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Abstract 

Steel truss bridges are an important component of the railway network across North America. A 

majority of this infrastructure has already exceeded its 100 year service life, making the monitoring of these 

structures critical to ensuring they have adequate capacity to handle the increasing freight loads. Visual 

inspection remains the primary monitoring method because of its cost and time effectiveness. However it 

can be subjective, produce varying results between inspectors, and is unable to accurately quantify damage 

or behaviour. The use of distributed fibre optic sensors has the potential to overcome the shortcomings of 

visual inspection, along with the added benefit of capturing thousands of measurements with a similar effort 

required to obtain a single measurement with conventional strain gauges.  

The current research investigated the use of distributed fibre optic strain measurement to monitor 

the behaviour of steel truss bridges. A scaled down model truss based on an in service railway bridge was 

constructed in a laboratory setting. The truss was monitored with both fibre optic sensors and linear 

potentiometers. The connection conditions were varied by either removing or loosening bolts between 

vertical and diagonal members. A response change was detected by both sensor technologies when all bolts 

were loosened versus tightened. Varying degrees of corrosion and cracking damage were simulated on 

members, and the strain changes in the members were detected using the distributed strain sensors.  

An in service rail bridge was monitored and static distributed strain measurements were taken as a 

train of known weight was placed at various positions along the bridge span. The same train then travelled 

across the bridge at varying speeds as dynamic measurements were taken. Finally, in service measurements 

for passenger and freight trains were also taken. The static measurements were used to detect localized 

variations in strain due to changing member geometry as well as global behaviour. The dynamic strain 

measurements for a train travelling at 4 km/h showed good correlation to the static measurements, however 

all dynamic measurements gave inconclusive results beyond the first 10 m of sensing fibre. In service 

vehicles could not be monitored at their normal travelling speed.  
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Chapter 1 

Introduction 

1.1 Research Need 

In North America, railways transport the vast majority of the total freight (Association of 

American Railroads, 2013). Within these railway networks exist a number of bridges. Closures of 

these bridges can result in significant delays within sectors such as transportation, petroleum, coal, 

and grain that rely heavily upon rail transport. These delays can have severe consequences and can 

cost up to millions of dollars per day. The aging nature of many of these bridges are a cause for 

concern with regards to the safety of those that use railways as a form of transportation, and to 

those that live close by to railway bridges. Therefore, economical as well as safety considerations 

play a major role in deciding which bridges are replaced or repaired.  

Monitoring at risk or aging bridge infrastructure, such as the several thousand steel truss 

bridges constructed prior to the 1920’s, provides a cost effective solution to ensuring costly bridge 

replacements do not need to happen and that public safety is maintained. The most popular 

approach to bridge monitoring remains visual inspection. Visual inspection can be advantageous in 

terms of cost and time effectiveness, and can provide insight into which bridges need rehabilitation 

or repair. However, visual inspection is highly subjective (Graybeal et al. 2003)and often fails to 

quantitatively assess behaviour and performance. Furthermore, many technologies exist to monitor 

bridges by measuring strains, accelerations and vibrations, however most of these sensors are 

discrete or point sensors. As such, using the data from these sensors to accurately identify overall 

bridge behaviour as well as individual member behaviour with the possibility to detect damage is 

challenging and often expensive. 

Distributed strain sensing with fibre optics is a technology that has been proven to 

effectively monitor concrete structures such as bridges (Regier and Hoult 2014), as well as 



 

2 

 

geotechnical infrastructure such as culverts (Regier et al. 2016). It has also been used on steel plates 

to monitor varying degrees of damage, making it a suitable technology to monitor steel truss bridges 

commonly used in railway networks (Hoult et al. 2014). This research will use distributed fibre 

optic sensing to investigate the feasibility of monitoring a laboratory scale truss with changing joint 

conditions and deterioration detection, and to monitor a railway bridge during in service loading 

with both static and dynamic measurements. 

1.2 Objectives 

The objectives of this research are to: 

1. Use both load vs displacement data and static fibre optic measurements to determine the 

impact that changes in the joint conditions have on a laboratory model truss. 

2. Use dynamic fibre optic measurements to investigate whether simulated corrosion and 

cracking damage can be detected on the laboratory model truss. 

3. Monitor an in service railway bridge using static measurements, and compare the static 

measurements to dynamic measurements taken with the same train travelling at different 

speeds. 

4. Monitor the same railway bridge for in service vehicles, and determine if dynamic fibre 

optic measurements are possible at their in service speeds. 

1.3 Thesis Organization 

The following thesis is in accordance to the outline given by the school of graduate studies 

at Queen’s University. The first chapter is a general introduction to the research conducted. The 

second and third chapters contain individual manuscripts pertaining to two separate investigations. 

General remarks and conclusions are presented in the last chapter. 

In Chapter 2, two types of fibre optics were installed on a scaled truss bridge in the 

laboratory. Fibre optic strain and displacement measurements were taken as joint conditions at 

connections were varied. The measurements were used to compare the behaviour of the truss for 
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each joint condition for several load steps, as well as peak strain behaviour between all three 

simulated conditions. The top chord, bottom chord, and outer diagonal strains on both sides of the 

truss were compared. Load versus displacement data was also used to supplement strain 

measurements by providing additional insight to the truss response during loading.  Lastly, 

simulated deterioration with varying extents along on the outer diagonal truss members of the 

model truss was monitored with dynamic fibre optic sensing for both nylon and polyimide fibre. 

The measured strains were compared with expected calculated values.  

In Chapter 3, fibre optic sensors were installed on an in service steel truss railway bridge 

to monitor strains in critical members: top chord, bottom chord and diagonals. First, the bridge was 

loaded by placing a work train of known weight at different positions on the bridge and static 

measurements were obtained. The same train travelled across the bridge at varying known speeds 

and measurements along the top chord were made. Strains from the dynamic loading were 

compared to static measurements, and were used to determine the impact speed had on both 

measurement quality and bridge behaviour. Finally, in service trains were monitored in two 

locations and strains were compared to static strains to see if in service dynamic sensing is possible. 

Lessons learned and conclusions are presented in the last chapter to aid any future work 

that may be based off of the current research. 
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Chapter 2 

Evaluation of Steel Model Truss Behaviour under Changing Joint 

Conditions and Damage Detection using Distributed Fibre Optic Strain 

Sensing 

2.1 Introduction 

Connections are a critical element in any structure including steel truss bridges, and their 

performance and integrity is important to the overall health and behaviour of these bridges. The 

failure of the I-35W Bridge in Minneapolis, Minnesota was a result of inadequate design and 

inspection of the gusset plate connections, that resulted in the deaths of 13 people and an additional 

145 injuries (National Transportation Safety Board (NTSB) 2007). One of the most common 

monitoring solutions for bridges involves visual inspection, however shortcomings of this 

monitoring technique include the difference in accuracy, reliability and quality based on which 

inspector performs the inspection (Graybeal et al. 2003). Using a monitoring technology that can 

provide distributed quantitative data, which can be used to assess structural integrity and locate 

damage over time, would help to supplement the results of a visual inspection.  

There have been many different ways in which steel truss bridges have been monitored for 

both damage detection and structural performance. Artificial neural networks have been used quite 

extensively, however they require large computational efforts, inputting known parameters such as 

modal shapes and natural frequencies, and back propagating based on known outputs in order to be 

effective at locating damage (Mehrjoo et al. 2008). Yu et al. (2016) were able to perform a structural 

damage prognosis using measured frequencies with accelerometers to detect damage due to 

loosened bolts on a fabricated truss structure. DelGrego et al. (2008) instrumented a century-old 

steel railway truss bridge with 372 weldable strain gauges, and found unexpected behaviour in the 

truss such as non-uniform load distribution and out of plane bending. Moreu et al. (2017) used a 
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wireless sensor network consisting of strain gauges and accelerometers to monitor bridge behaviour 

under in service train loading. However, since these sensors were discrete, it was difficult to 

accurately assess and locate damage using this data. A distributed strain sensor could overcome the 

limitations of discrete sensors and provide insight into the structural performance of both damaged 

and undamaged trusses. 

Fibre optic sensors (FOS) are a technology that have the capability to measure distributed 

strains based on the backscattered properties of light. Two types of backscatter can be used to 

measure distributed strains: Brillouin and Rayleigh. Rayleigh backscatter provides higher spatial 

and strain resolution readings when compared to Brillouin Optical Time Domain Reflectometry, 

which is ideal for localized damage detection (Henault et al. 2012). There have been several 

implementations of Rayleigh backscatter based distributed strain sensing in reinforced concrete 

(e.g. Henault et al. 2012; Regier and Hoult 2014). However, the only application of this technique 

for damage detection in steel was on steel plate specimens (Hoult et al. 2014). To the author’s 

knowledge no one has yet used distributed strain sensing on a steel truss bridge, which is the 

purpose of the current investigation.  

A model truss was constructed, instrumented with FOS, and tested under a central point 

load. The first set of experiments consisted of monitoring the truss behaviour under three varying 

joint conditions: (i) all the connections bolted and tightened, (ii) one bolt removed from every 

transverse member connection, and (iii) loosening of the remaining bolts in the transverse member 

connection. The bridge was loaded in increments allowing static fibre optic strain readings to be 

taken, and the maximum strain in each member was below the yield strain, allowing for repeated 

loading of the truss in each configuration. The second set of experiments focused on detecting 

varying degrees of simulated corrosion, and detecting cracking in the outer diagonals of the truss. 

Dynamic strain measurements were recorded as the truss was loaded cyclically for each damage 

scenario. 
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The objectives of this research are to: (i) assess the impact of joint condition on truss 

deflection, (ii) measure the strain distribution with length along each member of a truss, (iii) use 

this data to assess the impact of joint condition on member strains, (iv) understand the impact of 

load cycling on member strains, and (v) detect the presence of simulated corrosion and cracking 

damage using dynamic distributed strain measurements. The following chapter will outline 

background information on FOS, the model truss, and the experimental campaign. The 

experimental results will then be presented and discussed, followed by some final concluding 

remarks. 

2.2 Background 

Fibre optic sensing began in the 1980’s where pressure, temperature, acceleration, 

displacement and strain sensing were among the many types of sensors being introduced 

(Giallorenzi et al. 1982). There are many advantages to using FOS such as their resistance to 

electromagnetic interference, large data transmission bandwidth, resistance to corrosion, and small 

size and weight. There are two main types of FOS: discrete and distributed. Discrete sensors, such 

as fibre Bragg gratings (FBGs), are point sensors that have been implemented on steel bridge 

structures, as demonstrated by the work of Tam et al. (2004) who used FBGs to monitor the Tsing 

Ma Bridge. That particular study required the installation of 40 sensors to obtain measurements 

across various members, yet failed to obtain distributed behaviour. However, distributed FOS offer 

greater flexibility in terms of monitoring length that can range from mm to km.  

A FOS used in civil engineering sensing applications primarily consists of three main 

components: a glass core, cladding, and a coating. Light travelling through the glass core is 

contained within the core by the cladding. These two components require a coating to increase the 

durability of the fibre for civil engineering applications. There are many types of coatings that can 

be used, however the two fibres that will be used throughout the current testing campaign are a 

nylon and a polyimide coating. The nylon coating is more durable at a considerably lower cost than 
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the polyimide fibre (~$0.15 for nylon versus ~$2.50 for polyimide), however it has been shown to 

be less effective at picking up changes in strain due to slip between the cladding and the coating 

(Hoult et al, 2014). The fragile nature of polyimide coated fibre optic sensors present challenges 

for field monitoring, and therefore have been limited to laboratory testing despite their advantage 

over nylon fibres in strain sensitivity.  

Distributed FOS make use of three types of light scattering: Raman, Brillouin, and 

Rayleigh. Raman is used to measure temperature and cannot directly measure strain. The sensing 

range of Raman sensors can vary, however for a spatial resolution of 10 mm, they can have a 

sensing range of 1 km, or for a spatial resolution of 17 m, it can be used up to 37 km in length 

(Tanner et al. 2011; Park et al. 2006) making the sensors ideal for long-scale temperature sensing 

applications. 

Brillouin backscatter sensors work by measuring the frequency of light that is reflected 

back along the fibre. There are several trade-offs between spatial resolution, strain accuracy and 

sensing range. The OZ Optics Foresight ™ Series BOTDR model are capable of a sensing range 

of up to 70 km, with a spatial resolution of 40 m and strain accuracy of ± 40 με. For a sensing range 

of 1 km, a spatial resolution of 1 m and strain accuracy of ± 16 με are capable (OZ Optics, 2017). 

This sensing range is ideal for large-scale geotechnical and structural applications, however the 

spatial resolution is an issue for structures with components and members smaller than the smallest 

spatial resolution. Other issues with Brillouin sensing include long measurement times (several 

minutes), and low level of detected signals (Ohno et al. 2000). Rayleigh backscatter occurs due to 

the interaction between a light pulse sent in to the fibre core from the analyzer, and imperfections 

distributed along the full length of the fibre due to subtle variations in glass density. These 

imperfections are randomly distributed throughout the core, and gives the fibre a unique spectral 

signature. As the fibre is strained, the change in the distance between imperfections causes a 
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spectral shift. The spectral shift can then be used to calculate strain changes using the initial 

unstrained fibre spectral profile as a reference (Henault et al. 2010).  

2.3 Experimental Set Up 

The model truss constructed was based on the Mile 17.7 Grimsby-sub CN Rail Bridge in 

Jordan, ON seen in Figure 2.1.  

 

Figure 2.1: The Mile 17.7 Grimsby-sub CN Rail Bridge in Jordan, Ontario. 

2.3.1 Specimen 

Only one of the eight truss spans was constructed for the model specimen. Also, the Mile 

17.7 Bridge truss consisted of a series of built-up sections whereas the model truss was constructed 

using commercially available angles and channels of 50W and 44W steel as listed in Table 2.1. The 

top and bottom chords consist of two back to back channels, and all diagonals and verticals consist 

of two back to back angles. The top and bottom chords of the members were constructed as 

continuous members, rather than pin jointed at each connection. Since truss members are assumed 

to be primarily axially loaded, the initial design consisted of scaling the lengths and areas of 

members by 1/16 to try to ensure bridge behaviour was accurately represented. The model sections 
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appeared to be much larger and stiffer than the actual bridge based upon initial visual and SAP 

analysis, and therefore the areas were sized down significantly. The use of commercially available 

sections also made it difficult to match both the cross sectional areas and the second moment of 

areas. Several cross bracing elements, stringers, and lateral ties were not included in the final model 

to simplify construction. The constructed model can be seen in Figure 2.2. 

 

Figure 2.2: Constructed model of the Mile 17.7 CN Rail Bridge. 

Gusset plates were made of 6.25 mm thick steel and used to connect all truss members, and 

all bolts used at connections were Grade 5, 9 mm (3/8”) diameter bolts. Gusset plates had either 

two or six bolts for connection to the top or bottom chord, and an additional two bolts for every 

diagonal or vertical member at that location. Lateral bracing was made from 12 mm (1/2”) thick 

flat bar with varying widths of either 25 or 50 mm across the top and bottom of the truss. The truss 

is 3063 mm in total length with a supported span of 2500 mm, it is 538 mm deep and has a width 

of 597 mm. Figure 2.3 gives a top, side and bottom view of the specimen, and Table 2.1 outlines 

the members, lengths, areas and second moment of area values. 
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Figure 2.3: (a) Top view (b) side/front view (c) bottom view of the model truss CAD drawings. 

Table 2.1: Properties of the truss members 

 
Member Designations Area (mm2) Second Moment of Area (mm4) Length (mm) 

Top Chord 2 – C75×6 1526 1.34 × 106 3063 

Bottom Chord 1 – C75×6, 1 – C75×5 1456 1.30 × 106 1822 

Vertical 2 – L32×32×3.2 384 3.68 × 104 514 

Diagonal 2 – L32×32×3.2 384 3.68 × 104 386 

 

2.3.2 Instrumentation 

Prior to testing, the specimen was instrumented with both nylon and polyimide fibre optic 

cables, which were spliced together. The splicing machine used was a Fujikura fusion splicer, and 
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procedure for splicing was conducted following the procedure illustrated in their online splicing 

manual (Fujikura, 2017). The nylon fibre was installed on all members on one side of the truss, and 

spliced to the polyimide fibre which was installed on all members on the opposite side of the truss. 

The bottom and top chords had fibre run longitudinally on the inside of the top and bottom flanges 

31 mm away from the neutral axis on the outside channels only (the other back to back channel 

was not instrumented since the strains in both members were assumed to be equal). On the nylon 

side of the truss, vertical and diagonal members were instrumented with fibre 5 mm from the edge 

of the bolted leg, and 8.5 mm from the edge of the other leg. The fibre on the bolted face was 17.8 

mm away from the axis of bending, and the non-bolted face fibre was 5.7 mm away. The polyimide 

side of the truss was instrumented in the same way, with the exception of the verticals, which were 

not instrumented due to the fact that a maximum of 70 m of fibre can be measured with the OBR 

4600. The total instrumented member lengths were far less than 70 m, however several meters of 

fibre were required between the instrumented members in case splicing or member swapping was 

required. Also, since the fibre is continuous, extra fibre near members that were going to be 

swapped out was required so the new members could be spliced into the existing fibre path.  

The process of installing the fibres on the truss involved surface preparation, fibre layout, 

and then applying the fibre to the truss with an adhesive. The truss was first sanded to give a smooth 

surface to bond the fibre to, as well to ensure no sharp burrs of steel were present which could 

damage the fibre. The truss was cleaned with water, degreaser, and rubbing alcohol. Once the 

surface was prepared, the fibre was laid out along the truss, where it was taped in short segments 

of about 6 – 8 inches to keep a slight tension in the fibre to keep it properly aligned along the desired 

path. The sections of fibre between instrumented members were bundled and secured safely with 

masking tape to flanges to mitigate the possibility of the fibre being broken. Finally, a cyanoacrylate 

(Loctite 4861) adhesive was applied to the fibre/steel interface to bond the two materials together. 

The tape used to hold the fibre in place on members was removed once the previously applied 
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adhesive had provided a sufficient bond to the surface (usually 10 – 20 minutes). Nylon and 

polyimide fibre bonded to a section of the truss can be seen in Figure 2.4. 

 

Figure 2.4: (Left): Nylon coated fibre bonded to a vertical and diagonal member of the truss. 

(Right): Polyimide coated fibre instrumented on the end of the bottom chord, and two 

diagonal members.  

2.3.3 Testing Set Up 

The set up used for all tests is displayed in Figure 2.5. The truss was placed on a pin and a 

roller support on top of concrete blocks, allowing it to deflect without obstruction. A spreader beam 

was placed on the top chord at mid-span to distribute load equally to each side of the truss from the 

actuator. The truss was loaded using a MTS servo-hydraulic actuator attached to a load cell. Linear 

potentiometers (LP) were placed at mid-span and at each end of the bottom chord beneath the 

vertical members under both trusses. One LP was also placed horizontally against the top chord at 

mid-span to detect any lateral displacements. Lastly, the LUNA OBR 4600 or the ODiSI-B 

analyzers were attached to the fibre on the bridge to take readings depending on the test being 

conducted. 
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Figure 2.5: Test set up with supports, load cell and linear potentiometer locations shown.  

2.3.4 Testing Campaign 

Two separate test series were performed on the model truss. The first involved changing 

the joint conditions of truss members, and taking static fibre optic readings as the truss was loaded 

incrementally. The second involved inducing varying degrees of simulated deterioration to a 

member in the truss bridge, and taking dynamic fibre optic strain readings as load was cyclically 

applied to the truss. 

Three different joint conditions were tested, referred to as all bolts (AB), half bolts (HB) 

and loose bolts (LB). For each of these tests, three load cycles were applied to observe the 

difference in behaviour between load cycles. During the first load cycle for each test, the load was 

held at various stages to take static fibre optic readings. Typically, the load was held at 10 kN 

increments up to a maximum load of 40 kN. Readings were also taken after the truss was unloaded 

to measure any strains due to a state of self-stress. The test was run in displacement control at a rate 

of 2 mm/min for tests AB and HB, and at 4 mm/min for test LB. During the second and third load 

cycles, load stages were only taken at the 0 kN and 40 kN load stages. 
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For test AB, all bolts in the truss were torqued to 30 lb-ft using a torque wrench. The AB 

tests were performed first and after three load cycles were applied, the truss was modified for test 

HB. This process involved removing the inner of the two bolts at each end of every vertical and 

diagonal member. The truss was then loaded for three more cycles. Lastly, the remaining bolts from 

test HB were loosened such that each bolt acted as a pin connection and no torque was applied to 

the bolt. The load cycles for test LB went up to 60 kN for reasons that will be discussed in later 

sections. The load and LP data was acquired at a rate of 1 Hz during all tests. The system used 

throughout the testing campaign, the OBR 4600 from LUNA Technologies is able to provide strain 

accuracy of ~ 1 με for a gauge length, or spatial resolution of 20 mm over a length of 70 m (Kreger 

et al. 2007). 

 For the deterioration detection testing, truss connections were returned to the AB test 

conditions, where all bolts were torqued using the turn-of-the-nut method. Two common types of 

deterioration on steel structures, corrosion and cracking, were simulated on the outer diagonals of 

the truss bridge close to the centre of the member. Corrosion was simulated by drilling holes in the 

centre of the members using a drill and drill bits. To simulate cracking, a cut was made in the angle 

leg using a hand-held grinder. 

 A hole located in the middle of the angle using a 1/16” bit was drilled on both legs 

equidistant from the leg edge and the other leg to represent a 5% reduction in cross sectional area 

as seen in Figure 2.6. 
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Figure 2.6: Simulated corrosion damage on the outer leg of the outer diagonal. Holes were 

drilled on both legs in the centre of the member, in the centre of each leg. 

  Ten load cycles between 10 and 40 kN were applied, and displacement and dynamic strain 

readings were obtained. The holes were then enlarged to 25% using a 5/16” drill bit, and then 50% 

using a 5/8” bit. Load and measurement procedures were repeated for each series of tests. Since the 

fibre on the bottom leg was located 8.6 mm from the edge of leg, the 50% hole along the bottom 

was not drilled in the direct centre of the member since it would have interfered with the fibre, and 

was therefore offset so that the edge of the hole was 2 mm from the fibre. A point load was applied 

dynamically at mid-span, where 10 cycles at a frequency of 0.5 Hz were applied, with the load 

ranging between 10 and 40 kN. Dynamic fibre optic strain readings using the ODiSI-B by Luna 

Technologies recorded data during loading at a sampling rate of 50 Hz with a strain accuracy of ± 
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10 με and a gauge length of 2.5 mm, while displacement readings were obtained in the same way 

as the connections testing.  

Following the corrosion damage detection, a similar procedure was followed for the 

cracking damage detection. Members that were damaged with holes were replaced with new, 

undamaged members. Before damage was induced, new fibre optic cables had to be installed on 

the member in the same location as the previous testing, and were spliced to the old fibre. A cut 

was made in the bottom leg of the angle with a 1.5 mm wide zip cut blade. The cut was intended 

to reduce the cross sectional area by 25%, however since the fibre was 8 mm from the edge of the 

angle leg, a 7.5 mm cut was induced instead, resulting in a 23 % reduction in area of the 32 mm 

angle leg width. The location of the cut on the outer diagonal member can be seen in Figure 2.7. 

Results and discussion pertaining to the described testing campaign can be found in the next 

section. 
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Figure 2.7: Simulated cracking damage on the outer diagonal member. Damage is located 

along one leg in the centre of the member. 

2.4 Results and Discussion 

2.4.1 Load Displacement Data 

Figure 2.8 shows the load vs. mid-span displacement data for the first cycle of tests: a) All 

Bolts (AB), b) Half Bolts (HB), and c) Loose Bolts (LB). The load displacement data label “nylon” 

refers to the data on the side of the truss instrumented with nylon fibre, and the “polyimide” label 

refers to the side of the truss instrumented with polyimide fibre.  
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[a] [b] [c] 

Figure 2.8: Load displacement data for the first cycle of tests (a) AB, (b) HB and (c) LB at 

mid-span for both the polyimide and nylon sides of the truss. 

 

The load displacement behaviour for test AB (Figure 2.8a) demonstrates approximately 

linear elastic behaviour until 30 kN. The nylon instrumented side has a slight change in slope at 30 

kN while the polyimide side of the truss changes slope more gradually and is more non-linear. The 

nylon side is also stiffer than the polyimide side, as shown by the different maximum displacement 

values. This suggests that the stiffness of the truss is not only changing at different load stages, but 

also that the two trusses have different stiffness. A potential explanation for this behaviour is 

movement at each connection in terms of both axial movement as well as rotation as the bolts slip 

relative to the members. The amount of movement would be affected by a number of factors 

including the position of the bolt relative to the holes in the members as well as the torque in each 

bolt. The unloading path was not the same as the loading path, which once again indicates that the 

joint behaviour is highly non-linear. It is also worth noting that the truss displacements did not 

return to zero after the load reached zero, suggesting that there is a state of self-stress within the 

truss. This behaviour will be explored in greater detail when the member strains are investigated.  
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In test HB, (Figure 2.8b) both the polyimide and nylon sides of the truss demonstrate bi-

linear behaviour where the stiffness decreases by approximately 70% after 20 kN during loading. 

This suggests that there is a change in the behaviour at the connections above 20 kN, as was also 

observed in test AB. However, because of the number of joints and the different possibilities for 

what can be going on at each joint (e.g. rotational and translational slip) it is difficult using 

deflection data alone to isolate the joint behaviour. The maximum displacements once again vary 

between the polyimide and nylon sides of the truss, and the overall deflection is almost twice as 

much compared to test AB. And once again the unloading path is different than the loading path 

indicating a highly non-linear response. 

The LB deflection response (Figure 2.8c) is different compared to tests AB and HB. In 

tests AB and HB, the initial portion of the bi-linear response was stiffer, whereas for LB the 

stiffness after 10 kN is more than double the stiffness before 10 kN for each truss. Another change 

in behaviour compared to AB and HB is that the loading and unloading paths are very similar, and 

the response from both sides of the truss are nearly identical during both loading and unloading. 

The maximum displacement at 40 kN is just over 9 mm, which is double the maximum 

displacement in the HB test, and triple the maximum displacement in the AB test. One possible 

explanation for this behaviour is that initially only the top chord of the truss is carrying load and 

acting as a simply supported beam, then once the rest of the truss engages the stiffness of the truss 

increases. However, based on deflection data alone it is impossible to verify whether this is true 

and so an examination of the member strain data is necessary. 

2.4.2 Example Member Response 

The data displayed in Figure 2.9 is representative of a typical fibre optic strain data set 

obtained during testing and shows the strains measured along the full length of the fibre optic cable. 

This particular data set is for test AB at the 40 kN load stage for the first load cycle. The highlighted 

data in the black box in Figure 2.9 represents the strain data along the top and bottom flanges of 
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the bottom chord on the nylon instrumented side of the truss, shown in Figure 2.10. The strains for 

any member are then processed by transposing the x coordinate of one data set so that the top and 

bottom strains are both plotted at the correct point along the member. The top and bottom strains 

as well as the axial strains can be plotted as shown in Figure 2.11 for the bottom chord. The axial 

strains are plotted using the top and bottom strains as well as their distance from the centroid of the 

section. In the case of the top and bottom chord, the axial strains are the average strains. 

 

Figure 2.9: Fibre optic strain data for test AB at 40 kN during load cycle 1. 

 

 

Figure 2.10: Location of the fibre optics as highlighted in Figure 2.9. 
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Figure 2.11: Top flange (TF), bottom flange (BF) and average (AVG) strains in the bottom 

chord for the member shown in Figure 2.10. 

 

Figure 2.11 shows a typical member plot used for analysis of the truss behaviour. The 

bottom chord behaviour does not resemble the expected behaviour for a true pin-connected truss 

since if this were the case, the top and bottom strains would match the average strain since the 

member would be in pure axial tension. However, there is a non-zero difference between the top 

and bottom flange strains, meaning there is a combination of both axial and bending strains present 

in the bottom chord. The strain profile of the bottom flange resembles a combination between an 

axially loaded member, hence the constant average strain, and a beam supported at the ends with 

two point loads at approximately 0.45 m and 1.35 m. These locations also happen to be where the 

vertical members are frame into the bottom chord suggesting that they are in compression, and 

transferring force into the bottom chord to induce bending. The strains at the end connections of 

the bottom chord do not go to zero but instead indicate that there is a moment being transferred into 

the connection. This unexpected flexural behaviour is possible for a number of reasons. First, unlike 

in a pin jointed truss, the bottom chord is continuous across the joints, allowing it to transfer 

moments. Second, due to the fact that more than one bolt was used in each connection and that the 
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bolts were torqued, the connections are not behaving as pins but are instead transferring moments 

between the members. This behaviour will be explored in greater detail in the next section. 

2.4.3 Impact of Joints and Load Level on Truss Behaviour 

Figure 2.12 and Figure 2.13 show the strain along the length of the fibre optic cable similar 

to Figure 2.9, however they have been truncated to highlight the top chord, bottom chord, and outer 

diagonals for both the nylon and polyimide fibres. Figure 2.12 shows the strain profile for the 10, 

20, 30 and 40 kN load increments of test HB for the first load cycle while Figure 2.13 shows that 

same data for test LB. Due to an oversight, the load increment data was not recorded for test AB, 

however the HB and LB tests allows the impact of load level and joint condition to be compared. 

The labelling at the top of the figure indicates the fibre type, the member, and the location on the 

member being measured (where TF is top flange, BF is bottom flange, and L and R are left and 

right, respectively). The diagonal locations have been arbitrarily labelled L and R since data for 

both outer diagonals are presented. Diagonals under the same label (L or R) refer to diagonals on 

the same end of the truss. The data has been manipulated so that the progression of members from 

left to right is the same for the nylon and polyimide data to make comparison easier. 
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Figure 2.12: Truncated strain plot for load progressions during the first load cycle of test HB. 

In Figure 2.12 the top chord appears to act as 3 distinct sections with a length of 0.9 m each 

(i.e. the distance between diagonal connections). The strain profiles indicate that there is 

considerable bending in each section and the triangular shape of the profile indicates that it is 

associated with a point load acting at the centre of each section, which corresponds to the location 

where the vertical members are connected to the top chord. The strains do not return to zero except 

at the very ends of the member, indicating that they are acting as continuous beams similar to the 

bottom chord as discussed in the previous section. It is worth noting that the increase in strain 

between load increments is not linear for either top chord. The nylon side of the truss has very low 

strains up until 20 kN and then they increase to 200 microstrain at 40 kN. The increases in the 

polyimide side of the truss are higher throughout the test, suggesting more bending in this member. 

This observed strain behaviour correlates well with the observed deflection behaviour in Figure 

2.8a. The nylon truss is observed to be the stiffer of the two trusses with essentially linear behaviour 

up until 20 kN, the point at which significant bending strains began to develop in the top chord. 
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The polyimide truss, which saw higher bending strains throughout the tests deflected about twice 

as much as the nylon truss and demonstrated more non-linear behaviour. 

The bottom chord demonstrates significant differences in behaviour between the two sides 

of the truss. The strains in the top flange of the nylon instrumented side near mid-span start off in 

tension at the beginning of the test, and at the 40 kN load stage are in compression with the 

maximum reaching -88 με at mid-span. The polyimide behaviour in the top flange remains in 

compression throughout loading, and while the maximum strain is -89 με, it occurs at the vertical 

to the right of the mid-span vertical as opposed to mid-span as seen on the nylon side. This 

behaviour is also exhibited in the top flange data, where peak strains do not occur in the same 

locations. The peak strains of 161 and 184 με on the nylon and polyimide sides, respectively, are 

within 12.5 % of each other and do not agree as well as the top flange. The difference in peak strain 

locations is likely caused by the distribution of forces in the verticals and diagonals. This behaviour 

was hinted at with the non-symmetrical behaviour of the truss in the top and bottom chords, along 

with the differences in polyimide and nylon side behaviour. The same holds true in the outer 

diagonals, where load distributions differ between both the polyimide and nylon sides, as well as 

the left and right ends of the truss. 

 The major difference in diagonal behaviour between the polyimide and nylon sides, 

besides the difference in strain magnitudes, is the presence of two distinct peaks at either end of the 

member. This coincides with the location of bolt holes, and represents the polyimide fibre’s 

advantage in sensitivity to local damage and will be addressed further in the damage detection 

section. Ignoring these peaks, the maximum strains in the polyimide diagonals reach 310 and 250 

με on the right and left ends of the truss. Compared to the maximum strains in the right and left 

nylon diagonals of 447 and 543 με, there is a 44% increase in strains on the right end of the truss 

in the diagonals, and a 117% increase in strains on the left end of the truss between the polyimide 
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and nylon sides. The increase in strains between each load stage in the diagonals is very complex, 

as each diagonal varies in magnitude and increase in strains for each loading step. 

 

Figure 2.13: Truncated strain plot for load progressions during the first load cycle of test LB. 

  As can be seen from Figure 2.13, the behaviour of the members in the LB test is dominated 

by bending. The most obvious behaviour change from the HB tests can be seen in the top and 

bottom chords for both the nylon and polyimide trusses. The triangular strain distribution in these 

members throughout all load increments suggest the top and bottom chords are acting similar to a 

simply supported beam in 3 point bending. The strain increments in these members can also be 

easily explained. At the 10 kN stage, the peak strains are higher in the top chords compared to the 

bottom chords, suggesting that the top chord is taking a larger share of the load and that diagonals 

and verticals are not being engaged (e.g. the strain in the displayed diagonal is approximately zero). 

The diagonal members start to carry load at 20 kN, which would also explain the change in stiffness 

seen in Figure 2.8c at this load. At 20 kN the peak strains in the bottom chord more than double 

compared to the 10 kN load stage (i.e. -90 με vs. -228 με in the top flange polyimide), suggesting 

the bottom chord is now sharing more of the load. One question is why are the chords sharing the 



 

27 

 

loads as two beams rather than acting as a truss, especially since the second moment of area of the 

chords is approximately 1% that of the truss as a whole (1.35 × 106 mm4 versus ~160 × 106 mm4)? 

The answer potentially lies in bolt hole tolerances. In order to ensure the trusses could be connected 

together, the bolt holes in each member were drilled to a diameter of 11 mm (7/16”) for the 9 mm 

(3/8”) diameter bolts. These tolerances are typical of steel construction however the members being 

connected together are normally several metres long rather than less than one metre long. In this 

case it is believed that due to these gaps only some of the diagonals and verticals engaged (as seen 

at the 10 kN load stage in Figure 2.13) causing the truss to behave as two beams rather than as a 

single truss. 

 To further examine the role of the connections on truss behaviour and how distributed 

strain data can be used to gain insights into this behaviour, the distributed strain at 40 kN of the 

first load cycle is plotted for the tests AB, HB and LB Figure 2.14. 

 

Figure 2.14: Truncated strain plot at 40 kN for the first load cycle of tests AB, HB and LB. 

 In Figure 2.14, the strains in the top and bottom chords for test AB appear to be much more 

comparable in terms of magnitude and general shape to those from test HB rather than LB. This is 
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because the single torqued bolt is able to transfer forces through the various truss members much 

more effectively compared to the LB test where force transfer was greatly impacted by the large 

hole tolerances between the bolts and holes in the gusset plate. The inner diagonals and vertical 

data is not presented, however with the exception of the mid-span vertical, these members saw little 

to no load throughout the entire LB testing; including the 60 kN load step. The load was taken up 

to 60 kN to see if the gaps at the holes would close and the members would engage at the higher 

load, but they still did not engage. 

The top chord in test AB demonstrates similar behaviour to HB where the top chord acts 

as 3 separate beams separated by the large gusset plates connecting verticals and diagonals. Both 

the top and bottom flanges of the bottom chord for the AB test are predominately in tension, 

compared to tension/compression during the HB test which suggests more axial behaviour than 

bending for the AB test, which is contributing to a stiffer and more axial truss response. The strains 

in the chords during test AB on the nylon side of the truss also appear to be slightly lower than the 

polyimide side, and the strains in the diagonals are larger than the polyimide side. The strains 

between the top and bottom flanges on the nylon side are also closer to each other which suggests 

more axial behaviour than the polyimide instrumented side, which further verifies the higher 

stiffness on the nylon instrumented side of the truss as previously mentioned in the load vs 

displacement response. 

The LB test demonstrated little to no axial behaviour at all in the bottom and top chords, 

and is by far the least stiff response out of the 3 tests, with the largest strains out of the three tests. 

The maximum strain achieved during test LB is 613 με in the top chord along the bottom flange on 

the polyimide instrumented side, which is more than triple that of the maximum strains in the same 

member for both the AB and HB response.  

The behaviour in the diagonals for the LB test along with the AB and HB tests are difficult 

to interpret. The difference in stiffness between the polyimide and nylon sides of the truss for tests 
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AB and HB might be explained by the fact that the diagonals on the nylon side experience higher 

strains than the polyimide, suggesting the vertical and diagonal truss elements are engaging more 

on the nylon side and contributing to a higher stiffness. However, this behaviour is not seen in the 

LB test where the strains are very comparable in the diagonals between the nylon and polyimide, 

as is the load vs displacement response.  

The behaviour in the left polyimide diagonal is identical for tests HB and LB. While it is 

possible that the strains are correct, it is entirely possible that the strains are not necessarily telling 

the whole story behind what is happening in the truss. Each member is composed of back to back 

C channels or angles, yet only the outer member of each side of the truss was instrumented with 

fibre optic sensors. Because bolt slip is assumed to be occurring throughout testing, and connection 

conditions are changing, it is possible that strains in back to back members are not the same, 

although this has been an assumption throughout this analysis.   

Lastly, the strain profiles displayed were for the first cycle of loading for each three of the 

tests. Members and bolts would slip relative to each other during loading, which as a result, not 

only would change the behaviour of the truss throughout different load cycles but also cause a state 

of self-stress to be present in the truss. The following section illustrates the presence of these 

stresses in the unloaded truss after the first load cycle. 

2.4.4 Impact of Load Cycling and Introduction of a State of Self Stress 

Figure 2.15 shows the strains measured after the first load cycle of test AB with no load 

applied to the specimen. 
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Figure 2.15: Strains at 0 kN after the first load cycle for test AB. 

 If the truss were an ideal pin jointed structure loaded in the elastic range, the unloaded 

strains would all return to zero. Since this is not the case, there is clearly a behaviour change 

between load cycles. One can see from Figure 2.15, that are still strains in each member, especially 

in the left nylon diagonal which went from  365 με in tension at 40 kN to -169 με in compression 

once unloaded. This suggests that the slip at the joints that led to the stiffness change seen in Figure 

2.8a has not been fully recovered upon unloading, which also explains the non-zero displacement 

with no applied load in Figure 2.8a. There also appear to be bending strains in the top chord, Figure 

2.16, and bottom chord, Figure 2.17, on both sides of the truss. 
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Figure 2.16: Strain in the top chord after unloading in test AB on the polyimide instrumented 

side of the truss. 

 The strains in the top chord show that it is acting like three individual sections between the 

joints where the diagonals frame in. The majority of the strains occur in the middle section where 

the strains peak around 40 με in both tension and compression. The strains for the most part appear 

to be equal and opposite, suggesting most of the strains are due to bending in the top chord. The 

strains reach peaks at around 1 and 1.8 m, which coincide with the location of gusset plates 

connecting a vertical and two diagonals to the top chord. If the joints slipped causing the members 

to apply a permanent force between the top and bottom chord, this behaviour should also be seen 

in the bottom chord strains, which are presented in Figure 2.17. 
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Figure 2.17: Strain in the bottom chord after unloading in test AB on the polyimide 

instrumented side of the truss. 

 Based on the strain plots in Figure 2.16 and Figure 2.17, the bolts may be slipping, causing 

forces to be locked into members even when the structure was unloaded. During loading, the mid-

span vertical is experiencing compressive forces, overcoming friction and applied bolt torque to 

push the bolts against the top of the holes on the bottom chord and bottom of the holes along the 

top chord. When the bridge is unloaded, the top and bottom chords want to relax, however the 

vertical is still locked into compression, demonstrated by the local decrease in strains in the top 

chord, or the net resultant 0 strain seen at mid-span in the bottom chord. The top flange in the 

bottom chord is in tension, and the bottom flange, which typically sees tension during loading is in 

compression, as a result of the net tensile reaction forces at the gusset plates located at 0.45 and 

1.25 m pulling on the chord. This behaviour is also seen in Figure 2.16 where the top chord is in a 

state of positive bending from two reaction forces at the gusset plates at around 0.8 and 1.5 m 

pulling downwards on the top chord, and at mid-span the influence of the vertical pushing on the 

top chord reduces strains locally at this location.  
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2.4.5 Damage Detection with Dynamic Fibre Optic Sensing 

Results for the simulated corrosion (hole) damage detection in the top flange using 

polyimide fibre can be found in Figure 2.18, and damage detection using nylon fibre can be found 

in Figure 2.19. This data was recorded dynamically using the ODiSI-B analyzer from Luna 

Technologies, and was taken at a 40 kN load step to display maximum strains experienced in the 

member during loading.  

 

Figure 2.18: Hole detection in the top leg of the outer diagonal using polyimide fibre at 

varying cross sectional area reductions. 
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Figure 2.19: Hole detection in the top leg of the outer diagonal using nylon fibre at varying 

cross sectional area reductions. 

 The strains in the polyimide and nylon fibre are in good agreement in terms of magnitude 

(excluding the hole) where they both average around 268 με across the entire member. The holes 

were first drilled 2 mm in diameter for a 5 % cross sectional area reduction. The hole was drilled 

in the middle of the member, which resulted in the edge of the hole being 10 mm from the fibre. It 

is not expected that the fibre would have picked up any local effects of the reduction in cross 

sectional since the zone in which stress concentrations due to holes affect the strains is within one 

hole diameter from the edge of the hole. For a 2 mm diameter hole, the fibre would have had to 

been within 2 mm of the hole to have detected a change in strain due to the stress concentration. 

This is based on the solution proposed by Kirsch (1898), which can be found in Equation 2-1 
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where a is the radius of the hole, r is the distance from the hole centre to the fibre, εnom is the applied 

strain (in this case assumed as 268 με) and   is 90˚. The 25% hole was then drilled on top of the 5 

% hole, which decreased the distance from the edge of the hole to the fibre since it kept the same 
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hole centre as the 5 % hole. The distance between the 8 mm diameter hole and the fibre became 7 

mm, and so it was expected that a minor stress concentration would be picked up by the fibre. In 

the polyimide fibre, the influence of the hole on the local strain can be seen as the strain increases 

to above 300 με, however the change in strain due to the hole is not detected by the nylon fibre. 

This is potentially due to the fact that the nylon fibre relies on a friction fit between the coating and 

the sensing core, which results in slip and incorrect strain measurements in the area of high strain 

gradients (Hoult et al. 2014).  

 During the 50 % test, the hole on the top leg was drilled to 16 mm, with the edge of the 

hole being 3 mm away from the fibre. Using Equation 2-1, it is expected that the peak strain caused 

by the hole would be 565 με. The maximum measured strain by the polyimide fibre was 518 με 

which is within 92 % of the expected strain. Note that Kirsch’s solution is intended for members in 

uniaxial tension, and the diagonal is experiencing bending. The dynamic data acquisition system is 

also accurate to ± 10 με which could be affecting results. The nylon fibre measured 336 με at this 

location, which is 41 % lower than expected and is likely due to the internal slip between the coating 

and the glass core as previously mentioned. It was still able to detect a strain concentration for the 

50 % reduction in cross sectional area, making it potentially useful for damage detection, however 

unreliable in terms of determining the magnitude of the local strain effects from the hole.  

 The results for cracking damage detection simulated with cuts can be found in Figure 2.20 

for the polyimide fibre and Figure 2.21 for the nylon fibre.  
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Figure 2.20: Strains in the polyimide fibre along the bottom leg for crack detection of 25 % 

of cross sectional area reduction. 

 

Figure 2.21: Strains in the nylon fibre along the bottom leg for crack detection of 25 % of 

cross sectional area reduction. 

 As seen in the corrosion damage detection, the average strains in the members once again 

agree for the nylon and polyimide instrumented members. The crack in the member was 7.5 mm 

long, and the distance between the crack tip and the fibre was 0.5 mm since the fibre was 8 mm 



 

37 

 

away from the end of the leg. The expected stress is given in Equation 2-2 (Solecki and Conant 

2003) 

r

a
nomfibre

2
          (2-2) 

where a is half the crack length, and r is the distance from the crack tip to the fibre. Using Equation 

2-2, the maximum expected strain in the fibre at the crack tip is 1.94 larger than the strain in the 

fibre away from the influence of the crack. In the polyimide fibre, the average strain across the 

member is around 129 με and 233 με near the crack tip, which is only 1.81 times larger. This still 

yields an accuracy of 93 % for the fibre, however bending in the member and the resolution of the 

dynamic analyzer may be contributing to errors in the readings, as seen in the corrosion damage 

detection as well. Furthermore, the results are highly sensitive to the distance between the fibre and 

the damage. For instance, if the fibre were actually 1.5 mm away from the crack instead of 0.5 mm 

as measured, the expected peak strain in the fibre would be only 1.58 times the strain away from 

the influence of the crack, which is a 19% decrease. Thus, ensuring that the fibre distance away 

from the damage is measured correctly is critical when evaluating expected strains using this 

method. The nylon fibre in Figure 2.21 shows a maximum strain of 186 με in the vicinity of the 

crack, only 1.47 times larger and 76 % of the expected strain at the instrumented location. Both 

fibres are able to detect the presence of cracks, however this is once again a function of the 

proximity of the fibre to the crack.  

2.5 Conclusions 

A model truss was monitored with distributed fibre optic strain sensors for changes in joint 

conditions as well as for detecting damage on the outer diagonal members. Three joint conditions 

were monitored with static measurements: all bolts fully torqued (AB), one of two bolts removed 

from each vertical and diagonal connection to the gusset plate (HB), and loosening the remaining 

bolts such that no torque was applied (LB). Static measurements were taken as the bridge was 
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loaded and behaviour of the top chord, bottom chord and outer diagonals were analyzed and 

compared. Corrosion damage was simulated by drilling progressively larger holes, and cracking 

damage was simulated by cutting a notch on the outer diagonals of the truss. The key results from 

the experimental campaign were: 

1. The load versus displacement response of the truss varied for each of the three connection 

conditions, and during test AB the truss demonstrated the stiffest behaviour compared to 

HB and LB. The load versus displacement data also showed bi-linear behaviour during 

loading for each of the three connection conditions and differential displacements between 

the nylon and polyimide instrumented sides of the truss for the first cycle of loading. 

2. Distributed static strain monitoring allowed the progression of strain distribution in key 

truss elements of the top chord, bottom chord and outer diagonals to be observed. 

Behaviour such as bending and axial response during loading was observed in members 

that otherwise may have gone undetected with conventional strain gauges or other discrete 

sensors.  

3. A comparison between strains in the same members at the maximum 40 kN load stage 

demonstrated that the connection conditions can impact truss behaviour. The difference 

between torqued versus non-torqued bolts appeared to play a larger role in changes in 

behaviour than the difference between having 1 versus 2 bolts. Connections with no torque 

applied, test LB, prevented forces from being transferred into members, resulting in the top 

and bottom chords resisting the majority of the load in bending. 

4. Behaviour between load cycles for the different joint conditions also varied. The load 

versus displacement response for AB and HB showed that the displacements of the truss 

failed to return to zero after the first load cycle. The presence of a state of self stress in the 

members after unloading for test AB was observed, and suggests that the bolts may be 

slipping and settling in to a new state of equilibrium. 
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5. Damage detection for simulated corrosion and cracking is possible with the use of dynamic 

sensing. Polyimide and nylon capabilities were compared, and demonstrated the 

advantages the polyimide fibre has over the nylon coated fibre. The polyimide fibre appears 

to be accurate to within 10 % of the expected strains for a 25 % reduction in cross sectional 

area due to a crack and 50 % reduction in cross sectional area due to a hole (corrosion) at 

the monitored location, however further tests should be run with varying fibre distance 

away from the damage to compare the results to the expected strains to evaluate the 

technology’s damage detection accuracy. The nylon fibre was able to detect the presence 

of damage, however could not give accurate strain readings likely caused by internal slip 

between the fibre coating and fibre core. 
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Chapter 3 

Monitoring an In-Service Railway Bridge with Distributed Fibre Optic 

Strain Sensors 

3.1 Introduction 

CN Rail is one of North America’s largest railway companies and reports 750 steel truss 

bridges that span over 26 miles. Of these 750 truss bridges, 80 % were constructed prior to 1920 

(personal communication with Hoat Le, System Engineer – Bridge Assessment at CN Rail). As the 

year 2020 approaches, most of these trusses will have exceeded their design service lives. In 

addition, average tons hauled per freight train have doubled (Weatherford et al. 2008), and the total 

freight volume is expected to double within the next 30 years (Cambridge Systematics 2007). As a 

result, there is a need for an effective monitoring strategy that can help assess the structural 

performance of these aging bridges under increased loading to ensure they are still fit for purpose. 

The most common monitoring technique currently employed is visual inspection. Graybeal 

et al. (2003) conducted a study whereby 49 practicing bridge inspectors were asked to inspect 10 

different bridges. There was significant variability in many of the inspections, and while most 

inspectors could identify general corrosion issues, only 45% were able to identify corrosion on rivet 

heads. Visual inspections are often unreliable due to variability in the inspector’s ability, and are 

unable to provide quantitative data to support bridge assessments. 

Monitoring with distributed fibre optic sensing has the potential to supplement visual 

inspections and provide quantitative data that can assist in assessing bridge structures. Fibre optic 

sensors are lightweight, corrosion resistant, unaffected by electromagnetic interference, and can 

provide the same data as thousands of strain gauges for a fraction of the cost. Newly developed 

Rayleigh-based distributed strain analyzers can take both static and dynamic measurements, 

potentially allowing in service readings to be taken without interrupting regular freight traffic. 
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However, this technology has not yet been used for this application and so field testing and 

evaluation is required. 

The Mile 17.7 Grimsby Sub CN Railway Bridge in Jordan, Ontario, Canada, was chosen 

as a test bed to investigate the potential of static and dynamic distributed strain monitoring. The 

bridge was constructed in 1902, and has thus exceeded its 100 year design service life. The bridge 

is deteriorated in some locations, and is currently in the middle of a 7 year rehabilitation and retrofit 

project whereby damaged members are being replaced, making it a suitable testbed to monitor with 

distributed fibre optics. 

The objectives of the current investigation are threefold: (i) to obtain static measurements 

for a train at different locations along one of the bridge spans to understand behaviour in members 

at a joint, (ii) to obtain dynamic measurements for a train traveling at varying speeds to evaluate 

the difference between static and dynamic measurements, and (iii) obtain in service dynamic 

measurements to further evaluate the effects of train speed on distributed strain measurements. 

The following sections review current approaches to monitoring steel truss railway bridges 

as well as a background on distributed fibre optic sensing. The bridge monitored in this testing 

campaign is then introduced along with the fibre optic sensor instrumentation, and the testing 

procedure. An analysis of the instrumented truss members for both static and dynamic fibre optic 

measurements is presented and discussed, followed by general conclusions.   

3.2 Background 

3.2.1 Other Approaches to Railway Bridge Monitoring 

Otter et al. (2012) investigated 177 railway bridge accidents, and listed failed structural 

members amongst one of the leading causes. This report emphasized the importance of monitoring 

to help reduce the estimated tens of millions of dollars lost annually due to railway bridge 

irregularities. To combat the shortcomings of visual inspection, several monitoring techniques have 
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been deployed on railway bridges. The three most commonly monitored bridge characteristics were 

determined to be displacements, vibrations, and strains. 

Displacement monitoring can be done using either contact or non-contact strategies. Linear 

Variable Differential Transducers (LVDT) are a popular choice for monitoring displacements, 

however are mainly used in a lab setting since a stationary reference point close to the monitoring 

location of interest is required. Moreu et al. (2015) overcame this obstacle by building a scaffolding 

from the ground to the bridge, however this technique is not appropriate for applications where the 

bridge crosses deep ravines or bodies of water. Non-contact strategies include Robotic Total 

Stations (RTS), Global Positioning Systems (GPS), and Digital Image Correlation (DIC). Psimoulis 

and Stiros (2013) were able to attain displacement measurements for short span bridges, detecting 

displacements between 2.5 to 6 mm with RTS. Wieser (2002) obtained measurements using GPS 

on a large cable stayed bridge, which were to within 2 mm at some locations. Hoag et al. (2017) 

were able to monitor displacements and vibrations using DIC and obtain comparable results with 

accelerometers.  

Vibrations are commonly monitored using accelerometers. Wireless Sensor Networks 

(WSNs) have been used on rail bridges that have contained both accelerometers and strain gauges 

(Karoumi et al. 2005; Moreu et al. 2017) and were able to use vibrations to assess behaviour.  

Strain monitoring is one of the most common monitoring approaches, and has also 

commonly been used as part of WSNs. Bischoff et al. (2009) monitored a through-Pratt railway 

truss with 8 strain gauges in a WSN and they were able to obtain a resolution of 1 με. This strategy 

was only useful for monitoring fatigue, however, as the discrete nature of strain gauges meant that 

localized issues could not be detected. Tam et al. (2004) monitored strains using Fiber Bragg 

Gratings (FBG) on the Tsing Ma Bridge in Hong Kong, and found excellent agreement between 

the strain readings of the FBG sensors and measurements taken from conventional resistive strain 

gauges that were already placed on the bridge. 
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DelGrego et al. (2008) tried a more distributed approach to strain monitoring, by placing 

372 weldable strain gauges on a steel truss railway bridge. It was determined that the live load 

distribution was significantly different than expected based on the conventional analytical 

approaches that were likely used during the design stage, and that true truss behaviour was not 

necessarily occurring in all members. Similarly, Costa and Figueiras (2012) instrumented the 

Trezói Bridge with both electrical resistance strain and FBG sensors with a 10 mm grating. This 

system was able to capture both static and dynamic components of the structural response, as well 

as detect out of plane bending in the chords, also indicating that the member was not acting as a 

pure axial force member. 

However, none of the above mentioned techniques were able to fully capture the true 

distributed behaviour or response of a railway bridge under load. The use of Rayleigh-based 

distributed strain sensing on a steel truss railway bridge could potentially provide a solution to this 

lack of distributed data. 

3.2.2 Distributed Fibre Optic Sensing 

Distributed strain sensing using Rayleigh-backscatter consists of an analyzing system, the 

fibre optic cable through which measurements are taken, as well as a series of connecting cables 

from the analyzer to the sensing fibre. The systems and connecting cables are separate for dynamic 

and static readings, although the dynamic analyzer has static sensing capabilities. The fibre optic 

cable itself consists of a core, cladding, and a coating. Light travels through the glass core, and is 

confined by the reflective cladding around the core. The coating thickness and material can vary 

depending on the application as its purpose is to provide a protective barrier for the brittle internal 

glass core.  

Fibre optic sensors have the possibility to take several different types of measurements, 

such as strain, temperature, displacement (Cook and Hamm 1979), pressure (Hocker 1979), slope 

(Wang et al. 2009), and acceleration (Tai et al. 1983). There are three types of scatter that can be 
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measured in optical fibres as a result of naturally occurring phenomena in the fibre itself: Raman, 

Brillouin, and Rayleigh. Measuring Raman scattering only provides changes in temperature by 

comparing anti-Stokes intensity to Stokes intensity, where anti-Stokes intensity is temperature 

dependent and Stokes intensity is not (Dakin et al. 1985). Brillouin scattering is the reflected light 

from interactions between the emitted light and quasiparticles (Kurashima et al. 1990) and can be 

used to measure strain. The spatial resolution of 1 m prevents this technology from accurately 

measuring localized behaviour around components such as bolts and gusset plates. Rayleigh 

backscatter is similar to backscatter from a Fibre Bragg grating, however instead of an etched Bragg 

grating in the fibre, Rayleigh scatter is caused by random, yet measureable imperfections in the 

fibre. The change in the distance between these imperfections from temperature and/or physical 

effects allow measurements to be taken with a reflectometer which detects a change in light 

frequency. The return frequency can then be paired with appropriate coefficients to determine the 

temperature and/or strain change from a baseline reading (Froggatt and Moore 1998). Rayleigh 

sensing has the possibility to obtain a strain accuracy of ~1 με and a spatial resolution of 1 mm.  

There are several advantages to using fibre optic sensors based on Rayleigh backscatter for 

the monitoring of steel bridge structures. The nylon coated fibres used in the current research are 

corrosion resistant, do not have issues with electromagnetic interference, are lightweight, and are 

inexpensive compared to conventional strain gauges (~$0.15 CAD/m of fibre). These systems can 

have a sensor spacing as low as 1 mm and a potential strain resolution of 1 με for a 20 mm gauge 

length (Kreger et al. 2006). In addition, the dynamic system used in the current research, the Luna 

ODiSI-B, has a dynamic sampling rate of 50 Hz with an accuracy of ± 10 με for a gauge length of 

2.5 mm. The main disadvantage of the Rayleigh sensing systems used in the following experimental 

campaign is the limited sensing range of 70 m for the static system (OBR 4600) and 20 m for the 

dynamic system (ODiSI-B). 
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3.3 Experimental Set Up 

3.3.1 Test Site 

The Mile 17.7 Grimsby Sub CN Railway Bridge is located near Jordan, Ontario, Canada, 

and crosses Jordan Harbour close to the mouth of Twenty Mile Creek (43˚09’55.0”N, 

79˚22’16.0”W). The current bridge serves as a replacement to a stone railway bridge constructed 

in 1867, whose stone piers remain standing beside the current bridge to this day. The bridge, along 

with the stone piers, can be seen in Figure 3.1. 

 

Figure 3.1: The Mile 17.7 Grimsby Sub CN Railway Bridge (left), and the piers from the old 

Jordan Harbour bridge (right). 

The replacement bridge, completed by 1902, consists of eight truss spans supported on 

seven individual trestle towers, and two stone abutments at either end of the bridge. Each truss has 

a span of 35.0 m and the total span of the bridge is 356.6 m. The top and bottom chords of the 

bridge were continuous through the joints. The bridge is 7.9 m wide and 5.8 m deep, from centre 

to centre of the outer structural members. The bridge was constructed from open hearth steel with 
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an assumed yield strength of 210 MPa. Tracks on the bridge run east to west, and currently only 

one set of tracks on the north side of the bridge are present. Some of the key bridge member 

properties are listed in Table 3.1. 

Table 3.1: Properties of Instrumented Built-up Structural Members. 

Member Length (m) Cross Sectional Area (mm2) Second Moment of Area (mm4) 

Top Chord 35.052 29,698 1,502 × 106 

Bottom Chord 23.368 57,863 2,625 × 106 

Inner Diagonal 8.261 35,884 1,290 × 106 

Vertical 5.842 28,444 738 × 106 

 

3.3.2 Instrumentation 

The bridge was instrumented with approximately 20 m of nylon coated fibre optic cable in 

two separate locations, Zone A and Zone B as shown in Figure 3.2, on the span closest to the 

abutment. A close-up view of Zone A can be seen in Figure 3.3 and Zone B in Figure 3.4.  

 

 

Figure 3.2: Schematic of the monitored span, including locations with fibre optic sensors 

referred to as Zone A and Zone B.  



 

50 

 

 

Figure 3.3: Schematic drawing of Zone A with start and end locations of the instrumented 

fibre optic (top), on site image of Zone A with the fibre optic cable installed on top and bottom 

flange of the top chord (bottom).  
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Figure 3.4: Schematic drawing of Zone B with start and end locations of the instrumented 

fibre optic (top), on site image of Zone B with the fibre optic cable installed on top and bottom 

flange of the bottom chord (bottom). 

Installing the fibre optic cable consisted a series of steps developed previously in lab trials 

by Hoult et al. (2014) to ensure an adequate bond between the fibre and the bridge steel. The first 

step was preparing the surface by sanding, or in some locations, buffing the surface of the bridge 

to a flat and smooth finish. Afterwards, the sanded areas were cleaned with a degreaser, water, and 
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alcohol to eliminate any dirt or debris that could affect the bond performance. Finally, the surface 

was wiped with a KimWipe™ to ensure no dirt or paint chips were present.  

After the surface was prepared and cleaned, the fibre was placed along the desired path on 

the prepared surfaces. The approximate path was mapped out For Zone A and B, which involved 

laying out along the bottom and top flanges of the instrumented members, as well as crossing the 

web vertically where the path changed from top to bottom and vice versa. The fibre was taped at 

roughly half a metre intervals to keep a slight tension in the fibre, ensuring it stayed in the desired 

location and in contact with the steel surface. Once the fibre was taped along the desired path, it 

was bonded using Loctite 4861 by applying the adhesive along the length of the fibre, and gently 

wiping the adhesive along the fibre. This forced the adhesive into the gap between the fibre and 

steel allowing a bond to form, which took between 5 to 10 minutes. Finally, any tape used was 

removed and any unbonded patches of fibre under the tape were bonded to the steel. 

Lastly, a fibre connecting Zone A and Zone B was installed for static measurement 

purposes. This fibre was spliced at the end of Zone A, and was also used to instrument the top and 

bottom flanges of a small portion of the diagonals framing in to the bottom connection before being 

spliced to Zone B. A number of challenges had to be overcome during the installation including 

the coarse, paint chipped surface of the steel, instrumenting around obstructions such as 

scaffolding, and all while a crew worked on rehabilitating the bridge at the same time. Therefore, 

the installation, which normally would take an hour per zone, required an 8 hour day to have the 

surface completely prepared and the fibre installed.  

3.3.3 Testing Procedure 

Testing of the Mile 17.7 Grimsby Sub CN Railway Bridge consisted of three different 

experimental programs. The first involved testing the bridge under static loading by placing a work 

train with known car axle dimensions and weights on the bridge at various locations. The work 

train consisted of a Brandt truck as the power unit to pull 5 gondola cars that were each loaded to 
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889.6 kN (200,000 lbs). Specifications of each car are listed in Table 3.2, and an image of the train 

used in the first and second testing campaigns is shown in Figure 3.5. 

Table 3.2: Brandt Truck train car properties 

Car Designation Wheel Base (in) Axle Spacing (in) Weight per axle (lbs) 

CN 137744 70 518 100,000 

CN 135439 70 527 100,000 

WC 54227 70 522 100,000 

ATW 700090 unknown unknown 100,000 

CN 136981 70 518 100,000 

 

 

Figure 3.5: Brandt Truck and gondola cars. 

Four train positions were used during which static readings were taken. The train’s power 

unit was always facing west, and backed the train onto the bridge towards the east for the first two 

load stages. Load stage 1 involved placing the rear axle of the end gondola car at mid-span so that 

half of the bridge span was loaded and the other half was not, as seen in Figure 3.6. A reference 
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scan was taken before the train was positioned on the bridge and then a set of static readings was 

taken once the train was in position using the OBR 4600. Load stage 2 was taken with the rear axle 

of the end car at the transition zone of the bridge, as illustrated in Figure 3.7. Load stage 3 was 

taken with the train completely off the bridge, to determine whether or not any residual strains were 

measured. Lastly, the train was placed back in the same position as in Figure 3.7 for load stage 4 

to ensure repeatability of the measurements. The results showed no residual strains in the third 

reading, and identical strains in the second and fourth positions; therefore load stages 3 and 4 will 

not be presented. 

 

Figure 3.6: Brandt truck work train positioning for load stage 1 with rear axle of car at mid 

span.  

 

Figure 3.7: Brandt truck work train positioning for load stages 2 and 4, with the rear axle of 

car at the transition zone of the bridge deck and abutment.  

The second experimental program consisted of taking dynamic readings with fibre from 

Zone A as the work train towed by the Brandt truck passed over the bridge at known speeds. The 

train started away from the bridge so that a constant speed could be maintained over the bridge, 

and travelled westbound at 4, 8 and 24 km/h. Dynamic data using the ODiSI-B System was 
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recorded at a sampling rate of 50 Hz, the maximum allowable data acquisition rate for 20 m of fibre 

with this system.  

The third experimental program consisted of monitoring both Zone A and B under in 

service freight and passenger train loading. A GO (passenger) train travelling at 16 km/h was 

monitored in Zone A and a freight train travelling at 24 km/h was monitored in Zone B. Figures 

and discussion relating to the three experimental campaigns can be found in the following section. 

3.4 Results and Discussion 

3.4.1 Static Sensing Results 

The results for the static test with the train during load stage 1 (Figure 3.6) are presented 

in Figure 3.8. The readings were taken with the Luna OBR 4600 System with both a sensor spacing 

and gauge length of 20 mm.  

 

Figure 3.8: Complete strain data set for load stage 1. 

 The complete strain profile for the half loaded bridge (Figure 3.6) is presented to illustrate 

a typical unmodified data set. In Figure 3.8, Zone A has been highlighted and labelled, with 

numbers corresponding to the locations and numbers illustrated in Figure 3.3. The negative strains 

in both the top and bottom flange of this member suggest that the top chord is in compression, 



 

56 

 

which is expected. However, between points 1 and 2, and 3 and 4, the strains are in tension. These 

locations represent the portion of the fibre that ran vertically up the web from the top flange to 

bottom flange and vice versa. The average strain magnitude across the web is 14 με, and the axial 

strain at that location is -46 με. The Poisson’s ratio for steel is approximately 0.3 and the obtained 

tensile transverse strains are 0.3 of the compressive longitudinal strains. Thus the fibre optic strains 

are in good agreement with the expected behaviour based on Poisson’s effects. The strain readings 

in the entire plot never exceed ± 100 με. Given the 210 MPa yield strength, and an assumed 200,000 

MPa elastic modulus for steel, the yield strain would be 1050 με, and therefore this load stage only 

induces strains that are 10% of the total capacity of the top chord. It is important to note here that 

the strain due to pre-existing loads, such as member self-weight and other dead loads, is not 

included in this measurement and so the member is closer to yield, although this strain could be 

estimated more readily than the strain due to train loading. 

 The above illustrates how the raw fibre optic plot can be interpreted but mapping of the 

physical locations along the fibre optic cable is a crucial process, and must be done for every fibre 

installation to ensure that points of interest, such as start and end locations of instrumented members 

and flanges are correctly located when analyzing the strains. 

The data shown in Zone A can be further processed by lining up the top and bottom strains 

to run in the same direction along the member, to get a better understanding of the top chord 

behaviour as shown in Figure 3.9. 
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Figure 3.9: Zone A strains during load stage 1. 

 The x-axis in Figure 3.9 has been oriented so that the origin corresponds with the centre of 

the mid-span vertical member. The strains, as mentioned previously, are purely in compression, 

however there is a significant amount of bending present towards the centre of the member, as 

evident by the differences in top and bottom flange strains. In an idealized truss, no members 

develop bending moments, however since the top chord has significant flexural stiffness and is 

continuous through the joint rather than being a true pin, it can take moments as part of the load 

resisting mechanism. At 3.3 m left and 2.7 m right of the mid-span vertical, the truss starts to 

demonstrate purely axial behaviour with the top and bottom flange strains being equal and having 

a magnitude of approximately -50 με. Since the member is essentially symmetric about its cross 

section, the top and bottom flanges are approximately equidistance from the neutral axis.  

 Besides the differences in strain magnitudes at some locations, there are differences and 

unique characteristics present in the strain profiles along the top and bottom flanges. Across the 

entire top flange, there are humps equally spaced apart at 0.15 m. These correspond with the rivets 

spaced 6 inches (0.15 m) apart near the fibre, which can be seen in Figure 3.3. Thus the system is 



 

58 

 

detecting the change in strain due to the change in member area at each rivet location. This is an 

interesting finding as it suggests that with correct sensor placement, the system could detect other 

variations in strain due to changes in area, such as the impact of corrosion. There are two large 

spikes in the top flange data, one at 0 m and one located at 2.9 m. The spike at 0 m is at the mid-

span of the truss, and corresponds to the location of the rear axle, which is thought to be inducing 

localized bending at this location. The large spike at 2.9 m is thought to be due to the presence of 

bracket that connects stringers across the top of the truss that can also be seen in Figure 3.3. The 

bracket is 6 rivets from the end of the fibre section along the top flange, and from Figure 3.9, there 

are 5 strain peaks from rivets until that section of fibre is terminated. There are also six local strain 

peaks that occur 1, 2 and 3 m on either side of mid-span along the bottom flange that are a result 

of a cluster of four rivets, which can also be seen in Figure 3.3. These rivets connect cross bracing 

that zig zags along the bottom of both channels that make up the top chord member, and help to 

provide buckling resistance.  

 The bottom chord behaviour for the same loading stage can be seen in Figure 3.10.  

 

Figure 3.10: Zone B strains during load stage 1.  
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 Figure 3.10 indicates that the bottom chord exhibits tensile behaviour along its entire length 

with the exception of two strain spikes in the top flange data located at 1.28 m on either side of 

mid-span. These strain spikes correlate with the end of the gusset plate connecting the bottom chord 

to the diagonals and the vertical in that location. A possible explanation for the compression spike 

is that it is located in a 1 inch gap between the end of the gusset plate, and the beginning of a batten 

plate connecting the two sections of the bottom chord together (since it is two built up channels 

back to back, spaced 600 mm apart). The behaviour in the gusset plate is likely quite complex with 

respect to the flow of forces, and it is possible that the transfer of the forces from the verticals and 

diagonals into the bottom chord at this location may be concentrating forces at the gusset/chord 

interface which could be inducing a localized moment at this location. Another possibility for the 

compression spike may be as a result of the drastic change in stiffness of the chord at the gusset 

plate, which could again result in localized bending in the bottom chord. The batten plates are 

highlighted in Figure 3.11, and the location of the compression spike discussed here is located 

between the two batten plates highlighted in the figure and the gusset plates, despite the gap not 

being shown due to the angle of the photo.  



 

60 

 

 

Figure 3.11: Gusset plate location in Zone B. Batten plate locations along the diagonals and 

bottom chord are circled in red. 

The difference in top and bottom flange strains suggests bending is also present in the 

bottom chord, similar to the case with the top chord, however there does not appear to be any 

location of purely axial behaviour, unlike what was seen in the top chord. The peak tensile strain 

in the bottom flange of 68 με still falls well below the yield strain of 1050 με. The gaps in the top 

flange data set are a result of installing the fibre around scaffolding that was an obstruction and 

prevented measurements being obtained at those locations.  

 There are batten plates along the top and bottom flanges that connect to the other built up 

channel that makes up the bottom chord. The instrumented length that corresponds to the plates is 

1.28 to 1.79 m and 2.59 to 2.97 m on either side of 0 m in Figure 3.10. The effect of the plates can 

be identified in the bottom flange data set, since there are no breaks in the data; particularly on the 

right hand side. There are two strain spikes towards the edges, with a trough shape in the centre 
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(see dashed circle in Figure 3.10), whereas the strains along the top flange between the plates are 

humps with a much more constant magnitude until another plate is reached (see dashed square).  

The strains in the top chord in Zone A for load stage 2 are presented in Figure 3.12. 

 

Figure 3.12: Zone A strains during load stage 2. 

 The most notable difference in the behaviour in Zone A between load stage 1 (Figure 3.9) 

and 2 (Figure 3.12) is the magnitude of strains, which have nearly doubled. This makes sense since 

load stage 1 saw a single bogie placed at mid-span while load stage 2 involves two bogies placed 

either side of mid-span. As seen in Figure 3.9, the bogies were not precisely centred at mid-span, 

thus the load was not applied symmetrically to the truss, which may have caused the non-symmetric 

strain profile in Figure 3.12. While the strains on the right side of the member are the same top and 

bottom indicating axial behaviour with a strain of -80 με after 2 m, the left side of the member 

appears to have localized variations in strain. These variations in the top chord strain correspond to 

the locations where the cross bracing connects in to the bottom flange of the top chord, although it 

is not clear why they have a more pronounced effect on one side of the connection versus the other.  

Furthermore, the bracket appears to be affecting the top flange at -2.8 m with a strain reading of -

123 με, however the bracket at 2.9 m is not affecting the behaviour as previously seen in Figure 
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3.9. The location of the axles is a potential cause of this variation in behaviour since that varied 

between the two load stages. The average strain remains between 60 and 80 με, well below the 

1050 με yield strain, and the maximum strain experienced during this load stage of -123 με which 

also falls well below this limit. The bottom chord behaviour for load stage 2 can be found in Figure 

3.13. 

 

Figure 3.13: Zone B strains during load stage 2. 

 The behaviour in the top and bottom flanges are very similar to the behaviour seen in load 

stage 1 except the average strains have increased from approximately 50 με to approximately 100 

με, which corresponds to the increase in loading by a factor of approximately 2. The influence of 

the batten plates can still be seen as can the local stress concentrations due to the mid-span vertical 

at 0 m. The peak strain magnitudes in the top flange are 18% larger on the left hand side versus the 

right side, which may be a result of the location of the bogies.  

The diagonals were also instrumented, however their behaviour is complex and 

unexpected. Figure 3.14 shows the strain with length plot of the right side diagonal in Figure 3.11 

for load stage 2. It can be seen that the strain is 0 με at the end of the member, which one would 

expect as the load transfers from the gusset plate to the member. As with the chords, there is a 
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significant amount of bending in the member, which is perhaps expected since a significant length 

of the member is riveted to the gusset plate, which would restrain rotation. One possibility for this 

strain variation is the complex flow of forces that exists within the gusset plate leading to localized 

stress variations. The end of the gusset plate corresponds to the 1 m location in the plot and the 

strains begin to converge outside the flexural stiffening effect of the gusset plate. The convergence 

occurs at the batten plates that run along both the top and bottom flanges from 1 m to 1.7 m on the 

strain plot, and were highlighted previously in Figure 3.11. At the end of the batten plates, strains 

in the bottom flange increase to the point where significant bending is present in the member, 

suggesting the plates drastically increase the bending stiffness of the diagonal. This is possible since 

the plates are connected above the top and below the bottom flanges, thus contributing to a much 

higher second moment of area at this location, which may be enough to reduce the bending stresses.  

 

Figure 3.14: Inner diagonal strains during load stage 2, to the right side of the mid span 

vertical.  

An important note pertaining to the presented static data, along with the dynamic data 

presented in the following section is that all members of the truss are built up back to back, yet only 

one of the two channels that make up the entire member section was instrumented. The general 
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assumption in this discussion is that load is equally shared between each side of the truss, however 

it is entirely possible that there is unequal load sharing between the two members, which may be a 

key missing piece of information in the testing procedure and could help to fully explain some of 

the behaviour in the members presented. 

3.4.2 Effects of Train Speed on Dynamic Measurement Sensing and Bridge Behaviour 

The second part of the experimental campaign switched to the use of a dynamic sensing 

system (Luna ODiSI-B) to measure strains for the same work train travelling at 4, 8 and 24 km/h. 

The dynamic measurements are shown in Figure 3.15. Readings were taken at a 50 Hz sampling 

rate, the maximum achievable sampling rate for the system for a 20 m instrumented fibre length. 

 

[a] 
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[b] 

 

[c] 

Figure 3.15: (a) 4 km/h, (b) 8 km/h, and (c) 24 km/h unfiltered dynamic readings taken in 

Zone A. 

 From Figure 3.15, it is evident that speed has a direct correlation to the quality of data 

obtained by the dynamic analyzer. The higher the train speed, the lower the quality of data as a 

result of noise caused by vibrations. The data set taken for the work train travelling at 4 km/h seems 
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to have the least amount of noise, however there is still noise in the data that makes interpretation 

difficult for the bottom flange to the right of the mid-span vertical. All data presented is raw and 

unfiltered. While it may appear that the 8 km/h train data series is the noisiest, the total number of 

useable strain measurements (measurements available after applying a filter of +/- 400 με) is still 

higher than for the 24 km/h readings. The 24 km/h test train created a lot vibration that appeared to 

cause many readings to be returned as unavailable. The data sets in Figure 3.15 have been plotted 

in Figure 3.16 for comparison between bridge behaviour and train speed.  

 

Figure 3.16: 4 km/h vs 8 km/h vs 24 km/h dynamic work train strains in Zone A. 

The three data series plotted in Figure 3.16 represent the maximum strain values for each 

train speed where the majority of strain values were available (and not lost to vibration). As such, 

it does not necessarily correspond to the same train position in each case, nor does it necessarily 

correspond to the maximum strain state if vibrations caused these strains to be unreadable. The 

main causes for the differences in strain magnitudes and readings are dynamic effects. One of the 

cars had a noticeably flat wheel, which caused the car to jump and impact the bridge for every 

wheel revolution. This induced vibrations that were observed during data acquisition. A support 
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height differential at the bridge transition zone from the bridge deck to the abutment and the 

surrounding soil foundation was also observed, and therefore increased vertical momentum and 

forces felt by the bridge with increasing speed. This effect was amplified the faster the train went, 

causing the increase in strain magnitudes and noise in the data. 

With all data sets, there was a significant decrease in quality beyond 12 m of fibre length 

(corresponding to the right side of the plot). Even though the 4 km/h data set has strains similar in 

magnitude to the static readings, the quality of the measurements is significantly decreased for the 

bottom and top flange data to the right of the mid span vertical, as can be seen from the fact that 

the rivet peaks and the batten plate influence is difficult to determine, even at 4 km/h. While the 

readings beyond 4 km/h cannot be used to identify batten plates or rivets, the magnitudes of the 

strains can still be used to approximate the stress in the member. 

 

Figure 3.17: Static strains from load stage 2 vs. dynamic work train strains at 4 km/h in Zone 

A. 

The strains presented in Figure 3.17 represent the differences between the static 

measurements taken with the OBR 4600 and the dynamic measurements from the ODiSi-B. The 

shape of the two profiles is quite similar, as demonstrated by the similar jumps in strains at -1, -2 
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and -3 m along the bottom flange data series, as well as the presence of rivets along the top flange. 

As noted earlier, the dynamic data to the right of the mid span vertical, however, is not clear enough 

to enable the detection the rivets accurately nor the various peaks and plateaus induced by the lateral 

bracing members connected to the bottom flange. The dynamic data could be used to pick up the 

bracket at -2.7 m, with the position and strain magnitude matching that of the static measurement. 

Interestingly, the dynamic data shows a strain spike at the location of the other bracket at 3.0 m, 

which was not picked up with the static data. This was likely due to the position of the train since 

dynamic and static reading train positions varied slightly. The bracket can be seen in Figure 3.18. 

 

Figure 3.18: (Left): Front view of bracket (Right): Bottom view of bracket between two 

girders. 

 The major difference between the two readings in Figure 3.17 lies with the strain 

magnitudes. At 2.5 m from either side of centre, the strains appear to agree, however beyond these 

locations, the strains do not. To the left of -2.5 m, the dynamic strains are lower than the static, 

while between -2.5 and 0 m the dynamic measurements are larger. To the right of 0 m, since the 

noise is considerably larger, it is difficult to determine the true strain values acquired by the 

dynamic system, and also makes it difficult to obtain an impact factor for this loading scenario. The 

impact factor, a value used to multiply the static live loads by to account for the increase in loads 

due to the dynamic nature of the load can be seen in Equation 3-1.  
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static

dynamic
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        (3-1) 

The strain data varies along the member, however the impact factor has been calculated at 

mid-span (0 m) since this location appears to be the most sensitive to dynamic loading. At mid 

span, the static strain is -93 με and the dynamic strain is -125 με, yielding an impact factor, if, of 

0.34.  

The high amount of noise beyond 10 m suggests that the system would have been much 

more suitable to run with a 10 m instrumented length, allowing measurements to be taken at 100 

Hz, likely increasing the overall quality of measurements and possibly increasing the train speed 

threshold at which measurements could be taken.  

3.4.3 In Service Monitoring 

Zone A and Zone B were monitored as various trains crossed the bridge to determine if the 

technology could monitor in service trains. The monitoring began with an AmTrak passenger train 

travelling at 96 km/h in Zone A, the maximum allowable speed for a passenger train on the bridge. 

The dynamic system was unable to obtain any useable data during the passage of this train. A 

freight train travelling at 64 km/h, the maximum allowable speed for a freight train on the bridge, 

was monitored as well, and yielded the same result. The train speed was then reduced to see if 

measurements could be obtained at slower speeds.  

The first train monitored was in Zone A, which was a GO train (passenger train) travelling 

at 16 km/h westbound. The monitoring results are presented in Figure 3.19, where they are 

compared to the static readings for Zone A during load stage 2.  
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Figure 3.19: GO train at 16 km/h vs. static work train strains during load stage 2 in Zone A. 

 Since the comparison is between two different trains, the dynamic effect of the train cannot 

be assessed based on the strain results. However, the dynamic system is able to pick up 

characteristics such as rivets in the top flange, the bracket at -2.7 m and the batten plates along the 

left side of the bottom flange although the accuracy appears to be approximately ±10 με. It is 

important to note that the dynamic readings used for Figure 3.19 are one of only 1500 sets of 

readings recorded as the train passed over the bridge, and was selected purely because it appeared 

to show the maximum strain readings. The majority of the axial strains range between 50 and 75 

με, with a maximum strain reading of -123 με, all of which are well below the yield strain limit of 

the member (1050 με). There still appears to be a change in the quality of dynamic measurements 

around the 10 m of fibre length mark as the right hand portion of the figure appears to have more 

measurement noise than the left hand side.  

 The dynamic data is still able to provide useful insights. The observed strains show similar 

behaviour to the static measurements in that the top and bottom flange strains differ, suggesting the 

presence of bending moments in the chord. The readings could also be used to identify the location 

of changes in member area and members framing in.  
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 Zone B was monitored during the passage of a freight train travelling at 24 km/h. The data 

has been broken up into two separate figures for clarity purposes, Figure 3.20 shows the top flange 

data and Figure 3.21 shows the bottom flange data. 

 

Figure 3.20: Zone B top flange strains for 24 km/h freight train and static work train at load 

stage 2 position. 

 

Figure 3.21: Zone B bottom flange strains for 24 km/h freight train and static work train at 

load stage 2 position. 
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 From Figure 3.20, it can be seen that the data to the right of the mid span vertical shows 

good visual agreement with the static data. The dynamic data can be used to effectively pick up 

features in the top flange such as the compression spike between the gusset and batten plates, the 

presence of batten plates. It can even be used to differentiate between strain behaviour across batten 

plates as opposed to the bare top flange, as indicated by the spikes in the dynamic data lining up 

with spikes in the static strain data.  

 The bottom flange data in Figure 3.21 contains enough noise to make minor details such 

as batten plate transitions difficult to identify, however the strains provide enough insight into 

behaviour to be useful. The measurements show local bending at the mid span vertical, however 

they start to become noisy between -2 and -4 m length. The largest dynamic strain reading of 183 

με occurs in the bottom flange (this excludes the 200 με reading that is thought to be noise at -3.8 

m). This strain still falls well below the yield strain (1050 με), and overall no strains in the 

monitored locations for the entire experimental campaign exceeded 20% of the yield strain.The 

strains are only due to live loads, however, and therefore it is uncertain what percentage of strain 

is already induced in the member from pre-existing loads such as self-weight.  

3.5 Conclusions 

Three experiments were undertaken on a railway truss bridge to evaluate the sensing 

capabilities and limitations of distributed static and dynamic strain sensing. Static measurements 

were taken with a work train of known load at 2 different positions along the bridge span along the 

top and bottom flanges of the top chord, bottom chord and inner diagonal. Next, the work train was 

monitored dynamically as it travelled across the bridge at three different speeds: 4 km/h, 8 km/h, 

and 24 km/h. The maximum strain measurements were compared to static measurements to identify 

possible dynamic effects, and determine the feasibility of monitoring at high versus low speeds. 

Lastly, an in service passenger and freight train were monitored. Previous attempts at monitoring 

trains at their usual service speeds were unsuccessful, however slowing the trains down enabled 
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dynamic measurements to be taken. Despite the differences in train weight, the measurements were 

also compared to the static measurements to assess overall behaviour. The major takeaways from 

the experimental campaign are: 

1. Static measurements showed an increase in strains that correlated well with the increase in 

loading from load stage 1 to 2. The axial strain increased from -40 to -75 με across the top 

chord, and 40 to 90 με in the bottom chord in the monitored locations. 

2. Static measurements could be used to detect local variations such as rivets and plates, 

which indicates the system has the possibility to detect variations in area due to corrosion, 

or stress concentrations from nearby cracks.  

3. Dynamic measurement magnitudes and vibrations were impacted by both train speed and 

distance along the fibre. Results from the work train travelling at 4 km/h along the first 10 

m of fibre were very similar to the static measurements in terms of behaviour, and 

demonstrated an increase in strains as a result of dynamic effects of the moving train. 

Measurement noise increased significantly as the work train speed increased to 8 km/h, 

and measurements became virtually unusable for the 24 km/h work train, despite the strains 

remaining within the same order of magnitude of the 4 km/h measurements. 

4. In service monitoring of a passenger train travelling at 96 km/h and a freight train travelling 

at 64 km/h proved to be impossible due to noise caused by vibrations as the trains travelled 

across the bridge span. 

5. The impact of a passenger train slowed to 16 km/h on the top chord was monitored along 

with the impact of a freight train travelling at 24 km/h on the bottom chord. Despite noise 

in the data, the first 10 m of instrumented fibre at both monitored locations provided data 

that offered insights in terms of strains, and demonstrated similar behaviour to the static 

measurements. This suggests that using a higher sampling rate at 100 Hz for 10 m of fibre 
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may provide successful monitoring of in service trains at their usual speeds, however this 

would decrease the total monitored fibre length by half (10 m). 
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Chapter 4 

Conclusions 

4.1 Research Summary 

The use of fibre optics for both static and dynamic distributed strain sensing was conducted 

to understand the behaviour of steel truss bridges. 

A model truss was monitored with linear potentiometers and distributed fibre optics as 

connection conditions were altered. Load versus displacement data showed varying stiffness 

between the two sides of the truss, and suggested that load cycling could have an impact on 

response. Fibre optic strain measurements indicated several behaviour differences between the 

varied connection conditions, most notably in the test with loose bolts (LB) where the top and 

bottom chord members resisted most of the load as simply supported beams. Damage detection 

with nylon and polyimide fibres indicated the advantages that polyimide fibre has over nylon in 

terms of accurately identifying strain magnitudes in the vicinity of cracks and holes, although the 

nylon was still able to detect the presence of damage.  

Static strain measurements in members at a connection due to a train of known weight at 

various positions along the bridge span were obtained and used in comparison with dynamic 

measurements of the same train travelling at different speeds. The noise induced by vibrations was 

evident throughout readings, however measurements for a train travelling at 4 km/h were in good 

visual agreement with static measurements. In service monitoring was unsuccessful at service 

speeds, however was possible at slower speeds.  

The major takeaways from the research are: 

1. More research and planning needs to be done to successfully deploy distributed fibre optics 

as an in-service dynamic monitoring technique on railway bridges. The vibrations made it 

difficult to assess performance, even when train speeds were reduced to the minimum 
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speeds allowed by rail traffic control. The fibre optic sensors did show promise within the 

first 10 m of the monitored fibre, and so it is suggested that using 10 m instead of 20 m 

fibre lengths and a higher data sampling rate may be a better approach to dynamic 

monitoring. 

2. Static distributed measurements are the preferred choice for monitoring as they were able 

to clearly identify global truss behaviour, and also detect local effects from components 

such as rivets, brackets and batten plates. The top and bottom chord static measurements 

were used as a baseline for dynamic monitoring that helped provide insight that may not 

have been recognized with dynamic measurements alone. 

3. Significant bending was observed in truss members that would usually be assumed to be 

predominately axial members. This behaviour may not have been detected had discrete 

sensing been used in a location where axial behaviour was present, and would have 

therefore been the assumed behaviour across the entire member.  

4.2 Future Work 

The work of this thesis has generated the potential for future work, which expand on the lessons 

learned that were outside the scope of the project. These include: 

1. Dynamic monitoring of bridges with 10 m of fibre to allow 100 Hz sensing to better 

determine a threshold for which useable distributed strains can be acquired. This should 

also be conducted for different types of trains such as passenger and freight as well to 

determine if they can be monitored in service with the reduced fibre length. 

2. Instrumentation of both sides of back to back members to determine if load sharing 

between the members is equal, and to help provide additional behaviour response which 

may help better understand structural response. 

3. Investigate the damage severity that can be detected with fibre optics by keeping the 

distance from the crack or hole tip constant throughout the investigation.  


