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Abstract 

 To better manage deteriorating infrastructure, quantitative data about the performance of 

infrastructure assets is required. Rayleigh based distributed fibre optic strain sensing (FOS) is a 

technology that has the potential to offer this type of data and unlike traditional strain sensors it 

can measure the strain along the full length of the structure.   

 A series of experiments were undertaken to develop installation techniques and evaluate 

sensor accuracy for typical civil engineering materials: steel, concrete and reinforced concrete. 

The results of these experiments showed that the choice of sensing fibre and adhesive was 

dependent on the material being monitored. When the sensing fibre and adhesive are chosen 

correctly, the Rayleigh system can provide the same accuracy as a strain gauge for steel and 

concrete, and useful measurements can be obtained even in areas of concrete cracking. 

 The FOS technique was utilized to determine whether distributed strain measurements 

could be used to detect and quantify localized deterioration of the steel reinforcement (localized 

area reductions of 0-30%) at service loads. A series of specimens was tested, the sensing system 

was able to detect the presence of localized deterioration with embedded nylon and polyimide 

fibres, but the nylon fibre cannot quantify large strain gradients due to slip within the sensing 

fibre. The strain profiles gave insights to the failure mechanism occurring in the reinforced 

concrete specimens. The strain profiles for both test series indicated that the tension 

reinforcement was acting as a tension tie and the strain profiles suggested the presence of 

compressive struts indicative of an arching mechanism in the specimens. 

 The Black River bridge in Madoc, Ontario was instrumented with fibre optics sensors to 

determine whether the use of FOS is both practical and beneficial for reinforced concrete bridge 

assessment when compared to conventional instrumentation. The FOS showed reasonably good 

agreement with conventional sensors. The fibre optic strain results are used to calculate curvature, 

slope and displacement but careful consideration of the boundary conditions is required. The 
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results from the fibre optic sensors can be used to show the bridge load distribution and give 

insights into the support conditions of the beams. 
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Chapter 1 - Introduction 

1.1 RESEARCH NEED 

 The American Society of Civil Engineers gave American bridges a C+ grade, with more 

than 20% of these bridges being rated as structurally deficient or functionally obsolete (ASCE, 

2013). A significant amount of investment is required to improve the condition of these 

structures, however limited funds are available to do this. As such, what is required is an 

assessment and maintenance strategy that can target those structures that are in urgent need of 

attention. Part of the solution to this problem is to use a bridge management system (BMS) and 

visual inspections. However, these systems still have uncertainties associated with them resulting 

from incomplete information about the structural health and performance of individual structures. 

The Ynys-y-Gwas Bridge collapse in 1985 is an example of an infrastructure asset that failed due 

to undetected localized deterioration of the post-tensioned tendons after regular inspections. 

Structural Health Monitoring (SHM) has been implemented as an approach to potentially enable a 

real-time diagnosis of the deterioration in addition to supplement visual inspection and provide 

data to assist in bridge management. To be useful to infrastructure managers, SHM techniques 

must provide relevant and accurate information concerning the integrity or functionality of large 

civil structures.  

 Fibre Optic Sensors (FOS) can be used to obtain the strain at a location of interest on an 

infrastructure asset and is one potential SHM technique that can acquire the quantitative data 

needed for better bridge management. Two potential FOS techniques exist: point or distributed 

strain measurement. Recent advances in the accuracy and precision of distributed FOS techniques 

have improved the strain resolution of measurements and the feasibility of using this tool to 

provide the quantitative data desired for structural assessment.  
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 The current research employs the Optical Backscatter Reflectometer (OBR) from Luna 

Technologies to develop a distributed strain monitoring system which can give quantitative data 

allowing for structural evaluation.   

1.2 OBJECTIVES 

 The specific objectives of this research are to:  

1. Develop an installation technique for fibre optic sensors in reinforced concrete applications 

while evaluating the system against conventional instrumentation.   

2. Investigate the ability to locate and quantify localized deterioration in reinforced concrete 

beams in addition to monitoring crack propagation.  

3. Test the feasibility of installing the fibre optic monitoring system on a reinforced concrete 

bridge while quantifying the bridge response to loading.  

1.3 ORGANIZATION OF THE THESIS 

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

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

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

the thesis.  

 In Chapter 2, the importance of selecting the appropriate sensing cables and bonding 

adhesives for either steel or concrete applications is discussed, which is the first step in the 

process of developing FOS systems for structural monitoring. To determine the appropriate 

combination of sensing fibre and bonding adhesive, steel plate and concrete cylinder tests were 

performed and the measurements from the fibre optic system were compared to conventional 

electric resistance strain gauges. Based on these results, a set of beams was constructed to 

develop installation techniques for internal and external fibres for optimum sensing accuracy.  
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 In Chapter 3, the FOS is used to see if the detection and quantification of three levels of 

localized deterioration using embedded and externally bonded fibre optic sensors at service loads 

is possible in reinforced concrete beams. The strain profile of the beams from the internal fibres 

was used to see if the detection of different failure modes in three and four point bending was 

plausible. 

 Chapter 4 presents the application of the FOS system on a reinforced concrete bridge. A 

load test was performed to determine if the installation of fibre optic sensors on a reinforced 

concrete bridge is practical compared to conventional monitoring systems. The FOS 

measurements were correlated with measurements from conventional electric resistance strain 

gauges and linear potentiometers (measuring deflection of a beam). The load test was conducted 

to see if the FOS yields accurate and useful results, and if the fibre optic measurements enabled a 

better understanding of the overall response of the bridge to the loading.  

 Finally, Chapter 5 gives a summary of the research undertaken and the conclusions drawn 

from the work.  
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Chapter 2 - Development and Evaluation of a Distributed Strain Sensor 

for Reinforced Concrete 

2.1 INTRODUCTION 

Durability of structures is a critical issue facing many countries as older infrastructure 

continues to deteriorate, involving major economic and environmental repercussions. Fundamental 

issues such as how to optimize maintenance strategies and extend the service life of infrastructure 

assets whilst assuring public safety are among the practical concerns facing infrastructure owners 

(Henault et. al, 2010). Structural Health Monitoring (SHM) is a promising approach which can allow 

for a real-time diagnosis of the state of deterioration or damage of an infrastructure asset. To be 

efficient, SHM techniques must provide relevant and accurate information concerning the integrity or 

functionality of large civil structures.  

Currently, assessment of infrastructure is based largely on information from visual 

inspections, which can be of variable effectiveness depending on the ability of the individual inspector 

as well as the deterioration mechanism being investigated (Graybeal et al., 2003). Also, visual 

inspections are only applicable when system distress is visible and perhaps only after the damage has 

propagated enough that it has already had a significant effect on the structural capacity. The 

effectiveness of visual inspection becomes particularity questionable when considering the ability of 

the inspector to access every critical location and identify every potential defect. Due to the 

deteriorating condition of North America’s infrastructure, an accurate quantitative approach to the 

assessment of structures is needed to compliment visual inspections and to minimize the uncertainty 

associated with structural assessments.   

 One potential way of acquiring quantitative data to support assessments is through the use of 

fibre optic sensors (FOS), which can be used as an alternative to conventional strain gauges. Optical 

fibres are useful for SHM because of their small size, light weight, immunity to electromagnetic 
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interference, compatibility with embedment in composite structures such as reinforced concrete, and 

the ability to have multiple measurement locations distributed along the length of the fibre. The two 

main types of fibre optic strain sensing systems are discrete and distributed. Discrete sensing systems, 

such as Fibre-Bragg gratings (FBG), are capable of providing strain measurements with comparable 

accuracy to conventional strain gauges (Gebremichael et al. 2005) but like conventional strain gauges 

only provide readings at specific locations. Distributed sensing systems deliver a potentially superior 

alternative because of their ability to provide strain measurements along the full length of the fibre 

optic cable. However, one of the issues with the systems used for SHM to date has been their strain 

accuracy which is approximately 30 microstrain over 0.5 to 1m gauge lengths (e.g. Mohamad et al., 

2011). This level of strain accuracy and spatial resolution limits the application of this technology as 

the small strain changes and localized deterioration mechanisms associated with long-term 

deterioration mechanisms cannot necessarily be detected. A new type of strain sensing system, called 

an optical backscatter reflectometer (OBR), has recently become commercially available and has the 

potential to offer strain accuracy and gauge lengths similar to FBG systems while at the same time 

offering  distributed readings (Kreger et. al, 2007). The OBR system has shown promise as a SHM 

technique on concrete structures by detecting the presence of cracks in a reinforced concrete slab 

specimen during loading (Villalba and Casas, 2012).  If the OBR system is able to deliver this level of 

accuracy in civil infrastructure applications, it could provide engineers with critical information about 

the location of deterioration along the full length of the structure as well as allowing small changes in 

performance to be detected. 

 However, before this technology can be used as a tool for infrastructure assessment, effective 

techniques for installing the sensors must be developed and the accuracy of the system must be 

checked against proven technologies such as electrical resistance strain gauges. As such, the current 

research program was conducted to determine whether the OBR system can deliver the stated accuracy 

when being used as a strain sensor in a reinforced concrete structure, to select appropriate fibres for 
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measurement of strains in brittle and ductile materials and to develop appropriate installation 

techniques. The following sections will present a background to fibre optic monitoring, the 

experimental test set-up used for the validation exercises (i.e. concrete cylinder tests, steel plate tests 

and small-scale reinforced concrete beam tests), the results of those exercises including the selection 

of appropriate installation techniques and directions for future work before concluding with some 

salient remarks. 

2.2 FIBRE OPTIC SENSING 

Distributed optical fibre sensing systems are composed of an analyzing unit paired with an 

optical fibre. The working principle of distributed optical fibre sensing is based on the analysis of the 

backscattered light (i.e. the light that is reflected back along the optical fibre towards the light source) 

in the silica core of the fibre. When a light pulse propagates along an optical fibre, the pulse interacts 

with imperfections in the fibre and a small amount of that light gets reflected back at every point along 

the fibre (Henault et. al, 2010). There are three types of scattering in optical fibres that can be used in 

distributed sensing: Raman, Brillouin and Rayleigh scattering. Raman scattering is caused by thermal 

molecular vibration while Brillouin scattering is caused by photon – phonon interactions (Henault et. 

al, 2010). Rayleigh scattering is caused by interactions between the light and fluctuations in the silica 

density and composition (i.e. imperfections in the fibre). The analysis of the backscattered light can 

provide information on temperature and strain, since the Raman effect is temperature sensitive and the 

Brillouin and Rayleigh effects are both temperature and total strain sensitive. This temperature 

sensitivity poses a potential problem for field monitoring using fibre optics but in the current work this 

effect was mitigated by testing at a constant temperature. The sensing profiles along the fibre can be 

obtained by two main interrogation methods: Optical Time Domain Reflectometry (OTDR) and 

Optical Frequency Domain Reflectometry (OFDR). In OTDR, a laser pulse is used and the location of 

the strain in the area of interest is calculated considering a time of flight measurement. In OFDR, a 

swept frequency pulse is used to measure the backscatter as a function of the length of the fibre 
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(Henault et. al, 2010). The system used in the current work relies on OFDR measurement of Rayleigh 

backscatter, which operates by first measuring and storing the Rayleigh scatter signature of the fibre at 

an initial state as a reference reading. Then the scatter profile is measured with a strain and/or a 

temperature applied to the fibre. Any change in strain or temperature results in a spectral shift in the 

measured frequency of the backscattered light as compared to the reference scan.  

The current research employs the Optical Backscatter Reflectometer (OBR) from Luna 

Technologies with a level of accuracy equal to 1 microstrain or 0.1 degrees Celsius over a 10 mm 

spatial resolution along up to 70 meters of fibre (Kreger et. al, 2007). With the OBR system, there is a 

tradeoff between strain and spatial resolution. The system can be used to measure strain over very 

short gauge lengths but with less strain measurement accuracy and over longer gauge lengths with 

increased accuracy. In the current research, unless otherwise noted, the gauge length was set at 20 mm 

with a spacing of 20 mm to potentially achieve microstrain level accuracy as specified by Luna 

Technologies. This gauge length is in the same range as the conventional electrical resistance strain 

gauges that the system will be compared against. In addition, the spectral shift quality, which is a 

measure of the correlation between a measurement scan and the reference reflected spectra, was used 

to quantify the quality of the strain data. The spectral shift quality is considered well correlated above 

0.15 as specified by Luna Technologies. 

2.3 FIBRE OPTIC SENSING FIBRES 

 A bare optical fibre is too fragile for civil engineering applications in SHM and so it has to be 

wrapped by an additional coating or buffer to form a cable. The aim of this coating is to protect the 

optical fibre against mechanical damage, chemical attack and environmental conditions. For sensing 

applications, the coating must also be designed to ensure an optimal transfer of temperature and strain 

from the structure to the optical fibre core. A schematic of a sensing fibre is shown in Figure 2.1. The 

silica core is where the light travels along the fibre while the silica cladding ensures the light remains 

within the core and acts as a wave guide.  
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Figure 2.1: Schematic of a sensing fibre 

 Several types of fibre optic cables have been identified as potential sensors. For example, 

Delepine-Lesoille et al. (2006) detailed and designed a coating specially developed to embed optical 

fibre into concrete.  A standard telecommunications fibre has also been used by externally bonding it 

on a reinforced concrete slab in the tension and compression regions (Guemes et al., 2010, Villalba, S. 

and Casas, J. R. 2012). Guemes et al. found that the data measured with the optical fibres detected 

strain concentrations due to cracks, even at low load levels. One of the goals of the current research 

program is to evaluate the optimum fibre choice in terms of strain measurement accuracy, cost and 

fibre robustness. The following validation exercises were undertaken using nylon, acrylic and 

polyimide coated single mode fibre optic cables. The nylon cables have the advantage of being 

inexpensive (with typical costs of $0.15 per metre) but have the disadvantage that the nylon coating is 

not bonded to the fibre core and strain is transferred between the coating and the fibre through friction 

at the coating / fibre interface. As a result of this friction fit, these types of fibres are generally thought 

to be a poor choice for strain monitoring applications (Inaudi et al., 1996). However, because they are 

less sensitive to physical damage and steep strain gradients, they were included in this study. The 
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acrylic fibre used in the calibration test is similar to the nylon coated fibre, but does not have the nylon 

coating, thus it should have less strain transfer issues, however it is fragile since it has no protective 

buffer. Similar to the acrylic fibre, the polyimide coated fibre has good strain transfer between the 

material being monitored and the core but it has a protective coating and is more expensive at 

approximately $5 per metre. The three different coated fibres will be used during the evaluation 

program to compare strain results against conventional strain gauges.   

2.4 EVALUATION SPECIMENS 

 The evaluation work was undertaken in three stages. An initial test series, T1, was conducted 

to investigate the effectiveness of adhesives for bonding the fibre optic cables to steel as well as to 

determine the most appropriate fibre optic cable for measuring steel strain. A second test series, T2, 

was then conducted to determine the optimum external installation techniques on concrete (both 

compression and tension) and to verify the OBR system measurements against conventional electrical 

resistance strain gauges measurements.  A third evaluation test series, T3, was then conducted to 

confirm the optimum installation techniques (both internal and external) for reinforced concrete beams 

and to evaluate those results against conventional electrical resistance strain gauges.  The fibre optic 

sensors for all evaluation tests were installed on the specimens in the locations indicated with an 

accuracy of 1 mm using measuring devices such as calipers and measuring tapes. To ensure straight 

fibre installation on the evaluation specimens chalk lines were used. The adhesives used during the 

evaluation stages were installed with minimum bond thickness between the fibres and specimens for 

optimum strain transfer.  

2.4.1 Steel Sensing Evaluation Specimens 

 The steel evaluation specimen, T1-A, was a steel plate that was instrumented with nine 

conventional electrical resistance strain gauges and fibre optics along the length of the plate. The strain 

gauges were installed as per the Vishay technological note, B-127-14 (Vishay Precision Group, 2011). 

The specimen had two types of fibre optic cables installed on it: a nylon and a polyimide coated single 
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mode fibre. To install both the strain gauges and the fibre optic cables, the specimen was cleaned of oil 

residue and dust. The fibres were bonded to the specimen using two different commercially available 

adhesives (a cyanoacrylate called Loctite 4851 and an epoxy called Loctite E-20HP) in order to 

determine which adhesive resulted in the best strain transfer from the specimen to the fibres. A 

schematic of the sensor installation is shown in Figure 2.2. A second steel plate specimen, T1-B, with 

two additional adhesives (a conventional strain gauge cyanoacrylate called MBond 200 and a two part 

epoxy made by Devcon) was also tested. 

  

Figure 2.2: Schematic of T1-A – the installation of fibre optic sensors and strain gauges 

2.4.2 Concrete Sensing Evaluation Specimens 

 The second calibration series, T2, was composed of four concrete cylinder specimens (T2-A, 

T2-B, T2-C, and T2-D) all with a diameter of 150mm, height of 300mm and a compressive strength of 

35 MPa. Each cylinder was instrumented with conventional electrical resistance strain gauges and 

fibre optics on the concrete surface. The strain gauges were installed as per Vishay technological note, 
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TT-611 (Vishay Precision Group, 2010). The specimens each had three different types of fibres on the 

concrete surface that were installed using surface cleaning methods similar to the technique used for 

the electrical resistance strain gauges. Each fibre was installed using each of the following adhesives: 

Loctite 4851, Devcon and Loctite E-20HP. The cylinders were instrumented as shown in Figure 2.3 

and were tested in axial compression. Two of the specimens (T2-A and B) had fibres oriented parallel 

to the direction of loading, see Figure 2.3(a), to measure the compressive strain. The other two 

specimens (T2-C and D) had fibres oriented perpendicular to the axis of loading, see Figure 2.3(b), 

and thus measured tensile strains due to Poisson’s ratio effects.  

            

(a) Specimens T2-A and T2-B 
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(b) Specimens T2-C and T2-D 

Figure 2.3: Schematic of T2 specimens – fibre optic and strain gauge locations 

 

2.4.3 Beam Sensing Evaluation Specimens 

 The third evaluation series consisted of two reinforced concrete beams (T3-A and T3-B) to 

test multiple fibre optic cable installation techniques on the exterior (i.e the concrete surface) and 

interior (i.e. along the reinforcement) of the beams. The reinforcing layout of the beams is shown in 

Figure 2.. Cylinder tests were performed on the day of testing to obtain the concrete compressive 

strength of 52 MPa for beam T3-A and 36 MPa for beam T3-B. The longitudinal steel reinforcement 

had a yield strength of 460 MPa and the transverse reinforcement had a yield strength of 610 MPa.  

 The beams were instrumented with electrical resistance strain gauges, which were installed as 

per the Vishay technological note, B-127-14 (Vishay Precision Group, 2011). The strain gauges were 

installed on all the longitudinal bars at the mid-span and at the quarter-span of the beam.  As 

illustrated in Figure 2.54, the internal fibre optic cables were bonded to the reinforcing steel, at the 
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same height as the strain gauges using either MBond200, Loctite 4851 or they were cable tied to the 

reinforcing steel (in effect bonding the cables to the surrounding concrete rather than the reinforcing 

steel). The external fibres were surface mounted at the same height as the internal fibres and strain 

gauges. Fibres were externally attached with Devcon epoxy resin, Loctite E-20HP or Mbond200, as 

illustrated in Figure 2.5.  

 

Figure 2.4: Experimental T3-A and T3-B Design Reinforcement Layout 

 

Location T3-A - Nylon Fibre T3-B - Polyimide Fibre 

A MBond 200 Adhesive Loctite E-20HP Adhesive 

B MBond 200 Adhesive Loctite 4851 Adhesive 

C Devcon Adhesive  Devcon Adhesive 

D Cable Tied Cable Tied 

 

Figure 2.5: Schematic of fibre installation locations 
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2.5 EVALUATION TESTS 

2.5.1 Steel Sensing Evaluation Test 

The plate specimens, T1-A and T1-B, were tested in axial tension in a temperature controlled 

room as shown in Figure 2.6. The Luna OBR 4600 was used to monitor fibre optic strains. The load 

and stroke were monitored by the Instron 8802 materials testing apparatus. Fibre optic strain readings 

were taken at load stages of 10 kN while the load cell, displacement (stroke of testing apparatus) and 

strain gauge readings were logged continuously at 10 Hz using a data acquisition system. 

 

Figure 2.6: Steel plate specimen T1-A 

2.5.2 Concrete Sensing Evaluation Tests 

The cylinder specimens were tested in axial compression as shown in Figure 2.7. The Luna 

OBR 4600 was used to monitor fibre optic strains. The tests were performed using a Riehle 

mechanical testing apparatus. The load was monitored using a load cell placed on top of the concrete 

cylinder. The vertical displacement for specimens T2-A and T2-B was measured using two linear 

potentiometers (LPs) on a ring apparatus as shown in Figure 2.7 (a). The horizontal expansion was 

Fibre Optic 

Specimen 

Strain Gauge 
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measured for specimens T2-C and T2-D using two LPs placed against the sides of the cylinders as 

shown in Figure 2.7 (b). The specimens were tested at a displacement rate of 0.25mm/min. Fibre optic 

strain readings were taken at 30 kN load stages while load, displacement and strain reading were 

logged continuously at a rate of 10 Hz. 

           

(a) Specimens T2-A and B        (b) Specimens T2-C and D 

Figure 2.7: Concrete specimen test setup 

2.5.3 Beam Sensor Evaluation Tests 

Specimens T3-A and T3-B were tested in four-point bending, with shear spans of 300 

millimeters and a 400 millimeter constant moment region, in a temperature controlled room as shown 

in Figure 2.8. The Luna OBR 4600 was used to monitor fibre optic strains. The applied load was 

monitored using a load cell placed under the central loading point and the displacement was measured 

using a linear potentiometer placed under the beam at mid-span. Fibre optic strain readings were taken 

at load stages of 10 kN while the load cell, displacement and strain gauge readings were logged 

continuously at 10 Hz. 

Linear 
Potentiometer 

Fibre Optic 

Specimen 
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Figure 2.8: Beam specimen test setup 

2.6 EVALUATION TEST RESULTS AND DISCUSSION 

2.6.1 Steel Sensing Results 

 The fibre optic strain and electrical resistance strain gauge results for the steel specimen, T1-

A, at load levels of 120 kN and 240 kN are presented in Figure 2.9 and Figure 2.10 for the two of the 

three types of sensing fibres, polyimide and nylon, respectively. The sensing fibres had a bonded 

length of 400mm. The results from test specimen T1-B are not shown due to poor correlation to the 

strains measure by the strain gauges due to thick bond layer of adhesive and slippage, thus Devcon 

epoxy is not the most adequate choice for steel instrumentation. 

Load Cell 

Linear Potentiometer 

Specimen Fibre Optic 
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Figure 2.9: T1-A - Steel Plate Results - Polyimide Fibre 

 The polyimide fibre strain results, as shown in Figure 2.9, show a good correlation to the nine 

strain gauges that were installed on the steel specimen (see instrumentation layout in Figure 2.2). The 

theoretical strains, based on the measured axial load, E of 200 GPa and plate cross-sectional area, 

should be approximately 600 microstrain at the 120 kN load stage and 1200 microstrain at the 240 kN 

load stage. However, one can see that the strain gauge results are not in complete agreement, which 

was believed to be due to the load being applied with a slight eccentricity. As such, the conventional 

strain gauge results form an envelope that bounds the fibre optic strain results due to this slight 

eccentricity confirming an excellent correlation between the two measurement techniques. In addition, 

the bond provided by the Loctite 4851 cyanoacrylate between the polyimide fibre and the steel plate 

appears to better than that provided by the Loctite E-20HP epoxy, which shows a breakdown in bond 

toward the end of the fibre at larger strains.  
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Figure 2.10: T1-B - Test- Steel Plate Results - Nylon Fiber 

 The nylon fibre strain results, as shown in Figure 2.10, also show good correlation to the nine 

strain gauges that were installed on the steel specimen. A similar trend is seen due to the eccentric 

loading where the strain gauge results form an envelope around the fibre optic strain results. However, 

the nylon fibre does not properly measure the strains towards the ends of the plate due to inadequate 

strain transfer in these regions. This is not an adhesive bond issue but rather is due to the fibre core 

slipping relative to the nylon coating and the steel plate, because of the way the nylon coating is 

attached as discussed earlier. This slip between the nylon coating and the fibre optic core will affect 

the accuracy of strain measurements achieved using the nylon fibres at any location where there is a 

significant strain gradient. While this behaviour has a negative effect on localized strain measurement 

accuracy, it also has advantages as will be discussed later.  

 The steel plate specimen results show that the polyimide fibre used in conjunction with the 

Loctite 4851 adhesive yields the optimum combination of strain measurement accuracy and minimum 
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debonding with the sensing fibre, and is thus recommended for steel surface mounted strain 

measurement applications. 

2.6.2 Concrete Sensing Results 

 The results for the concrete cylinder test series instrumented with compressive and tensile 

strain sensors are presented in Figure 2.11 for the Devcon epoxy, Figure 2.12 for the Loctite E-20HP 

and Figure 2.13 for the Loctite 4851. The results from each of the three different fibre optic cables as 

well as the conventional strain gauge results are shown in each figure. The strains for the three fibres 

were averaged over a 50 mm gauge length, as opposed to the 20 mm gauge length used in all other 

testing, so as to match the electric resistance strain gauge length at the same location as the strain 

gauge. Although a total of four cylinders were tested, only the results from specimen T2-A, which had 

the compressive strain sensors installed and failed at a load of 528 kN, and specimen T2-C, which had 

the tensile strain sensors installed and failed at a load of 470 kN, are shown.  

 

Figure 2.11: Concrete Cylinder Results - Devcon Epoxy 
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 Figure 2.11 illustrates that there is a good correlation between the measurements from all 

types of fibres and the strain gauge. The general trends in behaviour are captured well in both 

compression and tension. At 300 kN both strain sensing technologies measured a stiffness change for 

specimen T2-A (that had the compressive sensors). The load was held at 300 kN for 30 minutes to see 

if either sensing system would drift, the change in stiffness after the 300 kN load hold was captured by 

all the sensors.  All three fibres show good agreement with the strain gauge in compression results up 

to 350 kN. Beyond 350 kN, the fibres remain in good agreement but the results do not match the strain 

gauge. This could be due to debonding of the strain gauges due to microcracking that did not occur 

under the fibre optics. In tension the nylon and acrylic fibres were in good agreement with the strain 

gauge while the polyimide measured lower strains, although not significantly so given the variability 

possible in concrete surface strain measurement. Based on these results it is unclear which fibre best 

captures the concrete surface strain although Devcon epoxy appears to provide the required bond. 

However, it is worth noting that these results are based on a constant strain along the length of a fibre 

at a given load. The effect of strain gradients will be discussed later when looking at the beam test 

results.  
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Figure 2.12: Concrete Cylinder Results - Loctite E-20HP 

 Figure 2.12 shows the load versus strain relationship for the fibres bonded to the concrete 

surface with the Loctite E-20HP adhesive. Once again, the fibres in both tension and compression 

show good agreement with the strain gauge up until 300 kN. After the load was held for 30 minutes at 

300 kN, the compression measurements continue to be in good agreement. However, in tension the 

acrylic and nylon fibre results begin to diverge from the strain gauge and polyimide fibre results. As 

the acrylic and nylon fibres measure higher strains, it is possible that either the strain gauge and 

polyimide fibre are slowly debonding or that there is increased microcracking under the other two 

fibres. In either case, variations in strain measurements at higher loads are to be expected due to 

localized material variation and microcracking and so assessments of sensor accuracy are difficult to 

make based on the results at higher load levels for surface mounted concrete gauges. The results 

suggest that all three fibres measure concrete strain accurately and that Loctite E-20HP also provides 

adequate bond to the concrete surface.   
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Figure 2.13: Concrete Cylinder Results - Loctite 4851 

 Figure 2.13 shows the load versus strain results for the three fibres bonded to the concrete 

surface using Loctitie 4851 as well as the strain gauge. One can see that the fibre optic and strain 

gauge results do not correlate well at all. The bond between the fibres and the concrete is very poor as 

demonstrated by the consistently lower strain in the fibre optics as compared to the strain gauge. 

Additionally, the Loctite 4851 adhesive is a brittle cyanoacrylate which does not have any stress 

relaxation over cracks, thus causing erroneous strain readings after cracking occurs. The Loctite 4851 

is not an appropriate choice for bonding fibre optics to the surface of concrete for strain measurement.   

 These test results suggest that any fibre paired with the Devcon or Loctite E-20HP adhesive 

will yield accurate results. However, it should be noted that these tests involved constant strain along 

the length of the fibres at each load stage rather than strain gradients that will discussed in the next 

section. 
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2.6.3 Beam Sensing Results 

 The strain versus length along the beam results for the two calibration beam specimens, T3-A 

instrumented with a nylon coated fibre and T3-B instrumented with a polyimide fibre, are shown in 

Figures 2.14 through 2.17. The figures compare the fibre optic strain sensors (both internal and 

external) to the electrical resistance strain gauge (mounted to the reinforcement bars), at a total applied 

load of 20 kN in both compression and tension. A load of 20 kN represents an applied load to ultimate 

load ratio that is approximately equivalent to the dead load on a structure and was thus used to 

compare the response of the beam in service.  

 

Figure 2.14: Test T3-A - Nylon compressive strain at 20 kN 

 

Figure 2.15: Test T3-A - Nylon tensile strain at 20 kN 

Figures 2.14 and 2.15, both illustrate that the fibre optic cables (both internal and external) 

follow the expected trend in strain behaviour measuring zero strain at the supports with a linear 

increase in the shear spans and an on average constant strain in the constant moment region. When 



 

25 

 

comparing the strain gauge (shown as black data points) to the fibre optic readings at the 20 kN load 

stage (in Figures 2.14 and 2.15), when the nylon fibre is bonded to the reinforcing steel using the 

MBond200 adhesive,  the strain gauge and fibre optic readings show excellent correlation in both 

tension and compression. In addition, the measurements from the fibres bonded to the steel in the 

tensile zones of the specimen, Figure 2.15, indicate the presence of cracks as subtle variations in the 

strain (minimum strain between cracks and maximum strain at the cracks). Furthermore, the externally 

bonded fibres both with MBond200 and Devcon also sensed the development of cracks and show the 

same trends as the internally bonded fibre. When comparing the two external fibres, the fibre bonded 

with the MBond200 adhesive sensed large strain changes at cracks, while the fibre bonded with 

Devcon adhesive measured smaller changes in strain at crack locations. This is believed to be due to 

the adhesive properties and development length or slippage within the adhesives. 

The measured fibre optic strain accuracy is dependent on the transfer of strain from the 

substrate material to which the fibre is bonded (either concrete or steel) to the fibre core through the 

adhesives and the outer nylon coating. As mentioned previously, a nylon coated fibre has poor strain 

transfer between the nylon coating and the silica core. However, at crack locations (and anywhere 

where there is a significant strain gradient) this is a potential benefit as though the peak strain is not 

measured accurately, the average strain over a larger length can be measured. This is not the case for 

fibres with better bond between the fibre and the substrate as will be discussed next. 

  

Figure 2.16: Test T3-B - Polyimide compressive strain at 20 kN 
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Figure 2.17: Test T3-B - Polyimide tensile strain at 20 kN 

A better correlation between strain gauge and polyimide fibre optic cable readings can be seen 

at 20 kN (Figures 2.16 and 2.17) for the fibres that are bonded to the reinforcing steel. The internally 

bonded fibre with Loctite 4851 measurements in the tensile zones of the specimen indicate the 

presence of cracks as subtle variations in the strain (minimum strain between cracks and maximum 

strain at the cracks) as seen in Figure 2.17. Unfortunately, the externally bonded polyimide fibres 

readings do not correlate with the cracking pattern of the beam. In Figure 2.17 one can see that large 

regions of the strain data in tension are missing for both the cable tied and externally bonded fibres. 

These omitted sections of data are due to poor spectral shift quality within the fibre. When spectral 

shift falls below 0.15, the processed data leads to erroneous strain measurements.  

 In general tying the fibres to the reinforcement did not lead to good agreement with the strain 

gauges, which was especially true for the polyimide fibre. When the fibres are tied to the 

reinforcement the inaccurate results are driven by two things. First, there is a variation in the strain 

results due to slack in the cable. Second, the fibre is bonded to the concrete and not the steel and so at 

crack locations the strains detected by the fibres that are tied to the reinforcement are higher because 

there is a discontinuity in the concrete as compared to the steel where there is no discontinuity. These 

discontinuities lead to high strain gradients, which is why the polyimide fibres perform especially 

poorly when they are cable tied.   
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The external fibre strains vary considerably from the strain gauge readings. This is again 

partially caused by the fact that these fibres are bonded to the concrete and not the steel and thus 

measure significant localized changes in strain at the cracks. In fact, if not for localized de-bonding 

between the fibre and the concrete surface, the strain would be infinite and the fibre would break at a 

crack location. The strains measured by the external fibres are also different because of the variation in 

strain in the concrete at the surface versus next to or on the reinforcement. At the surface the cracks 

are the widest and so the strains in these locations are the largest while near the reinforcement the 

cracks and associated strains are smaller and on the reinforcement the localized strain variations are 

smaller still. The cyanoacrylate adhesives, which are stiff adhesives, show larger strains at the cracks, 

which is indicative of lower amounts of de-bonding and better strain transfer versus the lower strains 

measured at the cracks in the less stiff epoxy adhesives. The external polyimide fibres do not show any 

correlation to the strain gauges and indeed large amounts of the strain data are missing due to the 

aforementioned poor spectral shift quality. As noted earlier, this does not occur when nylon fibres are 

used for external sensing and thus indicates that for external sensing applications on concrete, nylon 

fibres are a more appropriate choice. Although nylon fibres do not capture the peak strain due to 

slipping between the coating and the core, because the strain behaviour is captured it can still be 

averaged over a longer gauge length to obtain average strains and potentially crack widths (although 

this will not be discussed here). Thus, the interior polyimide fibres bonded to the reinforcement with 

Loctite 4851 and the nylon fibres bonded to the external concrete with Loctite E 20-HP provided 

superior results and thus are the optimum installation methods for internal and external fibres, 

respectively. 

2.7 CONCLUSIONS AND FUTURE WORK 

 The fibre optic sensors produced promising results in terms of being able to measure strains to 

a similar level of accuracy as conventional strain gauges, for steel, concrete and reinforced concrete 

specimens. The importance of strain transfer between the fibre, the adhesive and substrate material is 
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critical to obtaining accurate results. The results from test series T1 showed that the fibre optic system 

yielded a good correlation with and accuracy similar to conventional strain gauges when a polyimide 

fibre is installed on steel with a cyanoacrylate adhesive such as Loctite 4851. The results from test 

series T2 showed that all the fibres when bonded to the concrete with an epoxy such as Loctite E 20-

HP offered accurate measurements when compared to concrete surface strain gauges both in 

compression and tension sensing scenarios. The results from test series T1 and T2 were used to inform 

the installation method for a series of reinforced concrete beam tests, T3. The results from those tests 

showed that the externally bonded fibres potentially can be used to indicate concrete and 

reinforcement strain levels, but that the accuracy of these results is dependent on the fibre and epoxy 

combination. The results showed that the polyimide fibre when bonded to the reinforcement yields 

accurate strain results. The nylon fibre externally bonded to concrete with an epoxy offered potentially 

the most useful surface strain measurements when the effects of cracking and localized de-bonding are 

accounted for. In terms of an installation technique, the results show that bonding the polyimide fibre 

to steel or reinforcement using a cyanoacrylate adhesive such as Loctite 4851 and externally bonding 

nylon fibers with an epoxy such as Loctite E 20-HP  produce the best correlation between strain gauge 

and fibre optic sensor measurements.  

Future work for this fibre optic sensing application will include beam specimens with varying 

amounts of simulated corrosion, which will be tested to see if locating and estimating the onset of 

deterioration is possible with internal and external fibre optic sensors.  
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Chapter 3 - Localized Deterioration Detection in Reinforced Concrete  

3.1 INTRODUCTION 

The durability of structures is a critical issue facing North America as older infrastructure 

continues to deteriorate. The American Society of Civil Engineers (ASCE) gave American bridges a 

C+ grade (ASCE, 2013), with more than 20% of these bridges being rated as structurally deficient or 

functionally obsolete. To reduce the economic and environmental consequences of this deterioration 

Structural Health Monitoring (SHM) has been implemented as an approach to potentially enable a 

real-time diagnosis of the deterioration or damage state of an infrastructure asset. To be useful to 

infrastructure managers, SHM techniques must provide relevant and accurate information concerning 

the integrity or functionality of large civil structures.  

 One of the most significant causes of infrastructure deterioration is corrosion. Pitting or 

localized corrosion can go undetected by visual inspections until catastrophic failure occurs. On 

December 4
th
, 1985, the Ynys-y-Gwas Bridge collapsed with no traffic on the bridge. The failure 

occurred after just 32 years in service. The bridge had a simply supported segmental post-

tensioned deck construction (Woodward et al., 1988). The bridge structure was visually inspected 

from 1979-1985 a total of 10 times by bridge inspectors and chartered engineers, however these 

inspections did not reveal any warning signs before failure such as rust staining, cracking or 

abnormal deflection of the deck (Woodward et al., 1988). The collapse of the bridge was due to 

localized deterioration of the post-tensioned tendons at the deck joints driven by water and 

chloride ingress through improperly detailed joints. If it had been possible to monitor the internal 

tendons and their condition at the deck joints of the bridge, the deterioration may have been 

detected in time to take action and prevent the complete collapse of the Ynys-y-Gwas Bridge. 

However, this would have required a sensor technology capable of detecting localized changes in 

the reinforcement. 
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 Another important aspect of assessing infrastructure is to understand the overall 

behaviour of the structure. If a structure’s overall response to service and ultimate loads can be 

observed through the use of a sensing technology, the failure mechanism could be understood 

allowing for appropriate rehabilitation. This insight into the overall behaviour of structures could 

help with maintenance planning and extend the structure’s useful service life.   

 One prospective way of acquiring quantitative data to support assessments is the use of 

fibre optic sensors (FOS) to measure distributed strain, which can be used as an alternative to 

conventional strain gauges. However, before these distributed sensors can be used as a tool for 

localized deterioration detection, the technology must be evaluated to ensure it has the required 

accuracy and that localized deterioration can be adequately identified using strain measurements. 

The current research program was conducted to determine whether: 

(i) the detection and quantification of localized deterioration using embedded fibre optic 

sensors at service loads is possible, 

(ii) the detection and quantification of localized deterioration using externally bonded 

fibre optic sensors at service loads is possible and useful, 

(iii) externally bonded fibres can locate crack location and propagation, 

(iv) quantitative data from the fibres can be used to differentiate between different beam 

failure modes.  

 The following sections will present a background to fibre optic monitoring, the 

experimental program including reinforcement and reinforced concrete beam tests, and the results 

of those experiments before concluding with some pertinent remarks. 

3.2 BACKGROUND 

3.2.1 Fibre Optic Sensing  

 To effectively monitor the health of a structure, inspections and SHM technologies can be 

used to observe the structure’s response under service loads. One type of SHM technology that 
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has the potential to provide useful are optical fibre sensors. These sensors have a number of 

potential advantages such as small size, light weight, immunity to electromagnetic interference, 

and compatibility with embedment in composite structures such as reinforced concrete (Méndez, 

A. and Csipkes, A. 2013). Depending on the structure and the application, two types of fibre optic 

sensing systems could be used: discrete or distributed strain sensing systems. Discrete strain 

sensing systems, such as Fibre-Bragg gratings (FBG) or Fabry-Perot fibre sensors, are similar to 

conventional strain gauges as they only provide strain readings at specific locations. 

Alternatively, distributed sensing systems such as Brillouin and Rayleigh backscatter 

technologies provide strain measurements along the full length of the fibre optic cable, thus 

potentially enabling the detection of localized deterioration as indicated by changes in the strain 

profile. However, one of the issues with Brillouin systems is their strain and spatial resolution, 

which is approximately 30 microstrain over 0.5 to 1 m gauge lengths (e.g. Mohamad et al., 2011).  

Localized deterioration mechanisms associated with long-term deterioration mechanisms cannot 

necessarily be detected at this level of strain and spatial resolution, which limits the application of 

this technology. However, a new type of strain sensing system, called an optical backscatter 

reflectometer (OBR) has the potential to offer strain resolutions and gauge lengths similar to FBG 

systems while at the same time offering  distributed readings (Kreger et al., 2007). If engineers 

and infrastructure managers are provided with a SHM system with this level of accuracy for use 

in infrastructure assessment applications, critical information about the structure can be obtained 

by locating deterioration or small changes in the performance of the structure in time to make 

important decisions about repair, retrofitting or replacement without jeopardizing public safety.   

3.2.2 Rayleigh Distributed Sensing Technology 

Distributed optical fibre sensing systems are composed of an analyzing unit paired with an 

optical fibre cable. The working principle of distributed optical fibre sensing is based on the 

measurement and analysis of the backscattered light (i.e. the light that is reflected back along the 
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optical fibre towards the light source) in the silica core of the fibre. When a light pulse propagates 

along an optical fibre, the pulse interacts with imperfections in the fibre and a small amount of that 

light gets reflected back at every point along the fibre (Henault et al., 2010). Imperfections in the fibre 

cause Raman, Brillion and Rayleigh scattering by interactions between the light and fluctuations in the 

fibre core. As the fibre extends or contracts, the distance between these imperfections changes and 

alters the frequency of the backscattered light. Changes in the properties of the backscattered light 

signals measured before and after temperature and/or strain has been applied to the fibre can be 

analyzed to provide information on temperature and/or strain changes along the length of the fibre. 

However, the temperature and strain effects on the fibre are not independent (i.e. an increase in strain 

measurement can be due to an increase in temperature, mechanical strain, or both). In the current 

work, the temperature strain effects were mitigated by testing at a constant temperature. The sensing 

profiles along the fibre can be obtained by using an interrogation method known as Optical Frequency 

Domain Reflectometry (OFDR) where a swept frequency pulse is used to measure the backscatter as a 

function of the length of the fibre (Henault et al., 2010). The technology uses a differential technique 

whereby the backscatter profile of the unstrained fibre (known as the reference scan) is compared to 

the backscatter profile of the strained fibre and differences in the two profiles are analyzed. Any 

change in strain or temperature results in a spectral shift in the measured frequency of the 

backscattered light as compared to the reference scan that can then be used to calculate the change in 

strain.  

The current research employs the Optical Backscatter Reflectometer (OBR) from Luna 

Technologies with a potential resolution equal to 1 microstrain or 0.1 degrees Celsius over a 10 mm 

gauge length (Kreger et. al, 2007) along up to 70 meters of fibre. With the OBR system, there is a 

tradeoff between strain accuracy and spatial resolution. The system can be used to measure strain over 

very short gauge lengths but with less accuracy and over longer gauge lengths with increased 

accuracy. In the current research, unless otherwise noted, the gauge length was set at 20 mm with a 
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spacing of 20 mm to achieve the level of accuracy discussed in Chapter 2. The spectral shift quality, 

which is a measure of the correlation between a measurement scan and the reference reflected spectra, 

was used to quantify the quality of the strain data. The spectral shift quality is considered well 

correlated above 0.15. Below this threshold the measured strain is most likely erroneous.  

A typical fibre optic cable is composed of a silica core, cladding that surrounds the core and a 

coating that surrounds both the core and the cladding.  The silica core is where the light travels along 

the fibre while the silica cladding ensures the light remains within the core and acts as a wave guide. 

The coating resists mechanical damage, chemical attack and environmental conditions exerted on the 

fibre. For sensing applications, the coating must also be designed to ensure an optimal transfer of 

temperature and strain from the structure to the optical core.   

 A standard telecommunications fibre has been used by externally bonding it on a reinforced 

concrete slab in the tension and compression regions by Guemes et al. (2010) as well as in Chapter 2. 

Guemes et al. found that the data measured with the optical fibres detected strain concentrations due to 

cracks, even at low load levels. The OBR system has additionally shown promise as a SHM technique 

on concrete structures by detecting the presence of cracks in a reinforced concrete slab specimen 

during loading (Villalba and Casas, 2012).  In Chapter 2, nylon cables were found to the most 

appropriate choice for concrete surfacing bonding applications and they have the additional advantage 

of being inexpensive (with typical costs of $0.15 per metre). The major disadvantage is that the nylon 

coating transfers strains between the coating and the glass fibre through friction, which can lead to 

localized slip between the coating and the core. However, this is also what makes them the more 

appropriate for concrete surface applications because they are less sensitive to physical damage and 

steep strain gradients (at crack locations). A polyimide coated fibre has exceptional strain transfer 

between the coating and the core and thus has the ability to sense steep strain gradients such as 

localized deterioration but they are more expensive at approximately $5 per metre. Based on the 
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results of Chapter 2, the polyimide fibres will be used for all steel surface strain monitoring 

applications.   

3.2.3 Beam Failure Modes 

 Another important aspect of assessment is identifying and understanding the dominant 

failure mechanism, which dictates the appropriate course of action in terms of analysis and repair. 

The ability to measure the distributed strain on the internal reinforcement with the fibre optic 

system has the potential to offer engineers insights into the structural behaviour and the dominant 

failure mechanism. Reinforced concrete beams can typically be modeled using beam theory and 

display this behaviour until the ultimate load is reached. However, under certain conditions, such 

as beams with small span to depth ratios, the behaviour is dominated by arching action. These 

two different types of behaviour will affect the performance of the beam, and thus could affect 

how a structure is assessed. For example, a beam where arching action is the dominant 

mechanism should be analyzed using a strut and tie model rather than sectional analysis 

techniques intended for members that can be modeled using beam theory. Depending on the angle 

of the compressive struts relative to the tension tie, it is often possible to carry higher loads due to 

arching action than would be predicted using conventional beam theory, as will be discussed 

later. 

3.3 SPECIMENS 

 The investigation of localized deterioration detection was carried out in three stages. Two 

initial experiments, C1 and C2, were conducted to evaluate the effectiveness of the system for 

detecting a large change in strain in a localized area on a steel reinforcement bar.  A second 

experimental series, involving reinforced concrete beam specimens tested in both three-point (C3) 

and four-point (C4) bending, was then undertaken to determine if localized deterioration can be 

detected and quantified using embedded and externally bonded fibres on reinforced concrete 
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beams at service loads and if the data from the fibres can be used to differentiate between 

different failure modes. 

3.3.1 Notched Reinforcement Bar Specimens  

 To evaluate the effectiveness of the FOS system for locating and quantifying the extent of 

localized reinforcement deterioration, two initial experiments were undertaken using 

reinforcement bars tested in axial tension. This was done in order to isolate the reinforcement 

behaviour before investigating the behaviour of reinforcement in concrete. The specimens, C1 

(single notch) and C2 (double notch), were 15M reinforcing bars that had a reduced cross section 

created by either milling the bar on one side of the bar to create a rectangular notch in the 

specimen or on both sides of the bar to create two notches with an accuracy of 1/1000 of an inch. 

The notch or notches reduced the nominal steel area from 202 mm
2
 to 141 mm

2
 and had a width 

of 6.25 mm at the mid-point of the 600 mm long bar. The specimens had two types of fibre optic 

cables installed on them: a nylon and a polyimide coated single mode fibre. To install both fibre 

optic cables, the specimens were cleaned of oil residue, rust and dust. The fibres were bonded to 

the specimens using a commercially available cyanoacrylate, Loctite 4851, to transfer the strain 

from the specimen to the sensing core of the fibre.  

 

3.3.2 Reinforced Concrete Beam Specimens 

 The second test series consisted of eight reinforced concrete beams. Two of the beams 

served as control beams while the other six had single notches of varying depths made in the 

bottom reinforcement bars to simulate localized deterioration. The C3 specimens consisted of 

four reinforced concrete beams tested in three point bending (C3-0, C3-10, C3-20, C3-30), where 

the last number in the beam designation refers to the percentage of area removed (e.g. specimen 

C3-10 had 10% of the total bar area removed at specific locations). The C4 specimens consisted 
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of four beams tested in four point bending (C4-0, C4-10, C4-20, C4-30).  All eight beams had a 

common cross section as shown in Figure 3.. The 15M and 10M steel reinforcement had a yield 

strength of 470MPa while the concrete had a compressive cylinder strength of 48 MPa and 36 

MPa for test series C3 and C4, respectively. The reinforced concrete beam schematics for test 

series C3 and C4 are shown in Figure 3.2 and Figure 3.3, respectively.  

 

Figure 3.1: Reinforced concrete beam specimen cross section 

 

Figure 3.2: Reinforced concrete specimen schematic for test series C3 

  

Figure 3.3: Reinforced concrete specimen schematic for test series C4 
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   To simulate different levels of localized deterioration the tensile reinforcement was 

milled down to create a single notch with a width of 6.25 mm at the mid span and one of the 

quarter spans of each simulated corrosion specimen and the reduced area of the bars at each 

cross-section are given in Table 3.1. The beams were instrumented with electrical resistance 

strain gauges, which were installed as per the Vishay technological note, B-127-14 (Vishay 

Precision Group, 2011). The strain gauges were installed on two longitudinal bars, one top bar 

and one bottom bar, in each beam at the quarter-span of the beam where the reinforcement area 

had not been reduced.  In test series C4, the polyimide and nylon fibre optic cables were bonded 

to the longitudinal reinforcing steel, at the same height as the strain gauges using Loctite 4851. In 

test series C3, a polyimide fibre optic cable was bonded to the longitudinal reinforcing steel, at 

the same height as the strain gauges using Loctite 4851 but nylon fibres were not installed on the 

reinforcement.  Nylon fibres were surface mounted on the concrete surface at the same height as 

the internal fibres and strain gauges using Loctite E-20HP epoxy for both test series C3 and C4. 

Table 3.1: Reduced reinforcement area for beam specimens 

Beam Designation Tensile Steel Area  (mm
2
) 

C3-0 / C4-0 402 

C3-10 / C4-10 362 

C3-20 / C4-20 322 

C3-30 / C4-30 282 

 

3.4  EXPERIMENTAL SETUP 

3.4.1 Notched Reinforcement Experiment Setup 

 The notched reinforcement specimens, C1 and C2, were tested in axial tension, as shown 

in Figure 3.4(a), in a temperature controlled room. The notch geometry for specimen C1 is shown 

in Figure 3.4(b). The Luna OBR 4600 was used to monitor fibre optic strains. The load and stroke 
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was monitored by the Instron 8802 materials testing apparatus which was used to load the 

specimen at a rate of 0.2 mm/min. Fibre optic strain readings were taken at load stages of 5 kN 

while the load cell, displacement and strain gauge readings were logged continuously at 10 Hz 

using a data acquisition system. 

 

            

a) Specimen C1 test setup                    b) Specimen C1 schematic  

Figure 3.4: Notched reinforcement specimen C1 

 

3.4.2 Reinforced Concrete Beam Test Setup 

 All the beam specimens were tested in a temperature controlled room with a loading and 

instrumentation setup as shown in Figure 3.5 for the C3 specimens and Figure 3.6 for the C4 

specimens. The Luna OBR 4600 was used to monitor fibre optic strains. The applied load was 

monitored using a load cell placed under the central loading point and the displacement was 

measured using a linear potentiometer placed under the beam at mid-span. Fibre optic strain 

readings were taken at load stages of 5 kN while the load cell, displacement and strain gauge 

readings were logged continuously at 10 Hz using a separate data acquisition system. 

Fibre Optic 

Specimen 

Notched Area 
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Figure 3.5: C3 beam series test setup 

 

Figure 3.6: C4 beam series test setup 

3.5 EXPERIMENTAL RESULTS AND DISCUSSION 

3.5.1 Notched Reinforcement Experiment Results 

 The fibre optic strain results for the steel specimen, C1, at load levels of 10 - 40 kN are 

presented in Figure 3.7. The sensing fibres had a bonded length of 380mm. The results from the 

nylon fibres are not shown due to poor averaging effects as discussed in Chapter 2.  
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Figure 3.7: C1 – Notched Steel Reinforcement Results – Polyimide Fibre 

 As seen in Figure 3.7, there is a distinctive change in the measured strain at the 

same location as the localized area reduction. At the 20kN load level, a location of the 

fibre had poor spectral shift quality (< 0.15 as discussed in Chapter 2) and thus was 

omitted from the data set. At the 10kN load level the measured change in strain, 16%, 

correlates well with the change in strain at the 40kN load level, 15% but not with the 30 

kN load step which had a change of 12%. However, the bar area was actually reduced by 

30% and so one would expect the strain to increase at this location due to the increased 

stresses. Additionally, the strain results are not constant along the length of the bar due to 

the reinforcement specimen having slight bend in it, which resulted in bending stresses 

due to the eccentric loading. Thus, while the fibre optic system was able to detect the 

localized area of deterioration as a change in strain, the measurements cannot be used to 

properly quantify the change in steel cross-section. To determine why the change in strain 
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detected by the fibre optic system did not correlate with the reduction in bar area, one 

needs to consider the localized behaviour at the area of the notch as illustrated in Figure 

3.8.  

 

Figure 3.8: Notched reinforcement free body diagrams 

  

 Figure 3.8 a) is a schematic of the axially loaded notched bar, in Figure 3.8 b) a 

free body diagram of the notched region is shown. The load, P, is applied at an 

eccentricity, e, due to the localized reduction in steel area. Figure 3.8 c) shows the same 

free body with the eccentric force resolved into an equivalent axial force and moment 

system. The moment, Pe, induces compressive strains along the face A-A of the notch. 

The face A-A is also the side of the bar that the fibres were installed on, thus the fibre 

optic sensors are measuring the reduction in strain due to the eccentric moment. As such, 

the results from the notched bar test detect the actual strains at the location of simulated 
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localized deterioration but this value cannot be readily correlated to the reduction in area 

without understanding the complex behaviour in this region. This behaviour can be seen 

more clearly when the gauge length and sensor spacing is varied as shown in Figure 3.9.  

 

Figure 3.9: C1 at 30 kN with varying gauge lengths and sensor spacing 

 Shown in Figure 3.9 are the fibre optic sensing results with sensor spacing and gauge 

lengths varied from 5 to 50 mm. The larger gauge length, 50 mm, is too large to adequately 

capture the localized change in strain and instead averages it out. The 20 mm gauge length senses 

a change in strain but does not accurately capture the compression behaviour as shown in the free 

body diagrams (Figure 3.8). The theoretical elastic strain due to axial and eccentric bending 

stresses at the notch is 261 microstrain, assuming a modulus of elasticity of 200 GPa. The 10 and 

5 mm gauge length strains are actually compressive, -317 and -392 microstrain respectively, 

which does not correlate with the result based on elasticity. This is believed to be due to the 

localized yielding (plastic behaviour) at the corner of the notch, which causes the eccentricity to 
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change resulting in compressive strain readings. The variation in gauge length in Figure 3.9 

shows that large localized strain gradients can be measured by the fibre optic system if the 

appropriate gauge length and sensor spacing is used on the specimen.   

To further investigate the effect of localized deterioration on reinforcement bar strains, a 

second specimen, C2, was tested. The specimen had two equal notches on either side of the 

reinforcement bar, thus eliminating the eccentricity effects experienced in test C1. The strain 

measurement with length along the fibre results for this test are given in Figure 3.10. 

 

Figure 3.10: C2 at 30 kN with varying gauge lengths and sensor spacing 

 The strain results seen in Figure 3.10 for specimen C2 have a uniform profile along the 

bonded length of the reinforcement and the localized deterioration at the notch location can be 

seen as a sudden increase in tensile strains, which was measured with all gauge lengths and 

sensor spacing’s. Because of the symmetry of the bar area reduction, this test demonstrated the 

expected behaviour of an increase in tensile strains due to the reduction. Using an elastic analysis, 
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the theoretical strain in the bar should be 750 microstrain where the bar is intact and 1071 

microstrain at the notched region. The results show a constant strain of approximately 790 

microstrain along the intact length of the bar and a maximum tensile strain in the notched region 

of 1030 microstrain, which would correspond to a 23% reduction in area. While the percentage 

change in strain is not what would have been predicted, there are number of potential reasons for 

this including the bar having a different area than the assumed nominal area of 200 mm
2
. 

 Additionally, using elastic analysis to predict the behaviour of specimens C1 and C2 

results in an informative, though inaccurate, prediction of their behaviour. In reality, the steel at 

the notch would yield instantaneous because the radius of the notch is essentially zero meaning 

the stress concentration factors approach infinity. Thus the localized stresses in the region of the 

notch would approach infinity according to elastic theory. As such, though the elastic analysis for 

both bar specimens gives an estimation of local strain levels and indicates that the observed 

trends in behaviour from the fibre optic sensors are correct, without using complex elastic-plastic 

finite-element analyses at the notch, the true stress behaviour cannot be determined.  

In civil engineering infrastructure localized deterioration potentially forms on one side of 

the reinforcement due to increased exposure to deleterious agents, thus for all of the beam 

specimens discussed in the next section, the simulated localized deterioration was created using a 

single notch on the one side of the reinforcement. However, as indicated by the results of the 

tension tests, this potentially presents additional challenges when attempting to determine the 

extent and location of the deterioration due to the more complex strain distributions involved. 

3.5.2 Embedded Fibre Results 

 The measured strain versus length along the beam for all the beam experiments are 

shown in Figure 3.11 through Figure 3.20. Figures 3.11 and 3.12 show the measured strain versus 
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length behaviour for specimen C4-0 for the polyimide and nylon fibres, respectively, along the 

bottom reinforcement bar at 4 load stages (10, 20, 30 and 40 kN). 

 

Figure 3.11: C4-0 – Polyimide tensile strain at service loads 

 The strain profile shown in Figure 3.11 is for the four point loading setup with shear 

spans of 300 mm and a constant moment region of 400 mm. The strain profile follows the 

behaviour as would be predicted by beam theory (i.e. a linear increase from zero at the support to 

the load point and then constant between the load points). The polyimide fibre measures changes 

in strain due to variations in the material behaviour such as peaks at crack locations in the 

concrete and valleys where the tensile strain is reduced due to tension stiffening. At the 20kN 

load level, the internal fibre at mid-span had poor spectral shift quality (<0.15) and thus was 

omitted from the data set. A shear crack has also formed at the 30kN load stage, and intersected 

the instrumented reinforcement at 0.75m and 0.85m along the control beam. 
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Figure 3.12: C4-0 – Nylon tensile strain at service loads 

 The strain profile shown in Figure 3.12 is from the nylon fibre measurements and once 

again follows the expected strain profile based on beam theory. The nylon fibre detects similar 

localized changes in strain due to localized behaviour as the polyimide fibre does, such as the 

shear crack between 0.75m and 0.85m along the beam. However, as discussed in Chapter 2, 

significant strain gradients cause slip between the nylon coating and the core meaning that the 

nylon fibre does not measure the local maximum strain values accurately. To evaluate the 

effectiveness of the polyimide and nylon fibre strain measurements for use in deterioration 

detection, the results from specimen C4-30 (the specimen with the 30% reduction in bar area) are 

plotted in Figure 3.12 for the polyimide and Figure 3.13 for the nylon fibre.  
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Figure 3.13: C4-30 – Polyimide tensile strain at service loads 

 Once again, the expected trend in strain behaviour is captured in Figure 3.13 by the 

polyimide fibres. The notches in the bar are located at the 0.25 and 0.5 metre marks, and the 

polyimide fibre measures an increase in strain at both locations. At the quarter span, a strain 

gradient is shown consistently at each of the load stages. At the lower load stages (10 kN) the 

change in strain is larger, 37% change of strain, while at higher load stages (40 kN) the change in 

strain is smaller, 15% change in strain. This reduction in the strain gradient is partially due to 

shear cracks opening in the shear spans. At mid-span, the spectral shift quality of some of the 

strain data was poor at the loads of 30 and 40 kN and thus that data was considered erroneous and 

was omitted. The percentage change in strain was calculated as the percent difference between the 

strain value from 0.40 to 0.48 m (considered to be the average strain at midspan) and the value at 

0.5 m (considered to be the peak strain). The percentage increase in the measured strain at the 

mid-span location is also given in Figure 3.13 for each of the load stages. Once the cracks have 

fully developed (30-40kN), the change in strain is approximately 30% which correlates well with 
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the change in tensile steel reinforcement area. This is an interesting result as the reinforcement 

only test, C1, would suggest that a compression strain should have been measured at this location. 

One potential reason that this did not occur was that the concrete prevented the bar from rotating 

at this location, thus inhibiting the development of localized flexural stresses and the associated 

strains. 

 

 

Figure 3.14: C4-30 – Nylon tensile strain at service loads 

 The nylon fibre measurements also indicated the presence of localized deterioration at 

mid-span as seen in Figure 3.14. However, as can be seen from the percentage increase in strain 

at mid-span compared to the average for the constant moment region as shown in Figure 3.14 for 

each of the load stages, the magnitude of deterioration was not measured correctly. Once the 

beam has fully cracked (30-40kN) the local increase in strain is approximately 6%, which does 

not correlate well with the 30% change in tensile steel reinforcement area. However, this is to be 

expected due to the localized slipping of the nylon coating relative to the core. Since the nylon 
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fibre measurements cannot be used to quantify localized deterioration when mounted on the 

reinforcement, the reinforcement bars in the C3 specimens were not instrumented with nylon 

fibres. The measurements from the polyimide fibres for specimen C3-0 are given in Figure 3.15 

and for specimen C3-30 in Figure 3.16 for the 10, 20, 30 and 40 kN load stages. 

 

Figure 3.15: C3-0 – Polyimide tensile strain at service loads 

 Figure 3.15 shows the expected trend in strain behaviour for a three point bending test as 

measured by the polyimide fibre with zero strain at the supports increasing in an approximately 

linear fashion to a maximum at mid-span. Interestingly, even at low load levels there is quite a lot 

of variation in the measured strain considering that this is the control beam. This behaviour is 

believed to be due to a combination of cracking and small areas where the fibre was not properly 

bonded. The cracking load for this beam was approximately 6.5 kN and so cracks will have 

developed in the central region of the beam by the 10 kN load stage, which explains the variable 

strain profile in this region. However, the zero strain reading at approximately 0.73 m at the 10 
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kN load stage is probably due to localized debonding of the fibre, which would also explain why 

readings in this region are always lower than surrounding readings. 

 

 

Figure 3.16: C3-30 – Polyimide tensile strain at service loads 

 For specimen C3-30, the simulated localized deterioration is located at the 0.5 and 0.75 

metre mark, and the polyimide fibre measurements show a significant change in strain at both 

locations as seen in Figure 3.16. However, at mid-span the percentage change in strain does not 

correlate well with the change in bar area as can be seen from the calculated percent changes in 

Figure 3.16. Interestingly, the behaviour is similar to what was seen during the reinforcement 

only test, C1, where localized compressive stresses and strains were developed. Although the 

development of these localized compressive strains was restrained in C4-30, it is possible that the 

same restraint was not present in C3-30 due to the formation of a crack at this location. The 

deterioration at the quarter span, 0.75m, led to a change in the strain profile that was more in line 

with what was seen during the test of C4-30. At the 0.8 metre location, a large shear crack 
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developed causing the polyimide fibre to have a spectral shift of less than 0.15 and so the data 

was omitted. The results from C3-30 and C4-30 suggest that localized deterioration can be 

located although whether it can be correctly quantified is a function of the local behaviour. 

However, a 30% reduction in reinforcement area is quite severe and it may not be possible to 

repair a structure that has deteriorated to that extent. In Figures 3.17 and 3.18 the strain versus 

length relationship for all the C4 specimens is plotted at an applied of 40 kN to investigate if 

strain variations due to smaller reductions in bar area can be detected..  

 

Figure 3.17: Strain at 40kN for all beams in test series C4 
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Figure 3.18: Mid-span strain at 40kN for all beams in test series C4 

 The locations of the deteriorated regions are at 0.25 and 0.5 meters along the beam as 

shown in Figure 3.17. At the quarter span it is hard to differentiate whether the strain gradients 

are due to localized deterioration or due to cracks forming in the shear spans. However, one can 

see from the figure that there are localized changes in strain at the mid-span. To distinguish the 

behaviour of individual specimens, the mid-span strain behaviour has been isolated in Figure 

3.18. The measured strain shows some variation in the strain profile for all the deteriorated 

beams. The percent differences are tabulated in this figure and these values show a good 

correlation with the percentage change in reinforcement area. The change in strain is well 

quantified at higher levels of localized deterioration once cracks have opened up. The same strain 

versus length relationships have been plotted for the C3 specimens in Figures 3.19 (full beam 

behaviour) and 3.20 (mid-span behaviour).  
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Figure 3.19: Strain at 40kN for all beams in test series C3 

 

Figure 3.20: Mid-span strain at 40kN for all beams in test series C3 
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 The strain profiles shown in Figure 3.19 show the tensile strain results from the 

embedded polyimide fibres for specimens C3-0, C3-10, C3-20, C3-30. The locations of the 

deteriorated regions are indicated at 0.5 and 0.75 meters along the tensile reinforcement. Once 

again, at the quarter span it is hard to differentiate whether the change in strain is due to localized 

deterioration or due to cracks forming in the shear spans. The mid-span localized deterioration is 

shown in Figure 3.20. The percentage changes in strain are also shown and were calculated as the 

difference in average strain between 0.4 and 0.48 m and the value at the 0.5 m location on the 

specimen. The results allow for the detection and conservative quantification of larger levels of 

localized deterioration at the mid-span of the beam. The measured changes in strains at the 

location of deterioration do not correlate well with the actual reduction of tensile steel bar area, 

but are larger which can be attributed to a number of issues including significant cracking and 

that the measurements are being taken in a disturbed region. Because of these issues, it is difficult 

to definitively say that the system is measuring strains due to localized deterioration and that the 

change in strain correlates to the loss reinforcement area. However, the measurements do suggest 

that there is a significant change in behaviour in this region and thus should be considered as an 

area of concern by anyone assessing the structure.   

 The embedded polyimide fibre showed promising results in test series C3 and C4 for all 

levels of localized deterioration although the behaviour of the bar and the corresponding strain 

measurements are clearly complex and careful thought needs to be given to their interpretation. 

The sensing system can detect the presence of localized deterioration with both fibres, but the 

nylon fibre cannot quantify large strain gradients due to slip effects. The different levels of 

deterioration (0-30%) were quantified using the polyimide fibre in test series C4, but in test series 

C3 the strain gradients did not correlate with the level of deterioration, however the results were 

conservative and enabled areas of potential concern to be localized.  

3.5.3 External Fibre Results 
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 The external strain measurements, acquired with the nylon coated fibre, versus length 

along the beam for tests series C4 and C3 are given in Figure 3.21 through Figure 3.24. The 

results will be used to evaluate whether externally bonded fibres can be used to detect and 

quantify localized changes in material behaviour such as cracks and notched reinforcement. 

Figure 3.21 presents the measured concrete surface strain for specimen C4-0.   

 

Figure 3.21: C4-0 – External nylon strain and crack profiles 

 One can see that the compressive strains in Figure 3.21 a) and tensile strains in Figure 

3.21 c) follow the expected behaviour with the strains going to zero at the supports and increasing 

linearly in the shear spans towards the constant moment region. A reduction of compressive strain 

is measured in the compression fibre between 0.65 m and 0.85 m at large loads; this is due to a 

large shear crack that formed and intersected the top fibre. The local increases in the tensile 
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strains show a good correlation to the location of cracks as indicated in Figure 3.21 b). As 

suggested in Chapter 2, the nylon coated fibre works well in this application as though the 

measurements across the crack do not capture the peak strain, the results do allow the cracks to be 

located. However, one can also see that in regions where two cracks form quite close to each 

other, such as between 0.4 and 0.5 m, the slip between the core and coating of the fibre can result 

in the cracks merging together and appearing as one peak rather than independent peaks. Figure 

3.22 shows the strain versus length for specimen C3-40 and will give some indication as to 

whether the presence of the notched bar can be detected using external strain measurements. 

 

Figure 3.22: C4-30 – External nylon strain and crack profiles 

 Figure 3.22 once again illustrates that the measurements capture the expected trends in 

strain behaviour and the crack locations. There are also significant cracks in the vicinity of the 
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localized deterioration at 0.25 and 0.5 metres along the beam. The strain at the mid-span crack is 

also higher at approximately 2200 microstrain for the deteriorated specimen, C4-30, than the 

1700 microstrain for the control specimen, C4-0. Similarly, the crack strains at 0.25 m are higher 

for C4-30 than for C4-0, which suggests that external strains could potentially be used to detect 

reinforcement deterioration. To further evaluate this observation, the external strains for 

specimens C3-0 and C3-30 are plotted in Figure 3.23 and Figure 3.24, respectively. 

 

Figure 3.23: C3-0 – External nylon strain and crack profiles 
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Figure 3.24: C3-30 – External nylon strain and crack profiles 

 The strain profiles for specimens C3-0 and C3-30 are shown in Figure 3.23 andFigure 

3.24 respectively, for increasing applied load. The deterioration is located at 0.5 and 0.75 meters 

along the beam for specimen C3-30. Based on the cracking pattern for both C3-0 and C3-0 there 

is no correlation between the cracks that formed and the localized deterioration regions. 

Comparing specimen C3-0 and C3-30, the strains across the cracks have similar magnitudes, 

which is to be expected since crack widths can be quite variable, such as wider cracks at larger 

spacing or narrow cracks at tighter spacing. Unfortunately, this suggests that there is not a strong 

correlation between crack width and localized deterioration. 

 The external concrete strain results have shown that the fibre optic sensing system can 

locate external cracks for a reinforced concrete beam. Although the nylon can be used to detect 
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cracks, slipping between the coating and the core does not allow for peak strains to be estimated 

properly and cracks that form too close together are measured as one crack. The detection and 

quantification of localized deterioration with externally bonded nylon fibres does not show a good 

correlation to the simulated deterioration.  

3.5.4 Failure Mode Analysis 

3.5.5 Test Series C4 

 In Figure 3.25 the load – displacement behaviour for all the C4 specimens, the four point 

bending specimens, is shown. The control specimen, C4-0 reached a peak load of 135 kN, which 

was the highest capacity of the four specimens. However, specimen C4-30 showed a similar 

response to C4-0, which was not expected since the localized deterioration at mid-span should 

have resulted in a significant reduction in its flexural capacity. While the other two specimens had 

lower capacities, they also did not demonstrate the expected behaviour based on their flexural 

capacity. In order to explore this behaviour, the measured internal strains for each C4 specimen at 

a total applied load of 90 kN are plotted in Figure 3.26.  
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Figure 3.25 Load vs. Displacement for test series T2-A 
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a) 

           

b) 

 

c) 

Figure 3.26: Internal strains for test series C4 at 90 kN 
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 Figure 3.26(a) is a plot of the top reinforcement strain measurements and Figure 3.26(c) 

is a plot of the bottom reinforcement strain readings at a load of 90 kN. It can be seen from Figure 

3.26(a) that the location of the loading points, at 0.3 and 0.7 metres, correlate with significant 

reductions in the compressive strain in the top reinforcement. The strain between each loading 

point is uniform as would be expected for either beam or arching behaviour. However, in the 

shear spans, after the critical shear cracks the compressive strains average out to approximately 

zero as would be expected if a compressive strut formed as indicated in Figure 3.26(b). Also, the 

tensile strain results do not follow the expected profile for beam action (i.e. a linear increase from 

zero at the support to a maximum at the load point) but are nearly constant along the length of the 

beam once the reinforcement has developed.  Specimen C4-30, in particular, demonstrated classic 

arching action behaviour as the tension reinforcement ruptured at mid-span at failure and the end 

of the reinforcement pulled out of the surrounding concrete. Specimens C4-10 and C4-20 failed in 

the compressive strut region when the cracking in the struts eventually reduced the compressive 

capacity below the loading demand. The strain profiles match what would be expected for the 

strut and tie model given in Figure 3.26(b) and coupled with the observed behaviour suggest that 

all four specimens were behaving as a tied arch at these later load stages rather than a beam.     

3.5.6 Test Series C3 

 Figure 3.27 is a plot of the load – displacement behaviour for test series C3. The control 

specimen, C3-0, with a peak load of 62 kN, had the lowest capacity of test series C3. Specimens 

C3-20 and C3-30 both show a similar response with similar peak loads, which was not expected 

since the variation in localized deterioration at mid-span should have led to different flexural 

capacities. To explain this behaviour, the strain for each specimen at a load of 50 kN is plotted in 

Figure 3.28. Figure 3.28(a) gives the strains in the top reinforcement, Figure 3.28(b) gives the 

potential tied arch mechanism and Figure 3.28(c) gives the strain in the bottom reinforcement. 
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Figure 3.27 Load vs. Displacement for test series C3 
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a) 

      

b) 

 

c) 

Figure 3.28 Internal fibre optic strains for test series C3 
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 The compressive and tensile strain profile of series C3 is indicative of arching action 

based on the measurement trends from the supports to the central loading point. The compressive 

strains along the top of the beams approach zero in the shear spans indicating the presence of a 

compressive strut and the tension strains are approximately constant along the length of the beam 

indicating that a tension tie has developed.  Specimen C3-10 potentially failed due to the 

formation of large shear cracks that reduced the capacity of the compressive strut, which cross the 

external sensors at 0.3 and 0.7 metres on the compressive strain diagram.  Specimens C3-20, C3-

30 both show the strain between the loading point and the critical shear crack as uniform and 

approximately zero after the shear crack as expected when compressive struts develop. The 

tensile strain results also do not follow a beam action pattern but have nearly constant strain 

values once the reinforcement has developed. The strain profiles correlate well with what would 

be expected for a three point strut and tie model. The strain profiles and load displacement 

behaviour of the specimens indicate that the beams formed tied arches and eventually failed when 

one element of the arch broke down. It seems that specimen C3-0 did not fail in pure arching 

action but a combination of beam action and arching action since the strain profile has some 

linear trends, which can occur in a real structure. The observed behaviour helps to explain why 

the load – deflection behaviour for each specimen was so similar. Most of the beams appear to 

have failed due to a breakdown of the compressive strut capacity, which would have been the 

same for all specimens, rather than reaching the capacity of the tension ties, which would have 

been different for each specimen.  

3.6 CONCLUSIONS AND FUTURE WORK 

 The current research program was conducted to determine whether distributed strain 

measurements can be used to assist with the detection and quantification of localized deterioration at 

service loads and to differentiate between different beam failure modes. The results from the notched 

reinforcement tests showed that the fibre optic system can sense large strain gradients although the 
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behaviour in the notch region, especially if the notch is only on one side, can be quite complicated. 

The results from the embedded fibres in test series C4 and C3 showed promise for detecting localized 

deterioration although the behaviour of the bar and the corresponding strain measurements are clearly 

complex and their interpretation must be carefully considered. The sensing system can detect the 

presence of localized deterioration with both fibres, but the nylon fibre cannot quantify large strain 

gradients due to slip effects. The different levels of deterioration (0-30%) were quantified with the 

polyimide fibre in test series C4, but in test series C3 the strain gradients did not correlate well with 

the level of deterioration, however the results generally indicated areas of potential concern. The 

results from the externally installed nylon fibres demonstrated that cracks can be located, however the 

crack location estimation is dependent on the sensor’s gauge length and spacing of the fibre. The 

technology can be used to detect cracks but slipping between the coating and the core does not allow 

for peak strains to be estimated properly and cracks that form too close together appear as a single 

crack. The detection and quantification of localized reinforcement deterioration with externally 

bonded nylon fibres does not show a good correlation to the simulated deterioration. The distributed 

strain results from both test series, C3 and C4, have shown that the strain profiles can give insights 

about the failure mechanism occurring in a reinforced concrete specimen. The strain profiles for both 

test series indicated that the tension reinforcement was acting as a tension tie and the strains indicated 

the presence of a compressive strut.  

Future work with this fibre optic sensing system will include taking measurements during 

a load test of a reinforced concrete bridge, which will be used to evaluate if the application of this 

sensing system is practical, to see the effects of load sharing and if the curvature can be calculated 

based on strain readings.  
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Chapter 4 - Field Monitoring of a Reinforced Concrete Bridge using 

Fibre Optic Strain Sensors 

4.1 INTRODUCTION 

 Many bridges in Ontario were constructed during the infrastructure booms of the last 

century and are approaching the end of their intended service lives. It is not feasible to replace all 

structures that have surpassed their intended service life due to limited government budgets and 

the total quantity of infrastructure potentially in need of replacement. Part of the solution to this 

problem is to use a bridge management system (BMS) and visual inspections which are outlined 

in the Ontario Structure Inspection Manual (MTO, 2000). Even with these systems in place there 

are uncertainties about the condition of individual bridges resulting from incomplete information 

about their structural health and performance. As a result of these uncertainties unexpected failure 

can occur such as when the  the Ynys-y-Gwas Bridge in 1985 collapsed under no live load even 

after inspections were conducted 10 times by bridge inspectors and chartered engineers from 

1979-1985 (Woodward et al, 1988). To develop robust BMS, there is a need for additional 

quantitative data and so a potential approach is to use structural health monitoring (SHM) coupled 

with numerical assessment, inspection and a BMS to allow for bridge maintenance and 

rehabilitation to be optimized. 

 Fibre optic strain sensors (FOS) are a SHM technology that could be used as a key tool in 

this more robust bridge management strategy. Depending on the structure and the application two 

types of fibre optic sensing systems could be used: discrete (e.g. Fibre-Bragg gratings (FBG) and 

Fabry-Perot fibre sensors) or distributed (e.g. Brillouin and Rayleigh backscatter systems).  

A distributed FOS system that has the potential to offer strain measurement accuracy on par 

with conventional strain gauges is an Optical Backscatter Reflectometer (OBR). While the capital 

cost of the OBR analyser is high (approximately $150k), the cost of the fibre optic cable (the 



 

72 

 

sensor) has the potential to be less than $1/m. And since the system is a distributed strain sensor, 

each metre of fibre is equivalent to multiple strain gauges depending on the chosen gauge length. 

As such, by using the same analyser for multiple bridges, the cost of the system could be less than 

currently available monitoring systems while offering much more data.  

To investigate the potential of using distributed FOS for bridge monitoring, a trial system was 

installed on an in-service reinforced concrete bridge near the town of Madoc in Ontario, Canada, 

known as the Black River bridge. The investigation was undertaken to evaluate: 

(i) if the installation of fibre optic sensors on a reinforced concrete bridge is practical 

compared to conventional monitoring systems,  

(ii) if the FOS measurements correlate with measurements from conventional electric 

resistance strain gauges and linear potentiometers (measuring deflection of a beam), 

(iii) if the fibre optic measurements enabled a better understanding of the end conditions of the 

beams and the load sharing between bridge beams.   

 The following sections will present a background to fibre optic monitoring, the Black River 

bridge field site, the experimental load test and installed instrumentation as well as a discussion of the 

results and the response of the bridge. The key conclusions will then be drawn. 

4.2 BACKGROUND 

 The following background section describes current fibre optic systems that are installed 

on bridge infrastructure in Canada. In addition, the field test conditions and location at the Black 

River bridge field site is also discussed.   

4.2.1 Fibre Optic Monitoring  

 As noted earlier, there are two types of FOS: discrete sensors and distributed sensors. 

Discrete FOS such as fibre Bragg gratings, offer advantages over conventional strain gauges in 

terms of stability (Gebremichael et al., 2005), however they can be expensive especially if 

multiple sensor locations are required on one structure. In Canada, FBG have been successfully 
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installed in multiple bridges with FBG sensors such as the Salmon River bridge, Taylor bridge, 

Joffre bridge and the Confederation bridge (Tennyson, R. et al., 2001). In 1997, a fibre optic 

Bragg sensor array of 20 sensors was installed on the Beddington Trail bridge to monitor three 

different types of pre-stressing tendons under realistic heavy traffic loading (Maaskant et al., 

1997). The FBG sensed stress relaxation results at discrete locations on the pre-stressing tendons, 

however it is possible that with only a limited number of discrete strain readings they were not 

able to capture the full behaviour of the bridge. Distributed sensors, such as Brillouin and 

Rayleigh scatter based systems, are much more cost effective since they can potentially be used 

with standard telecommunication fibre optic cables (which can cost less than a dollar a metre). 

Until recently the strain measurement accuracy of such distributed strain measurement systems 

has not been appropriate for bridge monitoring with typical Brillouin systems offering resolutions 

of approximately 30 microstrain over 0.5 to 1m gauge lengths (Mohamad et al., 2011). However, 

Brillouin scatter based systems have been installed on reinforced concrete bridges such as the 

Musmeci bridge (Potenza, Italy), with a spatial resolution of one metre, the readings detected the 

presence of cracks due to thermal loading over the course of one year (Minardo et al., 2012). 

Recent developments with Rayleigh scatter based FOS have greatly increased the spatial 

resolution and strain measurement accuracy enabling gauge lengths similar to conventional strain 

gauges to be used (Kreger et. al, 2007). The OBR system has also shown promise as a SHM 

technique for reinforced concrete structures by detecting the presence of cracks in a slab 

specimen under load even before they were visible (Villalba and Casas, 2012). 

 The current research employs Luna Technologies OBR 4600 with a potential resolution 

and accuracy equal to 1 microstrain or 0.1 degrees Celsius over a 10mm gauge length (Kreger et 

al., 2007) along up to 70 meters of fibre. With the OBR system, there is a trade-off between strain 

accuracy and spatial resolution. The system can be used to measure strain over very short gauge 

lengths (e.g. 1 mm) but with less accuracy than over longer gauge lengths (e.g. 100 mm). The 
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decision of which gauge length to use depends on both the required level of accuracy as well as 

the expected variation in strain over the gauge length. In the current research, unless otherwise 

noted, the gauge length was set at 20 mm with a sensor spacing of 20 mm to achieve the level of 

accuracy discussed by Kreger et al. (2007). In distributed FOS, the spectral shift quality is a 

measure of the correlation between a measurement scan and the reference reflected spectra, and is 

used to quantify the quality of the strain data. For the OBR 4600, the strain data is considered to 

be accurate as long as the spectral shift quality is above 0.15. Since a Rayleigh backscatter system 

such as the OBR 4600 does not measure temperature and strain effects on the fibre independently, 

the effect of temperature variations on the strain readings was a potential problem for the field 

testing. To determine what effect temperature variations might have had on the readings, 

thermocouples were installed as discussed later.  

4.2.2 Black River bridge 

 The Black River bridge is located on the TransCanada Highway outside of the town 

Madoc, Ontario, Canada. The bridge is a two span simply supported structure with an 

approximate total length of 32 metres (approximately 16 metres per span). The cast-in place slab 

on beam reinforced concrete bridge was constructed in 1933 and had new barrier walls installed 

in 1978. An elevation view of the bridge from the south is shown Figure 4. and a section view of 

the beams is shown in Figure 4.2. The beams in the western span that were instrumented are 

labelled 1 through 4 going from the south to the north as seen in Figure 4.2. 
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Figure 4.1: Southern elevation view of the Black River bridge 

 

Figure 4.2: Section View of the Black River bridge 

4.3 INSTRUMENTATION SETUP 

 Each of the four beams in the western span were instrumented with conventional 

electrical resistance strain gauges and fibre optics on the concrete surface. A total of ten 50 mm 

strain gauges with a resistance of 350 ohms were installed as per Vishay technological note, TT-

611 (Vishay Precision Group, 2010), by preparing the surface with an AE-10 epoxy and the 

gauges were bonded to the concrete surface using Mbond 200 as per Vishay technological note, 
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B-127-14 (Vishay Precision Group, 2011). A single mode nylon fibre with a core of 8μm 

manufactured by Corning was installed by sanding the concrete surface using 80 and 150 grit flap 

wheels and cleaning the sanded surface with 99% isopropyl alcohol wipes before an epoxy 

(Loctite E-20HP) was used to bond the fibre to the concrete surface as shown in Figure 4.3. Four 

thermocouples were installed to measure the change in temperature during each load stage. The 

change in temperature measured during all four load stages under the bridge was less than 0.6⁰C 

(18.6-19.2⁰C) and thus the temperature effects on the fibre were negligible. 

 

a) 

  

b) 

Figure 4.3: Installation of strain sensing instrumentation 
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 Beams 1, 3 and 4 (see Figure 4.2) had fibres attached to the side of the beam running in 

the longitudinal direction at a height of 76 mm above the bottom face of the beam and 76 mm 

from the underside of the slab. The fibres extended from the western abutment to approximately 

the quarter span of the western span as indicated in Figure 4.3. In addition strain gauges were 

installed at the quarter-span of the western span of beams 1, 3 and 4 as indicated in Figure 4.3. 

Beam 2, also had fibres attached to the side of the beam running in the longitudinal direction at a 

height of 76 mm above the bottom face of the beam and 76 mm from the underside of the slab 

extending to the mid-span of the beam as illustrated in Figure 4.4. Close to the abutment the top 

fibre was diverted to measure the vertical and diagonal strains as indicated in Figure 4.4, in an 

attempt to quantify the shear behaviour. All of the installed fibres had a bend radius of 

approximately 75mm where the fibre direction was changed to reduce signal quality losses. Strain 

gauges were installed at the quarter and mid-span. Five linear potentiometers were installed, four 

of which measured the vertical displacement of beam 2 at various locations along its length while 

one measured horizontal movement at the midspan, as shown in Figure 4.4. A Luna OBR 4600 

was used to measure and record the fibre optic strain data. Fibre optic strain readings were taken 

at each load step (as discussed in the next section) while the displacement, temperature and strain 

gauge readings were logged continuously at 1 Hz using a separate data acquisition system. 

  

Figure 4.4: Installed instrumentation on beams 1, 3 and 4 
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Figure4.5: Installed instrumentation on beam 2 

4.4 LOAD TEST SETUP 

 The load test was performed on June 11, 2013. The load was applied using a 

Western Star loading truck where the load level could be adjusted by adding concrete 

blocks to the trailer. The axle spacing for the Western Star loading truck is shown in 

Figure 4.6, and the loading per axle is given in Table 4.2. To evaluate the accuracy of the 

fibre optic sensors as well as to determine if the bridge behaviour was linear over the 

expected loading range, four load stages were used: 0 - the empty loading truck (0 

blocks), 1 - the loading truck with 12 blocks, 2 - the loading truck with 24 blocks, and 3 - 

the loading truck with 36 blocks.  

 

 

Figure 4.6: Western Star load truck with axle spacing 
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Table 4.2: Axle loading per load stage 

Stage Blocks 

Axle 1 

(kN) 

Axle 2 

(kN) 

Axle 3 

(kN) 

Axle 4 

(kN) 

Axle 5 

(kN) 

Total Axle Load 

(kN) 

0 0 48.8 47 47 40.5 40.5 223.8 

1 12 51.2 69.2 69.2 71.2 71.2 332 

2 24 53.5 91.5 91.5 101.9 101.9 440.3 

3 36 55.8 113.8 113.8 132.6 132.6 548.6 

 

 Based on an initial numerical analysis, the best running line for the loading truck was to 

have the wheels straddle the instrumented beam 2 and traveling Eastbound as illustrated in Figure 

4.7. Additionally, the best running direction for the truck, to create the largest deflections and 

crack widths, was to travel from west to east. 

 

Figure 4.7: Running lane for the load truck. 

 Since the fibre optic system takes approximately 5 seconds to acquire strain 

measurements along the full length of the fibre it was not possible to take readings while the 

loading truck was moving. Instead the loading truck was stopped on the bridge at a number of 

locations so measurements could be taken, which are referred to as load steps. Zero readings were 

taken for all the sensors just prior to the truck driving on to the bridge. Taking the zero reading 

right before each loading stage eliminated the need for temperature compensation of the data at 

each load stage as the thermocouple readings showed that the temperature varied by less than 

0.6
0
C over the course of each load stage. The loading truck then drove on to the bridge from the 

west travelling towards the east. The truck then stopped with its front axle at the mid-span of the 
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bridge as indicated in Figure 4.8, which represented load step 1. The load truck then paused at 

this location to allow for fibre optic strain measurements to be taken. The truck then moved 

forward two metres to the next load step, load step 2 (see Figure 4.8), and stopped while readings 

were taken. The procedure was repeated for steps 3 to 8, which were all two metres apart. The 

overall load test setup is shown in Figure 4.9 during load step 5. The loading truck then was 

loaded with another 12 blocks and the procedure was repeated for all stages of loading. 

 

Figure 4.8: Load step locations for the load truck (front axle location shown) 

 

Figure 4.9: Overall setup at Black River bridge field test site 
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4.5 RESULTS AND DISCUSSION 

4.5.1 Feasibility of Fibre Optic Strain Monitoring  

 A total length of 65.5 metres of fibre optic cable was installed on the Black River Bridge. 

The fibre installation had two phases. In July 2012 the fibre on beam 2 (under the running lane 

for the load truck) was installed as part of a long-term thermal and durability study not discussed 

here. The second phase of fibre installation occurred in May 2013, when the fibre was installed 

on beams 1, 3 and 4. To install the fibre optic sensors a total of approximately 30 hours of labour 

was needed by three fibre optic installers for a total of 90 person hours. A total of ten concrete 

surface strain gauges were installed on the bridge. The installation of the gauges and lead wires 

took approximately 15 hours of labour with two instrumentation installers for a total of 30 person 

hours excluding curing time for epoxies.  

 For both instrumentation techniques scaffolding was used for accessibility and power was 

supplied through generators to allow for the use of power tools. The most important aspect of 

installing both sensors was the surface preparation, the cleanliness of the installation area and the 

choice of epoxy for adhesion. The fibre optic adhesive had a working life of 40 minutes to install 

the fibre and was 98% cured after 6 hours as per the specifications while the strain gauge epoxy 

needed a full 24 hours before secondary surface preparation could be performed prior to installing 

the gauges with Mbond 200. The final instrumentation of beam 3 at quarter-span is shown in 

Figure 4.10.  
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Figure 4.10: Installed instrumentation on Beam 3 at quarter-span. 

  To understand the practical feasibility of installing the fibre optic system on a structure as 

compared to conventional instrumentation three criteria were examined: the cost of the sensor/ 

systems, installation time per sensor and the durability of the sensor. The cost to install a concrete 

surface strain gauge is approximately $65 for materials (strain gauge, lead wire, adhesives, sand 

paper, strain gauge tape, cleaning solutions). Additionally, a data acquisition system costing 

approximately $30,000 with the appropriate cards is required to acquire the data. However, the 

installation of fibre optic sensors is approximately $2.10 per metre including materials (nylon 

fibre, epoxy, cleaning solutions). However, the OBR strain monitoring system is more expensive 

than a conventional data acquisition system at approximately $150,000. The fibre optic sensing 

system offers advantages over the conventional strain gauges on a cost (excluding the cost of the 

analyzer) when comparing a per metre sensor ($65 per gauge versus $2.10 per meter of fibre). 

  The installation time per concrete strain gauge is roughly 3 hours excluding the time for 

the AE-10 epoxy to cure since 24 hours was needed before surface preparation could be done. 
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Comparatively, the installation of the fibre optic sensor took at total of 90 hours for 65.5 metres 

of fibre, which is approximately 1.5 hours per meter including epoxy curing time (40 minutes). 

The fibre optic sensing system offers advantages over the conventional strain gauges on a 

installation time basis when using a per metre sensor comparison (3 hours per gauge versus 1.5 

hours per meter of fibre). 

 The durability of the conventional strain gauges is dependent on the adhesives and 

moisture protection used to install the gauge. In this case quality adhesives were used (AE-10 and 

MBond 200) and the installed gauges were covered in a silicon gasket. Despite this, 2 of the 10 

installed concrete strain gauges produced off scale results on the data acquisition system, which 

meant that the gauges could not be used to take measurements. The nylon fibres did not break 

during loading, however a polyimide fibre was also installed on beam 2 with the layout as shown 

in Figure4.5 and it broke over a crack between installation and the load test day. Unlike the strain 

gauges which are discrete sensors, a break in the fibre optic means that the fibre beyond that point 

can no longer be used to take readings. It is important to consider the longevity of the sensor 

system, since conventional strain gauge techniques have been standardize by Vishay for optimum 

results and the durability of the installed fibre optic sensor over one year is currently unknown, 

careful consideration for the sensor application and lifespan of the sensor is critical.   

 The fibre optic sensing system offers advantages over the conventional strain gauges on a 

cost (excluding the cost of the analyzer) and installation time basis when using a per metre sensor 

comparison, but the durability of the fibres must be an important consideration when installing 

sensors.   

4.5.2 Fibre Optic Measurement Evaluation 

 The top and bottom strain gauge data with time for the mid-span of beam 2 during load 

stage 3 is shown in Figure 4.11. The load steps (1 through 8) can clearly be seen as the load truck 

moves and pauses at each load step. Load steps 4 and 7 produce the largest strain response on the 
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bridge whereas the largest deflection was measured at load step 6. The reason for this difference 

in maximum measurements is due to the fact that at these load stages (4 and 7) a load truck axle is 

located within 350 mm of the mid-span strain gauge location. This then creates a disturbed region 

in the vicinity of the strain gauge caused by the point load that increases the strain measured by 

the gauges. Load step 6, being both the load step at which the maximum deflection occurred and 

when the results are least influenced by point loads, is used to compare the correlation between 

fibre optic strain results and strain gauges results on all beams due to the truck loading on beam 2 

(Figure 4.12) at this load step.  

 

Figure 4.11: Strain versus time at mid-span of Beam 2 - Load Stage 3 
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Figure 4.12: Load Stage 3 - Load Step 6 axle loading and locations 

 The fibre optic strain results over a one meter length of fibre near the mid-span of beam 2 

at load step 6 are shown in Figure 4.13 as well as the two strain gauge results in this region. Since 

the strain gauges and fibre optics could not be mounted at the exact same height (see Figure 

4.10), the measurements from the strain gauges had to be adjusted to account for this difference in 

elevation. To do this, the strain profile was assumed to be linear over the height of the section 

thus allowing the curvature to be calculated from the two strain gauge measurements. Once the 

curvature was known, the strain at any height on the strain profile could be calculated and the 

strain gauge measurements were adjusted for the height difference. The strain measurements from 

the gauges and fibres are in good agreement. In addition to the disparity in height, there are two 

other reasons for a potential difference in measurements.  

The first is the maximum measurement accuracy of both measurement systems. As can 

be seen in Figure 4.11, there is at least one microstrain of noise present in the strain gauge 

measurements. Additionally, since both the strain gauges and the fibre optics are installed outside 

and not under laboratory conditions, it is unlikely that either system would achieve the stated 1 

microstrain accuracy, and it is likely that the accuracy of both systems is lower. The impact of 

this level of accuracy is magnified by the small magnitude of the measurements being taken.  

The second factor contributing to the difference between the strain gauge and fibre optic 

measurements is the effect of cracks on both measurements. In the case of strain gauges, if the 
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gauge is installed near a crack the measured strain will be low due to the reduced effects of 

tension stiffening near a crack. The nylon fibre optics, as noted in Chapter 2, provides an average 

strain measurement across the crack due to slip between the coating and the core as well as the 

choice of gauge length. As seen in Figure 4.13 at 7.3 metre there is a tensile spike corresponding 

to a crack but the spike has a width of 20mm which does not correlate to the actual crack width.  

 

Figure 4.13: Beam 2 - Load Phase 3 - Load Step 6 at mid-span instrumentation results 

 Thus neither surface bonded sensor system can measure the true strain response in the 

steel at a crack location but the fibre optic system provides an average strain at the crack locations 

while the gauge readings can be highly variable at crack locations.  

 Table 4.2 shows a comparison between strain measurements from the fibre optics and 

strain gauges at load stage 3 and load step 6. The fibre optic strain results were averaged over the 

similar gauge length as the strain gauges, 60 mm and the strain sensors results were synchronized 

to the nearest second on the data acquisition systems. Even though the exact values from each of 
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the strain sensors are not the same, the trends in the sensor data are in agreement (i.e. sign of the 

reading and relative magnitude). Once again, the difference between these results is believed to 

be due to the accuracy in the field compared to a laboratory setting and the impact on cracks on 

both of the systems. 

Table 4.3: Load Stage 3 - Load Step 6 comparison of fibre optic and strain gauge strains  

Fibre Location Fibre Optic 

Results 

Strain Gauge 

Results 

Adjusted Strain 

Gauge Results 

Beam 1 - Compression 1/4 Span -4 ** ** 

Beam 1 - Tension 1/4 Span 3 2 ** 

Beam 2 - Compression 1/4 Span -9 -8 -9 

Beam 2 - Tension 1/4 Span 34 10 11 

Beam 2 - Compression 1/2 Span -2 -2 -3 

Beam 2 - Tension 1/2 Span 17 15 15 

Beam 3 - Compression 1/4 Span -5 -5 -6 

Beam 3 - Tension 1/4 Span 4 1 1 

Beam 4 - Compression 1/4 Span 4 -1 ** 

Beam 4 - Tension 1/4 Span 1 ** ** 

 

 As a second check on the fibre optic measurements, the FOS strain data can be used to 

calculate beam deflections and this data can be compared to the LP measurements. The tensile 

and compressive strain measurements from the FOS for beam 2 between LP2 to LP4 (see 

Figure4.5) are shown in Figure 4.14. By knowing the distance between the top and bottom fibres, 

the curvature of the beam could be calculated at 20 mm intervals using the FOS strain data along 

the beam to establish the curvature diagram between LP2 and LP4. The curvature along the beam 

was integrated numerically along the length of the beam to get the slope, except that the boundary 

conditions (slope at LP2 and LP4) were not known. The slope was then numerically integrated 

over the length of the beam (between LP2 and LP4) to get the displacement along the beam as 

shown in Figure 4.15. 



 

88 

 

 

Figure 4.14: Load Stage 3 - Load Step 6 fibre optic strain results between LP2 and LP4 

 

Figure 4.15: Load Phase 3 - Load Step 6 calculated deflection of Beam 2 from FOS results 
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 The calculated displacements from the fibre optic strains are dependent on the boundary 

conditions used during the numerical integration. In order to properly integrate the FOS data, two 

boundary conditions are required. Two potential boundary conditions are to assume that the 

maximum displacement occurs at mid-span thus making the displacement at this location equal to 

the change in displacement measured by LP4 (0.87 mm) and the slope at this location equal to 0. 

The results using these assumed boundary conditions are given by the gray line in Figure 4.15. 

The calculated deflection does not agree with the LP deflection data, which indicates that the 

assumed boundary conditions are not correct. Since it is unlikely that the LP4 displacement is 

incorrect, the assumption that the maximum deflection occurs exactly at mid-span, causing the 

slope to be 0, was likely incorrect. To determine what the correct slope is, an optimization 

exercise was performed by varying the slope at mid-span until the error between the other two LP 

results and the deflection predicted using the fibre optic data was minimized. A rotation angle of  

-1.75 × 10
-5

 rad resulted in the best fit line shown in Figure 4.15. One can see that the correlation 

with the other two LP results is excellent, suggesting that the fibre optic data is accurately 

measuring the beam curvature and thus the average strains. This result also suggests that fibre 

optic sensors could be used to measure deflections in applications where using other methods is 

impractical, such as LPs on a bridge that is higher off the ground, as long the boundary conditions 

are known. 

 Overall these results suggest that the fibre optic sensors are accurately measuring strains 

along the beam although the measurements are dependent on the location of the gauge, as shown 

when compared to the strain gauge data in Figure 4.13. The fibre optic strain results also 

compared well with the measurements from LPs when they were integrated to get displacement 

and the results suggest that FOS measurements can be used to determine bridge deflections as 

long as the proper boundary conditions are applied during numerical integration.   
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4.5.3 Black River Bridge Response to Truck Loading 

 The largest magnitude of strains measured with the FOS correlated to the sixth load step 

during the third load stage. The axle loads and locations for this loading configuration are shown 

in Figure 4.12. The measured strain with length along the beam results for beam 2 at load step six 

for all load stages are shown in Figure 4.16 and Figure 4.17, for the bottom and top fibres, 

respectively.  

 

Figure 4.16: Beam 2 bottom strain results at Load Step 6. 
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Figure 4.17: Beam 2 top strain results at Load Step 6. 

 In Figure 4.16 the strain profile for the bottom fibre on beam 2 is shown from the 

support to mid-span. As expected the largest tensile strains occur closest to mid-span in 

the peak positive moment region. The largest cracks, as indicated by the spikes in the 

strain profile, also occur towards mid-span. A correlation between increasing live load (at 

higher load stages) and increasing strains and crack widths is also evident from the data. 

The largest change in strain in the fibre occurs at load stage 0 where total change in load 

applied to the structure is 223.8 kN as the empty load truck drives onto the bridge. The 

visible trend from load stage 1-3 as layers of blocks are added to the load truck is evident, 

each load stage has a total change of load of 108.2 kN and nearly uniform strain increases 

are shown in both top and bottom strains, Figure 4.16 and Figure 4.17 respectively.  

The strain profile for the top fibre is shown in Figure 4.17 for a region extending 

from approximately 2 m away from the abutment to the mid-span of the beam 2. The 
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strains in this figure are relatively small, which indicates that the fibre was installed close 

to the neutral axis of the beam. Interestingly there are still spikes in the data, which 

indicate the presence of cracks. A visual inspection of the beam revealed that there were 

cracks at the stirrup locations that extended right to the underside of the slab.  In Figure 

4.17 mostly compressive strains are evident which indicate the closing of cracks near the 

neutral axis in a beam experiencing positive bending. However, some tensile strain spikes 

are also sensed by the FOS, when the tensile and compressive peaks are compared similar 

magnitude and crack widths can be seen. This behaviour is possible at the neutral axis 

where in order to maintain compatibility (i.e. net zero strains) some cracks open while 

others close. 

The strain data from beam 2 also allows for one to assess the support conditions. 

The Black River bridge was designed to be simply supported and so one would expect 

the measured strains near the support would be virtually zero, however this is not the case 

as can be seen from Figure 4.16. The increase in compressive strain along the bottom of 

the beam at the support with increasing load could be due to the beam having partial 

fixity and that negative moments are developing at the supports. This result would have a 

significant impact on any numerical model of the bridge and would result in 

overestimates of positive moments, crack widths and deflections. Figure 4.18 shows the 

bottom strains from the abutment to 3.5 m along the beam for all four beams for load 

stage 3 and load step 6. One can see that beams 1 and 3, the beams adjacent to the 

running lane of the truck, both experience the same compressive strains at the support 

suggesting a negative moment developed in these beams as well although the magnitude 
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of the moment is lower as will be discussed next. The strains in beam 4 are tensile at the 

support suggesting different behaviour in this beam farthest from the running lane.  

 

Figure 4.18: Load Phase 3 - Load Step 6 bottom FOS to quarter-span of all beams 
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Figure 4.19: Load Phase 3 - Load Step 6 top FOS to quarter-span of all beams 

 Figure 4.18 and Figure 4.19 can also be used to evaluate the load sharing between the 

four beams. Beam 2 has the largest magnitude of strain during load stage three on load step six. 

This is to be expected since the loading truck was centred over this beam. The beam spacing and 

the load truck wheel locations (Figure 4.7) show that the load truck wheels were closer to the 

centre line of beam 1 by approximately 190 mm as compared to beam 3. Thus the distribution of 

load through the deck to these beams and the strain should be approximately the same, which 

appears to be the case. It can also be seen that the strains in beam 4 are essentially zero at the 

quarter-span, indicating that the load does not distribute to beam 4. However, it appears that the 

bridge deck is experiencing bending since the strains in the beams at the supports show beam 4 

with positive strains (12 με) due to uplift from the deck and beams 1(-8 με), 2(-30 με)  and 3 (-8 

με) with negative strains. This strain profile suggests a load distribution at the abutments due to 

bending as shown in Figure 4.20. The top fibre results for the beams 2 – 4 suggest the neutral axis 

is close to the installed fibre while beam 2 has the aforementioned cracking behaviour resulting in 
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a net zero strain profile.  The comparable top and bottom strain behaviour in beams 1 and 3 

suggest that the barrier wall on the edge of the bridge, over beam 1, is not contributing additional 

stiffness. 

 

Figure 4.20: Bridge deck deflection initiated by loading 

 These results suggest that the fibre optic sensors are measuring strains along the beam 

that can be used to determine the load distribution within the Black River bridge under truck 

loading. The visible trends show that beams 1 and 3 resist similar loading when beam 2 is 

centrically loaded and beam 4 does not resist any of the longitudinal loading. However, in Figure 

4.18 beam 4 aided in resisting uplift in the bridge deck caused by the loading in one lane of the 

bridge. The fibre optic results also give an insight into the support conditions at the abutment, and 

shows that rather than being simply supported as per the design, the beams actually have partial 

fixity at the support.  

4.6 CONCLUSIONS AND FUTURE WORK 

 The current research program was conducted to determine whether the installation and 

monitoring of distributed fibre optic sensors is both practical and useful for reinforced concrete 

bridge assessment.  The fibre optic sensing system offers advantages over the strain gauges on a 

cost (excluding the cost of the analyzer) and installation time basis when compared per metre of 

sensor/sensor, but the durability of the fibres must be an important consideration when using 
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FOS.  The feasibility of a fibre optic sensing system is also dependent on the accessibility for 

installation. The strain gauge and fibre optic sensor results do not have prefect correlation but the 

trends associated with the sensors agree. The fibre optic strain results can be used for curvature, 

slope and displacement measurement as long as the proper boundary conditions are applied. The 

results from the fibre optic sensors can be used to show the bridge response under a range of 

loading. The location of cracks and the strains associated with crack widening during loading is 

also evident throughout the loading phases. The fibre optic strains gave an insight into the support 

conditions of the beams and how the structure distributes and responds to loading. To fully 

understand the bridge response the full length of the beam should be instrumented with fibre optic 

sensors since every structure behaves differently.  
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Chapter 5 - Conclusions and Future Work 

5.1 SUMMARY OF RESEARCH 

 In this thesis, a series of experiments and a field test were conducted to develop 

installation and data interpretation techniques for monitoring reinforced concrete structures 

utilizing an OBR fibre optic analyzer. The significance of using the appropriate sensing fibre and 

bond method to obtain optimum results has been discussed. A method of installation for internal 

and external fibre applications has been tested in the laboratory while being compared to 

conventional strain gauges. The effects of localized deterioration in tensile reinforcement and the 

effect on the beam’s ultimate capacity and failure mechanism have been discussed. A load test 

has been performed on a reinforced concrete bridge with nylon fibres externally installed on the 

structure to measure strains and to provide an insight into the bridge’s load response. The 

following key conclusions of the research are summarized below: 

1. The fibre optic sensors produced promising results in terms of being able to measure 

strains to a similar level of accuracy as conventional strain gauges, for steel, concrete and 

reinforced concrete specimens. The strain transfer between the fibre, the adhesive and the 

substrate material is critical to obtaining accurate results and is application specific. 

2. The results from reinforced concrete beam experiments showed that the externally 

bonded fibres potentially can be used to indicate concrete and reinforcement strain levels, 

but that the accuracy of these results are dependent on the fibre and adhesive 

combination. The results showed that a polyimide coated fibre bonded to the 

reinforcement with a cyanoacrylate adhesive yields the most accurate strain results. 

However, for concrete surface sensing, a nylon coated fibre externally bonded to concrete 

with an epoxy offered potentially more useful measurements by mitigating the effects of 

cracking and localized de-bonding.  
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3. The results from the notched reinforcement tests showed that the fibre optic system can 

sense large strain gradients although the behaviour in the notch region, especially if the 

notch is only on one side, can be quite complicated. 

4. The sensing system can detect the presence of localized deterioration with embedded 

nylon and polyimide fibres, but the nylon fibre cannot quantify large strain gradients due 

to slip effects. The different levels of deterioration (0-30%) were quantified with the 

polyimide fibre in test series C4, but in test series C3 the strain gradients did not correlate 

well with the level of deterioration, however the results generally indicated areas of 

potential concern. 

5. The results from the externally installed nylon fibres demonstrated that cracks can be 

located, however the crack location estimation is dependent on the sensors gauge length 

and spacing. The technology can be used to detect cracks but slipping between the 

coating and the core does not allow for peak strains to be estimated properly and cracks 

that form too close together appear as a single crack. The detection and quantification of 

localized deterioration with externally bonded nylon fibres does not show a good 

correlation to the simulated deterioration. 

6. The distributed strain results from both test series, C3 and C4, have shown that the strain 

profiles can give insights about the failure mechanism occurring in a reinforced concrete 

specimen. The strain profiles for both test series indicated that arching action may have 

developed in all specimens, which altered the maximum capacity that was expected based 

on beam theory. 

7. The feasibility of installing fibre optic sensors on a reinforced concrete bridge is very 

plausible when comparing cost and the amount of labour per meter of sensor/sensor and 

the variance in concrete surface strain gauge results due to strain distributions caused by 

localized behaviour such as cracks. 
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8. The fibre optic and electrical resistance strain sensor results from the Black River bridge 

load test did not show good correlation but the trends associated with the sensors agreed. 

The fibre optic strain results can be used to calculate curvature, slope and displacement as 

long as the proper boundary conditions are applied and those results correlated well with 

data from LPs.  

9. The results from the fibre optic sensors can be used to show the bridge response under a 

range of loading scenarios. The location of cracks and strains associated with crack 

widening during loading is also evident throughout the loading phases. The fibre optic 

strains potentially give insights into the support conditions of the beams and how the 

structure distributes and responds to loading. 

5.2 FUTURE WORK 

 The work conducted as a part of this thesis generated several opportunities for future 

work which were outside of the original scope of the project including:  

1. The development of a better understanding of fibre slip and de-bonding of the 

fibre/epoxy at crack locations. 

2. The development of a methodology for estimating the crack width based on strain 

results for a given fibre optic cable installation technique.   

3. The implementation of finite element analysis to compare fibre optic strain results at 

localized deteriorated regions.  

4. The development of understanding into the effect of distributed deterioration on 

reinforced concrete structures with the use of fibre optic sensors.  

5. The durability of the installed monitoring system at the Black River bridge to see if the 

environment has an effect on the epoxy or the fibre. 


