaced to close the gap that 

existed between the bridge and its supports. Figure 3.3 shows an image of the lifting end of the 

LaSalle Causeway lift bridge prior to rehabilitation. Heavy corrosion of the bearing plate and 

gusset plate can be seen. 

To quantify the effectiveness of the rehabilitation, measurements of the global stiffness of 

the bridge as well as its support conditions were required. Midspan displacements can give an 

indication of changes in global stiffness, while local displacements at the supports can be used to 

assess the effectiveness of the rehabilitation in closing the gaps. However, acquiring these 

measurements using conventional sensor technologies can be challenging, as these bridges are 

usually positioned over flowing water. Thus there is no fixed reference point that can be used for 

monitoring midspan displacements and setting up displacement transducers at the supports 

requires work to be undertaken under the bridge over flowing water. As such, a technology that 

does not require either fixed reference points or direct access to the bridge is necessary for some 

measurements and advantageous from a health and safety point of view for others. One such 
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technology that is capable of monitoring displacement without requiring contact with the bridge 

is Digital Image Correlation (DIC). DIC is a digital image-based deflection measurement 

technique that can measure the displacements of any visible portion of the bridge (e.g. Murray et 

al. 2015) and will be discussed in more detail in the following section. 

The objectives of this research are three-fold: (i) determine if DIC is a suitable 

monitoring technology for evaluating the performance of a unique lift bridge, (ii) investigate the 

response of the LaSalle Causeway lift bridge during a static load test to investigate the 

deteriorated state of the bridge and ensure it is not exceeding serviceability displacement limits, 

and (iii) compare the bridge response before and after the bridge rehabilitation was conducted to 

quantify the effect of the rehabilitation. 

In the next section, a brief background will be presented. Then the setup for the static and 

dynamic tests of the bridge will be described. The results from the static tests will be presented 

and compared to acceptable values. The dynamic displacements of the bridge from before and 

after the rehabilitation of the bridge will then be used to evaluate the effectiveness of the 

rehabilitation before salient conclusions about the investigation are drawn. 

3.2 Background 

Highway bridge displacements have been directly monitored in the past using inductive 

transducers (Olaszek et al., 2014; Sousa et al., 2013), total stations (Olaszek et al., 2014; Koo et 

al., 2013; Attanyake et al., 2013), Light Detection And Ranging (LIDAR) (Attankyake et al., 

2013; Chen, 2012), and Global Position System (GPS) satellites (Roberts et al., 2004; Yi et al., 

2013). These systems of measuring displacements often require direct access to the bridge (i.e. 

inductive transducers and total stations) and those that do not, typically lack the precision 

required to monitor small bridge displacements. For example, LIDAR can construct 3D surfaces 

of the bridge with an accuracy of 2 mm (Attanyake et al, 2013) and GPS can achieve an accuracy 
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of approximately 3 mm (Yi et al, 2013). However, as noted in the introduction, DIC does not 

require access to the bridge and can achieve sub-millimetre measurement accuracy. 

Digital Image Correlation uses digital images of an object to measure displacements. DIC 

breaks down the images into matrices of pixel intensities, and can track the movement of these 

pixels through the images. The first image in a series of images (known as the reference image) 

can be subdivided into areas of interest, known as subsets. DIC calculates the displacements of 

these subsets in pixels, which must be converted to physical dimensions later. For this reason, the 

accuracy of the DIC is measured in terms of pixels. The current DIC software package is called 

GeoPIV and was developed by White et al. (2003). Lee at al. (2011) demonstrated that GeoPIV 

can achieve an accuracy of 0.001 pixels. Pixel measurements can be converted to physical 

measurements using a scale factor, which is a ratio of mm/pixels and can be created using any 

object of known dimensions contained within the image measurement plane (i.e. in the same 

plane that the measurements are required). A more zoomed-in image of the bridge results in a 

smaller scale factor, which when multiplied by the DIC displacement measurements in pixels, 

results in a more accurate physical measurement. 

DIC was first used to measure static displacements under laboratory conditions by Chu et 

al. (1985) and was developed for static soil deformation measurements by White et al. (2003). 

Stephen et al. (1993) first investigated the use of DIC for bridge monitoring. At the time, the 

technology was only accurate enough to monitor long span bridges with large displacements; the 

Humber Bridge was selected for that study. DIC was developed further as a bridge monitoring 

technology by Yoneyama et al. (2007), where static measurements were made before and after 

applying a static load to a short concrete girder bridge. Yoneyama et al. (2007) compared the DIC 

measurement results to conventional LVDTs and the standard deviation of the difference between 

the deflection measured by DIC and the approximated curve was estimated as 0.31 mm.  
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More recently, DIC has been used to dynamically measure bridge displacements. Murray 

et al. (2015) monitored a reinforced concrete highway bridge during static and dynamic load 

tests. This research proposed using subtraction of stationary objects in the image to reduce 

measurement errors for a bridge that experiences small displacements. The DIC results were 

compared to conventional linear potentiometers and were shown to be in agreeance.  McCormick 

et al. (2014) and Hoag et al. (2015) both compared dynamic DIC measurements to measurements 

taken by conventional linear potentiometers affixed below a bridge. Hoag et al. (2015) also 

investigated retrieving the natural frequency of the bridge from the DIC data as well as using DIC 

measurements to inform finite element models of the bridge. 

In the current research, rather than evaluating the accuracy of DIC when monitoring bridges, 

which has been well established in the literature, the DIC displacement results are directly used to 

assess the bridge’s behaviour. The displacements at midspan are directly compared to code limits 

for serviceability limit states. Dynamic displacement results from before and after rehabilitation 

of the bridge, are used to evaluate the effectiveness of the rehabilitation. DIC results are also used 

to calculate the natural frequency of the bridge which can be used to detect a change in global 

stiffness of the bridge. 

3.3 Experimental Methodology 

There are two main components to the monitoring that was done on the LaSalle Causeway lift 

bridge: (i) a static test in which the bridge was loaded by trucks of known weight, and (ii) 

dynamic tests in which the bridge was monitored under regular service traffic. Both the static and 

dynamic tests were conducted prior to rehabilitation in order to establish a baseline behaviour 

from which to determine any changes after the rehabilitation. A dynamic test was conducted after 

the rehabilitation, and if the results from this study were inconclusive, a post-rehabilitation static 

test would have been conducted, however this was unnecessary. 
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3.3.1 Static Test 

A static test of the bridge was conducted on January 18th 2014. During the test, dump 

trucks loaded with gravel were weighed and then driven onto the bridge sequentially. These 

trucks were loaded to approximately 24,000 kg (235.5 kN) gross vehicle weight (exact weight of 

each specific vehicle can be found in Table 3.1. Figure 3.4 shows an image of the lift bridge 

being loaded by the four dump trucks. It can be seen that when the bridge was loaded with all 

four trucks, the trucks were positioned on the bridge symmetrically about midspan. During this 

test, the bridge was monitored with cameras for DIC as well as a dial gauge at the support. 

One of the cameras set up on the South side of the bridge, aimed at midspan is shown in 

Figure 3.5. Canon EOS Rebel t3i Digital Single-Lens Reflex cameras (DSLR) with 180 mm 

lenses were used to capture static images of the bridge. The DSLRs took ten images at each load 

stage that were later merged together into one image by taking an average of pixel intensities. 

This method was first introduced by Sutton et al. (1988), and has been shown to reduce camera 

jitter as it reduces the digitization errors associated with Charge-Couple Device (CCD) cameras 

such as DSLRs (Vendroux & Knauss, 1998). A dial gauge was also positioned at the end of the 

bridge that lifts to quantify the displacements associated with the gap between the bridge and the 

support. 

Figure 3.6a shows the positions of each truck during each loading setup. Initially the bridge 

was unloaded, and all reference measurements were taken. During Setup 2, truck 1 placed only its 

front wheels on the bridge in order to evaluate if the bridge was making contact with its support 

when unloaded. As seen in Figure 3.6a, the bridge was then loaded by adding one truck during 

each loading setup. For Setup 7, the bridge was fully unloaded and subsequently the process of 

loading the bridge was repeated for redundancy. At the end of the test, the bridge was fully 

unloaded again, during Setup 12, to observe if there were any permanent deformations. During 

Setup 12, the camera on the South side of the bridge did not capture useable images and only 

displacements on the North side of the bridge were recorded. This was due to changing lighting 
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conditions throughout the test which left the images on the South side too overexposed to be used 

for DIC measurements by the time photos were taken during Setup 12. The reference image from 

the South Side of the bridge is included in Figure 3.5. The images from this camera worsened as 

the angle of the sun changed throughout the day resulting in lens flair and overexposing the 

images. 

3.3.2 Dynamic Test 

The lift bridge was monitored under dynamic traffic loading on August 18th 2015, prior 

to rehabilitation of the bridge, and again on September 22nd 2015, after rehabilitation. During 

both of these monitoring days, Allied Vision Technologies (AVT) GX1050 8-bit monochrome 1 

megapixel (MP) high speed cameras with 85 mm lenses were used to capture images of the 

bridge to measure the dynamic displacements of the bridge. Three cameras were used to monitor 

the bridge displacements of: (i) the bottom chord at midspan, (ii) the top chord at midspan, and 

(iii) the lifting end of the bridge.  

The bridge was monitored under regular traffic, which included cars, trucks, and busses. The 

cameras were manually triggered to begin recording at 100 Hz when a heavy vehicle was 

approaching the bridge. By monitoring the bridge in this fashion, bridge closure was not 

necessary, although the weights of the vehicles were unknown. Given a large enough sample size 

of larger vehicles, a comparison can be made between before and after rehabilitation of the bridge 

to determine the effect on the end support at the lifting end, even without vehicle weights. 

Throughout these tests a DSLR was used to record the traffic crossing the bridge to correlate with 

the measured displacements. 
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3.4 Results and Discussion 

3.4.1 Static Test 

The midspan vertical displacements of the bridge for each of the load positions during 

static testing is presented in Figure 3.6b. The maximum vertical displacement of the bridge, 

which occurred during load Setup 6 (i.e. with four loaded trucks centered about midspan) was 

13.8 mm. As noted earlier, images recorded from the cameras on the South side of the bridge 

were overexposed during Setup 12, resulting in vertical displacement measurements observed 

only on the North side of the bridge for this load position. When the trucks were equally 

distributed transversely across the bridge, such as during Setups 4 and 6, both sides of the bridge 

displaced by similar magnitudes, with only a maximum of 0.9 mm difference between the North 

and South sides during these load steps. These differences in displacements are possibly due to 

asymmetrical loading (e.g. slight differences in truck weights and positions) or small differences 

in the stiffness of each truss.  

When the bridge is loaded asymmetrically, it is expected that the side of the bridge that is 

more heavily loaded will experience higher vertical displacements than the lesser loaded side. 

This is most evident during Setup 5, when the bridge was loaded with two trucks on the North 

side and only one truck on the South side. At this load, the North side of the bridge deflected 10.5 

mm whereas the South side displaced only 8.2 mm, a difference of more than 20%.  

The vertical displacement of the lifting end of the bridge was monitored during the static load 

test using a dial gauge. The dial gauge indicated that as soon as the front wheels of the first truck 

were put onto the bridge (Setup 1), the lifting end of the bridge displaced by 2.24 mm downwards 

towards the support, indicative of a gap in the deteriorated support at this location. Once the 

bridge was loaded with all four trucks, the dial gauge measured a maximum displacement of 2.84 

mm at the lifting end of the bridge, illustrating the non-linear load-deflection behaviour of the 

support at this location due to a gap. After identifying a gap at the lifting end of the bridge during 
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static testing, the behaviour at this support was investigated further during dynamic tests as 

discussed in Section 3.4.2. 

3.4.2 Dynamic Test 

Following the static test, the vertical displacements of the bridge were monitored under 

regular traffic. Firstly, the vertical midspan behaviour of the bridge was studied to ensure the 

bridge was still satisfying serviceability limits. The behaviour at the lifting end of the bridge was 

also studied to quantify and assess the gap at this location. Displacements were recorded before 

and after rehabilitation to determine any changes in behaviour. 

A typical time-history of the midspan vertical displacement of the bridge under regular 

traffic loading is shown in Figure 3.7. This figure shows displacements of the bottom chord of the 

bridge as measured on August 18th, 2015, before the bridge rehabilitation. The bridge was excited 

by the crossing of two trucks: a dump truck recorded in the figure at an elapsed time of 2 seconds, 

followed by a flatbed tow truck at 18 seconds. These trucks induced midspan displacements of 

2.05 mm and 4.88 mm respectively. After the flatbed tow truck passed over the span and the 

bridge was unloaded, a gap in traffic enabled the bridge to vibrate freely, as shown in Figure 3.7 

between 20 and 25 seconds. Figure 3.7 includes images of the two trucks that caused the large 

displacements as well as two of the three small cars that followed immediately after the first 

truck. These three cars are the reason that the bridge does not experience free vibration after the 

first truck. After the first truck crosses the span, the bridge rebounds above its initial position and 

would begin to exhibit free vibration if the bridge remained unloaded. However, the first car 

enters the span and it dampens the bridge’s vibrations thus preventing free vibration.  

Vertical displacements of the top and bottom chords of the truss were recorded in order to 

ensure the truss was acting as expected and to demonstrate the repeatability of the DIC 

measurements. Figure 3.8 shows a comparison of measurements of the midspan displacements for 

the top and bottom chords of the lift bridge under the same loading as Figure 3.7. The time axis 
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has been truncated to show only the displacements caused by the second truck to highlight the 

free vibration. It can be seen that the top and bottom chords of the bridge act together with a 

maximum difference in displacements of less than 0.5 mm. It should be noted that the 

measurements of the top and bottom chords were made using separate cameras and so the 

comparison of these two measurements not only serves to show that both chords act together, as 

would be expected, but also serves to demonstrate the repeatability of the DIC measurements.  

The free-vibration frequency response of these displacements is shown in Figure 3.9. 

Figure 3.9a shows the free-vibration portion of the bottom chord displacements that are analyzed. 

Figure 3.9b shows the frequency content of these displacements, which were calculated using a 

Fast Fourier Transform (FFT) of the data shown in Figure 3.9a. A rectangular time window was 

used to analyze the 5.43 seconds of free vibration data. The natural frequency of the lift bridge 

was 2.02 Hz and the second modal frequency was measured at 4.23 Hz.  

Dynamic measurements of vertical displacements were also taken after the bridge was 

rehabilitated, on September 22nd, 2015. Figure 3.10 shows a typical time-history of the vertical 

displacements at midspan of the bottom chord of the bridge during in-service traffic. These 

displacements occurred during the crossing of a trolley bus, an express city bus, and finally a 

boom crane loaded with concrete barriers. The images of these three vehicles, which cause the 

largest displacements, are shown in Figure 3.10. The bridge is prevented from exhibiting free 

vibration after the first two large vehicles due to the presence of cars on the bridge between the 

large vehicles. Only after the boom crane, when the bridge is fully unloaded, does the bridge 

experience free vibration. The natural vibration response of the bridge after the crane exits the 

span is shown in Figure 3.11. Figure 3.11a shows the portion of the displacements that constitute 

the free vibrations of the bridge, and Figure 3.11b shows the frequency content of the free 

vibration. A rectangular time window was used to analyze the 5.73 seconds of free vibration data. 

The natural frequency of the bridge after the rehabilitation was recorded as 2.09 Hz.  
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According to the Canadian Highway Bridge Design Code, highway bridges with frequent 

pedestrian use and a natural frequency of 2 Hz should be limited to a static displacement of 15 

mm (CSA, 2014). As seen in Figure 3.6b, the LaSalle Causeway lift bridge experiences a 

maximum static displacement of 14.3 mm and therefore satisfies this serviceability limit state. 

This maximum displacement occurred only when the bridge was fully loaded with four 

approximately 24,000 kg dump trucks. To test bridges, the MTO usually uses trucks loaded with 

24 concrete road barriers, which can weigh up to 45,000 kg (e.g. Au et al., 2013). The load 

applied during the static test of this bridge is greater than two of the MTO test trucks, which is all 

that would be able to fit onto the bridge. During the dynamic monitoring, under typical traffic 

loading, the bridge displacements never exceeded 7.5 mm. This suggests that under service loads, 

which is appropriate since displacement is a serviceability limit state, the bridge’s displacement 

behaviour is also acceptable. 

By comparing the free vibration responses of the bridge, shown in Figures 3.9 and 3.11, it 

can be seen that the rehabilitation did not greatly alter the natural frequency of the bridge, with 

only a 3.5% difference in the first modal frequency before and after rehabilitation. It is difficult to 

say if this increase in the first modal frequency is due to stiffening of the bridge during 

rehabilitation, or is within the error range of DIC measurements. However, it does appear that the 

second modal frequency can no longer be detected using the DIC measurements.. It is possible 

that vibrations of the lifting end of the bridge as it displaces down onto its foundation and up to 

the extent of the locking mechanism are what caused the second frequency peak and by closing 

the gap at the lifting end of the bridge, that frequency content was eliminated. 

Since the natural frequency of the bridge remained relatively constant, and the mass of 

the bridge was not altered, it can be concluded that the rehabilitation of the bridge did not greatly 

affect its global stiffness. A direct comparison of midspan displacements from before and after 

rehabilitation is not possible without knowledge of the vehicle weights. However, the non-linear 
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displacement response of the gap at the lifting end of the bridge enables the effectiveness of the 

rehabilitation to be evaluated for this location. 

A comparison of typical displacements at the lifting end of the bridge from pre and post 

rehabilitation from the high-speed camera data is shown in Figure 3.12. The pre-rehabilitation 

displacements are the result of a single city bus crossing the bridge and the post-rehabilitation 

displacements are caused by a delivery vehicle. Prior to the rehabilitation, the bridge immediately 

displaces 2.0 mm towards the support (i.e. the gap closes) as the bus enters the span, and reaches 

a maximum of 2.46 mm. This is similar to the results shown by the dial gauge during the static 

test (2.84 mm). Once the bus exits the span, the lifting end rebounds and oscillates back to its 

initial position. Figure 3.12 shows that the immediate displacement of the lifting end of the bridge 

has been eliminated post-rehabilitation. The bridge now displaces a maximum of 0.25 mm at the 

support and returns to its initial position much more quickly. Prior to rehabilitation, across all the 

events monitored, the maximum observed displacement at the lifting end of the bridge was 2.87 

mm. After rehabilitation, this was reduced to a maximum of 0.25 mm. Therefore, the replacement 

of the gusset plates and bearing plates at the lifting end of the bridge was successful in 

eliminating the gap that existed between the bridge and its support.  

The portion of Figure 3.12 before the vehicles enter the span, between 0 and 5 seconds, 

can be used to highlight the magnitude of error in the DIC measurements. When measuring the 

displacements at the lifting end of the bridge, the camera was located very near to the bridge and 

thus the scale factor was much improved, and thereby the DIC errors were reduced, when 

compared to midspan displacement measurements. The maximum displacements observed at the 

lifting end support were less than 2.5 mm, however the DIC maximum variability prior to the 

vehicles entering the span was less than 0.03mm.  

A further comparison of the vertical displacements at the lifting end of the bridge before and 

after rehabilitation for selected in-service loads is presented as a histogram in Figure 3.13. 
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Although the actual wheel loads were unknown, the low threshold required for gap closure 

enables this figure to clearly illustrate that the rehabilitation was successful in reducing the 

displacements by more than an order of magnitude: prior to rehabilitation, the magnitude of 

displacements were between 2 and 3 mm, with a higher variance than after the rehabilitation, 

when the displacements were recorded between 0.1 and 0.3 mm. 

3.5 Conclusion 

A case study of the LaSalle Causeway lift bridge has been conducted to investigate the effect 

of structural rehabilitation on the displacements of the bridge using DIC. The use of DIC in this 

case was advantageous since the bridge’s location over water made the use of conventional 

sensors difficult or impossible. The bridge was monitored using DIC and a dial gauge as loaded 

dump trucks were sequentially added to the bridge. Later, the bridge was monitored under regular 

service traffic using DIC. A significant gap at the support of the lifting end of the bridge was 

identified during the static test and was subsequently studied in detail during dynamic tests using 

in-service traffic. The dynamic results from before and after rehabilitation were used to quantify 

the effectiveness of the rehabilitation in closing the gap. Therefore a second static test, after 

rehabilitation was not required, thus preventing traffic disruption. The key conclusions of this 

research are: 

 DIC was successful in measuring dynamic displacements of the end support condition and at 

midspan, with sufficient temporal and spatial resolution to measure the frequency response of 

the bridge. 

 Using in-service traffic, although enormously beneficial in terms of monitoring the change in 

support condition at the lifting end, means that load data is not available. However, using 

displacements from the static test in conjunction with the displacements from several 

apparently heavily loaded in-service vehicle crossings, it was shown that the bridge does not 

exceed serviceability displacement limits. 



58 

 

 A comparison of the dynamic response of the bridge from before and after rehabilitation was 

used to demonstrate that the rehabilitation altered the support conditions of the bridge and 

successfully eliminated the gap between the bridge and its support at the lifting end. 
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3.7 Tables 

Table 3.1: Summary of gross vehicles weights of trucks used in static load test. 

Truck Number Gross Vehicle Weight (kg) 

1 24330 

2 23920 

3 23950 

4 24150 
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3.8 Figures 

 

Figure 3.1: a) Image of the LaSalle Causeway lift bridge under regular service traffic. b) Image of 

the lift bridge in the process of being raised. c) Image of the bridge fully lifted to allow a ship to 

pass beneath. 
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Figure 3.2: Schematic of the LaSalle Causeway lift bridge, with an enlarged view of the lifting end 

support condition, showing the location of the rehabilitation of the support plates and bottom 

chord. 
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Figure 3.3: Image of the underside of the lifting end of the bridge prior to rehabilitation, showing 

heavy corrosion. These plates as well as 2.5 m of the bottom chord were replaced during the 

rehabilitation of the bridge. Image courtesy of Public Works and Government Services Canada. 
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Figure 3.4: Image of the bridge during the static load test. Four fully loaded dump trucks are 

loading the bridge symmetrically. 
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Figure 3.5: Image of a DSLR used to measure vertical displacement at midspan of the LaSalle 

Causeway lift bridge on the South Side. The field of view of the camera is shown in the insert for 

reference. 
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Figure 3.6: a) Schematic of the number of trucks and their positions on the bridge during the static 

load test. b) DIC measurements of midspan displacements of the bridge. Displacements are shown 

for the North and South sides of the bridge. The cameras on the South side of the bridge did not 

record displacements during the 12th load step. Differences in displacements between the North and 

South sides are evident when the bridge was unevenly loaded, such as during load steps 5 and 10.
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Figure 3.7: Midspan vertical displacement of the bottom chord of the bridge prior to repairs being 

conducted. The bridge was excited by the passing of two trucks, at 2 seconds and 17 seconds, and 

then exhibits free vibration. Images of some of the vehicles on the bridge are shown for reference. 
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Figure 3.8: Comparison of top and bottom chord displacements at midspan of the bridge showing 

the free vibration of the bridge and the difference between the chords.
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Figure 3.9: Free vibration displacements at the midspan of the bridge prior to repairs, plotted in a) 

the time domain and b) the frequency domain.
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Figure 3.10: Midspan vertical displacement of the bottom chord of the bridge after the repairs were 

completed. The bridge was excited by the passing of a trolley bus, a city bus, and a boom crane at 

17, 33, and 47 seconds respectively, then exhibits free vibration. Images of the busses and boom 

crane are shown for reference.
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Figure 3.11: Free vibration displacements at the midspan of the LaSalle Causeway lift bridge after 

completion of repairs, plotted in a) the time domain and b) the frequency domain.

51.5 52 52.5 53 53.5 54 54.5 55 55.5 56 56.5
-4

-2

0

2
Free Vibration

V
e
rt

. 
D

is
p
. 

(m
m

)

Time (s)

0 5 10 15 20 25 30 35 40 45 50
0

0.5

1

1.5
DFFT

Freq (Hz)

A
m

p
lit

u
d
e
 (

m
m

)
a)

b)



73 

 

 

Figure 3.12: Comparison of East end displacements before and after repairs were conducted. 

Repairs to the gusset plate and bearing plate resulted in a significant decrease in East end 

displacements and vibrations.
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Figure 3.13: Histogram of East end vertical displacements before and after repairs. It can be seen 

that the magnitudes of displacement were reduced by an order of magnitude by the repairs.  
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Chapter 4 

Lessons Learned when using Digital Image Correlation for Steel Rail Bridge 

Monitoring 

4.1 Introduction 

Many railroad bridges erected near the end of the 19th century and in the early 20th century are 

reaching the end of their design life and are in need of monitoring to ensure they are still fit for purpose. 

Railroads usually use visual inspections for this purpose, however visual inspections are subjective and 

often inaccurate (Graybeal et al., 2002). An alternative is to monitor bridges using sensors that provide 

quantitative measurements that can be used to evaluate bridge performance. There are several 

conventional sensors designed for this purpose, however most require access to the bridge, which is not 

always possible. One sensor that can be used to evaluate dynamic bridge response and does not require 

access to the bridge is Digital Image Correlation (DIC).  

DIC tracks the movements of pixels through a series of digital images and can be used to monitor 

the displacements of any visible portion of a bridge. Research in the past has shown that DIC can be used 

to accurately measure dynamic midspan bridge displacements (Hoag et al., 2015; Murray et al., 2015). 

However, the use of DIC for bridge monitoring in the field is a developing area of research and it is often 

difficult to interpret DIC measurements in a way that can be used to evaluate the structural health of a 

bridge. 

This research hopes to use DIC not only to quantify the displacements of a bridge but also in such 

a way as to provide more information about the performance of a bridge, by: 

1. Conducting a monitoring campaign of five steel rail bridges, so that the displacements of each 

bridge can be compared to each other and to serviceability limits states. 

2. Evaluating the effectiveness of rehabilitation of the lateral bracing of a bridge that was 

reported to experience excess lateral displacements.  
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3. Developing and updating simple finite element models using DIC measurements of 

displacement, which can be used to further investigate the bridge response to live loading. 

This paper identifies some of the lessons learned in the current study when using DIC to monitor 

bridges in the field which will be of use to future researchers interested in applying this monitoring 

technique in the field. The objectives of this research are three-fold: (i) assess if DIC can be rapidly and 

reliably deployed in the field so as to be used for campaign style monitoring, (ii) determine if DIC can 

achieve sufficient spatial and temporal resolution to evaluate rehabilitation of a bridge’s lateral bracing 

system, and (iii) determine if simple finite element models developed and updated using DIC results can 

be used to assess the performance of a bridge by comparing measured behaviour against a model 

prediction. 

Background information on conventional bridge monitoring and DIC is presented and the 

relevant literature is discussed. A monitoring campaign of five steel rail bridges is presented and one of 

the bridges is used as a case study to demonstrate the data collected from each bridge. The effect of 

rehabilitation is investigated for one of the bridges which was reported to experience excess lateral 

displacements. Finally, simple finite element models are updated using the displacement measurements 

from this monitoring campaign. 

4.2 Background 

4.2.1 Bridge Monitoring 

CN mandates that their bridges must be visually inspected at least once every year, with more in-

depth inspections at least every ten years (CN 2016). These inspections can be inaccurate and rely heavily 

on subjective information based on the skills and experience of individual bridge inspectors (Graybeal et 

al., 2002; Phares et al. 2004). During these inspections, it is recommended to report unusual vibrations or 

deflections observed under live loading (AREMA, 2015). To supplement subjective visual observations, 

bridge owners are interested in implementing sensors that can provide quantitative measurements of 

displacement. Current sensor technologies that are capable of directly measuring displacements include 
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Linear Variable Differential Transformers (LVDTs), Global Positioning Systems (GPS), and laser 

scanners.  

Roberts et al. (2004) discusses integrating Global Positioning Systems (GPS) in conjunction with 

accelerometers to monitor three dimensional bridge displacements due to pedestrian and wind loading. 

Millimetre accuracy was achieved and the combination of GPS and accelerometers led to a measurement 

accuracy increase of 50% over GPS alone. This combination of sensors was sufficiently accurate for the 

displacements of long span bridges, however it was deemed to lack the precision for measuring the small 

displacements of short span bridges, in which the vertical displacements are typically much smaller. 

LVDTs can achieve a resolution greater than 0.002 mm (Feltrin, 2007) but require a stationary 

reference point from which to measure displacement. This need for a fixed reference point can render 

LVDTs impractical for measuring midspan displacements of bridges in the field. Murray et al. (2015) and 

Moreu et al. (2015) were able to overcome this limitation by constructing scaffolding beneath a bridge to 

the level of the bridge deck, however this solution is often not feasible for bridges that span over water or 

highways, and so a contactless sensor is needed.  

One technology that does not require access to the bridge, or a fixed reference point next to the 

bridge is a laser scanner. Laser scanners can be positioned below a bridge, and from distances greater than 

100 m they can create a three-dimensional displacement field (Attanyake et al. 2013). Chen (2012) 

discusses the use of laser scanning technologies to measure bridge deflections with an accuracy of +/- 0.1 

mm. This resolution is suitable for evaluating spalling, clearance heights, and cable elongation for 

suspension bridges (Chen, 2012), however it lacks the sampling frequency needed for evaluating the 

dynamic displacements of short span rail bridges, with less than one scan per minute (Attanyake et al., 

2013). 

The aforementioned monitoring techniques all have various disadvantages that limit their 

monitoring capabilities. Most of the techniques require direct contact with the bridge and those that do 

not, have limited accuracy or sampling frequency. A developing technology known as Digital Image 
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Correlation (DIC) is potentially capable of overcoming these constraints. DIC is a contact-less method of 

monitoring static or dynamic bridge displacements that has been proven to be sufficiently accurate for 

monitoring rail bridge displacements in the field (McCormick et al. 2014). 

4.2.2 Digital Image Correlation 

Digital Image Correlation (DIC), also known as Particle Image Velocimetry (PIV), has been used 

in the past in the fields of fluid mechanics (Adrian, 1991) measuring soil deformations, (White et al., 

2003) and measuring bridge displacements (Yoneyama et al., 2007). DIC is the process of using digital 

images of a moving object (fluid, soil, bridge girder, etc.) to measure two dimensional displacements. 

Using DIC, images are interpreted as a matrix of pixel intensities based on how bright each pixel is, and 

small portions of that matrix, referred to as patches or subsets, can be identified in any part of the image. 

These subsets can be tracked throughout the series of images by searching for the subset pixel intensities 

within the larger matrix of the image. Thereby, the movement of any subset can be tracked and a 2D 

translation field can be created. The DIC software package used in the current research is called GeoPIV 

(White et al. 2003). Lee et al. (2011) demonstrated that GeoPIV can potentially achieve a displacement 

measurement accuracy of approximately 0.001 pixels. 

Researchers have used DIC in the field of structural monitoring to monitor rail movements 

(Murray et al., 2014) crack widths (Nonis et al., 2013), bridge displacements (Yoneyama et al., 2007, 

Nonis et al., 2013, and Murray et al., 2015), spalling (Nonis et al., 2013) and strain (Lee et al., 2011).  

Murray et al. (2015) monitored a reinforced concrete highway bridge during static and dynamic 

load tests. This research proposed using subtraction of stationary objects in the image to reduce 

measurement errors for a bridge that experiences small displacements. The DIC results were compared to 

conventional linear potentiometers and were shown to be in agreement.  McCormick et al. (2014) and 

Hoag et al. (2015) both compared dynamic DIC measurements to measurements taken by conventional 

Linear Potentiometers (LPs) and the measurements were shown to be in agreement. Hoag et al. (2015) 
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also investigated retrieving the natural frequency of the bridge from the DIC data as well as using DIC 

measurements to inform finite element models of the bridge. 

Despite having been used successfully for bridge monitoring, there are still many situations in 

which DIC can be used improperly. Cameras need to be strategically positioned to take useful 

measurements of displacement that can be used to evaluate bridge performance. The foundation of the 

tripods needs to be considered as a flexible foundation can lead to errors related to tripod and camera 

vibrations. Alternatively, if no stiff foundation is available, vibrations errors can be reduced through 

filtering or through subtraction of measurement of a stationary object captured within the image. These 

difficulties that arise when using DIC to monitor bridge displacements were studied by using DIC in a 

monitoring campaign of 5 bridges. 

4.3 Monitoring Campaign 

Five bridges were monitored as part of this research, as summarized in Table 4.1. All of the 

bridges included in this study are operated by CN and are located near Kingston, Ontario, with the 

exception of Bridge E (Joliette 52.10), which is located near Shawinigan, Quebec. All of these bridges are 

steel Deck Plate Girder (DPG) rail bridges, although Bridge A (Bridge 169.44) also has one Through 

Plate Girder (TPG) span to allow tall ships to pass beneath. Figure 4.1 shows images of each of these 

bridges. A description of the instrumentation setup, as well as the results from this monitoring campaign 

are discussed in the following sections.  

4.3.1 Experimental Setup 

The midspan of each span investigated was monitored using Allied Vision Technologies (AVT) 

GX1050 8-bit monochrome 1 megapixel (MP) high speed cameras with 85 mm lenses. The cameras 

recorded images at 100 fps to capture the dynamic effects of the loading. These cameras were positioned 

to monitor the midspan vertical and lateral displacements of each span. Depending on the geometry of 

each bridge site, cameras were placed in varying locations at varying angles to the bridge girders. 

Cameras aimed at the side of the bridge were used for monitoring vertical displacements and those 
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positioned below the bridge, aimed up at the bottom of the DPG were used to measure lateral 

displacements.  

Bridge B (Bridge 180.80), was also instrumented with an LP which was affixed to a 5 m tripod 

and raised up to the bottom flange of the DPG at midspan in order to record vertical displacements. This 

was done, in order to evaluate the accuracy of the DIC measurements of displacement. As a representative 

example of all the bridges monitored in this study, the data collected from Span B1 is presented in the 

following section. 

4.3.2 Example Case Study: Span B1 

An image of Span B1 (CN Rail Bridge 180.80), located in Kingston, Ontario, Canada is shown in 

Figure 4.2. This bridge has a steel plate girder superstructure that was built in 1903 and underwent 

rehabilitation in 2013, when steel plates were bolted to the bottom flange of the DPG to strengthen and 

stiffen the bridge. It should be noted that unless otherwise specified, the DIC data presented in this section 

has been filtered to remove content above 7 Hz. This was done in order to remove displacement errors 

that result from camera and tripod vibrations, and will be discussed further in Section 4.4. 

 Two measurement systems were used to monitor the deflection of the bridge as freight trains 

passed over it: an LP, and two digital cameras which took images for the DIC analysis. Figure 4.2 shows 

the locations of the two high speed cameras, and the LP, with an example image from the camera 

measuring vertical displacement to show the camera’s Field of View (FOV).  

 Figure 4.3 shows the vertical displacements of Span B1 under a) the full freight train loading and 

b) the three locomotives only. Measurements taken by both DIC and the LP are shown for comparison. 

Both DIC and the LP measured an initial displacement of zero mm, indicating that there is no offset of the 

displacement measurements. Figure 4.3b shows that the maximum midspan displacement caused by the 

crossing of the locomotives was recorded as 4.90 mm by the LP and 4.67 mm by DIC. The DIC 

measurements correlate very closely to the LP measurements, although the DIC measurements slightly 

underestimate actual bridge displacements, with a maximum difference of less than 5%. 
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The first large displacement shown in Figure 4.3b corresponds to the front truck of the first 

locomotive. The second large displacement corresponds to the rear truck of the first locomotive together 

with the front truck of the second locomotive, etc. The displacements after the fourth peak return to zero 

due to the span being briefly unloaded between the axles of a long car, immediately following the 

locomotives. All subsequent large displacements correspond to the rear truck of a car together with the 

front truck of the next car. The largest displacements seen in Figure 4.3a correspond to the bridge being 

loaded by the locomotives at the front of the train, and by heavily loaded freight cars distributed 

throughout the first half of the train. The back half of the train is comprised of only empty freight cars, 

resulting in smaller displacements.  

Figure 4.4 shows the midspan lateral displacements of Span B1 under a) the full freight train 

loading and b) the three locomotives only. The bridge vibrates from side to side about its initial location 

as the freight train passes over, which is expected for a bridge that is not curved or skewed. The 

magnitudes of the lateral displacements are an order of magnitude smaller than the vertical displacements.  

Midspan vertical displacements immediately after the train has left the bridge can be analyzed to 

calculate the natural frequency of the bridge, as seen in Figure 4.5. Figure 4.5a shows the midspan 

displacements immediately after the freight train has left the bridge and the bridge is allowed to 

experience free vibration. Figure 4.5b shows the frequency content of the free vibrations, calculated using 

a Fast Fourier transform (FFT). A rectangular time window was used to analyze the 3.31 seconds of free 

vibration data. The large peak at 9.5 Hz represents the natural frequency of the bridge. It should be noted 

that the data shown in Figure 4.5 is unfiltered, which is necessary to determine the natural frequency of 

the bridge. In this case, the cameras were firmly planted on exposed bedrock, and thus camera and tripod 

vibration were not a concern. This is discussed further in Section 4.4.  

The natural frequency of the bridge can be estimated using Equation [4-1] developed by 

Unsworth, 2010. The bridge’s span length is 13.7 m (45 ft), and therefore the expected natural frequency 

of the bridge is 9.4 Hz. This matches very closely with the measured natural frequency of 9.5 Hz. 
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𝑓1 = 135(𝐿)−0.7 [4-1] 

Recording the natural frequency of the bridges is a very useful feature of DIC. However, this is 

only possible when filtering of the displacements is not necessary to reduce errors associated with tripod 

and camera vibrations. DIC can therefore only be used to calculate natural frequency when a stiff 

foundation for the camera tripods is available. Filtering of DIC displacements is discussed further in 

Section 4.4.   

Data similar to that presented in this section (although an LP was only used to monitor Span B1) 

was collected for all the bridges in this study as discussed in the following section. Model updating of 

Span B1 using the data presented here is discussed in Section 4.5. 

4.3.3 Campaign Summary 

Table 4.2 shows the peak vertical and lateral displacements measured for each span monitored, 

under full freight train loading. The largest vertical displacement was measured in Span A2, which is 

expected since Span A2 has the longest span length as seen in Table 4.1. The largest vertical 

displacement, when normalized by span length, occurs in Span D1. The largest recorded lateral 

displacements originate at midspan of Span E1a which was monitored prior to rehabilitation of the lateral 

bracing system, as will be discussed in Section 4.4.  

To monitor the lateral displacements of these bridge spans using DIC, cameras had to be placed 

beneath the span, aimed up at the bottom flange of the girder. When access below the bridge was not 

possible, the cameras had to be aimed at any object protruding from the side of the bridge. In some cases, 

the cameras were aimed at rail ties that extended beyond the face of the girder. However, after analysis of 

these measurements, the displacements of the rail ties were much larger than expected. This is likely the 

result of a discontinuity between the bridge girder and the ties. Since these measurements are not 

representative of actual bridge displacements, they are not included in Table 4.2, and are shown instead as 

‘Error’. Thus the lesson learned is that when access below the bridge is not available, the cameras can be 

strategically positioned to monitor any object protruding from the bridge, provided that that object is 
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securely fixed to the bridge girder. Railroad ties are not sufficiently connected to the bridge girders for 

this purpose. 

Table 4.2 also shows a comparison of vertical displacement to span length, which is a metric 

limited to L/640 by the American Railway Engineering and Maintenance-of-Way Association (AREMA, 

2015) and to a stricter limit of L/750 by CN. The bridges reach at most 54% of these limits and it can be 

concluded that the midspan vertical displacements are not excessively large at any location and are not of 

concern. A graphical representation of the normalized vertical displacement ratios is shown in Figure 4.6. 

4.4 Evaluation of Bridge Rehabilitation 

Bridge E (Joliette 52.10) is a steel DPG rail bridge located near Shawinigan, Quebec supported 

above a large ravine by steel truss supports. Lateral stiffness issues were identified in this bridge, and CN 

began rehabilitation of the lateral bracing in 2014. The original ‘K-Type’ lateral bracing system was 

replaced, one span at a time, with ‘X-Type’ bracing. Figure 4.7a shows an image of a large crack in some 

of the corroded original braces prior to rehabilitation, with the new braces shown in Figure 4.7b.  

Bridge E is a 12 span bridge, although for this study, only one span (one of the central spans, 

labelled Span E1) was selected for monitoring before and after rehabilitation. Span E1 was selected for 

monitoring for three reasons: 

1. Bridge E is comprised of 18 m and 12 m spans. Span E1 is one of the longer 18 m spans, and 

is located near to the centre of the bridge, where the piers are highest, and the lateral 

displacements would potentially be the largest. 

2. Access beneath the bridge was very difficult, as the bridge spans over a large valley with very 

steep terrain. A small flat plateau beneath Span E1 provided an area to setup the camera 

equipment. The heavy camera server and electrical generator had to be lowered down beneath 

Span E1 from the bridge deck by a boom crane.  
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3. The process of rehabilitating Bridge E was a lengthy endeavor that proceeded over the course 

of 2014 and 2015. The rehabilitation of Span E1 occurred throughout the summer of 2015 

(May to August) which enabled pre and post-rehabilitation measurements to be taken during 

the research project. 

4.4.1 Vertical Displacements and Filtering 

Span E1 was monitored on two occasions, before and after rehabilitation was completed. The 

dates of these site visits were April 16th 2015, and August 26th 2015. Figure 4.8 shows the unfiltered 

comparison of midspan vertical displacements from before and after rehabilitation. The time axis has 

been truncated to highlight the displacements caused by the locomotives. Figure 4.8 shows that after 

rehabilitation, the vertical displacements appear larger, and with more high-frequency noise than before 

rehabilitation. This was an unexpected result, since the rehabilitation should not have affected the vertical 

stiffness of the bridge, as only the lateral bracing was changed. 

To study this anomaly, an FFT analysis of the vertical displacements under the full freight train 

was done, as can be seen in Figure 4.9 with the full train data plotted in a) the time domain and b) the 

frequency domain. The largest FFT peaks occur at less than 1 Hz, however there is a lot of unexpected 

frequency content between 10 and 15 Hz.  

These high-frequency peaks are not present in the vertical displacements taken prior to 

rehabilitation. Since the rehabilitation should not have altered the vertical stiffness of the bridge, it is 

likely that these measurements are associated with noise in the DIC measurement data. This argument is 

supported by comparing the environmental conditions during each of the monitoring days. The pre-

rehabilitation monitoring was conducted on April 16th, when the temperature high was 5 ⁰C and the 

ground was frozen. The post-rehabilitation monitoring was conducted during the summer, on August 26th, 

when the temperature was 24 ⁰C and the ground had thawed. As a result of the ground thawing between 

visits, the stiffness of the soil was significantly reduced. This change in ground stiffness resulted in 
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amplified camera and tripod vibrations when the freight trains passed by the camera locations. In a similar 

study looking at the impact of railway generated ground vibrations on DIC measurements, these 

vibrations were observed to have a frequency around 10 Hz (Wheeler et al., 2016) which aligns with the 

FFT results seen in Figure 4.9.  

Often, to account for these camera vibration errors, a stationary object captured within the image 

can be used to normalize the displacements measured in the bridge. Murray et al. (2015) accomplished 

this by erecting scaffolding beneath the bridge with targets attached that served as fixed reference points. 

The cameras captured the bridge and these targets within the same images and any measured target 

displacements were subtracted from the bridge measurements to get the vibration corrected 

displacements. This is not always possible for bridges high above the ground or which are located over 

roads or bodies of water. Instead, since the camera vibrations are known to occur around 10 Hz, the DIC 

measurements can be filtered using a low-pass filter, provided that the measurements of interest occur at a 

lower frequency than the camera vibrations. 

As such, the lesson learned here is that to mitigate the effects of camera and tripod vibrations on a 

weak foundation, the vertical displacements had to be filtered using a low-pass filter with a cutoff 

frequency of 7 Hz, the results of which can be seen in Figure 4.10. By reducing the impact of the 

vibration errors, the peak vertical displacement due to the locomotives is now 9.50 mm prior to 

rehabilitation and 9.64 mm after rehabilitation. This difference in midspan vertical displacement 

represents a difference of only 1.5 % suggesting that the vertical stiffness has not been affected by the 

rehabilitation. 

4.4.2 Lateral Displacements 

As discussed in the previous section, the displacements measured by DIC were filtered at 7 Hz to 

mitigate the impact of tripod and camera vibration errors. The effect of filtering the midspan lateral 

displacements can be seen in Figure 4.11. The time axis of Figure 4.11 has been truncated to highlight the 

displacements due to the locomotives passing over Span E1. Figure 4.11a shows the unfiltered midspan 
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displacements directly measured using DIC. Figure 4.11b shows the same data sets, after being filtered 

using a low-pass filter to remove all content above 7 Hz. By applying the 7 Hz filter to this data, the 

bridge vibrations measured by DIC have been reduced, however the general trend of the data remains the 

same, and the large low-frequency displacements remain unchanged.  

The midspan lateral displacements tend all to be in one direction, which is expected for bridge E 

since it is curved, as can be seen in Figure 4.1e. Figure 4.11b shows that the lateral displacements have 

been significantly reduced by the structural rehabilitation. The peak lateral displacements have been 

reduced from 1.86 mm to 1.26 mm (a difference of 32 %), as seen in Table 4.2. Thus the rehabilitation of 

Span E1 was successful in reducing the large lateral displacements previously observed in Bridge E.  

4.5 Model Updating 

Bridge management decision making does not require an overly complex and accurate model, a 

simple model that can reasonably approximate the performance of a bridge is sufficient. Simple models 

can help inform engineers about the stresses and strains developed in the bridge girders and can be 

potentially used to further evaluate the bridge. 

Based on the structural drawings and train manifests provided by CN Rail, a model of Span B1 

was created in SAP2000. The bridge was modelled as a simply supported beam with rotational springs at 

the ends to represent the effects of the rails acting continuously across the spans. Vertical springs were 

added at the supports to represent the compression of the piers observed during the passage of freight 

trains. The model was created based on structural drawings of the bridge and freight manifests provided 

by CN. The key model inputs are summarized in Table 4.3. Figure 4.12 illustrates the model arrangement, 

which includes nodes every 1 m and vertical and rotational springs at the ends. 

The displacement results produced by the model, compared to the DIC results, are shown in 

Figure 4.13. The model was created to determine the effects of the locomotives only, since the 

dimensions of the locomotives were more readily available than for each freight car. For this reason, the 

model results return to zero after the locomotives have crossed over the bridge. This also explains why the 
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predicted displacement peak at 3.5 seconds on the plot is lower than the measured peak, since the rolling 

stock loads are not accounted for. 

The stiffness of the rotational springs at the end of the bridge were updated so that the maximum 

displacement estimated by the model aligned with the DIC measurements. As seen in Figure 4.13, the 

peak displacements of the bridge estimated by the model align closely DIC measurements, however the 

model overestimates the rebound of the bridge that occurs between locomotive truck loadings. Therefore, 

the peak-to-peak response of the model does not agree with the peak-to-peak displacements measured 

using DIC. By adjusting the spring stiffness values of the rotational springs at the supports, the model can 

be modified to match the peak-to-peak response of the bridge, as seen in Figure 4.14. To model the 

correct peak-to-peak displacements, the rotational spring stiffness values were increased from 1.5x108 

kN-mm/rad to 4.5x108 kN-mm/rad. Although this allowed for the peak-to-peak displacements to be more 

accurately modelled, the maximum displacements estimated by the model no longer agree with the DIC 

measurements.  

Thus when adjusting the rotational springs to match the maximum midspan displacements, the 

model will overestimate the rebound of the span in between the trucks. Alternatively, when modelling the 

peak-to-peak behaviour of the span, the maximum displacements will not be captured properly by the 

model. This appears to be an issue only for short spans, such as Span B1 with a span length of 14 m. To 

demonstrate this, a model of Span A2 (span length of 32m, the longest DPG span measured in this study) 

is shown in Figure 4.15. Figure 4.15 shows that the full displacement response of Span A2 is properly 

represented by the SAP2000 model for the crossing of three locomotives. 

The reason that the numerical models of short span bridges do not accurately represent the full 

time-history displacements of the bridge response is most likely that the model developed in this research 

oversimplifies the loading from the train. The train loads used in these models are point loads that 

represent the wheel loads and move along the beam model step by step, staying at a constant load. In 

actuality, train loading is a complicated system of dynamic time varying loading. For example, when 



88 

 

developing vehicle models for studying train-bridge interactions, Watanabe et al. (2014) not only account 

for the weight of the train cars but also include dampers and non-linear springs between the body of the 

car and the trucks, as well as between the trucks and each wheel. By accounting for the dynamic motion 

of the train cars in this way, the models developed by Watanabe et al. (2014) can more accurately model 

train-bridge interactions. However, these models are not only more accurate, they are more 

computationally intensive to run and time intensive to develop.  

Thus the lesson learned in this research is that by modifying rotational springs at the bridge 

supports, finite element models can be updated to match either the maximum displacements or the peak-

to-peak displacements measured by DIC, however not at the same time. This issue is only apparent in 

models of short span bridges, and is likely related to the oversimplification of loading used in the model. 

4.6 Conclusions 

Throughout this research, five steel rail bridges were monitored under dynamic freight train 

loading using DIC. Cameras were positioned adjacent to and underneath these bridges to monitor 

midspan vertical and lateral displacements. DIC measurements were compared to a linear potentiometer 

and the two sensor technologies were shown to be in good agreeance. The vertical displacements of each 

of the bridge spans monitored were compared to displacement limits established by CN. It was shown that 

the vertical displacements reached a maximum of 54 % of the allowed displacements, indicating that 

these vertical displacements are not of concern. 

 A bridge known to experience large lateral displacements was monitored before and after the 

lateral bracing system was rehabilitated. The bridge was initially monitored when the ground was frozen 

and subsequently when the ground was thawed. It was show that the change in ground stiffness drastically 

affected the DIC measurements and needed to be accounted for. The vibration errors were reduced by 

applying a low-pass filter with a cutoff frequency of 7 Hz. After filtering the data, it was shown that the 

vertical displacements were not affected by the rehabilitation, however the lateral displacements were 

reduced by 32 %, showing that the rehabilitation was successful in minimizing lateral displacements.  
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A finite element model of Span B1 was developed based on the dynamic DIC displacements. The 

model was developed as a simply supported beam, with vertical and rotational springs at the supports. By 

adjusting the rotational spring stiffness values, the maximum displacements of the span were modelled 

accurately. However, the model overestimated the rebound of the span between locomotive trucks. The 

peak-to-peak behaviour could also be suitably modelled by adjusting the rotational springs, however the 

maximum displacements and the peak-to-peak displacements could not both be properly modelled at the 

same time. This is shown to only be the case for small span bridges. Bridges with longer spans can be 

modeled more accurately, without excess rebound between the locomotive trucks. 

This research has led to three important lessons learned about field monitoring of steel rail bridges 

using DIC: 

1. DIC can be rapidly and reliably deployed to monitor bridge displacements in campaign style field 

monitoring, and the results can be directly compared to standard industry limits. However, when 

monitoring lateral displacements, if access below the bridge is not available, the cameras can be 

strategically positioned to monitor any object protruding from the bridge, provided that that 

object is securely fixed to the bridge girder. Railroad ties are not sufficiently connected to the 

bridge girders for this purpose. 

2. DIC is sensitive enough to detect a change in lateral displacement resulting from structural 

rehabilitation. However, cameras and tripods should be placed on a rigid support to prevent errors 

due to camera vibration. If no rigid support is available, the DIC results can be filtered to remove 

high-frequency vibrations and minimize vibration errors, provided that the measurements of 

interest occur below the frequency of camera and tripod vibrations.  

3. DIC measurements of displacements can be used to develop simple finite element models of steel 

DPG rail bridges. By modifying rotational springs at the bridge supports, these models can be 

updated to match either the maximum displacements or the peak-to-peak displacements measured 
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by DIC, however not at the same time. This issue is only apparent in models of short span 

bridges, and is shown not to be present in models of longer spans.  
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4.8 Tables 

Table 4.1: Summary of five steel rail bridges operated by CN that were monitored during the 

monitoring campaign. 

Bridge Mile Marker Number of Spans  
Span Length 

(m) 
Year Constructed 

A 169.44 3 (2 monitored) 32 
DPG built 1903, TPG 

built 1928 

B 180.80 2 (1 monitored) 14 
1903, Rehabilitation 

done in 2013 

C 198.50 4 (4 monitored) 17 1912 

D 212.10 4 (2 monitored) 18 1903 

E Joliette 52.10 11 (1 monitored) 18 1921 
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Table 4.2: Summary of peak vertical and lateral displacements and a comparison of normalized 

vertical displacements to CN limit of L/750. 

Bridge Span 

Minimum 

Vertical 

Displacement 

(mm) 

Maximum 

Lateral 

Displacement 

(mm) 

Minimum 

Lateral 

Displacement 

(mm) 

Vertical 

Span Length 

to 

Displacement 

Ratio 

Percent of 

CN Limit 

Reached (%) 

169.44 

A1 - 

TPG 
-13.36 1.45 -1.00 L/2395 31.3 

A2 - 

DPG 
-14.00 Error Error L/2286 32.8 

180.80 B1 -5.78 0.59 -0.76 L/2422 31.0 

198.50 

C1 -8.10 0.13 -0.71 L/2099 35.7 

C2 -6.15 Error Error L/2764 27.1 

C3 -6.87 1.72 -1.10 L/2474 30.3 

C4 -7.15 1.59 -0.76 L/2378 31.5 

212.10 

D1 -12.93 0.84 -1.4 L/1392 53.9 

D2 -11.31 Error Error L/1592 47.1 

Joliette 

52.10 

E1a – 

Pre 

Rehab 

-9.50 0.11 -1.86 L/1985 37.8 

E1b – 

Post 

Rehab 

-9.64 0.37 -1.26 L/1867 40.2 
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Table 4.3: Model inputs used in the SAP2000 finite element models of Span B1 and A2. 

Parameter Span B1 Model Span A2 Model 

Span Length (m) 14 32 

Modulus of Elasticity (GPa) 200 200 

Vertical Spring Stiffness (kN/mm) 950 
n/a (abutment displacements 

not measured) 

Rotational Spring Stiffness (kN-

mm/rad) 
150,000,000 180,000,000 

Damping 5% 5% 

Extra Mass (other than girder self-

weight) (kN/mm) 
0.034 0 (no ballast) 

Number of Beam Elements 27 45 
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4.9 Figures 

 

Figure 4.1: Images of bridges monitored throughout this study: a) Bridge 169.44, b) Bridge 180.80, 

c) Bridge 198.50, d) Bridge 212.10, and e) Joliette 52.10. 
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Figure 4.2: Image of instrumentation setup for monitoring Span B1 (Bridge 180.80). The location of 

both cameras and the LP is shown, along with a sample image from the Vertical Camera for 

reference. 
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Figure 4.3: Midspan vertical displacement of Span B1 under a) the full freight train loading, and b) 

under solely the locomotives. The bridge was monitored using DIC as well as an LP, both of which 

are shown for comparison. 
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Figure 4.4: Midspan DIC lateral displacement of Span B1 under a) the full freight train, and b) 

under the locomotives. 



100 

 

 

Figure 4.5: Free vibration displacements of the midspan of Span B1 shown in a) the time domain 

and b) the frequency domain. 
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Figure 4.6: Percent of maximum vertical displacement limit established by CN (L/750) for each of 

the spans monitored. 
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Figure 4.7: Image of lateral bracing system of Span E1 (Joliette 52.10) a) prior to rehabilitation, 

showing a large crack and b) after replacement of several bracing members. Pre-rehabilitation 

photo provided by CN. 
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Figure 4.8: Comparison of midspan vertical displacements of Span E1 before and after 

rehabilitation due to the crossing of freight train locomotives. This figure shows unfiltered DIC 

measurements. 
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Figure 4.9: FFT analysis of full freight-train midspan vertical displacements of Span E1 post-

rehabilitation plotted in a) the time domain and b) the frequency domain. 
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Figure 4.10: Comparison of midspan vertical displacements before and after rehabilitation of Span 

E1. This figure shows DIC measurements filtered at 7 Hz to reduce the impact of tripod and 

camera vibrations. 
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Figure 4.11: Comparison of midspan lateral displacements of Span E1 from before and after 

rehabilitaiton. Part a) shows the raw unfiltered data, and part b) shows the displacements filtered 

to remove high-frequency displacements above 7 Hz. 
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Figure 4.12: Schematic of SAP2000 finite element model of Span B1, showing the vertical and 

rotational springs, as well as the elements and nodes. 
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Figure 4.13: Comparison of midspan vertical displacements of Span B1, measured by DIC and 

estimated from a SAP2000 finite element model. 
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Figure 4.14: Comparison of midspan vertical displacements measured by DIC and estimated from 

a SAP2000 finite element model. This model has been modified to replicate the peak-to-peak 

response of Span B1 measured by DIC.  
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Figure 4.15: Comparison of midspan vertical displacements of Span A2, measured by DIC and 

estimated from a SAP2000 finite element model. 
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Chapter 5 

Summary and Conclusions 

5.1 Summary of Research 

In this thesis, the use of DIC was studied for in-depth monitoring of rail and road bridges. DIC 

measurements of displacements were compared to those estimated using accelerometers, and it was 

shown that accelerometers can be used to reasonably estimate zero-mean lateral displacements. These 

measurements were used to further study the response of the bridge and in one case, identify the origin of 

large lateral displacements as the steel casting bearings above the piers. The effectiveness of rehabilitation 

of both a rail bridge and a bascule lift bridge was studied using DIC, and both rehabilitations were shown 

to limit excess displacements. DIC was used to study several rail bridges in a monitoring campaign and 

the results of which were used to update finite element models. 

The key conclusions of this research are: 

1. Direct measurements of displacement using DIC can be used to validate displacement 

estimates obtained from conventional sensors and provide measurement redundancy. The 

direct measurement of displacement that DIC can provide for any visible portion of the 

bridge is useful for identifying areas of concern with respect to stiffness and can be directly 

compared to serviceability limit states defined in various codes. 

2. Accelerometer measurements can be used to accurately measure the accelerations of a bridge 

and can be used to calculate natural frequency. Displacements can be calculated using 

accelerations, however this is most accurate for zero-mean data sets such as those in the 

lateral direction. 

3. Accelerometers can be used in combination with DIC for a more comprehensive evaluation 

of a bridge with measurement validation and to fully utilize the advantages of both systems. 

In this study, steel bearings which support the bridge girders above the piers were identified 
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as the origin of large lateral displacements by comparing measurements in different bridge 

components. 

4. DIC was successfully used to measure dynamic displacements of the end support condition 

and at midspan of a bascule lift bridge, with sufficient temporal and spatial resolution to 

measure the bridge’s frequency response. 

5. Using in-service traffic to evaluate the LaSalle Causeway lift bridge, although enormously 

beneficial in terms of monitoring the change in support condition at the lifting end, means 

that load data is not available. However, using displacements from the static test in 

conjunction with the displacements from several apparently heavily loaded in-service vehicle 

crossings, it was shown that the bridge does not exceed serviceability displacement limits. 

6. A comparison of the dynamic response of the bridge from before and after rehabilitation was 

used to demonstrate that the rehabilitation altered the support conditions of the bridge and 

successfully eliminated the gap between the bridge and its support at the lifting end. 

7. DIC can be rapidly and reliably deployed in the field to monitor bridge displacements in a 

monitoring campaign, and the results can be directly compared to standard industry limits. 

However, when monitoring lateral displacements, if access below the bridge is not available, 

cameras can be strategically positioned to monitor any object protruding from the bridge, 

provided that that object is securely fixed to the bridge girder. Railroad ties are not 

sufficiently connected to the bridge girders for this purpose. 

8. DIC is sensitive enough to detect a change in lateral displacement resulting from structural 

rehabilitation. However, cameras and tripods should be placed on a rigid support to prevent 

errors due to camera vibration. If no rigid support is available, the DIC results can be filtered 

to remove high-frequency vibrations and minimize vibration errors, provided that the 

measurements of interest occur at a frequency below 7 Hz.  
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9. DIC measurements of displacements can be used to develop finite element models of steel 

deck plate girder rail bridges. A model developed in this research can be updated to match 

either the maximum displacements or the peak-to-peak displacements measured by DIC, 

however not at the same time. This issue is only apparent in models of short span bridges, and 

is shown not to be present in models of longer spans. 

5.2 Future Work 

The work conducted in this thesis generated several opportunities for future work which were 

outside of the original scope of the project including: 

1. Measuring the lateral displacements of a bridge under several freight trains travelling at 

varying speeds is a particularly interesting area of research, especially for bridges reported to 

experience large lateral displacements. Research in this area could help inform railroad 

companies of the effects of limiting trains to different speeds on a bridge. 

2. After developing simple finite element models based on DIC measurements, further research 

into how the accuracy of these models compare to more complex models should be 

conducted. 

3. Further research into how DIC and accelerometers can be used together to evaluate bridge 

response should be investigated. Alternate algorithms should be investigated in order to 

estimate vertical displacements, and the accuracy can be compared to the current research. 

4. DIC measurements of bridge displacements can potentially be used to collect data on real 

loading histories, which could be used in a fatigue analysis. Future research into using DIC 

for fatigue monitoring should be conducted.  

 

 

 


