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Abstract 

 Structural health monitoring (SHM) is an increasingly useful tool for life cycle management of 

deteriorating infrastructure. Rayleigh backscatter distributed fibre optic strain sensing (FOS) is a 

promising measurement technology that can provide relevant quantitative data across an entire structure 

as opposed to the single point data acquisition of conventional strain sensors. Utilizing this FOS 

technology, an experimental investigation to measure and better understand the effects of deterioration on 

reinforced concrete behaviour was undertaken. 

 Reinforced concrete tension specimens were instrumented with optical fibres and tested in axial 

tension to determine if FOS is capable of measuring the effects of tension stiffening and to develop 

insights into the bond performance of reinforced concrete. It was found that FOS could be used to 

measure the distributed reinforcement strain, especially before cracking occurs, and these results illustrate 

how the bond deteriorates with increasing load. In addition, FOS can detect crack locations as well as 

when cracks develop on only one side of the specimen. 

 The FOS technology was utilized to detect and quantify corrosion levels of the reinforcing steel 

and to determine how corrosion affects bond performance. An impressed current accelerated corrosion 

technique was used to corrode additional reinforced concrete tension specimens. Test results showed that 

reinforced concrete specimens that were corroded to 13% mass loss had a decrease in ultimate capacity of 

over 30%. This was due to pitting corrosion of the reinforcement that the FOS was able to detect. 

Additionally, the FOS results showed that as the corrosion levels increase, the bond performance 

continues to deteriorate.  

 To explore the usefulness of FOS in assessing deteriorated reinforced concrete structures, beams 

instrumented with optical fibres had the bottom flexural reinforcement corroded and were tested in three 

point bending. The FOS system was capable of detecting both flexural and shear cracks in the concrete, 

early signs of corrosion, and bond loss. Test results also showed that just 4.0% mass loss of the bottom 
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reinforcing steel due to corrosion can decrease the ultimate capacity of the beam by 39% due to section 

loss and debonding of the reinforcing steel. 
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Chapter 1 

Introduction 

1.1 NECESSITY FOR RESEARCH  

Reinforced concrete structures are susceptible to deterioration which can eventually lead 

to structural failure. The primary deterioration mechanism in reinforced concrete is corrosion of 

the reinforcing steel (Bhargava et al., 2006). Following the collapse of the “de la Concorde” 

overpass in 2006, durability of infrastructure is becoming a large concern (Couture et al., 2007). 

Over 40% of Canadian bridges are more than 50 years old and require strengthening, 

rehabilitation or replacement (Bisby and Briglio, 2004). The American Society of Civil Engineers 

(ASCE) has estimated that rehabilitation costs for bridges and dams in the United States alone are 

approximately $97 billion (ASCE, 2013). With increasing safety concerns and limited funding for 

infrastructure, a better system to optimize maintenance strategies is required. 

Current structural assessment methods rely mostly on visual inspections and, in some 

circumstances, a limited number of sensors. However, the effectiveness of visual inspections is 

questionable as it requires each individual inspector to understand the unique deterioration 

mechanism occurring (Graybeal, 2002). In addition, visual inspections are not capable of 

identifying deficiencies hidden within a structure. In some cases, rehabilitation of a structure is 

required before major deterioration issues become apparent, with the cost of repair approaching 

the cost of replacement (Bisby and Briglio, 2004). Lastly, the harsh environments that cause 

deterioration can destroy conventional sensors (Graver and Inaudi, 2004).  Combining new 

methods of structural monitoring to supplement visual inspections with quantitative data is a 

possible strategy to identify deterioration at an early stage with the objective of prolonging the 

service life of a structure, ensuring safety, and reducing costs.  
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Rayleigh backscatter based Fibre Optic Sensing (FOS) systems have the potential to 

overcome some of the limitations of visual inspections. The major benefits of Rayleigh based 

FOS over conventional sensors are the ability to provide distributed sensing along the entire 

length of the fibre and that they are not susceptible to corrosion. The FOS used in this research is 

capable of strain and temperature measurement accuracies of 1 µε and 0.1 oC, respectively 

(Kreger et al., 2007).  Moreover, the optical fibres are small, lightweight, flexible, are immune to 

electromagnetic interference and can be embedded in concrete structures (Bisby and Briglio, 

2004).  

For the current research, Rayleigh based FOS is used to measure distributed strain on the 

embedded reinforcing steel and the surface of the concrete to investigate the effect of 

deterioration on the behaviour of reinforced concrete members. 

1.2 RESEARCH OBJECTIVES 

The main objectives of the research are to: 

1. Investigate the ability of the fibre optic sensing to quantify the effects of tension 

stiffening and bond deterioration. 

2. Develop a fibre installation technique on the reinforcing steel that can withstand 

corrosion of the reinforcement. 

3. Determine if FOS is capable of detecting and quantifying corrosion of the reinforcing 

steel. 

4. Understand how corrosion of the reinforcing steel affects bond performance utilizing 

FOS measurements. 

1.3 THESIS ORGANIZATION 

 This thesis consists of five chapters and is presented in manuscript format as defined by 

the Queen’s University School of Graduate Studies. Chapters 2 through 4 consist of research 

manuscripts and Chapter 5 presents the general conclusions. 
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 Chapter 2 investigates the ability of FOS to measure the effects of tension stiffening in 

reinforced concrete specimens loaded in axial tension. Distributed strain measurements along the 

reinforcing steel were examined to see how bond behaviour between the concrete and steel 

changes as loading increases and cracks develop in the concrete. Specimens with three different 

reinforcement sizes were compared to understand the effect that bar diameter has on bond 

performance and tension stiffening. 

 Chapter 3 presents the application of FOS to detect and quantify the impact of 

deterioration due to corrosion in similar reinforced concrete tension specimens to the ones tested 

in Chapter 2. An accelerated corrosion technique using an impressed current was used to corrode 

both bare rebar specimens and reinforced concrete specimens to reduce corrosion times. The first 

stage involved corroding bare rebar specimens to develop an appropriate fibre installation 

technique in which the corrosion would not interfere with obtaining accurate measurements.  

Phase 2 involves examining the strain distributions of both bare rebar and reinforced concrete 

tensile tests. The objectives were to investigate the ability of FOS to detect and quantify corrosion 

levels on the reinforcing steel and to determine how corrosion affects bond performance in 

reinforced concrete. 

 In Chapter 4, FOS is used on reinforced concrete beams subjected to accelerated 

corrosion and tested in three point bending. The FOS strain measurements were used to detect 

corrosion of the reinforcing steel, bond loss, and cracking of concrete. These findings were used 

to gain an understanding of how bond performance is affected by corrosion of the bottom flexural 

reinforcement and how end debonding of the flexural reinforcement impacts the behaviour of the 

beam. 

 Lastly, Chapter 5 presents a summary of the current research including the major 

conclusions from each chapter and areas of interest for future research. 
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Chapter 2 

Distributed Fibre Optic Strain Sensing of Reinforced Concrete Prisms 

to Measure Bond Performance 

2.1 INTRODUCTION 

Tension stiffening is an important phenomenon in reinforced concrete especially when it 

comes to evaluating serviceability limit states as it affects deflections, crack spacing, and crack 

widths. Previous research has been conducted to examine the cracking behaviour in reinforced 

concrete and how it affects bond performance and tension stiffening. Measuring the distributed 

strains along the reinforcement is a way to gain insight into the bond behaviour between the 

concrete and steel.   

Previous research into tension stiffening has employed conventional sensors to provide 

quantitative data on rebar strains. The technique involved installing many electrical resistance 

strain-gauges along an internal longitudinal groove within the reinforcement. This allowed for 

semi-distributed strain sensing of the entire reinforcement bar. The first reported instance of 

utilizing this technique was conducted by Mains (1951).  

As strain gauge technology and data acquisition systems improved, the technique was 

adopted by more researchers to gain insight into tension-stiffening effects and bond performance. 

Scott and Gill (1987) adapted this technique by milling down two reinforcement bars into half 

circles and machining a longitudinal groove on each halve to accommodate the strain gauges and 

associated wiring. These halves were then glued together so that the exterior was nearly identical 

to an unaltered bar. The disadvantage was that this technique required extensive machining and 

time to construct the specimens (Scott and Gill, 1987). While this method of strain gauging was 

useful in analyzing tension stiffening effects, it was impractical for use on a large number of 

specimens. The time, effort, and cost to machine the bars and install the vast number of strain 
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gauges was only manageable for a small sample of lab specimens. However, for testing a larger 

sample size, or for structural health monitoring of an actual structure, it is unfeasible. 

Additionally, tension stiffening is dependent on the tensile strength of the concrete which varies 

from specimen to specimen so to gain a good understanding of the behaviour, a larger test 

database is required. Another downfall of this method is that it reduced the cross section of 

standard rebar and separated it into two halves, effectively changing the behaviour of the 

reinforcement. Scott and Gill (1987) tested reinforcement bars of various diameters but did not 

draw any conclusions as to its effect on bond performance. This will be an area explored in the 

current research. 

 Rayleigh based fibre optic sensing (FOS) is a sensing technology that is capable of 

achieving similar strain measurements as Scott and Gill (1987) but with several advantages. 

Preparation times with FOS are significantly lower and would not require an alteration to the 

original cross section of the reinforcement, eliminating area loss of the reinforcement. Although 

optical fibres bonded to the surface of the reinforcement could affect the bond, due to the small 

size of the fibres (900 µm or less) and the fact that they can be run along the existing longitudinal 

ridge of the bar where there are no ribs, that impact should be minimal. The rebar itself would 

remain unchanged and unaltered (i.e. not cut in half/milled down). The FOS system is flexible in 

terms of its measurement capabilities as the spatial resolution can be as fine as 10 µm over 30 m 

and 20 µm over 70 m (Luna Technologies, 2011). Additionally, the gauge length and sensor 

spacing is user-customizable during testing or even after the test has been completed to analyze 

the data in various ways. Smaller sensor spacing means that more measurements are being taken 

at decreased spacing resulting in higher resolution measurements of strain behaviour in the 

proximity of crack locations. 

In the current research, Digital Image Correlation (DIC) is also used to help explain some 

of the results found from using the FOS technology.  The DIC technique compares digital images 
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taken of a test specimen during a load test to a reference image of the unloaded specimen to 

measure a variety of useful data including surface strains, deformations, crack widths, etc. 

In light of the potential issues associated with previous tension stiffening tests and given 

the potential benefits of using FOS and DIC, an experimental program was undertaken to use 

these sensor technologies to measure tension stiffening behaviour. The main objectives of this 

research program are to: 

1. Determine if it is possible to use fibre optic sensing to measure the effects of tension 

stiffening on reinforcement strains, 

2. Develop insights into the strain distribution at and between crack locations, and 

3. Understand the effect that bar diameter has on bond performance and tension stiffening. 

The following section provides a background of bond behaviour and tension stiffening in 

reinforced concrete, the FOS technology, and the DIC technology. Following that, the 

experimental program is explained, including the design of bare rebar and reinforced concrete 

specimens, the test setup, and testing program. The next section introduces and discusses results 

of the bare rebar and reinforced concrete experiments.  Final conclusions are then summarized at 

the end of the chapter. 

2.2 BACKGROUND 

2.2.1 Bond Behaviour and Tension Stiffening in Reinforced Concrete 

Reinforced concrete can only behave as a composite material if there is sufficient bond 

between the reinforcement and the surrounding concrete. A smooth bar achieves bond with the 

surrounding concrete through both adhesion and friction. Both these effects are lost when loaded 

in tension as Poisson’s effects cause the diameter to decrease and separates the reinforcement 

from the concrete (MacGregor and Wight, 2012). Deformed bars also experience the loss of 

frictional and adhesive bond, leaving the bond stresses to be carried by the mechanical interlock 

between the rebar’s transverse ribs and the surrounding concrete (MacGregor and Wight, 2012).   
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Consider the concrete prism reinforced with a centrally located reinforcing bar loaded in 

axial tension shown in Figure 2.1. When loaded at each end in axial tension, the reinforcement 

will transfer a portion of the load to the surrounding concrete. Each rib will exert its own 

individual force on to the concrete causing tiny local secondary cracks. The stress will be shared 

between the reinforcing steel and concrete until it exceeds the tensile strength of the concrete and 

larger primary transverse cracks will begin forming. At these primary cracks, the entire load is 

carried by the reinforcement. Between adjacent primary cracks, the stress in the concrete 

increases gradually until the midpoint between cracks and then gradually declines to zero again at 

the next crack. The larger the space between cracks, the greater the stress the steel is able to 

transfer to the concrete. The load sharing effect between cracks will lessen as cracks become 

more abundant and closely spaced. This sharing of the tensile stresses between the reinforcement 

and surrounding concrete is known as tension stiffening. 

 

Figure 2.1: Bond stresses in an axially loaded reinforced concrete prism 

Although the strength contribution of concrete in tension is often considered negligible 

due to the development of tensile cracks, the concrete contributes a notable increase in overall 

stiffness to a structural member. Between primary cracks that develop, the concrete plays an 

important role in reducing member deflections at service load levels (Wu and Gilbert, 2009). 

Another phenomenon that is often overlooked is the effect of shrinkage on tension stiffening. 
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Shrinkage occurs when the pore water is consumed in the chemical reaction of concrete curing, 

causing volume loss. For the centrally reinforced concrete prism shown in Figure 2.1, the 

shrinkage effects would induce a compressive force in the steel reinforcement. A number of 

factors will affect the severity of the shrinkage but research by Bischoff (2001) shows that similar 

concrete prisms with reinforcement ratios between 1% and 2% can experience shrinkage strains 

by up to 230 microstrain. Failure to account for this shrinkage strain can cause an apparent 

reduction in tension stiffening by up to 50% (Bischoff, 2001). 

2.2.2 Fibre Optic Strain Sensing 

A wide range of FOS technologies are available and are used for various applications. 

For measuring strain, the two main types of FOS technologies available are discrete and 

distributed sensing. Discrete sensing technologies are capable of recording strain measurements 

with accuracy similar to that of conventional sensors. Fibre-Bragg gratings (FBG) are an example 

of discrete sensing, but like electrical resistance strain-gauges they can only provide 

measurements at a single location (Gebremichael, 2005). Distributed sensing on the other hand 

can provide quasi-continuous distributed measurements along the length of the fibres (Samiec, 

2011). Research by Regier (2013) has shown that with proper installation techniques, it is 

possible to obtain accuracy of distributed strain sensing comparable to FBG and electrical 

resistance strain-gauges.   

The two main types of data interrogation methods for distributed sensing are Optical 

Time Domain Reflectometry (OTDR) and Optical Frequency Domain Reflectometry (OFDR) 

(Henault et al., 2011). Both OTDR and OFDR measure backscattered light caused by impurities 

or disturbances in the fibre core (Güemes and Sierra-Perez, 2013). OTDR is based on the time-of-

flight of a laser pulse while in OFDR a swept frequency pulse is used to interact with the fibre 

(Henault et al., 2011). Backscattered light consists of various spectral components from 

interaction mechanisms between the propagating light pulse and the optical fibre. The spectrum 
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of backscattered light includes Raman, Brillouin, and Rayleigh components. Raman 

backscattering is due to thermal molecular vibration and Brillouin backscatter is caused by 

photon-phonon interactions (Henault et al., 2011). Rayleigh scattering is due to the interaction of 

light with imperfections in the fibre core such as fluctuations in the density and composition of 

silica. Rayleigh backscattering is the strongest of the three and can be used to identify 

disturbances along the fibre as it has the same wavelength as the primary light pulse. As a change 

in strain or temperature is applied to the fibre, it will cause a spectral shift in the Rayleigh 

backscatter pattern (Güemes and Sierra-Perez, 2013). Raman backscatter is purely based on 

temperature while Brillouin and Rayleigh are both temperature and strain sensitive (Henault et 

al., 2011). Therefore, analysis of the backscattered light can provide information on both strain 

and temperature. This can cause problems for use in practical applications of SHM where 

temperature is variable and uncontrollable. However, for use in laboratory testing, temperature 

can be controlled to remain constant and not interfere with accurate strain readings. 

For the current research, Rayleigh OFDR technology is used. OFDR systems operate by 

measuring and storing the initial Rayleigh backscatter signature as a reference. After a 

temperature or strain change is induced in the fibre, a second backscatter profile is measured. The 

spectral shift (change) between these two measurements is determined using a cross-correlation 

and then the strain or temperature change is calculated using the spectral shift value (Henault et 

al., 2011). Luna Technologies has developed an Optical Backscatter Reflectometer (OBR) which 

is based on the OFDR interrogation system. Luna’s OBR4600 utilizes the interrogation of 

Rayleigh backscattering in a standard single-mode fibre optic cable to measure distributed strain 

and temperature changes (Luna Technologies, 2011).  

Spatial resolution can be defined as “an ability to distinguish or separate two small 

objects placed close to each other” (Lee, 2001). In other words, it is the smallest distance along a 

fibre over which a data point is acquired. For this system, there is a compromise between the 
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spatial resolution and the sensing length. The spatial resolution can be as fine as 10 µm over 30 

m, 20 µm over 70 m, and 1 mm over 1 km (Luna Technologies, 2011).  The gauge length and 

sensor spacing were both 10 mm for this chapters testing program. The spectral shift quality is a 

measure of the cross-correlation between the initial reference scan and the subsequent scans 

(Luna Technologies, 2011). The spectral shift quality can range from 0 (indicating no correlation) 

and 1 (indicating perfect correlation), where a value of 0.15 or higher indicates that the data is 

well correlated (Luna Technologies, 2011). The OBR4600 is capable of strain and temperature 

resolutions as fine as 1 µε and 0.1oC, respectively. Lastly, data acquisition times are less than 

seven seconds per scan at high resolution (Luna Technologies, 2011). 

2.2.2.1 Optical Fibres 

Optical fibres are cylindrical dielectric waveguides for the transmission of light. They are 

usually made up of a core, cladding and a protective layer as shown in Figure 2.2. The light 

travels through a high purity core composed of a low loss optical material, usually silica. A 

cladding surrounds the core to ensure the light is confined and guided through the silica core 

(Güemes and Sierra-Perez, 2013). A protective layer that can consist of a jacket or a coating can 

be used for mechanical protection as the silica core alone is too fragile for civil engineering 

applications.  

 
Figure 2.2: Typical optical fibre 
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Fibres can either be single-mode or multimode. Single-mode optical fibres have a small 

core diameter of roughly 10 µm and transmit light along a more direct path down the fibre with 

fewer reflections. They have the advantage of a small optical attenuation (i.e. gradual light loss) 

due to a similar refractive index between the core and cladding. Due to the small optical power 

loss over long distances, single-mode fibres are extensively used in telecommunications and are 

widely available. Multimode optical fibres have larger core diameters between 30 to 100 µm 

making for simpler alignment with optical sources and connections. However, the larger diameter 

causes group dispersion of the signal due to different modes travelling at different speeds and 

bouncing off the cladding, resulting in much larger light loss. While light losses are not a large 

concern for distributed strain sensing applications, single-mode fibres are still preferred since 

they are widely available (Güemes and Sierra-Perez, 2013). The cladding around the core 

provides total internal reflection at the core-cladding interface. It is usually made up of a silica 

material with a lower refractive index than the core to reflect the light (Casas and Cruz, 2003). 

The protective layer(s) can be made up of either sleeves or coatings and even the addition of 

synthetic fibres such as Kevlar for more enhanced protection (Güemes and Sierra-Perez, 2013). 

In civil engineering applications of FOS, the selection of fibre requires a choice between 

fibres which optimizes strain measurement accuracy, cost, and robustness. Research by Regier 

(2013) tested three fibres in comparison to electrical resistance strain gauges to investigate which 

fibres met these requirements. The three fibres tested were all single-mode fibres but had 

different coatings. These coatings were nylon, acrylic and polyimide. Regier found that the nylon 

had the advantages of being inexpensive ($0.15 per metre), durable under normal handling, and 

could bridge cracks in fractured materials. The ability to remain unbroken across cracks is due to 

the fact that the nylon coating is a jacket with a friction fit rather than being bonded to the core. 

The jacket slides relative to the core, so that the fibre core does not break. However, the slip 

results in less accurate strain readings. With that said, Regier found that the low cost and high 
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durability proved worthwhile for strain sensing on steel and concrete. The acrylic fibre is 

essentially equivalent to the nylon fibre without the external nylon jacket. This solved the issue of 

jacket-core slipping causing inaccurate readings but it was too fragile for normal installation and 

handling. The polyimide coated fibre had the advantage of good strain transfer between the 

sensing core and substrate material being monitored resulting in accurate measurements. As well, 

the polyimide coating made it more durable for handling versus the acrylic-coated fibre. The 

main downsides were its poor durability across concrete cracks and its cost relative to the other 

two fibres (approximately $2.60 per metre). For the current research, the nylon and polyimide 

fibres were used for strain sensing on the reinforcing steel. The specifications of the fibres can be 

found in Table 2.1. 

Table 2.1: Specifications of fibres used in current research 

2.2.2.2 Adhesive 

Research by Regier (2013) also examined a variety of adhesives for bonding fibres to the 

steel reinforcement and concrete surface. The test involved bonding various fibres (mentioned in 

section 2.2.2.1) with various commercially available adhesives to both steel and concrete and 

comparing the results with electrical resistance strain gauge measurements. To obtain accurate 

results, Regier concluded that complete strain transfer between the fibre, adhesive and substrate 

material is crucial. The results showed that a cyanoacrylate named “Loctite 4851” was the most 

effective when bonding fibres to steel. For externally bonding fibres to concrete, an epoxy named 

“Loctite E-20HP” produced the most accurate measurements for both tension and compression. 

 

 

Fibre Nylon Polyimide 
Core diameter (µm) 9 7.8 
Cladding Diameter (µm) 125 125 
Coating/Jacket Diameter (µm) 900 155 
Cost ($/m) 0.15 2.60 
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2.2.3 Digital Image Correlation 

Digital Image Correlation (DIC), also known as Particle Image Velocimetry (PIV), is a 

non-contact measurement technique that tracks pixel displacement within a series of images. The 

technique uses digital cameras to capture images which are analyzed by a software package called 

GeoPIV (White et al., 2003). The GeoPIV software compares digital images of test specimens 

before and after loading to track the movement of small areas of interest on the specimen, known 

as subsets, within the images (White et al., 2003). These subsets have their own unique pixel 

intensity variation signature which is tracked by GeoPIV. The data generated by DIC can be used 

to calculate displacements, strains, and concrete crack widths.  

The accuracy of the DIC technique relies on the individual subsets being unique from the 

surrounding search zone. This is based on the colour variation or image texture (Dutton, 2012). 

For additional measurement accuracy, groups of images at the same load step can be averaged to 

improve accuracy which would otherwise be affected by changes in lighting conditions, 

vibrations, rotations etc. 

For the current research, DIC is used to monitor crack widths in the concrete specimens 

to analyze the cracking behaviour of the specimens and to help understand some of the FOS 

results. 

2.3 EXPERIMENTAL PROGRAM 

For the current experimental program, bare rebar and reinforced concrete specimens were 

loaded in axial tension to investigate bond performance and tension stiffening. 

2.3.1 Rebar Specimens 

The rebar specimens consisted of a 10M, 15M, and 20M bar, 1100 mm in length, with a 

polyimide fibre bonded with Loctite 4851 along the longitudinal ridge of the central 800 mm of 

the bar as shown in Figure 2.3 and Figure 2.4. Some specimens had a nylon fibre bonded along 

the length of the rebar on the opposite side.  
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Figure 2.3: Fibre Installation 

 
Figure 2.4: Rebar specimen drawing 

2.3.2 Reinforced Concrete Specimens 

The reinforced concrete tension specimens were designed to simulate a longitudinal 

reinforcement bar in the bottom section of a beam as shown in Figure 2.5. Schematics of the 

specimens are shown in Figure 2.6. They consist of a single longitudinal reinforcement bar with 

additional transverse reinforcement that are embedded in a concrete casing. The transverse 

reinforcement was triangular shaped 6 mm smooth steel bars with the ends bent into hooks to 

provide an anchor in the concrete. They were included in these specimens to be consistent with 

the specimens in Chapter 3 which were necessary to ensure the concrete did not split in two and 

fall off after developing a longitudinal crack due to corrosion of the reinforcement. The difference 

in the orientation of the transverse reinforcement between Figure 2.5 and Figure 2.6 was to ensure 

simplicity of construction and to prevent fibre damage. It was more practical to hang the stirrups 

and lightly zip-tie them to the rebar, rather than tightly secure them at a right angle and risk 

breaking a fibre. Also, during concrete pouring, the chosen orientation would remain in place 
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without any additional support. The dimensions of the concrete casing are 100 mm wide × 100 

mm high × 900 mm long. The rebar extends from each end of the casing by 100 mm to provide a 

gripping area for loading. Internal polyimide and nylon fibres run along the central 800mm of the 

rebar on opposite sides. They do not run the same length as the concrete prism, as the fibres 

required a curve radius of 50mm to exit out of the side of the specimen within the formwork. 

 

Figure 2.5: Concrete specimen simulating longitudinal reinforcement in a beam 

 

Figure 2.6: Reinforced concrete tension specimen profile and cross section 

The concrete mix was designed with a nominal compressive strength of 35MPa with a 

water / cement ratio of 0.45. Approximately 1% NaCl was added to the mix to simulate the 

process of chloride ingress, effectively lowering the electrical resistance throughout the concrete. 
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This was done as concrete specimens were subjected to accelerated corrosion in Chapter 3 and 

Chapter 4 and so the mix design used here was the same. Research by Wegian (2010) suggests 

that concrete mixes with saltwater have a higher early compressive strength but at 28 days it is 

comparable to compressive strength of concrete mixed with fresh water. The mix consisted of 

235 kg/m3 water, 518 kg/m3 Portland cement, 1046 kg/m3 coarse aggregate, 576 kg/m3 fine 

aggregate, and 24 kg/m3 NaCl. The mix was found to have an average 28 day compressive 

strength of 33.6MPa. 

2.3.3 Experimental Setup 

Tests for the rebar and reinforced concrete tension specimens were carried out using an 

MTS220 Test Frame. The rebar at each end of the specimens was gripped in the test frame and 

loaded in axial tension. A data acquisition system recorded load and displacement measurements 

at a rate of 2 scans per second. The LUNA Optical Backscatter Reflectometer (OBR4600) was 

employed to measure the distributed strain along the members at load steps with increments of 5 

kN between 10 kN to 30 kN of applied load and at increments of 10 kN from 30 kN to yielding of 

the reinforcement. Additional strain readings were taken as transverse cracks developed in the 

concrete during loading. The test setup can be seen in Figure 2.7. 
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Figure 2.7: Rebar specimen and reinforced concrete tension specimen test setup 

2.4 EXPERIMENTAL RESULTS AND DISCUSSION 

2.4.1 Rebar Specimen Results 

 The theoretical yield load based on a nominal yield strength of 400 MPa in the 

reinforcing steel and the actual yield load of each bare rebar and reinforced concrete specimen 

load test are shown in Table 2.2. 
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Table 2.2: Theoretical and actual yield load results 

Specimen 
Name 

Reinforcement Theoretical Yield Load 
(kN) 

Actual Yield Load 
(kN) 

R10-1 10M 40 44 
R10-2 10M 40 43.9 
R10-3 10M 40 43.8 
R15-1 15M 80 86 
R15-2 15M 80 89.5 
R20-1 20M 120 135.4 
R20-2 20M 120 134 
R20-3 20M 120 135.3 
C10-1 10M 40 47.9 
C10-2 10M 40 48.2 
C10-3 10M 40 47.6 
C15-1 15M 80 85.1 
C15-2 15M 80 95.4 
C15-3 15M 80 89.5 
C15-4 15M 80 88.2 
C20-1 20M 120 140.3 
C20-2 20M 120 138.8 
C20-3 20M 120 141.6 

 

The fibre optic strain results for the 15M rebar specimen, R15-1, at a load of 80 kN are 

presented in Figure 2.8. The plot displays three lines showing the strain readings in the polyimide 

fibre, the nylon fibre, and the experimental strain in a bare steel bare as depicted in the legend.  

 

Figure 2.8: R15-1 – Rebar specimen results at 80 kN 
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The strain distribution presented in Figure 2.8 shows the strain in the rebar along its 

length. The dashed experimental strain line is based on a modulus of elasticity for the steel of 191 

GPa, determined from rebar tensile tests, at a load of 80 kN. This value for the modulus of 

elasticity was chosen based on the stress vs. strain plot developed by averaging the strain along 

the fibres calculated at each load step to develop a stress vs. strain curve. The strain distribution 

between the polyimide and nylon are visually similar. However, at the ends of the specimen the 

polyimide fibre measures an immediate increase in strain in the bonded region whereas the nylon 

measures a more gradual increase in strain. This is due to the excellent fibre to substrate bond of 

the polyimide fibre versus the fibre core slipping in the jacket for the nylon fibre as discussed in 

section 2.2.2.1. When loaded past yield, the fibres are able to detect the local yielding locations 

along the rebar. The fibre optic strain results for the 15M rebar specimen, R15-1, post yield at a 

load of 87.5 kN are presented in Figure 2.9. 

  

Figure 2.9: R15-1 – Rebar specimen results at 87.5 kN 

The strain distribution shown in Figure 2.9 shows two regions of increased strain in both 

the nylon and polyimide fibres at roughly 0.25 m and 0.5 m, indicating the bar is locally yielding 
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at those two locations. Again, the polyimide appears to capture the localized behaviour such as 

the abrupt strain increase at local yield points better than the nylon fibre that measures more of an 

averaged effect due to the fibre-core slip. 

2.4.2 Reinforced Concrete Specimen Results 

The reinforced concrete specimens with centrally located 10M, 15M and 20M rebars 

were tested in axial tension. The strain profile for the internal polyimide and nylon fibres for 

specimen C15-2 at 10 kN is shown in Figure 2.10. The strain results are compared to the 

experimental strain values for a bare rebar and theoretical value for fully composite behaviour of 

the specimen. These strains in the bare rebar were calculated based on the stress in the steel at the 

applied load with a modulus of elasticity of 191 GPa, determined from rebar tensile tests. The 

expected theoretical strain in a fully composite section was calculated by transforming the area of 

steel into the equivalent amount of concrete, based on the modulus of elasticity for the two 

materials. Using CSA A23.3 clause 8.6.2.3, the modulus of elasticity for concrete was determined 

to be 26.1 GPa based on the compressive strength. 

 
Figure 2.10: C15-2 – Concrete specimen results at 10 kN 
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The strain distribution in Figure 2.10 represents the expected strain measurements for a 

reinforced concrete specimen in axial tension before cracking occurs. At each end (roughly 0.05 

m and 0.8 m) the polyimide fibre shows a sudden spike in strain whereas the strain in the nylon 

fibre is more gradual and lower due to the jacket-core slip. The polyimide strain spikes do not 

reach the experimental strain for the bare steel bar as the fibre is bonded to the steel bar roughly 

60 mm in from the end of the concrete casing and so there is already load sharing between the 

concrete and the reinforcement bar at this location. Therefore, it is measuring the strain in the 

steel at a location that has already transferred a portion of the stress to the concrete. Between 0.2 

m to 0.7 m, the strain distribution in both the nylon and polyimide fibres match the theoretical 

composite section strain for the specimen at 10 kN. This indicates the specimen is acting as a 

fully composite section, is uncracked, and has fully developed bond between the reinforcement 

and the surrounding concrete. As the specimen is loaded further, the tensile stress in the specimen 

will exceed the tensile strength of concrete causing cracks to occur. Figure 2.11 displays the fibre 

optic strain results for specimen C15-3 at 10 kN immediately after a crack develops. 

 

Figure 2.11: C15-3 – Concrete specimen results at 10 kN 
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The strain distribution in Figure 2.11 shows the first instance of concrete-reinforcement 

bond breakdown in the specimen. Between 0.2 m to 0.5 m, the section remains uncracked and the 

reinforcement is able to distribute the stress to the surrounding concrete as expected, effectively 

stiffening the member’s response to the applied tension as compared to the response of the bare 

bar alone. However, at roughly 0.65m, there is a strain spike in both the nylon and polyimide 

fibres. Since the fibres are bonded to the reinforcement, this indicates that the concrete has 

cracked at this location and the reinforcement is experiencing a higher strain as the stiffness of the 

specimen is reduced in this area. Since the measured strain at this location is still in between the 

experimental bare steel strain and the theoretical composite strain, it is evident that the crack has 

not fully propagated through the specimen and there is still partial composite action. Further 

proof that the crack has only partially opened is that the strain measurement in the nylon fibre 

exceeds the reading from the polyimide fibre, suggesting that the strain is higher on one side of 

the rebar than the other.  As the specimen is loaded further, cracks will completely open and the 

reinforcement will carry the full load at the crack location. However, between every crack, the 

concrete will share the load and stiffen the member compared to the bare steel rebar. Figure 2.12 

displays the strain change with load measured by the nylon fibre in (a) and the polyimide fibre in 

(b) for C15-2 at several load steps. 

 

23 

 



 

 

(a) Nylon fibre strain change with load 

 
(b) Polyimide fibre strain change with load 

Figure 2.12: C15-2 – Concrete specimen strain change with load  

Figure 2.12 (a) and (b) both show how the strain distribution changes as the specimen is 

loaded. The vertical red lines indicate where cracks develop in the specimen. At a load of 20 kN, 

both the nylon and polyimide strain change plots indicate three cracks developing. Beyond 20 kN 

two more distinct crack locations appear at roughly 0.1 m and 0.7 m in the polyimide strain plot. 

However, these cracks are not detected by the nylon fibres. This is possibly due to the fact these 
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two outer cracks are within the strain development length of the nylon fibre. The nylon fibres 

may not be able to detect cracks in locations where the core is already slipping relative to the 

jacket. Another possibility is that the specimen only cracked on the side that the polyimide is 

bonded to. 

 Between 10 kN to 20 kN when the first cracks develop, the reinforcement experiences an 

increase in strain by a factor of 12.8 based on the averaged strain results from the nylon fibre. 

From there, the increase in strain appears to be essentially linear with respect to stress. Similar to 

a bare steel bar, the stress vs. strain relationship in reinforced concrete at a given location is linear 

after initial cracks develop. The concrete provides additional stiffness to the member, especially 

before cracking occurs.  

To consider the impact of shrinkage on tension stiffening in the concrete specimens, the 

work conducted by Bischoff (2001) was used. Bischoff noted that the concrete specimens he 

tested had experienced longitudinal shortening between -100 µε to -230 µε from shrinkage effects 

alone.  He tested specimens with a variety of reinforcement ratios, one of which matched that of 

the current research test specimens with a reinforcement ratio of 2%. The shrinkage strains that 

Bischoff recorded for that specimen was -153 µε so a strain of 150 µε  will be adopted as a 

possible shrinkage strain for the specimens tested here. 

A stress vs. strain plot comparing C15-2 and R15-2, a reinforced concrete specimen with 

a 15M bar versus a 15M bare bar, which displays the impact of shrinkage on tension stiffening is 

shown in Figure 2.13. The stress in the reinforced concrete specimen was taken as the force over 

the area of the rebar. The strains shown here are the averaged strains along the middle 700 mm 

bonded length of the nylon fibre. The strains from the outer 50 mm on each side of the bonded 

length were not included in the strain averaging due to the jacket-core slip in these regions. 
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Figure 2.13: Stress vs strain showing impact of shrinkage effects on tension stiffening 

The plot in Figure 2.13 shows the stress vs. strain comparison between a bare steel rebar 

and a reinforced concrete specimen as they are loaded to yielding. The “uncorrected bare rebar” 

line represents the data as it was recorded for specimen R15-2.  The red line represents the bare 

rebar response corrected for possible shrinkage effects as Bischoff (2001) had done. The data for 

this line used the bare rebar data and offset it by +150 µε to balance out the effect that shrinkage 

would have on the specimen. The data for the reinforced concrete specimen used reference data 

from after the concrete had cured for 28 days, assuming that there was zero internal stress in the 

specimen at the start of the test. In reality, the specimen will have experienced some shrinkage 

strains prior to the reference scan. This was not realized until after testing was complete and 

therefore the shrinkage value was not measured. Using the assumed shrinkage strain, the 

comparison to the corrected bare rebar displays a more likely example of the effect of the tension 

stiffening on the specimen. Comparing C15-2 to the corrected bare rebar response illustrates the 

increase in stiffness the reinforced concrete specimen has over the bare rebar specimen due to the 

addition of the concrete. Initially, the reinforced concrete specimen is much stiffer until 
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approximately 75 MPa, at which point the initial crack occurs. After the first crack, there is a 

significant decrease in stiffness as cracks begin developing. At approximately 400 µε and 100 

MPa most of the cracks have formed in the specimen and after this point the cracks continue to 

widen and in between these cracks, the concrete adds a small amount of overall member stiffness. 

The formation of multiple cracks leads to a decrease in stiffness. An example of a strain 

distribution showing the formation of multiple cracks can be seen in Figure 2.14. 

 

Figure 2.14: C15-3 – Concrete specimen results at 18 kN 

The strain distribution in Figure 2.14 displays the fibre optic strain results for C15-3 at 18 

kN where three cracks form. Cracks have developed at 0.2 m, 0.4 m and 0.6 m, observable by the 

three strain spikes in the nylon fibre. One can see from Figure 2.14 that the strain readings from 

the nylon and polyimide fibres disagree at the crack locations. In fact, at the crack locations they 

are reading the opposite of each other. When the nylon strain readings increase, the polyimide 

strain readings show a decrease at the same location. This can be explained by the specimen not 

cracking through the entire section as previously discussed. One side of the specimen experienced 

cracking at a lower load than the other side. This asymmetrical crack pattern created an 
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eccentricity in the specimen cross section relative to the loading axis at the crack which caused 

localized bending moments to develop as depicted by the free body diagram in Figure 2.15. This 

free body diagram shows that when one side of the specimen cracks, the centre of stiffness of the 

specimen moves from the centre towards the uncracked side. This creates an eccentricity between 

the centre of stiffness and the loading axis. Therefore, a bending moment, Pe, is produced which 

would cause a compressive force on the uncracked side and a tensile force on the cracked side of 

the member. Although the entire specimen in Figure 2.14 is in tension, these asymmetrical cracks 

cause  an increase in the stress on one side of the member and a decrease in stress on the opposite 

side. Therefore, at these crack locations, the peak strain measurements in the nylon fibre were 

greater than expected and were even greater than the experimental strain in the bare 

reinforcement. Conversely, the strain in the polyimide fibre experienced a reduction below the 

predicted strain measurements for the bare steel reinforcement at the same load, as the fibre was 

on the uncracked side of the member at the crack location. 
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Figure 2.15: Free body diagram of bending moments due to crack formation 

A DIC analysis was completed on specimen C10-3 to evaluate the asymmetrical cracking 

observation. Figure 2.16 and Figure 2.17 each display an image of the specimen in (a) and a DIC 

analysis in (b) at 15 kN and 24 kN, respectively. As noted previously, the DIC analysis compares 

an image of a loaded specimen to the reference image to develop a displacement field. The 

displacement fields were then used to determine the longitudinal strain field for each specimen as 

presented in Figure 2.16(b) and Figure 2.17(b). The greyscale colouring in the DIC strain analysis 

is a representation of percent strain, and the x- and y-axis show the pixel coordinates of the 

29 

 



 

image. The darker areas in the figure indicate a large strain occurring at that location, with the 

darkest areas corresponding to a crack.  

 

        
(a) Averaged image  

 
(b) DIC strain analysis 

Figure 2.16: CS10-3 – DIC strain analysis at 15 kN 

The averaged image in Figure 2.16(a) shows cracks outlined in red boxes that appear to 

be closed at the top and open at the bottom of the image / specimen. This is the asymmetrical 

crack pattern that is suggested to cause the variation in strain readings from the FOS. The DIC 

analysis in Figure 2.16(b) shows vertical lines at the same location of these cracks which are dark 

at the bottom and lighten as they move upwards. This indicates that a large strain occurs at the 

bottom of the specimen at both locations and the strain decreases moving upwards (across the 

width of the specimen). Comparing the DIC analysis to the image above, it is evident that this 

strain profile correlates to the crack pattern. The crack pattern changes as the specimen is loaded 

to 24 kN, to the point where the cracks are wider at the top of the image (the opposite side of the 

specimen), as shown in Figure 2.17. 



 

 

       
(a) Averaged image 

 
(b) DIC strain analysis  

Figure 2.17: CS10-3 – DIC strain analysis at 24 kN 

 The averaged image in Figure 2.17(a) indicates that the crack widths changed between an 

applied load of 15 kN and 24 kN as other cracks began forming, causing localized bending at the 

crack locations. The DIC analysis agrees with the fibre optic strain results in that the specimen 

can experience local bending effects even though it is loaded in axial tension. 

 To further investigate this cracking behaviour and the cause of above expected strains, 

the results from Scott and Gill (1987) were examined. Figure 2.18 displays a strain distribution 

for their specimen labelled “300/100T20” at multiple load levels.  



 

 
Figure 2.18: Strain distributions for specimen “300/100T20” (Scott and Gill, 1987) 

A red line is overlaid on the graph in Figure 2.18 to depict the theoretical bare steel strain 

for this specimen at 100.2 kN based on a modulus of elasticity of 200 GPa. At the two crack 

locations, the strain readings peak above the theoretical strain in a bare steel rebar by 

approximately 200 µε. This is lower than the strain peaks from some of the fibre optic results in 

the current research. This is understandable since the internally gauged rebar used in Scott and 

Gill’s research would not measure strain increases as high as the fibre optics would since they are 

closer to the central axis of the reinforcement where strain gradients would be lower.  

The impact of bar diameter on bond performance was determined by testing reinforced 

concrete tension specimens with 10M, 15M and 20M reinforcement. Figure 2.19 displays a 

comparison of all three rebar sizes at a bare steel stress of 100 MPa. 
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Figure 2.19: Concrete specimen 10M/15M/20M comparison at 100 MPa 

The nylon strain distributions for the three specimens in Figure 2.19 show how the bar 

diameter affects the bond performance in reinforced concrete. It is evident that the 20M specimen 

has five cracks, the 15M bar has three cracks and the 10M bar has only two cracks. It appears the 

larger the bar diameter, the more cracks develop and the closer the crack spacing. The wide crack 

spacing in specimen C10-3 allows the concrete to contribute more to the load sharing and 

enhances the member stiffness, a result also suggested by MacGregor and White (2012).  A 

possible explanation for this is that the transverse ribs on the reinforcing steel increase in size as 

the bar diameter does and would impose greater stresses on the surrounding concrete.  

Interestingly, the difference in bond behaviour based on bar size seems to only play a significant 

role at service load levels. Figure 2.20 displays the same comparison of all three rebar sizes at a 

bare steel stress of 400 MPa. 
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Figure 2.20: Concrete specimen 10M/15M/20M comparison at 400MPa 

The nylon fibre strain results in Figure 2.20 show that there is not a noticeable difference 

in bond performance between the specimens. It seems that bar diameter does not impact 

reinforcement-concrete bond performance at the ultimate limit state. At this stress level, the 

concrete has further cracked in all specimens and offers little additional stiffness to the member. 

In fact, several strain peaks in all specimens are well above the experimental bare steel strain 

predictions. This may be due to the bending effects previously discussed or the possibility of 

varying material properties such as a smaller bar diameter or a lower elastic modulus. A stress vs. 

average strain comparison of the three specimens is shown in Figure 2.21. The stress was 

calculated based on the force over the cross-sectional area of the reinforcement. The strain was 

calculated based on an average of the nylon strain distribution at each load step. 
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Figure 2.21: Concrete specimen 10M/15M/20M average stress vs strain comparison 

The stress vs. average strain plot in Figure 2.21 shows how the three bar sizes compare to 

one another and to a 15M bare rebar specimen (both uncorrected and corrected for shrinkage 

effects). Specimens C10-3 and C15-2 follow a similar trend to each other, displaying high initial 

stiffness due to uncracked concrete, while C20-3 follows a trend more similar to the uncorrected 

bare rebar. This is due to the C20-3 specimen experiencing a tensile force large enough to crack 

the concrete during initial gripping of the specimen in the testing apparatus. Unfortunately, all the 

20M specimens tested encountered this problem and therefore cannot be used to analyze the 

initial effects of tension stiffening for a 20M bar. It seems that specimen C15-2 experiences a 

greater increase in stiffness compared to C10-3 but cracks at a lower load. This could possibly be 

explained by the 15M bar being able to transfer more load to the concrete, the tensile strength of 

the concrete could have been different or simply that the load steps used to take strain readings 

did not match up with cracks first developing. Beyond the 100 MPa mark, all the concrete 

specimens show a small positive offset in overall member stiffness compared to the uncorrected 
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bare rebar. The C10-3 specimen shows a slightly greater stiffness than the other specimens 

between 100 MPa to 200 MPa.  This can be explained by the strain distributions in Figure 2.19 

and Figure 2.20 showing that between cracks the rebar is able to transfer more stress to the 

concrete than 15M and 20M bar specimens.  

2.5 CONCLUSIONS  

The current research program was conducted to determine if it is possible to use fibre 

optic distributed strain sensing to measure reinforcement bond behaviour and tension stiffening in 

concrete and if bar diameter has any effect on these mechanisms. The results from the concrete 

specimens showed that the fibre optic sensing system is capable of detecting full bond with the 

concrete and how it deteriorates with increasing load.  

Comparing the stress vs. strain results of a bare rebar to a reinforced concrete specimen, 

it is evident that the presence of concrete adds a notable increase in overall stiffness, especially 

before cracking occurs. By adopting data from Bischoff (2001), it was possible to gain insight 

into the impact of shrinkage on the effect of tension stiffening. Neglecting to account for 

shrinkage strains during the curing of concrete can lead to an apparent reduction in tension 

stiffening. 

 The FOS system can show how the strain distribution changes between each load step as 

well as the development of cracking and local bending in the specimen. The FOS results can 

allow crack locations in the concrete to be detected as well as when cracks develop on only one 

side of the reinforcement. In some cases, the fibre optic strain distributions showed peaks well 

above the strains that would develop in a bare rebar. In cases where asymmetrical cracks 

developed, the sensing system was able to detect a strain variation between fibres bonded on 

opposite sides of the rebar. This suggested that asymmetrical crack patterns caused a localized 

bending effect even though the specimens were loaded in axial tension. This behaviour was 
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investigated further with digital image correlation and these results also indicated that the 

cracking was asymmetrical.  

The fibre optic strain system was also used to investigate the influence of bar diameter on 

tension stiffening and bond performance. It was found that crack spacing decreases as bar 

diameter increases and that at service loads the tension stiffening effect in smaller diameter 

reinforcement is greater. Initially the stiffness is very high in the concrete specimens but after 

cracking, the stiffness drops in all specimens and they behaved similar to a bare rebar with an 

increase in stiffness. Overall, compared to previous research, the fibre optic sensors produced 

similar results with more measurement and analysis capabilities at a lower cost in terms of time 

and effort.  
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Chapter 3 

Fibre Optic Sensing to Determine the Impact of Corrosion on Bond 

Performance in Reinforced Concrete 

3.1 INTRODUCTION 

The durability of reinforced concrete is a critical issue that causes major social, 

economic, and environmental impacts (Henault et al., 2012).  The state of Canada’s infrastructure 

is currently at a critical stage with over 40% of bridges in Canada being more than 50 years old, 

and requiring strengthening, rehabilitation or replacement (Bisby and Briglio, 2004). Concern is 

being raised to ensure the safety of the nation’s infrastructure, especially after the collapse of the 

“de la Concorde” overpass in 2006 (Couture et al., 2007). To illustrate the monetary impact of 

deterioration on infrastructure, the American Society of Civil Engineers has estimated a cost of 

$76 billion for the rehabilitation of bridges and another $21 billion for dams in the United States 

alone (ASCE, 2013). For reinforced concrete structures, corrosion of reinforcing steel is 

recognized as the predominant deterioration mechanism (Bhargava, et al. 2006). 

A contributing factor to the potential inadequacy of Canada’s structures is the current 

approach to inspection and monitoring. Traditionally, monitoring the safety of structures has 

relied heavily on visual inspections and few, if any, sensors to provide quantitative data. The 

assessment of infrastructure based on visual inspections is limited and has varying degrees of 

effectiveness (Graybeal, 2002) as it depends on the ability of each individual inspector to 

understand the unique deterioration mechanism occurring. Additionally, visual inspections cannot 

identify deficiencies hidden within a structure. Thus, major deterioration issues may only become 

apparent once the structure is already in need of rehabilitation, with the cost of repair approaching 

the cost of replacement (Bisby and Briglio, 2004). Lastly, conventional sensors can fail in harsh 

environments where deterioration is most likely to happen (Graver and Inaudi, 2004). A better 
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management system to optimize maintenance strategies is required to prolong the service life of 

structures, ensure safety, and reduce costs. One potential strategy to improve bridge management 

is to use structural health monitoring (SHM) for regular measurement and analysis of important 

structural and environmental parameters under operating conditions to identify problems at an 

early stage (Casas and Villalba, 2013). These technologies would be used to supplement visual 

inspections with quantitative data to ensure safety and structural integrity rather than to replace 

visual inspection.  

Fibre optic sensors (FOS), such as a Rayleigh backscatter measurement systems, are an 

attractive option for structural health monitoring in new and existing structures. They can provide 

strain and temperature resolutions better than 1 µε and 0.1oC, respectively (Kreger et al., 2007).  

A significant benefit of FOS is the ability to provide distributed strain and temperature sensing at 

many locations over the length of the fibre. The high spatial resolution of the system allows data 

point collection to be as fine as 10 µm over 30 m and 20 µm over 70 m (Luna Technologies, 

2011). Additionally, the flexibility in data analysis allows the gauge length and sensor spacing to 

be changed after the data has been gathered to analyze the data in a variety of ways. Changing the 

gauge length and sensor spacing allows measurements to be calculated over larger or smaller 

distances depending on what measurements are required. Furthermore, the optical fibres are small 

in size, light weight, flexible, have immunity to electromagnetic interference, do not corrode, and 

can be embedded in concrete structures (Bisby and Briglio, 2004).  

Although the optical fibres themselves do not corrode, corrosion can still cause 

inaccurate measurements if it progresses beneath the adhesive that bonds the fibres to the 

reinforcement. It is necessary to develop an application technique that would protect the sensors 

from being affected by the corrosion. Ideally, the FOS could measure approximate levels of 

corrosion, areas of pitting corrosion, crack locations and evidence of bond deterioration. If fibre 
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optic sensors could be used to identify corrosion deterioration within reinforced concrete 

structures, it would greatly benefit current monitoring and inspection methods. 

The wide range of benefits  from this technology are already being employed in wind 

turbines and are likely to replace conventional sensing in industries such as aerospace, 

transportation, civil infrastructure, earthquake construction, historical building preservation and 

more (Güemes and Sierra-Perez, 2013). However, before FOS can be used as a completely 

reliable tool for infrastructure assessment, several issues must be investigated. The specific 

objectives of the current research are to: 

1. Develop a fibre installation method to withstand harsh conditions present in deteriorating 

reinforced concrete, 

2. Investigate the ability of FOS to detect and quantify corrosion levels of the reinforcing 

steel, and 

3. Determine how bond performance is affected by corrosion in reinforced concrete using 

FOS measurements. 

This chapter provides a background on the effects of corrosion on reinforced concrete 

behaviour, an accelerated corrosion technique, and the FOS technology. Following that, a detailed 

explanation of the experimental program is given, including the development of an adequate fibre 

installation technique for both bare rebar and reinforced concrete specimens, the accelerated 

corrosion technique and setup used, and the testing program. The results section features the test 

results accompanied by a discussion of the findings. Lastly, final conclusions are summarized at 

the end of the chapter. 

3.2 BACKGROUND 

3.2.1 Corrosion Deterioration in Reinforced Concrete 

Corrosion is a natural electrochemical process by which metals deteriorate. Reinforcing 

steel is susceptible to corrosion which can cause structural deficiencies. The concrete surrounding 
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the reinforcing steel plays an important role in the corrosion process. Within concrete, the 

reinforcing steel is in a highly alkaline environment and a passive layer forms which is an 

impermeable oxide layer, limiting the access of water, oxygen and corrosive species to the steel 

(Dyer, 2014). Good quality concrete also has low porosity and permeability which minimizes the 

ingress of corrosion-inducing species through porous concrete. Generally, chloride ingress causes 

pitting corrosion of the reinforcement and carbonation causes uniform corrosion. Lastly, concrete 

inherently has high electrical resistance, which reduces the current flow between the anode and 

the cathode (Chen and Mahadevan, 2008).   

Cracking of the concrete provides a direct path for the ingress of corrosion-inducing 

chemicals into the structure, creating a more aggressive local environment. Also, the 

heterogeneity of concrete can lead to varying electrochemical activities of steel along the length 

of the reinforcement (Song and Shayan, 1998). This can cause non-uniform, localized corrosion 

that is often worse than uniform corrosion as large reductions in the cross sectional area of the 

reinforcement can greatly reduce the ultimate capacity of the structure.  

Corrosion of the reinforcing steel will cause two main deterioration issues in reinforced 

concrete. The first is a reduction in cross sectional area which will decrease the overall strength of 

the structural element. This will decrease the size of the transverse ribs on deformed rebar, 

weakening the mechanical interlock with the surrounding concrete (Kivell et al., 2011). This 

reduces the primary bond mechanism that restrains slip between deformed bars and surrounding 

concrete. Additionally, bond deterioration issues occur long before the reduction in cross-

sectional area of the bars becomes a problem (Al-Hammoud et al., 2010). Both deterioration of 

bond and section loss of the reinforcement are critical issues affecting reinforced concrete 

performance (Al-Hammoud et al., 2010).  

The second deterioration issue is that the corrosion of the reinforcement creates 

expansive products. Research by Almusallam et al. (1996) showed that initially at low levels of 
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corrosion before cracking (0-4%), the expansive force on the confining concrete will increase the 

concrete-reinforcement bond performance. This is due to the reactionary confinement of the 

corrosion products from the reinforcement, increasing the mechanical pressure and interlock on 

the surrounding concrete. Additionally, this initial amount of corrosion increased bar roughness 

and therefore the friction with the surrounding concrete (Almusallam et al., 1996). The expansive 

products formed during corrosion can also cause concrete between the transverse ribs on the 

reinforcement to crush thereby increasing the rate of slip of a bar under repeated loading (Al-

Hammoud et al., 2010). The expansive nature of corrosion will eventually induce stresses that 

exceed the tensile capacity of the surrounding concrete and cause cracking (Kivell et al., 2011). 

Once cracked, the bond performance decreases significantly as the confinement diminishes. 

Almusallam et al. (1996) observed a significant decrease in bond strength once cracks began to 

develop where after the cracks reached a width of 1 mm the bond strength was approximately 

15% of the ultimate bond strength for an uncorroded specimen. Mancini and Tondolo (2014) 

noted that a reduction in the tension stiffening occurs when splitting of the concrete occurs.  

Following cracking, the rate of corrosion increases significantly as there is a direct path for water 

and chlorides to corrode the steel (Chen and Mahadevan, 2008). Cracks will propagate further, 

causing delamination and spalling if not dealt with. The internal stresses and cracking caused by 

corrosion are depicted in Figure 3.1. 

 
Figure 3.1: Corrosion induced internal forces in reinforced concrete 
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3.2.2 Accelerated Corrosion Technique 

Preferably, natural corrosion of reinforced concrete members would be used to evaluate 

bond performance (Yuan et al. 2007). However, corrosion damage in reinforced concrete 

structures takes many years to occur. While this is beneficial to reinforced concrete structures, it 

makes studying the effects of corrosion deterioration more difficult. Fortunately, options exist to 

accelerate the rate of corrosion so that deterioration that would normally take years to occur can 

be reduced to several days or weeks depending on the size of the specimen. The current research 

program uses an electrochemical accelerated corrosion technique which involves submerging the 

specimen in a salt water bath and impressing a current through the reinforcement. Previous 

research has experimented with impressed current densities ranging from 45 µA/cm2 (Bonacci, 

1998) to 10,400 µA/cm2 (Almusallam et al., 1996). The corrosion rate of steel using this 

technique can be predicted using Faraday’s Law shown in Equation (3-1) which indicates the 

mass loss is proportional to the number of electrons exchanged and the molar mass of the element 

(Kivell et al., 2011). In other words, the rate of corrosion is based primarily on the amount of 

current impressed on the specimen. 
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Where m = mass loss (g), I = current (Amps), M = molar mass of the element, z = valency of the 

element, t = time (s) and F = Faraday’s Constant = 96487 A/s. 

The rate of corrosion can be significantly increased using this technique, however, the 

corrosion process and products can vary from natural corrosion. The amount of volumetric 

expansion depends on the type of oxide that is produced Kivell et al. (2014). Typically, natural 

corrosion products are composed of iron (III) oxide (Fe2O3) which is a red-orange colour. 

However, the electrochemical accelerated corrosion technique often produces iron (II) oxide 

(FeO) or iron (II,III) oxide (Fe3O4) which is black in colour and is less expansive than Fe2O3 

(Kivell et al., 2011). Therefore, with the same amount of steel mass loss, the products from the 
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accelerated corrosion technique will exert less stress on the surrounding concrete compared to 

natural corrosion. The level of impressed current density can also have an effect on the internal 

stresses created from the corrosion products. Alonso et al. (1998) found a negligible difference in 

the corrosion level necessary to induce cracking with an increase in current density from 3 

µA/cm2 to 10 µA/cm2. However, increasing the current density to 100 µA/cm2 required a much 

greater corrosion level to cause cracking of the surrounding concrete. In addition, El-Maaddawy 

and Soudki (2003) found that increasing the current density from 200 to 500 µA/cm2 caused the 

crack width of a specimen to increase by 43% at 7.2% mass loss. This is because at lower current 

densities the corrosion products take a longer time to corrode to a certain level, allowing more 

time for the corrosion products to diffuse into the concrete pores and reducing internal pressure 

(El-Maaddawy and Soudki, 2003). Conversely, research conducted by  Care and Raharinaivo 

(2007) showed that the difference in current densities between 100 µA/cm2 to 500 µA/cm2 had no 

effect on the extent of damage developed in the surrounding concrete for the same level of 

corrosion. While the accelerated corrosion process may differ from natural corrosion, it still 

causes mass loss and produces expansive products to create similar deterioration effects in 

reinforced concrete while requiring significantly less time.  

3.2.3 Fibre Optic Strain Sensing 

Discrete and distributed strain sensing are the two main types of FOS available. Discrete 

sensing options, such as Fibre Bragg Grating, allow for single-point strain sensing similar to 

electrical resistance strain gauges (Gebremichael, 2005). Distributed sensing allows for quasi-

continuous strain measurements along the entire length of fibre with accuracy similar to Fibre 

Bragg Grating (Kreger et al., 2007). The data interrogation for the distributed fibre optic sensing 

relies on Optical Frequency Domain Reflectometry (OFDR) (Henault et al., 2011). During an 

FOS scan, a pulse of light is sent through the optical fibre and impurities or disturbances in the 

fibre core cause the transmitted light to backscatter or reflect back along the fibre (Güemes and 
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Sierra-Perez, 2013). The OFDR technology measures the Rayleigh backscatter, a component of 

the backscattered light, to identify disturbances along the fibre. As a change in strain or 

temperature is applied to the fibre the Rayleigh backscatter pattern will have a spectral shift from 

the original scan (Güemes and Sierra-Perez, 2013). Therefore, Rayleigh backscatter can provide 

information on both strain and temperature although the changes caused by each are not 

independent of each other (Henault et al., 2011). While this could be problematic for practical 

applications of SHM, temperature can be controlled in a laboratory setting allowing for accurate 

strain readings as was the case here. 

The current research utilizes the Luna OBR4600, an OFDR sensing system that analyzes 

Rayleigh backscatter in a standard single-mode fibre to make strain and temperature 

measurements (Luna Technologies, 2011). It operates by comparing a reference scan taken with 

the specimen unloaded to subsequent scans during loading. Once a strain or temperature strain is 

induced on the fibre, there will be a spectral shift (change in measured frequency) between each 

scan. A cross-correlation of these scans is carried out, calculating the strain or temperature change 

based on the spectral shift value (Henault et al., 2011). The spectral shift quality is a measure of 

the cross-correlation between data points from initial and subsequent scans and ranges from 0 (no 

correlation) to 1 (perfect correlation) (Luna Technologies, 2011). A spectral shift quality value of 

0.15 or higher indicates the data is well correlated (Luna Technologies, 2011). The smallest 

distance over which a data point can be acquired in an optical fibre is known as the spatial 

resolution. The spatial resolution for the OBR4600 can be as low as 10 µm over 30 m, and 20 µm 

over 70 m (Luna Technologies, 2011). For the current research, a 20mm gauge length, and 20 

mm sensor spacing is used for measurements. The optimum accuracy of the OBR4600 strain and 

temperature measurements is 1µε and 0.1oC, respectively. Lastly, each scan takes less than seven 

seconds at high resolution (Luna Technologies, 2011). 
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3.2.3.1 Optical Fibres and Adhesive 

An optical fibre usually consists of a silica core, cladding and a protective layer as 

displayed in Figure 3.2. Light travels through the silica core which has a small optical attenuation 

(i.e. gradual light loss). The cladding provides total internal reflection at the core-cladding 

interface to ensure the light is confined and guided through the silica core (Güemes and Sierra-

Perez, 2013). For civil engineering purposes, the core and cladding are too fragile so an outer 

layer consisting of a jacket, coatings, or even Kevlar fibres is necessary for mechanical protection 

(Güemes and Sierra-Perez 2013).. 

 
Figure 3.2: Typical optical fibre 

Nylon and polyimide-coated fibres were chosen and bonded to the reinforcing steel using 

Loctite 4851 for the current research, as they were found to be the best option for distributed 

strain sensing in reinforced concrete (Regier, 2013). 

3.3 EXPERIMENTAL PROGRAM 

The current research investigates the use of FOS to detect and better understand the effect 

of corrosion on reinforced concrete. It employs the LUNA OBR4600 for Rayleigh backscatter 

based optical fibre strain sensing and the use of an electrochemical accelerated corrosion 

technique to deteriorate the specimens in an efficient and controlled manner. Bare rebar 

specimens and reinforced concrete specimens were instrumented with optical fibres and tested to 

determine the impact of corrosion on structural behaviour. 
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3.3.1 Accelerated Corrosion Technique 

Bare rebar and reinforced concrete specimens were corroded using an electrochemical 

accelerated corrosion technique. The setup involves placing the specimens in a bath of 3.5% 

NaCl-water solution and impressing a current to accelerate the oxidation process of the 

reinforcement. Figure 3.3 displays a schematic of the corrosion setup in (a) and a picture of a 

reinforced concrete specimen being corroded in (b). The bare rebar specimens were corroded with 

the same setup. All specimens subjected to corrosion were weighed prior to any instrumenting or 

corrosion so that the initial mass could be compared to the final mass to determine the percent 

mass loss. 

 
(a) Schematic  

 
(b)  Specimen being corroded 

Figure 3.3: Accelerated corrosion setup  
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3.3.2 Phase 1 – Fibre Adhesive Protection 

The first phase involved developing a fibre installation method to ensure the durability of 

the optical fibres themselves, and the adhesive bond between the fibres and rebar. One initial 

reinforced concrete tension specimen was constructed. This specimen consisted of a 15M bar as 

received from the manufacturer, 1100mm in length. The longitudinal ridges were wiped with 

99% isopropyl alcohol to remove grease and dirt. Both a nylon and a polyimide fibre were 

bonded with Loctite 4851 along the central 800mm of the bar on opposite sides of the bar along 

the longitudinal ridge. GE Silicone II was used to coat the ends of the rebar that extended from 

the ends of the concrete block. This instrumented rebar was then encased into a 100 mm wide × 

100 mm high × 900 mm long concrete block. This specimen was corroded to a 1.3% rebar mass 

loss using the accelerated corrosion method. This specimen was tested in axial tension and the 

fibre optic measurements showed sporadic results that indicated the optical fibre had debonded 

from the rebar during corrosion, resulting in erroneous data. Therefore, a method of protecting the 

adhesive bond of the optical fibre to the rebar was required. 

The technique explored to protect the fibres involved coating the bonded fibre with a 

waterproof sealant. The coatings tested were JB Weld two-part marine epoxy and GE Silicone II. 

Four rebar specimens were constructed employing this protective coating and were corroded to 

1%, 5%, 10% and 15% to test the effectiveness of each coating. The corroded rebar specimens 

were visually inspected and tested in axial tension, using FOS to measure distributed strains. 

Upon inspection of the corroded specimens, the steel was not corroded under the fibres. Based on 

this finding, both products appeared to protect the adhesive bond between the fibre and 

reinforcement.  However, the waterproof silicone by General Electric was chosen for its ease of 

application and removal afterwards for weighing purposes.  

It was later discovered that the polyimide fibre on the specimen corroded to 10% mass 

loss debonded on half of the specimen and the concrete specimens experienced fibre bond 

deterioration at corrosion levels above 5%. As such, the silicone did an adequate job of protecting 
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the bare rebar specimens but in the concrete specimens it was less effective. For future tests, the 

JB-weld marine epoxy is recommended as it is more robust and protected the fibre-steel adhesion 

better.  

3.3.3 Phase 2 – Experimental Testing 

The second phase involved experimental testing of the bare rebar and reinforced concrete 

tension specimens. Six rebar specimens and twelve reinforced concrete specimens that simulate 

the tension reinforcement component of a beam were constructed and instrumented with optical 

fibres. Of the six rebar specimens tested, two were controls with no corrosion and the remaining 

four were corroded to 1%, 5%, 10%, and 15% mass loss, respectively. The results for the four 

reinforced concrete 15M control specimens with no corrosion were taken from Chapter 2. Three 

reinforced concrete specimens were corroded until cracking of the concrete cover occurred 

(approximately 1% mass loss), three were corroded to approximately 5% mass loss, and two were 

corroded to approximately 10% mass loss.  

3.3.3.1 Rebar Specimens 

The rebar specimens consist of a 15M bar as received from the manufacturer with the 

longitudinal ridges cleaned with 99% isopropyl alcohol. The bar measured 1100mm in length and 

had both a nylon and a polyimide fibre bonded with Loctite 4851 along the central 800mm of the 

bar on opposite sides of the bar along the longitudinal ridge as shown in Figure 3.4. A silicone 

coating was applied over top the fibres to protect the bond between the fibre and the rebar, and at 

each end of the specimen to protect the rebar from corrosion so that the ends of the bar could be 

gripped during testing.  
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Figure 3.4: Rebar specimen schematic  

3.3.3.2 Concrete Specimens 

The reinforced concrete tension specimens consist of the same type of reinforcement as 

the rebar specimens with additional transverse reinforcement, which are then embedded in a 

concrete casing, shown in Figure 3.5. The transverse reinforcement consisted of 6 mm smooth 

bars bent in a triangular shape with hooks at each end to act as anchors. These were necessary to 

ensure the concrete cover did not spall off due to corrosion leaving a bare bar to be tested as well 

as to simulate the effects of confinement that stirrups would provide in a beam. Similar to a beam 

experiencing corrosion, the transverse reinforcement was oriented so that half of the cover could 

potentially spall off but the other half of the cover would stay intact.  The orientation of the 

transverse reinforcement differs from a beam to prevent fibre damage and for simplicity of 

construction as shown in Figure 3.5. This orientation is also preferable during concrete pouring as 

the transverse bars would not be forced to rotate around the rebar. The transverse reinforcement 

was attached to the longitudinal bar using plastic ties to avoid pinching the optical fibres and to 

ensure the ties did not corrode. The concrete encasing around the longitudinal bar was 100 mm 

wide × 100 mm high × 900 mm long. The rebar extends beyond each end of the concrete by 100 

mm to provide a gripping area for testing. During corrosion, the mass loss was distributed 

throughout the entire specimen. However, there is a possibility of corroding any additional steel 

within the specimen (i.e. the transverse reinforcement). This is undesirable as corrosion is an 

expansive process and will induce additional stresses within the specimen and even cause 
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cracking of concrete prior to loading. Secondly, the mass loss would be shared between both the 

transverse and longitudinal reinforcement. This would affect the theoretical prediction of the 

corrosion level and would increase the time required to reach the desired level of corrosion of the 

longitudinal reinforcement. In reinforced concrete structures the transverse reinforcement may 

corrode first due to reduced amount of concrete cover. However, the purpose of the current 

research is to examine the effect of corrosion on the longitudinal reinforcement not the transverse 

reinforcement. Therefore, the transverse reinforcement was coated with FX-406 zinc-rich primer 

manufactured by Simpson Strong-Tie to protect against corrosion. Figure 3.5 shows the 

reinforced concrete tension specimens in profile and cross-section view. Internal polyimide and 

nylon fibres were installed along the length of the rebar on opposite sides with a silicone strip on 

top to protect them the fibre-steel bond. The transverse ribs on the rebar were left exposed to 

provide mechanical interlock with the concrete and to enable the corrosion reaction to proceed.  

 
Figure 3.5: Reinforced concrete tension specimen profile and cross section 

The concrete mix was designed for a nominal compressive strength of approximately 

35MPa with a water / cement ratio of 0.45. Approximately 1% NaCl was added to simulate the 

effects of chloride ingress. Research by Wegian (2010) has shown that concrete mixes with 

saltwater develop high early compressive strength but at 28 days it is comparable to concrete 

mixed with fresh water. The mix consisted of 235 kg/m3 water, 518 kg/m3 Portland cement, 1046 

kg/m3 coarse aggregate (10 mm max aggregate size), 576 kg/m3 fine aggregate, and 24 kg/m3 

NaCl. The average 28 day average compressive strength was determined to be 33.6MPa. 
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3.3.3.3 Test Setup 

Rebar specimens tests were carried out using an Instron 8802. Tests for the reinforced 

concrete tension specimens were carried out using an MTS 220. Both machines enabled the 

specimens to be tested in axial tension, by gripping the rebar at each end of the specimens. A data 

acquisition system recorded load and cross-head displacement measurements. The LUNA 

OBR4600 was used to measure the distributed strain along the members. Measurements were 

taken at load steps with increments of approximately 5 kN from 10 kN to 30 kN and increments 

of approximately 10 kN from 30 kN to yielding of the reinforcement (approximately 80 kN for 

control specimens). Additional strain readings were taken as transverse cracks developed in the 

concrete during loading. The axial load test setup can be seen in Figure 3.6. 

 

Figure 3.6: Reinforced concrete tension specimen test setup 
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Following testing, the last step of the experimental process was to measure the actual 

percent mass loss of the reinforcement due to corrosion. The concrete, fibres and silicone were 

removed from the rebar and corrosion products were cleaned off with a lime and rust descaler 

made by Swish Maintenance Ltd. The final mass was measured and compared to the prediction 

from Faraday’s equation. 

3.4 EXPERIMENTAL RESULTS AND DISCUSSION 

3.4.1 Corrosion Results  

Details of the bare rebar specimens tested including the average current density, 

theoretical mass loss, actual mass loss, expected theoretical yield load, and actual yield load can 

be found in Table 3.1. The expected yield load was based on an assumption of a yield stress of 

400 MPa and an evenly distributed section loss in the reinforcement from the corrosion. 

Table 3.1: Bare rebar specimen properties  

Specimen 
Name 

Average Current 
Density (µA/cm2) 

Theoretical 
Mass Loss  

Actual Mass 
Loss  

Theoretical 
Yield Load (kN) 

Actual Yield 
Load (kN) 

R1-C - - - 80 86 
R2-C - - - 80 89.5 
R-01 375 1% 0.9% 79.2 97.8 
R-05 344 5% 5.1% 76 87.3 
R-10 627 10% 10.1% 72 76 
R-15 750 15.1% 15.4% 67.9 66 

 

Overall, the bare rebar specimens experienced uniform distributed corrosion with no 

evidence of pitting. An example of the distributed corrosion seen in specimen R-15 is shown in 

Figure 3.7. Specimen R-15 appears in the bottom of the photo and is compared to an uncorroded 

15M bar on the top. The silicone cover over the fibres preformed as intended for specimens R-01, 

R-05, and R-15. However, for R-10 the corrosion progressed below the coating along half of the 

rebar. 
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Figure 3.7: Distributed corrosion in R-15 

Details for the reinforced concrete specimens tested including the average current 

density, theoretical mass loss, actual mass loss, expected yield load, and actual yield load in the 

reinforced concrete specimens tested are given in Table 3.2. The expected yield load was 

calculated based on a yield stress of 400 MPa for the steel and an evenly distributed section loss 

in the reinforcement for the corroded specimens. 

Table 3.2: Reinforced concrete specimen properties 

Specimen 
Name 

Average 
Current 
Density 

(µA/cm2) 

Theoretical 
Corrosion 
Level (% 

Mass Loss) 

Actual 
Corrosion level 
(% Mass Loss) 

Expected Yield 
Load 
(kN) 

Actual Yield 
Load 
(kN) 

C1-C - - - 80 85.1 
C2-C - - - 80 95.4 
C3-C - - - 80 89.5 
C4-C - - - 80 88.2 

C1-CR 500 1.6% 0.9% 78.7 92 
C2-CR 500 0.8% 0.6% 79.4 86.5 
C3-CR 500 0.8% 0.5% 79.4 89 
C1-05 446 5.0% 6.1% 76 79 
C2-05 422 4.5% 7.1% 76.4 72 
C3-05 516 5.1% 3.4% 76 76.5 
C1-10 203 10.0% 12.3% 72 68.8 
C2-10 202 10.0% 13.0% 72 59.5 
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During the initial stage of corrosion, the concrete specimens remained uncracked until 

approximately 0.5% corrosion of the reinforcement by mass. At this point, a longitudinal crack 

developed in all specimens as displayed in Figure 3.8. Eventually, corrosion product began 

discharging from the crack. After testing the specimens in axial tension, the rebar was extracted 

from the concrete for weighing and examination. In contrast to the bare rebar specimens, the 

majority of the reinforcement deterioration in the reinforced concrete specimens was pitting 

corrosion as shown in Figure 3.9. This pitting corrosion caused a greater reduction in the rebar 

cross section in certain locations than was seen for the bare rebar specimens. This explains why 

several of the corroded reinforced concrete specimens yielded at a load lower than predicted. In 

fact, specimen C2-10 was only corroded to 13.0% mass loss but had a decrease in ultimate 

capacity of over 30%. 

 
Figure 3.8: Reinforced tension specimen - post-corrosion 

 

Figure 3.9: Pitting corrosion in C2-10 
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 For the specimens corroded until cracking of the concrete occurred (approximately 1%), 

the zinc primer served its purpose to protect the transverse reinforcement from corroding. 

However, at higher levels of corrosion, the zinc primer did not work as well. An example of a 

transverse reinforcement that had experienced corrosion is shown in Figure 3.10. In theory this 

would have reduced the amount of corrosion in the longitudinal reinforcement. 

 

Figure 3.10: Transverse reinforcement that experienced corrosion 

The theoretical prediction of corrosion rate in steel based on Faraday’s equation 

correlated well with the actual corrosion levels present in the bare rebar specimens. However, the 

theoretical predicted corrosion levels for the reinforced concrete specimens varied from the actual 

corrosion mass loss. This could be due to the transverse reinforcement being corroded or the 

resistivity of the concrete or not soaking the concrete prior to commencing the corrosion process.  

The resistivity of the concrete specimens caused the voltage to increase to 40 V at a 

current of 2 A. In comparison, the rebar specimens achieved the same current at voltages of less 

than 1 V. Submerging the specimens in salt water prior to commencing corrosion would saturate 

the concrete with water and reduce the resistivity. Although resistivity is not a factor in Faraday’s 

equation, it still could play a factor as the equation is empirically derived. 
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3.4.2  Rebar Specimen Fibre Optic Results 

The fibre optic strain results for the uncorroded 15M bare rebar specimen, R1-C, at a load 

of 79 kN are presented in Figure 3.11. Three lines representing the strain readings in the 

polyimide and nylon fibre, and the experimental bare rebar strain are plotted in the graph. 

 
Figure 3.11: R1-C – Rebar specimen results at 80 kN 

In Figure 3.11 the dashed line represents the experimental strain based on a modulus of 

elasticity for the steel of 191 GPa at a load of 80 kN. This modulus of elasticity was determined 

based on the stress vs. strain behaviour for the specimen. The strain along the nylon fibre was 

averaged at each load step to develop the stress vs. strain relationship. In the figure, the polyimide 

and nylon fibres have visually similar strain distributions. However, the difference in fibre 

behaviour can be seen at each end of the specimen. The polyimide fibre measures an immediate 

increase in strain where the fibre transitions from unbonded to bonded due to the excellent fibre 

to substrate bond of the polyimide fibre. On the other hand, the nylon fibre strain profile displays 

a more gradual increase in strain which is due to the core slipping in the jacket for the nylon fibre. 
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After approximately 5 cm, the nylon strain measurements appear to be comparable to the 

polyimide measurements.  

Beyond the yield stress in the steel, both fibres are able to detect the localized 

development of yielding in the rebar. Figure 3.12 displays the fibre optic strain results for the 

uncorroded 15M rebar specimen, R1-C, at 87 kN (above the yield strain of the reinforcement). 

 
Figure 3.12: R1-C – Rebar specimen results at 87 kN 

One can see from Figure 3.12 that at approximately 0.25 m and 0.5 m there are local 

strain peaks in both the nylon and polyimide fibres. Since these local strain readings surpass the 

experimental strain value at that load level, it indicates the bar is locally yielding. Similar to the 

ends of the bonded fibres, the polyimide is able to capture steep strain gradients due to yielding 

whereas the nylon fibre slips relative to the core and measures a strain averaged over a longer 

gauge length. The fibre optic strain results for the corroded rebar specimen are quite similar to the 

control specimens. The strain distribution for the rebar corroded to 1% mass loss, R-01, at 10.5 

kN is displayed in Figure 3.13. For the corroded specimens, the change in cross-sectional area 
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assuming evenly distributed corrosion is factored in to the calculation of the experimental steel 

strain for the load level. 

 
Figure 3.13: R-01 – 1% Corroded rebar specimen strain measurements at 10.5 kN 

The strain distribution of R-01 at 10.5 kN in Figure 3.13 displays the typical behaviour of 

a corroded bare rebar. It is similar to the strain distribution of the uncorroded bare rebar 

specimen. This is because the mass loss due to corrosion is largely evenly distributed along the 

specimen, causing a minimal amount of asymmetry. Therefore, the reduction of the cross-section 

is the primary difference between the control and corroded bare rebar specimens. Both fibres 

measure strains similar to the experimental strain in the steel. However, the strain measurements 

between the nylon and polyimide fibres are not identical and appear to mirror each other. The 

difference between the strain measurements could be due to slight bending moments developing 

in the specimen due to misalignment of the test frame cross heads or asymmetry of the cross 

section due to the variable nature of corrosion. The mirrored effect between the strain 

measurements in each fibre is due to the fibres being bonded to opposite sides of the rebar. 

Therefore, any bending occurring in the specimen would cause an equal but opposite strain 
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change on opposing sides of the rebar. A similar effect can be seen in the stain distribution of R-

10 at 70 kN in Figure 3.14. 

 
Figure 3.14: R-10 – 10% Corroded rebar specimen results at 70 kN 

In Figure 3.14 the strain readings in both fibres are close to the experimental steel strain. 

However, the mirrored effect is also present in this specimen. This specimen experienced 

corrosion beneath the polyimide fibre on half of the specimen, unbonding it from the rebar 

resulting in erroneous strain measurements in that region. In an effort to obtain strain readings 

during testing, a new loop of polyimide fibre was bonded to that region and spliced to the existing 

fibre. Therefore, there was a 60 mm gap in the strain measurements at approximately 0.35 m to 

0.42 m along the length of the bonded region.  

A load vs. strain plot for the four corroded bare rebar specimens is shown in Figure 3.15. 

The strains shown here are the averaged strains along the middle 700 mm bonded length of the 

nylon fibre. The outer 50 mm on each side of the bonded length was excluded in the strain 

averaging due to the jacket-core slip. 
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Figure 3.15: Corroded rebar specimen load vs strain comparison 

In Figure 3.15 the general trend of the load-strain plot for the corroded bars follow the 

expected trend in that the higher the level of corrosion, the lower the ultimate capacity. However, 

the control rebar yielded at a lower load than the specimens corroded to 1% and 5% mass loss.  

Specimens R-01 and R-05 yielded at a stress of 493.3 MPa and 459.5 MPa, respectively, based on 

the reduced cross sectional area assuming evenly distributed corrosion. This is higher than the 

average yield stress found the control bars (447.5 MPa). These are all greater than the 400 MPa 

typically assumed for mild reinforcing steel although rebar manufacturers normally produce steel 

with a higher strength than required. It is possible that the rebar used for each test were from 

different batches and had varying material properties. Additionally, the figure displays a clear 

trend that as corrosion levels increase the slope of the load vs. deflection response decreases.  

This is due to the fact that the rebar in the specimens at higher levels of corrosion would have a 

lower cross sectional area.  
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3.4.3 Reinforced Concrete Specimen Fibre Optic Results 

3.4.3.1 Distributed Corrosion  

Figure 3.16 displays a comparison of fibre optic strain distributions in four concrete 

specimens at an applied load of 10 kN. Specimen C2-C is a control specimen with no corrosion, 

C2-CR was corroded until a longitudinal crack developed along the specimen, C3-05 was 

corroded to 5% mass loss, and C2-10 was corroded to 10% mass loss. As well, the experimental 

strain for an uncorroded bare steel bar and the theoretical prediction for a composite section are 

displayed on the graph. 

 
Figure 3.16: Nylon fibre strain measurement comparison for varying corrosion levels at 10 

kN 

It can be seen from Figure 3.16 that the control specimen, C2-C, has complete bond 

between the concrete and the reinforcement and is behaving as a composite section. For specimen 

C2-CR, that was corroded until a longitudinal crack had developed along the full length of the 

specimen (roughly 1% mass loss), the strain distribution appears to indicate that a longer distance 

is required from each end to reach a constant strain level. The strain values for C2-CR are also 
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slightly higher than for the control, indicating that the concrete is potentially contributing less to 

the load sharing in this corroded specimen. The loss of bond after cracking in this specimen is 

likely small due to the expansive corrosion products creating friction between the concrete and 

reinforcement. In fact, Almeh (1996) tested similar specimens and noted bond being lost due to 

the longitudinal cracks and the loss of cohesion and adhesion due to corrosion products 

developing. As well, the transverse reinforcement would have confined the longitudinal 

reinforcement against one side of the concrete, allowing for better bond on one half of the 

specimen. Another possibility for the strain increase could be attributed to the variable stiffness of 

the concrete in tension. The strain distribution for specimen C3-05, which was corroded to 5% 

mass loss, shows more significant bond deterioration. A longer length from each end of the 

specimen is required to develop full composite behaviour between the concrete and the 

reinforcement. As well at 5% corrosion, the strain in the steel at the mid-section is approximately 

40% greater than the control specimen indicating the bond between the steel and concrete has 

been reduced. At 10% corrosion, it is evident that there is severe damage to the bond and in fact 

the concrete contributes very little to the load sharing. A large spike at the midsection of C2-10 

reaches approximately 500 µɛ, well above the experimental strains found in a bare 15M rebar. A 

large strain above the experimental steel strains indicates that there is likely pitting corrosion at 

this location which reduces the cross-sectional area more than the assumed 10% based on evenly 

distributed corrosion. A large reduction of the cross sectional area would mean the stress, and 

therefore the strain would be much higher in the steel at this location. A plot of the strain 

distribution for the same specimens at a load of 20 kN is presented in Figure 3.17. 
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Figure 3.17: Nylon fibre strain measurement comparison for varying corrosion levels at 20 

kN 

From Figure 3.17 it can be seen that at this load level, the specimens have developed 

cracks. The control specimen, C2-C, with developed three cracks (at approximately 0.3 m, 0.45 

m, and 0.6 m), while the specimens corroded to 1% and 5% do not demonstrate significant 

changes in the strain distribution but the magnitude of the strains increases. The 1% specimen 

developed a crack at approximately 0.2 m but remained uncracked along the rest of the specimen. 

Similarly, the 5% specimen experienced a strain increase around the 0.2 m location but remained 

uncracked along the rest of the specimen. Note that the strain in the rebar in the uncracked section 

of the 5% specimen is above that of the 1% specimen. The fibre optic results of the 10% corroded 

specimen indicate that with an increase in load from 10 kN to 20 kN, the strain profile retains a 

similar shape but with an increase in magnitude. This correlates well with the observation from 

Figure 3.16 that the more the specimen is corroded, the greater the reduction in bond with the 

surrounding concrete. Also, while the 1% and 5% corroded specimens did not crack at this load 

level, the control specimen did. This supports the observation that the longitudinal crack that the 
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deteriorated specimens develop separates the concrete from the rebar, thus reducing the bond 

between concrete and steel. As a result the steel will carry a larger portion of the load from the 

beginning of the load test, requiring a larger load to actually crack the concrete in the specimens. 

A plot of the nylon fibre optic strain results of the same four concrete specimens at 40 kN, 50% of 

the ultimate load (i.e. the service load), is shown in Figure 3.18. 

 

Figure 3.18: Nylon strain comparison for varying corrosion levels at 40 kN 

 From Figure 3.18 it can be observed that all the specimens have developed enough cracks 

to reduce the contribution of tension stiffening from the concrete to almost nothing (i.e. they are 

behaving as bare bars). It seems that at this load level, the impact of corrosion has little effect on 

the bond performance between the reinforcement and surrounding concrete. 

3.4.3.2 Pitting Corrosion  

 Pitting corrosion is another severe deterioration issue in reinforced concrete. Pitting 

corrosion can significantly decrease the cross-sectional area of the reinforcement, concentrating 

the load on a smaller area. Therefore, higher stresses develop at these locations. Figure 3.19 
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displays the effects of pitting corrosion on specimen C2-05. A picture of the reinforcing steel is 

shown in (a) and the fibre optic results at 20 kN are shown in (b). 

 

 
(a) Pitting corrosion in specimen C2-05 

 
(b) Fibre optic strain results at 20 kN 

Figure 3.19: C2-05 – Signs of pitting corrosion 

Figure 3.19 (a) shows two distinct locations of pitting corrosion at approximately 0.2 m 

and 0.3 m along the specimen. A smaller cross-sectional area of rebar at the same load would 

mean the strains would be higher at these locations compared to the rest of the specimen. The 

fibre optic strain results in (b) show two peaks in the nylon strain profile at approximately the 
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same locations. It appears the fibre optic sensing is able to detect the strain increases at these 

locations, indicating that pitting corrosion is likely the cause. However it is worth noting that 

many other peaks in the strain profile are measured and so isolating the effects of pitting 

corrosion would be considerably more difficult without knowledge of where the pitting corrosion 

is located. Figure 3.20 displays similar effects of pitting corrosion in specimen C3-05. A picture 

of the reinforcing steel is shown in (a) and the fibre optic results at 20 kN is shown in (b). 

 
(a) Pitting corrosion in specimen C3-05 

 
(b) Fibre optic strain results at 21.5 kN 

Figure 3.20: C3-05 – Signs of pitting corrosion 

 Figure 3.20 (a) shows pitting corrosion at 0.485 m along the specimen. The fibre optic 

strain results in (b) shows a strain peak at approximately 0.45 m. Although these locations are 
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slightly off from one another, it is likely it is measuring the same location. If the ends of the fibre 

were bonded further towards the center of the specimen on one side, or became unbonded at the 

ends at any point between construction and testing, it could cause the results to be shifted along 

the specimen. Assuming this is the correct location, the fibre optic strain results are indicating a 

strain increase at the location of the pitting although again it is difficult to differentiate this result 

from other strain increases without knowledge of the location of pitting corrosion. 

3.4.3.3 Corrosion Detection and Data Filtering 

An issue encountered in this research was the effect that higher levels of corrosion had on 

the fibre optic strain readings. At 10% corrosion, the deterioration caused the fibre optic strain 

readings to become unreliable. The unreliable strain readings could have been due to the 

corrosion getting beneath the fibres and damaging the bond between the reinforcement and fibres. 

Also the corrosion products themselves could have been pressing into the fibre causing sharp 

bends or gradients in the orientation of the fibre. As well, the fibres are highly susceptible to 

localized bending stresses as they have a negligible moment of inertia. Overall, this does not 

render the data useless as the irregular readings in and of themselves indicate that there is a 

deterioration issue occurring on the reinforcement, and exactly where along the reinforcement the 

deterioration problem is occurring. This behaviour can be seen in the fibre optic results of the 

10% corroded specimen C2-10, displayed in Figure 3.21 (a).  

A proposed method to analyse the data has been developed. By eliminating fibre optic 

measurements using a stricter spectral shift quality (SSQ) filter (higher than the recommended 

0.15) it is possible to remove some readings which may be altered due to the effects of corrosion 

mentioned above (i.e. the strain measurement is still accurate but localized stresses mean that it is 

no longer the longitudinal strain). Increasing the value of the spectral shift quality filter is 

essentially only using strain readings that have a better correlation. This eliminates data points but 

should, in theory, result in an increase in accuracy and precision for the remaining data. The fibre 
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optic strain results from specimen C2-10 with spectral shift quality filtering set to 0.25, 0.35, and 

0.45 are shown in Figure 3.21 (b), (c) and (d), respectively.  

 

(a) 0.15 SSQ filter 

 

(b) 0.25 SSQ filter 

 

(c) 0.35 SSQ filter 

 

(d) 0.45 SSQ filter 

Figure 3.21: C2-10 – Spectral shift quality filtering 

From Figure 3.21 it can be seen that the data filtering technique enables trends in the data 

to be isolated by filtering out potentially erroneous results due to localized strain concentrations. 

Each increase of 0.10 in the spectral shift quality shows an improvement in terms of averaging 

compared to the previous filter level. Every test will vary and may require a different level of 

spectral shift quality filtering. The benefit of using this technique is especially useful for the strain 

measurements made with the polyimide fibre as it appears to be more affected by localized 

stresses due to corrosion. This is likely because the protective coating is less durable than the 

nylon jacket and the corrosion products induce greater localized strains on the fibre core. Also, 
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the nylon fibre already averages the data to some extent as a result of slip between the sensing 

core and the nylon jacket. For higher levels of corrosion, this may be a feasible way to obtain 

results that are more indicative of the overall specimen behaviour.  

3.5 CONCLUSIONS  

The objectives of the current research were to discover a suitable fibre application 

technique that could endure corrosion of the reinforcement and to determine if the use of FOS 

was a viable means of detecting and quantifying the effect of corrosion deterioration in reinforced 

concrete.  

Initial testing found that a technique to protect fibres allowing for accurate monitoring 

and strain measurement was to apply a waterproof sealant over the fibres. Silicone was adequate 

for bare rebar specimens and at low levels of corrosion in reinforced concrete. However, at higher 

levels of corrosion, the corrosion damage progressed beneath the silicone and debonded the fibres 

and produced erroneous data. Therefore, in future research a 2-part marine epoxy is 

recommended to protect the fibre-rebar bond.  

The bare rebar specimens experienced evenly distributed corrosion. This meant that the 

percent mass loss was proportional to the percent loss in the ultimate load carrying capacity of the 

specimen. However, in the reinforced concrete specimens it was found that pitting corrosion of 

the reinforcement occurred. This is a critical problem for structural performance as the ultimate 

load carrying capacity is greatly affected by pitting corrosion which creates localized stress 

concentrations. Specimen C2-10, which was corroded to 13.0% mass loss, had a decrease in 

ultimate capacity of over 30%.  

Additionally, the fibre optic measurements are able to give insights to how corrosion 

affects the bond between concrete and steel. A small decrease in bond is noticed after initial 

cracking caused by corrosion because it created a gap between the concrete and rebar. It is only a 

minor decrease as the expansive products of corrosion increase the friction between the concrete 
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and steel even though a gap has opened. As well, the transverse reinforcement would confine the 

longitudinal reinforcement against one side of the concrete cover, increasing bond in that half. At 

higher levels of corrosion, the bond performance continues to decrease and is demonstrated by 

the fact the reinforcement is carrying a larger percentage of the load from the beginning of the 

load test.  

Furthermore, the FOS system was also able to locate areas of pitting corrosion that were 

visually hidden by the surrounding concrete. Peaks in the strain distribution matched up with 

several areas of localized corrosion after inspecting the rebar. However, it was difficult to isolate 

the effects of pitting corrosion without a prior knowledge of the pitting locations.  

It was also found that the corrosion products can have an effect on the accuracy of the 

readings. However, the data can be filtered using a stricter spectral shift quality value of 0.45 

opposed to the 0.15 generally used. By doing this, trends in the data can be isolated. Overall, the 

FOS measurements enable the level of bond degradation and corrosion deterioration in reinforced 

concrete to be measured. 

 
  

73 

 



 

3.6 REFERENCES 

Al-Hammoud, R., Soudki, K., and Topper, T. H. (2010). “Bond Analysis of Corroded Reinforced 

Concrete Beams Under Monotonic and Fatigue Loads.” Cement and Concrete Composites, 

Elsevier Ltd, 32(3), 194–203. 

Almusallam, A. A., Al-gahtani, A. S., Aziz, A. R., and Rasheeduzzafar. (1996). “Effect of 

Reinforcement Strength Corrosion on Bond Strength.” Construction and Building 

Materials, 10(2), 123–129. 

Alonso, C., Andrade, C., Rodriguez, J., and Diez, J. M. (1998). “Factors controlling cracking of 

concrete affected by reinforcement corrosion.” Materials and Structures, 31(7), 435–441. 

ASCE. (2013). “2013 Report Card for America’s Infrastructure.” 

<http://www.infrastructurereportcard.org/a/#p/home> (Feb. 1, 2015). 

Bhargava, K., Ghosh, A. K., Mori, Y., and Ramanujam, S. (2006). “A Proposed Model 

for Corrosion-Induced Bond Degradation in Reinforced Concrete.” 17th Analysis 

and Computation Specialty Conference. Structures Congress 2006. 1-15. 

Bisby, L., and Briglio, M. B. (2004). “An Introduction to Structural Health Monitoring 

Additional ISIS Educational Modules Composites for Construction.” (5), 1–37. 

Bonacci, J. (1998). “Laboratory Simulation of Corrosion in Reinforced Concrete and Repair with 

CFRP Wraps.” Proc., Canadian Society of Civil Engineering Annual Conf., Canadian 

Society of Civil Engineering, Ottawa, IIIb, 653–662. 

74 

 



 

Caré, S., and Raharinaivo, A. (2007). “Influence of impressed current on the initiation of damage 

in reinforced mortar due to corrosion of embedded steel.” Cement and Concrete Research, 

37(12), 1598–1612. 

Casas, J. R., and Cruz, P. J. S. (2003). “Fiber Optic Sensors for Bridge Monitoring.” Journal of 

Bridge Engineering, ASCE, 8, 362–373. 

Chen, D., and Mahadevan, S. (2008). “Chloride-Induced reinforcement corrosion and Concrete 

Cracking Simulation.” Cement and Concrete Composites, 30(3), 227–238. 

Couture, A., Johnson, P. M., and Nicolet, R. (2007). Report of the commission of inquiry into the 

collapse of a portion of the de la concorde overpass. Gouvernement du Québec. 

Gebremichael, Y. M., Li, W., Meggitt, B. T., Boyle, W. J. O., Grattan, K. T. V., McKinley, B., 

Boswell, L. F., Aarnes, K. A., Aasen, S. E., Tynes, B., Fonjallaz, Y., and Triantafillou, T. 

(2005). “A Field Deployable, Multiplexed Bragg Grating Sensor System Used in an 

Extensive Highway Bridge Monitoring Evaluation Tests.” IEEE Sensors Journal, 5(3), 510–

519. 

Graver, T., and Inaudi, D. (2004). “Growing Market Acceptance for Fiber-Optic Solutions in 

Civil Structures.” Micron Optics, Inc. Manno, Switzerland. 

Graybeal, B. A., Phares, B. M., Rolander, D. D., Moore, M., and Washer, G. (2003). “Visual 

Inspection of Highway Bridges.” Journal of Non-destructive Engineering, 21(3), 67–83. 

Güemes, J., and Sierra-Perez, J. (2013). “Fiber Optic Sensors.” New Trends in Structural Health 

Monitoring, Springer, Udine, 265–316. 

75 

 



 

Henault, J. M., Quiertant, M., Delepine-Lesoille, S., Salin, J., Moreau, G., Taillade, F., and 

Benzarti, K. (2012). “Quantitative Strain Measurement and Crack Detection in Reinforced 

Concrete Structures Using a Truly Distributed Fiber Optic Sensing System.” Construction 

and Building Materials, 37, 916–923. 

Henault, J. M., Salin, J., Moreau, G., Delepine-Lesoille, S., Bertand, J., Taillade, F., Quiertant, 

M., and Benzarti, K. (2011). “Qualification of a Truly Distributed Fiber Optic Technique for 

Strain and Temperature Measurements in Concrete Structures.” AMP 2010 International 

Workshop on Ageing Management of Nuclear Power Plants and Waste Disposal Structures, 

12, 1–8. 

Kivell, A., Palermo, A., and Scott, A. (2011). “Effects of Bond Deterioration due to Corrosion in 

Reinforced Concrete.” Proceedings of the Ninth Pacific Conference on Earthquake 

Engineering, Auckland, New Zealand, 81-88. 

Kivell, A., Palermo, A., and Scott, A. (2014). “Complete Model of Corrosion-Degraded Cyclic 

Bond Performance in Reinforced Concrete.” Journal of Structural Engineering, 

10.1061/(ASCE)ST.1943-541X.0001195, 04014222. 

Kreger, S. T., Gifford, D. K., Froggatt, M. E., Sang, A. K., Duncan, R. G., Wolfe, M. S., and 

Soller, B. J. (2007). “High-Resolution Extended Distance Distributed Fiber-Optic Sensing 

Using Rayleigh Backscatter.” Sensor Systems and Networks: Phenomena, Technology, and 

Applications for NDE and Health Monitoring. 

Luna Technologies. (2011). Optical Backscatter Reflectometer 4600 User Guide. Luna 

Technologies, Blacksburg, VA. 

76 

 



 

El-Maaddawy, T. A. El, and Soudki, K. A. (2003). “Effectiveness of Impressed Current 

Technique to Simulate Corrosion of Steel Reinforcement in Concrete.” Journal of Materials 

in Civil Engineering, 15, 41–47. 

Mancini, G., and Tondolo, F. (2014). “Effect of Bond Degradation Due to Corrosion - a 

Literature Survey.” Structural Concrete, 15(3), 408–418. 

Regier, R. R. (2013). “Application of Fibre Optics on Reinforced Concrete Structures to Develop 

a Structural Health.” MASc thesis, Queen’s University, Kingston, Canada. 

Song, G., and Shayan, A. (1998). “Corrosion of Steel in Concrete: Causes, Detection and 

Prediction.” State-of-the-art review. SRRB Transport Ltd., Australia. 

Yuan, Y., Ji, Y., and Shah, S. P. (2007). “Comparison of two accelerated corrosion techniques for 

concrete structures.” ACI Structural Journal, 104(3), 344–347. 

 

  

77 

 



 

Chapter 4 

Fibre Optic Sensing for Monitoring and Assessment of Corroded 

Reinforced Concrete Beams  

4.1 INTRODUCTION 

With aging infrastructure experiencing deterioration that can eventually lead to failure 

causing fatalities, economic losses, and environmental impacts, it is becoming increasingly 

important to be able to assess these structures and to develop more effective management 

strategies. Over 40% of bridges in Canada are over 50 years old and require strengthening, 

rehabilitation or replacement (Bisby and Briglio, 2004). After the collapse of the “de la 

Concorde” overpass in 2006, safety of infrastructure is becoming a large concern (Couture et al., 

2007). The American Society of Civil Engineers (ASCE) has estimated that the United States is 

facing a cost of $76 billion for the rehabilitation of bridges and another $21 billion for dams 

(ASCE, 2013). With regards to the durability of reinforced concrete structures, corrosion of the 

reinforcing steel is deemed to be the main deterioration mechanism (Bhargava et al., 2006). 

Currently, visual inspections and in some circumstances a limited number of sensors are 

used to monitor structures. However, visual inspections have limitations and varying 

effectiveness (Graybeal, 2002) that potentially lead to inaccurate assessments. An accurate 

assessment of a structure using visual inspections relies on the ability of the inspector to 

understand the unique deterioration mechanism occurring. Additionally, deficiencies hidden 

within a structure cannot be identified with visual inspections. Thus, a structure may already be in 

need of rehabilitation before major deterioration issues become apparent, with the cost of repair 

approaching the cost of replacement (Bisby and Briglio, 2004). Lastly, deterioration usually 

occurs in harsh environments which can cause conventional sensors to fail (Graver and Inaudi, 

2004).  New means of structural monitoring that can supplement visual inspections with 
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quantitative data could be a viable strategy to identify problems at an early stage to prolong the 

service life of structures, ensure safety, and reduce costs. However, these technologies need to be 

evaluated to determine whether they are robust enough to withstand harsh environments and at 

the same time provide quantitative data that can be used in structural assessments. 

Rayleigh backscatter Fibre Optic Sensing (FOS) systems are an attractive option for 

structural monitoring in new and existing structures. A major benefit of these systems is the 

ability to provide distributed sensing across the entire length of the fibre, providing strain and 

temperature measurements with accuracies of 1 µε and 0.1 oC, respectively (Kreger et al., 2007).  

The high spatial resolution of the system allows data point collection to be as fine as 10 µm over 

30 m and 20 µm over 70 m (Luna Technologies, 2011). Additionally, the gauge length and sensor 

spacing is user customizable during and after data collection allowing for a variety of analysis. 

This allows for measurements to be calculated over larger or smaller distances depending on what 

measurements are required. Furthermore, the optical fibres used for sensing are small in size, 

light weight, flexible, have immunity to electromagnetic interference, do not corrode, and can be 

embedded in concrete structures (Bisby and Briglio, 2004).  

Corrosion of the reinforcing steel affects not only the area of steel and thus the 

reinforcement stress but also potentially the bond between the concrete and the steel. Bond 

deterioration can occur when expansive corrosion products cause cracking or spalling of concrete 

cover and when corrosion products interfere with the development of bond mechanisms that rely 

on adhesion (Stanish et al., 1999). As well, corrosion of the transverse ribs on the reinforcement 

would reduce the mechanical interlock with the surrounding concrete, further reducing bond (Al-

Hammoudet al., 2010). Fibre optic sensors could be used to monitor the strain in the steel and 

thus quantify the effect of both area reductions and bond loss. While it can be assumed that 

uncorroded beams have good bond and beams experiencing distributed corrosion of the 

reinforcement would experience some level of debonding, how debonding of the reinforcement 
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will impact the behaviour of a structure is not straightforward to determine. Fibre optic sensing is 

used in the current research to discover if loss of the reinforcement bond will affect the beam 

behaviour. 

Corrosion will not damage the optical fibre itself but it can still cause inaccurate 

measurements if corrosion of the reinforcing steel progresses beneath the adhesive that bonds the 

fibres to the reinforcement. Appropriate application techniques to protect the sensors from being 

affected by the corrosion are necessary for long term measurement. If fibre optic sensors could be 

used to measure approximate levels of corrosion, areas of pitting corrosion, crack locations and 

evidence of bond deterioration within reinforced concrete structures, it would greatly enhance 

current monitoring and inspection methods. 

While both distributed fibre optic sensing technologies and the corrosion of reinforced 

concrete have been studied individually, there has been very little research into using distributed 

fibre optic sensing to measure deterioration in reinforced concrete. Fibre optic sensors are already 

being employed for testing of wind turbines and could replace conventional sensing in industries 

such as aerospace, transportation, civil infrastructure, and historical building preservation 

(Güemes and Sierra-Perez, 2013). However, before FOS can be used as a completely reliable tool 

for infrastructure assessment, further research into using FOS for corrosion assessment must still 

be conducted.  

The specific objectives of the current research are to: 

1. Use FOS to develop an understanding of how end debonding of the flexural 

reinforcement impacts the structural performance of reinforced concrete beams. 

2. Investigate if FOS measurements can be used to detect corrosion of the reinforcing 

steel and cracking in reinforced concrete beams. 

3. Use FOS to determine how corrosion of the bottom flexural reinforcement affects 

bond performance of reinforced concrete beams. 
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This chapter provides a background on the impact of corrosion on the behaviour of 

reinforced concrete, the accelerated corrosion process, and FOS technology. Following that, a 

detailed explanation of the experimental program is given, including a description of the design 

and construction of the beam specimens, the accelerated corrosion technique used to deteriorate 

the beams, and the testing program. The results section features test results accompanied by a 

discussion. The end features a summary of the results and discoveries made. 

4.2 BACKGROUND 

4.2.1 Deterioration Due to Corrosion in Reinforced Concrete 

Corrosion of the reinforcing steel in reinforced concrete structures affects the load 

carrying capacity and the service life of the structure. Corrosion in reinforced concrete will cause 

a number of deterioration issues. First, a reduction in cross sectional area of the reinforcement 

will decrease the ultimate capacity of the reinforcement and decrease the size of the transverse 

ribs on the deformed rebar, reducing the bond with the surrounding concrete (Kivell et al., 2011). 

Additionally, the reinforcing steel often encounters varying electrochemical activities because 

concrete is a heterogeneous material (Song and Shayan, 1998), causing pitting corrosion that 

reduces the cross sectional area at a single location of the reinforcement, substantially decreasing 

the ultimate capacity of the member. Another issue is that corrosion creates expansive products 

which exert tensile stress on the surrounding concrete, which can cause cracking and ultimately 

debonding of the reinforcement. Distributed corrosion of the reinforcing steel often causes large 

areas of concrete to delaminate and possibly spall off which can be hazardous to pedestrians or 

drivers below. Delamination reduces the bond between the concrete and reinforcement, 

negatively affecting the stiffness of the structure and potentially changing the load carrying 

mechanism.  

Almusallam et al. (1996) showed that initially at low levels of corrosion before cracking 

occurs (typically 0-4% reinforcement section loss), the expansive products are confined by the 
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concrete and will increase the mechanical pressure and interlock between the bar and the 

surrounding concrete, thereby increasing bond performance. Additionally, initial corrosion causes 

a roughened surface on the bar and increases friction with the surrounding concrete (Almusallam 

et al., 1996). Eventually, the expansive corrosion induces stresses that exceed the tensile strength 

of the surrounding concrete and cause cracking (Kivell et al., 2011). The bond performance 

decreases significantly as the confinement diminishes when cracks develop. Almusallam et al. 

(1996) observed that when cracks reached a width of 1 mm the bond strength decreases to 15% of 

the ultimate uncorroded bond capacity. Once cracks develop a direct path opens for water and 

chlorides to access the steel and the corrosion rate will rapidly increase (Chen and Mahadevan, 

2008). Further propagation of cracks will cause delamination and spalling if not repaired. 

Additionally, the expansive products can cause concrete between each transverse rib on the 

reinforcement to crush and increase the rate of slip of a bar under repeated loading (Al-Hammoud 

et al., 2010). Bond deterioration issues that affect the structural performance usually occur before 

the reduction in cross-sectional area of the bars affects the capacity (Al-Hammoud et al., 2010). 

However, both the loss of bond and steel section loss are critical issues affecting reinforced 

concrete (Al-Hammoud et al., 2010).  

4.2.2 Accelerated Corrosion Technique 

Ideally, the use of natural corrosion to evaluate bond performance would be preferred 

(Yuan et al. 2007). However, natural corrosion damage in reinforced concrete structures takes 

many years to occur, making research on the subject more difficult and time consuming. 

Fortunately, options exist to increase the rate of corrosion. The current research program uses an 

electrochemical accelerated corrosion technique by which an electrical potential is applied 

between the reinforcement (anode) and a cathode submerged in a brine solution. This causes the 

corrosion process to occur more rapidly. Equation 4-1 shows Faraday’s Law which can be used to 
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predict the corrosion rate of steel using this technique. It indicates that mass loss is proportional 

to the amount of current impressed on the specimen. 

964872
847.55

×
××

=
×
××
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MItm        )14( −  

Where m = mass loss (g), I = current (Amps), M = molar mass of the element, z = valency of the 

element, t = time (s) and F = Faraday’s Constant = 96487 A/s. 

Utilizing the accelerated corrosion technique can significantly reduce the time to corrode 

the reinforcing steel. However, the corrosion product can vary from natural corrosion which 

normally produces the red-orange coloured iron (III) oxide (Fe2O3). Depending on the type of 

oxide that forms, it will affect the amount of volumetric expansion that is produced Kivell et al. 

(2014).  The accelerated corrosion technique often produces the black coloured iron (II) oxide 

(FeO) which is less expansive than Fe2O3 (Kivell et al., 2011).  Therefore, the products from the 

accelerated corrosion technique will exert less stress on the surrounding concrete compared to 

natural corrosion for the same mass loss. The internal stress exerted on the surrounding concrete 

is also affected by the level of impressed current density. Alonso et al. (1998) found a current 

density ranging from 3 µA/cm2 to 10 µA/cm2 has negligible difference in the corrosion level 

required to cause cracking of the surrounding concrete. However, a much greater corrosion level 

to cause cracking of the surrounding concrete was required when corroding at current density of 

100 µA/cm2. El-Maaddawy and Soudki (2003) discovered an increase in crack width by 43% 

from increasing the current density from 200 to 500 µA/cm2 when corroding a specimen to 7.2% 

mass loss.  This is due to the fact that higher current densities corrode the specimen at a faster 

rate, allowing less time for the corrosion products to diffuse into the concrete pores, resulting in 

higher internal pressure (El-Maaddawy and Soudki, 2003). Conversely, Care and Raharinaivo 

(2007) found that there was no effect on the damage to the surrounding concrete when increasing 

the current density from 100 µA/cm2 to 500 µA/cm2 for the same level of corrosion mass loss.  It 
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is difficult to confidently say what the effect of accelerated corrosion and varying current 

densities does to the bond performance and how it relates to natural corrosion. However, 

accelerated corrosion techniques are still preferred for laboratory research as it causes similar 

deterioration effects in reinforced concrete at a significantly reduced time. 

4.2.3 Distributed Fibre Optic Sensing 

The first instance of semi-distributed strain sensing along the reinforcement in a concrete 

beam was developed by Mains (1951), whereby strain gauges were installed in an internal groove 

in the reinforcement with a sensor spacing of 75 mm. While this technique was able to give 

general trends of the strain along the reinforcement, it was incapable of locating and measuring 

phenomenon happening between each strain gauge and the entire installation process was time 

consuming. Scott (1987) and Masukawa (2012) used similar techniques with sensor spacing as 

small as 12.5 mm and 16.4mm, respectively, but they both suffered from the same problem as 

Mains (1951) that the installation of the sensors was laborious and time consuming. In addition, 

the sensors used were susceptible to corrosion deterioration within reinforced concrete specimens. 

Fibre optic sensing provides a measurement technique with the benefits of being small in 

size, light weight, embeddable in composite materials, accessible from both ends in the event of a 

break in the fibre, stable over the long term, immune to electromagnetic interference and effective 

in harsh environments (Güemes and Sierra-Perez, 2013). 

Discrete and distributed strain sensing are the two main types of FOS available. Discrete 

sensing techniques, such as Fibre Bragg Grating (FBG), allow for single-point strain sensing 

similar to electrical resistance strain gauges (Gebremichael, 2005). However, FBGs can be 

expensive when multiple locations require monitoring. Distributed sensors, such as a Rayleigh 

backscatter based system, are capable of quasi-continuous strain measurements along the entire 

length of fibre with accuracy similar to Fibre Bragg Gratings (Kreger et al., 2007). A distributed 
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system can be more cost effective as they have the potential to be used with standard 

telecommunication fibres although the analysers themselves are expensive (~$100k - $150k).  

The Rayleigh backscatter system works by sending a pulse of light through an optical 

fibre and recording the frequency of the Rayleigh backscatter that returns to the analyzer. This 

backscatter is caused by impurities or disturbances in the fibre core (Güemes and Sierra-Perez, 

2013). If a change in strain or temperature is applied to the fibre, the frequency of the Rayleigh 

backscatter pattern will change, known as a spectral shift, from the original scan (Güemes and 

Sierra-Perez, 2013).  Therefore, Rayleigh backscatter systems can measure both strain and 

temperature (Henault et al., 2011). However, the system is incapable of distinguishing between 

spectral shifts caused by strain and temperature so in the current research testing was conducted 

at a constant temperature to ensure accurate measurements. Henault et al. (2012) used Rayleigh 

FOS to measure internal and external strain on reinforced concrete beams and found that the 

measurements were similar to both conventional vibrating wire gauges and theoretical 

predictions.  

The current research utilizes the LUNA OBR4600 which analyzes Rayleigh backscatter 

from a standard single-mode fibre to measure strain and temperature (Luna Technologies, 2011). 

The system operates by taking a reference scan with the specimen unloaded and comparing it to 

subsequent scans during loading. The system computes a cross-correlation of the spectral shift 

(change) between each scan to determine the strain or temperature change (Henault et al., 2011). 

The spectral shift quality gives an indication of the correlation between two scans and ranges 

from 0 (no correlation) and 1 (perfect correlation) (Luna Technologies, 2011). A spectral shift 

quality value of 0.15 or higher indicates the data is well correlated (Luna Technologies, 2011). 

Spatial resolution is the distance over which a data point is acquired in an optical fibre. The 

spatial resolution for the OBR4600 can be 10 µm over 30 m fibre length, 20 µm over 70 m, and 

limited sensing capabilities at 1 mm over 1 km (Luna Technologies, 2011). The current research 
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uses a spatial resolution of 20 µm over a 70 m fibre length, a 20mm gauge length, and 20 mm 

sensor spacing. The optimum accuracy of the OBR4600 for strain and temperature measurements 

is 1µε and 0.1oC, respectively, and each scan takes less than seven seconds to process at high 

resolution (Luna Technologies, 2011). 

4.2.3.1 Optical Fibres and Adhesives 

The three main components of an optical fibre include a silica core, cladding and a 

protective layer as displayed in Figure 4.1. The silica core provides a waveguide for light with a 

small optical attenuation (i.e. gradual light loss). The cladding is a reflective material that 

confines the light within silica core (Güemes and Sierra-Perez, 2013). For industrial use, an outer 

layer consisting of a jacket, coating, or even Kevlar fibres is necessary for mechanical protection 

of the fragile sensing core (Güemes and Sierra-Perez, 2013). 

 
Figure 4.1: Typical optical fibre 

  Considering Regier’s (2013) findings, the current research used nylon and polyimide-

coated fibres as they both have potential benefits for monitoring strain in corroded reinforced 

concrete specimens. As well, Loctite 4851 was chosen to bond the fibres to steel and Loctite 

E20HP epoxy was chosen to bond the fibres to concrete based on discoveries made by Regier 

(2013). 
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4.3 EXPERIMENTAL PROGRAM 

The current research investigates the use of FOS to detect and better understand the effect 

of corrosion and debonding of the flexural reinforcement in concrete beams. It employs the 

LUNA OBR4600 for Rayleigh backscatter based optical fibre strain sensing system and the use 

of an electrochemical accelerated corrosion technique to deteriorate the specimens in an efficient 

and controlled manner. 

4.3.1 Block Specimens 

 The first experimental series conducted involved a set of small scale “block specimens” 

to develop both a corrosion technique and a fibre protection technique that would work with 

larger beam specimens. To isolate the corrosion to just the bottom bars in the beam specimens, a 

modified accelerated corrosion method was required. El-Maaddawy and Soudki (2003) used a 

technique whereby the negative terminal of the power supply was connected to a stainless steel 

rod cast within a concrete specimen to corrode embedded rebar connected to the positive 

terminal. Therefore, it was thought that cathodic protection of certain reinforcement could be 

applied while corroding other reinforcement within the same concrete specimen. 

To test this proposed technique, a total of eight block specimens were created for small 

scale testing and to discover any issues that may arise for the full size beam specimens. The 

proposed corrosion setup involved connecting the top 10M bar and stirrups to the negative 

terminal of the power supply and the bottom 20M bar to the positive terminal. In effect, it would 

employ cathodic protection on the top bars and stirrups and corrode the bottom bar.  

Initially four blocks were constructed with dimensions of 300 mm × 300 mm × 100 mm 

and were reinforced with a top 10M bar, a smooth 5 mm bar as a “half stirrup” and a bottom 20M 

bar to simulate a 300 mm long, half section of the beam if vertically cut down the middle of its 

cross section. Figure 4.2 shows the block’s rebar cage in its formwork in (a) and a block 

specimen undergoing corrosion in (b). 
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 (a) Block cage in formwork 

 
(b) Block corroding 

Figure 4.2: Block specimens 

After corroding the blocks, it was found that the proposed corrosion setup was effective 

in protecting the top bars and stirrups while corroding the bottom bars. However, a problem 

encountered in the corrosion setup was that the bottom bars experienced pitting corrosion at the 

end of the rebar that was exposed to the water in the corrosion bath. Figure 4.3 displays the 

pitting corrosion experienced by a bottom 20M rebar from a block specimen. It was necessary to 

prevent the end pitting corrosion from happening on the beam specimens to better predict the 

level of corrosion and to ensure corrosion occurred along the full length of the beam specimens. 

Watertight protective sleeves were used to prevent pitting corrosion from occurring at the ends of 

the specimens. Four more block specimens were constructed with short protective sleeves 

consisting of shrink wrap around the reinforcement protruding from the concrete and extending to 

100 mm within the concrete and were injected with silicone to seal the ends. Additionally, 

polyimide and nylon fibres were installed with a layer of JB-Weld epoxy on top to protect the 

bond between the fibres and the steel from being damaged due to corrosion. These protective 

sleeves prevented the severe pitting corrosion at the end of the exposed rebar and thus were used 

for the beam specimens. The epoxy on top of the fibres did an adequate job in protecting the bond 
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between the fibres and the steel. Details of the construction of the watertight protective sleeves 

and fibre protection are explained in section 4.3.2. 

 

Figure 4.3: Reinforcement from block specimen without protective sleeves - pitting 

corrosion 

4.3.2 Beam Specimens 

A total of six beams were constructed with two different configurations. As discussed in 

the previous section, a watertight protective sleeve is required to protect the ends of the rebar 

from localized corrosion. The difference in beam configurations is in the length of the protective 

sleeve that was used to protect the ends from corrosion, which was implemented to explore the 

potential impact of end debonding of the flexural reinforcement on the behaviour of the 

specimen.  Three beams were constructed with a “short” protective sleeve configuration that 

extended 100 mm into the beam and another three beams were constructed with a “long” 

protective sleeve configuration that extended 300 mm into the beam. The protective sleeves also 

cover the ends of the rebar that extend beyond the end face of the concrete. Lastly, the beams 

were designed for the accelerated corrosion process and for the corrosion to specifically target the 

20M bottom reinforcement bars and avoid all other steel in the beam by electrically isolating the 

longitudinal reinforcement. 

The beam specimens were 2.3 m long with a cross section of 300 mm high by 200 mm 

wide. The flexural reinforcement consisted of two 20M bottom bars at an effective depth of 250 

mm and two 10M top bars at a depth of 50 mm from the top surface. The shear reinforcement 

consisted of fifteen open stirrups made with 10M bars, spaced at every 150mm along the 
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specimen. Figure 4.4 displays the profile view of the short protective sleeve configuration in (a), 

the long protective sleeve configuration in (b), and the cross-section of the beam in (c).  

 

(a) Short protective sleeve configuration 

 

(b) Long protective sleeve configuration 

 

(c) Beam cross-section 

Figure 4.4: Beam schematics 
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 Optical fibres were installed along the longitudinal reinforcement with an epoxy cover 

over them to protect the bond between the fibre and reinforcement from being damaged by 

corrosion. Nylon and polyimide fibres were installed on both 20M bars and one of the top 10M 

bars using a cyanoacrylate adhesive (Loctite 4851). As well, three lengths of fibres were installed 

on one exterior side of each beam once the beams were finished corroding. The adhesive used for 

bonding the external fibres to the concrete was Loctite E20-HP epoxy. One length of fibre was 

installed at the level of the top reinforcement (depth of 50 mm), and the other two were installed 

25 mm on either side of the level of the bottom reinforcement (depths of 225 mm and 275 mm). 

The bottom two fibres were installed above and below the level of the bottom reinforcement to 

avoid intersecting the longitudinal crack that developed at this depth during corrosion as 

discussed later. The fibre instrumentation for the beams is shown in Figure 4.5. The nylon fibres 

are labelled “Nylon” and are depicted by white circles outlined in black and the polyimide fibres 

are labelled “PM” and are depicted as grey circles outlined in black. The size of the fibres in this 

figure are enlarged to be visible and are not to scale. 
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Figure 4.5: Fibre optic cable locations in beam specimens 

Figure 4.6 displays the rebar preparation and instrumentation procedure. First, the 20M 

and 10M longitudinal reinforcement were cleaned along the longitudinal ridge by using a wire 

wheel brush to remove the surface rust and wiped with acetone and isopropyl alcohol to remove 

oils as displayed in (a). Next, polyimide and nylon fibres were bonded along the longitudinal 

ridges on opposite sides of the rebar using Loctite 4851. At both ends of each rebar, plastic tubes 

were taped on to protect the fibre where it came out of the concrete as shown in (b). Following 

that, both longitudinal ridges on the 20M bars were covered with JB Marine weld epoxy making a 

watertight seal over the fibres as shown in (c) and (d). The transverse ribs were left untouched in 

an attempt to limit the impact of the epoxy on the bond between the concrete and the steel. Each 

strip of epoxy coating covered approximately 10% of the bar circumference but was installed so 

that the ribs were still exposed. 
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(a) Cleaned rebar 

 
(b) Tubes to protect fibres at ends 

 
(c) Epoxy coating over fibres 

 
(d) View of exposed rebar ribs with epoxy applied 

Figure 4.6: Fibre installation and protection 

Next, electrical wires to connect the bars to the power supply were clamped and taped to 

the bars as shown in Figure 4.7. 

 

Figure 4.7: Electrical wire installation 

93 

 



 

Following that, shrink wrap protective sleeves were placed over the ends and silicone was 

pumped inside to make a watertight seal. Figure 4.8 displays the side view of the installation of a 

short protective sleeve in (a) and the end view in (b). Heat was applied to form the shrink wrap to 

the rebar and squeeze out excess silicone. The final product of short and long protective sleeve 

end protection is shown in Figure 4.9.  

 
(a) Profile view of short protective sleeve installation 

 
(b) End view 

Figure 4.8: Protective sleeve installation on ends of rebar 

 

Figure 4.9: Short and long protective sleeves 

Next, the stirrups were bent into shape and the bottom corners were wrapped with 

electrical tape to aid in the electrical isolation of the longitudinal reinforcement. Following that, 

rubber barriers were secured on the longitudinal reinforcement with electrical tape to act as the 

primary electrical isolation between the stirrups and bottom flexural reinforcement as shown in 

Figure 4.10. The bottom longitudinal reinforcement was orientated so that fibres lined up 

horizontally to remain at the same vertical position as each other. The top bars were then tied to 

stirrups with standard steel reinforcing ties to complete the circuit. 
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(a) Rubber barrier installation 

 
(b) Tying stirrups to bottom bars 

Figure 4.10: Rubber barrier and stirrup installation 

The rebar cages were completed and concrete was poured as shown in Figure 4.11. The 

formwork for the beams was constructed with holes at the ends allowing the longitudinal rebar to 

protrude out of the formwork to allow electrical wires and fibres to exit the beam. 

 

 
(a) Completed cage 

 
(b) Cage in formwork 

 
(c) Concrete pour 

Figure 4.11: Completed rebar cage and concrete pouring 

 The beams were left to cure for 28 days and the concrete had an average compressive 

strength of 45 MPa. Following that, the specimens were corroded as outlined in 4.3.3.  
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4.3.3 Accelerated Corrosion Setup 

Four of the six beams were corroded using an electrochemical accelerated corrosion 

technique. The setup involved placing the beams in a bath of 3.5% NaCl-water solution and 

impressing a current to accelerate the oxidation process of the reinforcement. Figure 4.12 displays 

a schematic of the corrosion setup in (a) and a picture of a beam being corroded in (b). Both 20M 

bottom bars were connected to the positive terminal of a DC power supply and the top bars, 

stirrups (which were electrically isolated from the bottom bars using rubber pads), and stainless 

steel rod sitting under the beam were connected to the negative terminal of the DC power supply. 

This caused the 20M bottom bars to act as the anode, which would corrode, and the rest of the 

steel to act as the cathode, which would be protected from corrosion. The 20M bars were weighed 

prior to any instrumentation being installed or corrosion so that the initial mass could be 

compared to the final mass after corrosion to determine the percent mass loss. 

 

 
(a) Corrosion setup schematic 

 
(b) Beam corroding 

Figure 4.12: Beam corrosion setup 
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4.3.4 Load Test Setup 

Each beam was simply supported and tested monotonically under three-point bending at a 

loading rate of 0.5 mm per minute in a Riehle test frame. The span between the supports was 2.0 

m and the point load was located at midspan. A beam positioned in the load test frame is shown 

in Figure 4.13. A load cell and linear potentiometer were used to measure the load and deflection 

at midpsan throughout the test. Additionally, the LUNA OBR4600 was used to record distributed 

fibre optic strain measurements along fibres bonded to the reinforcement and to the concrete 

surface. 

 
Figure 4.13: Simply supported beam load test setup 

4.4 EXPERIMENTAL RESULTS AND DISCUSSION 

4.4.1 Corrosion Results 

 The target corrosion levels for the beams were: (i) immediately after cracking of the 

concrete occurred (approximately 1% mass loss) and (ii) 5% mass loss. A corrosion level 

immediately after cracking occurred was chosen based on the fact that cracking of the concrete 

causes a substantial decrease in concrete bond (Almusallam et al., 1996). A corrosion level of 5% 

was chosen to investigate the impact of further corrosion after cracking. Examining the bond loss 

immediately after cracking occurs and at a higher level of corrosion should enable an 

understanding of the influence of corrosion on bond performance in reinforced concrete. 
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 Table 4.1 displays the average current density, theoretical mass loss, the actual mass loss 

for each bottom reinforcement bar, and the ultimate total load carried by each beam. The naming 

of each specimen describes the details unique to that beam. The first two characters indicate if the 

beam has the ends of the rebar protected with a short protective sleeve or a long protective sleeve 

where “S” denotes a short protective sleeve and the “L” denotes a long protective sleeve. The 

character(s) following the dash indicate the level of corrosion that the reinforcement was taken to 

for that beam as a percentage where the “C” denotes a control specimen with zero percent 

corrosion, the “01” denotes 1% corrosion, and “05” denotes 5% corrosion. 

Table 4.1: Beam specimen properties 

 Specimen 
Name 

Average Current 
Density 

 (µA/cm2) 

Theoretical  Mass 
Loss 

Bar A 
Actual 

Mass Loss 

Bar B 
Actual 

Mass Loss 

Ultimate Load 
(kN) 

BS-C - - - - 156.9 

BL-C - - - - 151.5 

BS-01 333 0.95% 1.3% 1.1% 136.1 

BL-01 333 1.20% 1.3% 1.5% 94.0 

BS-05 285 4.95% 4.2% 3.9% 108.2 

BL-05 293 5.21% 4.0% 3.5% 94.7 

 

Averaging the actual mass loss from bar A and bar B, the actual mass loss for each beam 

works out to be: 1.1% in BS-01, 1.4% in BL-01, 4.0% in BS-05, and 3.8% in BL-05. Both BS-01 

and BL-01 were corroded with a constant current density of 333 µA/cm2. For BS-05 and BL-05, 

the voltage in the system increased significantly when the longitudinal crack developed, limiting 

the power supply to a lower level of current. Therefore, the average current density for BS-05 and 

BL-05 was lower than BS-01 and BL-01. The actual mass loss in BS-01 and BL-01 was similar 

but slightly higher than the theoretical prediction from Faraday’s equation. For BS-05 and BL-05, 

the actual mass loss was lower than the theoretical prediction based Faraday’s equation, 

suggesting that the cracking of concrete may have affected the corrosion rate. 
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Corrosion of the bottom flexural reinforcement caused a longitudinal crack to develop 

along the side of the entire corroded beam at the depth of the bottom of the reinforcement, 

occurring at approximately 1% mass loss. The longitudinal crack that develops in the beam can 

be seen in Figure 4.14. This crack caused delamination of the bottom concrete cover. Corrosion 

product discharged from this crack showing proof that corrosion was occurring. After testing was 

completed, the rebar was extracted from the beam, cleaned off and weighed to determine the 

actual mass loss due to corrosion. Upon inspection of the rebar, it was evident that BS-01 and 

BL-01 experienced uniformly distributed corrosion. However, BS-05 and BL-05 experienced a 

combination of distributed and minor pitting corrosion. This was likely due to the existence of the 

longitudinal crack which provides a direct path for the chlorides to the reinforcing steel. The 

entire length of the rebar would have varying electrochemical activities, making certain locations 

more prone to pitting corrosion.  

 

Figure 4.14: Corrosion-induced longitudinal crack developing at depth of bottom 

reinforcement 

4.4.2 Load vs Deflection Response 

 Two load vs deflection plots were used to examine the impact of corrosion on the 

behaviour of the beams. Two graphs were made, one comparing the beams with short protective 

sleeves to each other and another comparing the beams with the long protective sleeves to each 

other. Figure 4.15 displays the impact of corrosion on the load vs deflection response for the 

beams with short protective sleeves in (a) and for the beams with long protective sleeves in (b). 

The tests were conducted with a slow loading rate, high data acquisition rate (for load and 

midspan deflection), and involved pausing the test at load steps to take FOS measurements. Small 
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decreases along each load vs deflection curve are due to effects of creep in the concrete beam 

while paused at each load step. 

(a) Load vs deflection for beams with short protective sleeves 

 
(b) Load vs deflection for beams with long protective sleeves 

Figure 4.15: Impact of corrosion level on load vs deflection response 
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Figure 4.15 (a) shows BS-C, the uncorroded beam with short protective sleeves. This 

beam behaved as expected with only small reductions in stiffness until the yield moment was 

reached and then demonstrated ductile behaviour after yielding. The test was ended before failure 

actually occurred because the optical fibres had all been broken and so loading was halted to 

avoid the possibility of damaging equipment. BS-01 had a lower stiffness, failed at a lower load, 

and was less ductile than BS-C. Lastly, BS-05 appeared to have a higher stiffness, but had an 

ultimate capacity that was lower than both BS-C and BS-01. Figure 4.15 (b) shows that BL-C, the 

uncorroded beam with long protective sleeves encounters two drops in load, reducing stiffness, 

but eventually is able to reach the expected ultimate load. Interestingly, BL-01 and BL-05 have 

similar behaviour and ultimate capacities, the difference being that BS-01 has greater ductility but 

lower initial stiffness. 

The test results show that just 1.1% and 4.0% corrosion of the bottom longitudinal 

reinforcement in the beams with short protective sleeves can cause a reduction in ultimate 

capacity by 13% and 31%, respectively. For beams with long protective sleeves, 1.4% and 3.8% 

corrosion causes a reduction in ultimate capacity of 38% and 37%, respectively. The fact that BL-

01 had a larger reduction in capacity than BL-05 indicates that end debonding due to the 

protective sleeves plays an important role in the load carrying capacity of these specimens. It is 

possible that visual inspections of reinforced concrete structures that have corrosion damage in 

the 1% - 5% range may be left unrepaired. However, the results here show that these low levels of 

corrosion are enough to cause significant structural damage under certain conditions.  

4.4.3 General FOS Measurements 

The FOS strain distributions shown in Figure 4.16 compare the nylon fibre to the 

polyimide fibre for the bottom of the short protective sleeve control beam, BS-C, at an applied 

load of 60 kN. The fibres were in the same horizontal plane and so they should theoretically have 

the same strain readings. 
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Figure 4.16: BS-C at 60 kN - Polyimide vs. nylon fibre strain distribution comparison 

Figure 4.16 shows that the nylon and polyimide fibres measure similar strains. However, 

it is evident that the polyimide fibre shows more steep strain gradients while the strain 

measurements from the nylon fibre seem to be more averaged. This is due to the better fibre-to-

substrate bond that the polyimide coating provides and the nylon coating-sensing core slip. In 

some cases the strain readings between each fibre differ by approximately 100 microstrain but 

they both follow the same general trend. Each peak in the fibre strain readings represents a crack 

in the concrete. There is a strain increase at each crack location as the reinforcement is 

responsible for carrying the entire tensile force at the crack location. Overall, the strain profile in 

the rebar is triangular in shape with the maximum strain occurring at midspan as one would 

expect for 3 point bending in a beam. The change in strain distribution with load for the nylon 

strain measurements on the bottom reinforcement of BS-C is shown in Figure 4.17. 
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Figure 4.17: BS-C Bottom interior nylon fibre strain progression 

Figure 4.17 displays the nylon fibre strain progression of the bottom reinforcement in BS-

C from 10 kN to 137 kN. The strain reading at 10 kN is just visible above the x-axis and has two 

strain increases at approximately 0.65 m and 1.4 m. These increases are likely due to the fact that 

wooden rebar chairs were placed at these locations to keep the rebar at the correct depth. The 

discontinuity of material at these locations created a stress concentration which led to the 

formation of cracks in the bottom of the beam. As the beam is loaded further, more cracks form 

and the strain in the bottom flexural reinforcement increases. At 20 kN three new cracks develop 

and several more at 60 kN. At 137 kN, the reinforcement is yielding at midspan as shown by the 

large strain increase in that region. Proper interpretation of the strain distribution is necessary to 

ensure that strain spikes are not due to other causes such as cracks in the concrete or simply 

inaccurate readings. In this case it is evident that the strain spike at midspan at a load of 137 kN is 

in fact showing the steel yielding as there are multiple data points that indicate an increase in 

strain and a crack had already developed at that location at a previous load step.  

The strain progression of the nylon fibre in the top rebar for BS-C is shown in Figure 

4.18. 
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Figure 4.18: BS-C Top interior nylon fibre strain progression 

It can be seen from Figure 4.18 that as the load increases so does the compressive strain 

in the top reinforcement bar. At approximately 0.55 m, 1.0 m and 1.3 m localized increases in the 

strain measurements develop at 20 kN and continue throughout loading. This is likely due to a 

midspan flexural crack and shear cracks that eventually reach the top of the beam reducing the 

compression in the top bar at those locations. Crack locations can be detected with both internal 

and external fibres. Figure 4.19 displays the strain distributions of the interior and exterior fibres 

at the level of the bottom reinforcement of BS-C loaded to 40 kN. 

 
Figure 4.19: BS-C at 40 kN - Interior vs. exterior fibres 
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Figure 4.19 illustrates that compared to the internal fibre measurements, both external 

fibres measure higher strains at the crack locations and lower strain values in between the cracks 

since they are measuring the strains across the crack whereas the internal fibre bonded to the 

rebar is measuring the strain in the steel which is bridging the cracks. However, the concrete still 

contributes towards increasing the specimen’s flexural stiffness. If the concrete added no 

additional stiffness the distribution of strain in the reinforcement would be linear with no 

localized changes in strain. Except for one crack location at approximately 1.4 m along the beam, 

the exterior fibres above the reinforcement measure lower strain increases than the exterior fibres 

below the reinforcement. This is due to the fact that the cracks are wider towards the bottom of 

the beam. Between the cracks where the concrete contributes to the stiffness, the fibres above the 

reinforcement measure lower strain since they are closer to the neutral axis of the beam where the 

strains are lower.  

4.4.4 Effects of Reinforcement End Debonding 

 Since the corrosion technique used in the current research caused pitting corrosion of the 

ends of the reinforcement, protective sleeves were required to protect the reinforcement near the 

ends of the beam. Using these protective sleeves themselves causes some bond loss, as previously 

discussed in regards to the load deflection behaviour, so to better understand the impact of the 

presence of the end protective sleeves, two lengths of protective sleeves were used.  

Figure 4.20 shows the load vs deflection plot for BS-C and BL-C. The only difference 

between these two specimens is the length of protective sleeve that was placed on the ends of the 

bottom longitudinal rebar. BS-C had a 100 mm protective sleeve that extended to 50 mm away 

from the centre of the support while BL-C had a 300 mm protective sleeve that extended 150 mm 

beyond the centre of the support.  
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Figure 4.20: Load vs deflection for BS-C and BL-C 

At point A in Figure 4.20 both specimens reached 100 kN and displayed similar stiffness. 

However, just after 100 kN, BL-C developed a shear crack on the left side of the beam which 

caused a large decrease in stiffness and changed the distribution of forces (point B on the load vs 

deflection plot). Loading of BL-C continued and a second shear crack formed on the right side of 

the beam, which had a similar effect on the specimen behaviour as the first crack. Eventually, the 

load vs deflection plot of BL-C approaches and is nearly equal to BS-C at point C. Fibre optic 

strain comparisons were made at points A, B and C to understand better the behaviour of the 

beams throughout the load test. The fibre optic sensing measurements of the two control beams at 

point A are shown in Figure 4.21.  
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Figure 4.21: BS-C vs BL-C Top and bottom strain distributions at point ‘A’ (100 kN) 

The strain results in Figure 4.21 are from the interior nylon fibres on the bottom 

reinforcement in both beams, the interior nylon from the top bar in BS-C, and the interior 

polyimide fibre from the top bar in BL-C. The polyimide fibre from the top bar was broken in 

BS-C and the nylon fibre from the top bar was broken in BL-C. It is clear that the two beams 

have similar behaviour at this stage of testing. At point ‘B’ on the load deflection curve, a shear 

crack formed and the load on specimen BL-C dropped to 75 kN as the test was conducted in 

stroke control. The shear crack developed on the left side of the beam as shown in Figure 4.22. 

The fibre optic results for BS-C at 100 kN and BL-C at 75 kN (point ‘B’) just after the shear 

crack formed are displayed in Figure 4.23. 
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Figure 4.22: BL-C - Shear crack formed on left side of beam at 100 kN 

 
Figure 4.23: (B) BS-C at 100kN vs BL-C after shear crack (75kN) 

It can be seen from Figure 4.23 that at approximately 0.4 m along the beam the shear 

crack passed the location of the top 10M rebar. A large positive strain increase is shown in the top 

fibre of BL-C, reaching approximately 1800 microstrain. At approximately 0.25 m along the 

beam the shear crack crosses the bottom longitudinal reinforcement where a positive tensile strain 

increase is also noticeable. The right side of the figure shows the effects of the decrease in load 

for BL-C as the strains in this region are lower than for BS-C.  At 120 kN a second shear crack 

formed on the right side of BL-C shown in Figure 4.24. The strain distributions of both BS-C and 

BL-C at 137 kN are shown in Figure 4.25.  
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Figure 4.24: BL-C - Shear crack formed on right side of beam at 120 kN 

 
Figure 4.25: (C) BS-C and BL-C at 137 kN 

In Figure 4.25 both shear cracks are evident in the differences in the strain distributions 

between BS-C and BL-C in both the top and bottom fibres. The top fibre from BL-C shows strain 

increases at 0.4 m and 1.6 m while in the bottom bar strain increases are further towards the end 

of the beam. Therefore, the shear crack passes over the bottom rebar closer to the end of the beam 

compared to where the shear crack passes over the top rebar as shown in the fibre optic results, 

which matches the orientation of the shear cracks. These large shear cracks only develop in the 

beams with long protective sleeves on the flexural reinforcement resulting in a decrease in 
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stiffness. Shear cracks develop in BS-C but they have much smaller widths and have lesser 

impact on the overall stiffness of the beam. 

Another effect that end debonding of the bottom flexural reinforcement has on the beam 

is the ability for the reinforcement to develop tension. Comparing the strain distributions between 

the short protective sleeve specimens and the long protective sleeve specimens, it is possible to 

see that there is a difference in bond towards the ends of the beam as seen in Figure 4.26, which 

shows the strain measurements from BS-C and BL-C at 100 kN. 

 
Figure 4.26: BS-C vs BL-C Bottom nylon fibre measurements showing end debonding 

effects 

One can see in Figure 4.26 that between 0.0 m and 0.2 m the strain in the bottom rebar of 

BS-C is greater than BL-C, but both still appear to developing strain. However, between 1.8 m to 

2.0 m the strain in the bottom rebar of BL-C remains near zero while in BS-C the strain in the 

bottom rebar develops symmetrically.  This suggests that the long protective sleeve has a greater 

impact on the bond with the concrete and that it is possible that the reduction in bond due to the 

long protective sleeve can vary. To explore this further, the strain measurements from BS-01 and 

BL-01 at 80 kN were compared in Figure 4.27. 
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Figure 4.27: BS-01 and BL-01 Bottom nylon fibre showing end debonding effects 

Focusing on the 200 mm sections at each end of the beams in in Figure 4.27, it is 

apparent that BS-01 is able to develop strain in the reinforcement while the end 200 mm sections 

of BL-01 do not show significant strain values. This indicates that the long protective sleeves on 

the ends of the flexural reinforcement are causing a reduction in bond between the concrete and 

steel. Loss of bond could cause the reinforcement to slip within the concrete and cause the 

longitudinal crack due to corrosion to widen. Loss of bond at the end of the reinforcement and 

slipping is seen in the beams with long protective sleeves but not in the beams with short 

protective sleeves. A similar comparison of the two beam configurations at 5% corrosion was not 

made as the corrosion already has had a significant impact on the strain measurement making it 

difficult to state if the difference in strain measurements is due to corrosion or end debonding. 

4.4.5 Fibre Optic Sensing for Corrosion Detection 

Corrosion of the longitudinal reinforcement steel is known to cause bond deterioration 

and a reduction in ultimate load (Almusallam et al., 1996). One goal of the current research is to 

determine if fibre optic sensing is able to detect corrosion and provide a good indication of the 
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impact it has on the structural performance of the beam. The typical behaviour for the polyimide 

strain readings is shown in the strain progression of a control beam (BS-C) in (a) and a corroded 

beam (BS-01) in (b) of Figure 4.28. 

 

(a) BS-C – Control beam bottom interior polyimide strain change with load 

 
(b) BS-01- Bottom interior polyimide strain change with load at 1.1% corrosion 

Figure 4.28: Control vs corroded beam comparison 
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In Figure 4.28 (a) the polyimide strain measurements in BS-C are generally smooth and 

behave as expected in that they show strain increases only at crack locations and follow the 

triangular strain distribution one would expect for the bottom reinforcement in a beam 

undergoing three point bending. However, these measurements get distorted once corrosion of the 

reinforcement has occurred as seen in (b). The corrosion damage causes the polyimide strain 

readings to have sporadic strain increases and decreases. It is evident that the strain readings are, 

in some instances, seemingly unreliable. The fibre optic strain results for BS-05, corroded to 

4.0% mass loss, are shown in Figure 4.29. In terms of detecting corrosion, the strain 

measurements give a good indication if corrosion damage is present due to the erratic nature of 

the results. 

 
Figure 4.29: BS-05 Bottom interior polyimide strain change with load 

Figure 4.29 illustrates that at higher levels of corrosion the irregular strain readings 

become more frequent and are amplified. At a load of 20 kN the strain measurements seem to be 

unaffected by the corrosion in BS-05. However, at subsequent loads the strain measurements 

become increasingly erratic. This is possibly due to the fragile nature of the polyimide fibre and 

the measurements are being affected by local stresses due to corrosion products or sliding of the 
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reinforcement relative to the concrete causing aggregates to push into the fibre. As well, the fibres 

have a negligible second moment of area and are highly susceptible to localized bending stresses. 

Although it may affect the accuracy of the measurement capabilities, the existence of the irregular 

measurements provides evidence that corrosion is present in the structure. Utilizing this, FOS can 

offer an early detection of corrosion damage, allowing for minor rehabilitation before the damage 

becomes too severe.  

In addition to an early corrosion detection system, the fibre optic sensing system is able 

to detect reinforcement-to-concrete bond deterioration caused by corrosion. Figure 4.30 compares 

the strain progression from the nylon fibres for BS-C and BS-01 to demonstrate the ability of 

FOS to detect bond deterioration due to corrosion. The black lines represent the strain distribution 

for BS-C and the grey lines represent the strain distribution for BS-01.  

 
Figure 4.30: BS-C (black lines) vs BS-01 (grey lines) - Interior nylon bottom fibre strain 

change with load comparison 

In Figure 4.30 the corroded specimen, BS-01, has a different strain distribution shape 

compared to the control, BS-C. It is evident that the control specimen without corrosion has 

higher strains at the midspan of the beam when compared to corroded beam. This is possibly due 
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to a change in beam behaviour where beam action is breaking down in the corroded specimen due 

to a loss of bond. The corroded beam strain profile no longer follows a linear trend from 0 at the 

supports to a maximum at midspan. Instead there are higher strains at the support and lower 

strains at midspan as would be expected if the bottom reinforcement were acting as a tension tie 

in an arch mechanism. The strain behaviour in the corroded beam appears to lie between what 

would be expected for beam action and arching action, which suggests a partial breakdown of the 

bond between the reinforcement and the surrounding concrete.  

Additionally, the strain spikes due to cracking are more pronounced in the control 

specimen. In fact, the corroded specimen shows few signs of cracking. This could be due to the 

fact that the expansive corrosion products have delaminated the concrete cover from the 

underside of the beam, reducing the bond between the concrete and reinforcement. If this is true 

and the bond was reduced, the rebar would not transfer stress to the surrounding concrete, nor 

experience the local strain increases and decreases due to cracking seen in BS-C. Similar 

behaviour can be seen in the fibre optic strain change with load comparison between BS-C and 

BS-05 as shown in Figure 4.31. The black lines represent the strain distribution for BS-C and the 

grey lines represent the strain distribution for BS-05. 
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Figure 4.31: BS-C (black lines) vs BS-05 (grey lines) - Interior nylon bottom fibre strain 

progression comparison 

In Figure 4.31 it can be seen that BS-05 is behaving similarly to BS-01 in that the strain 

distributions at each load step are lower than the control at midspan but equal to or greater than 

the control at the ends. There is also some asymmetry in the results for BS-05 where the left end 

experiences lower strains and the right side experiences higher strains. During testing it was noted 

that the longitudinal crack on the right side of the beam was opening wider than the left. This 

suggested that the bottom reinforcement was anchored on the left side of the beam but was 

slipping on the right side as the shear crack intersected the longitudinal crack caused by 

delamination and continued to widen. Once corrosion of the reinforcing steel induces cracking, 

bond stress between the concrete and reinforcement is reduced and the slip of the reinforcement 

within the concrete is greatly increased (Al-Hammoud et al., 2010). Photos of BS-05 at the end of 

the load test are shown in Figure 4.32. 
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(a) Left side 

 

(b) Right side 

Figure 4.32: BS-05 – Post-test pictures of BS-05 

 Figure 4.32 shows that the left side of the beam does not develop a significant shear crack 

and the longitudinal crack due to corrosion is not as wide as the right side. Whereas the right side 

of the beam developed a large shear crack and the longitudinal crack due to corrosion widened. 

This is evidence to prove that corrosion induced cracks can reduce the bond between the 

reinforcement and concrete and even cause the reinforcement to slip. That being said, the short 

protective sleeves likely played a role in reducing the bond at the end of the reinforcement and 

allowed for the rebar to slip relative to the concrete. However, the control beam with the short 

protective sleeve did not experience loss of bond or slipping in comparison to BS-05. Therefore, 

the corrosion damage is likely the main reason for the observed behaviour.  

4.5 CONCLUSIONS  

The current research program was conducted to determine if fibre optic sensing was 

capable of detecting and measuring signs of deterioration in reinforced concrete beams and using 

the data to determine the impact of corrosion on structural performance. Six beams were 

constructed with nylon and polyimide fibres on the top and bottom longitudinal reinforcement. 

External nylon fibres were also installed on the side of the concrete beams. Short and long 

protective sleeve configurations of the beams were tested to determine the effects of end 

debonding of the bottom longitudinal reinforcement. The following conclusions can be drawn: 
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1. Rayleigh based FOS is capable of measuring the distributed strain along the 

reinforcement and on the exterior of a reinforced concrete beam. Both internal and 

external fibres are able to detect and localize cracks.  

2. Loss of bond at the end of the bottom flexural reinforcement due to the long protective 

sleeves causes the reinforcement to slip within the beam, enabling wide shear cracks to 

develop and reduce shear stiffness. Rayleigh based FOS is able to measure the decrease 

in bond between the reinforcement and concrete where the protective sleeves covered the 

ends of the reinforcement. 

3. Both internally and externally bonded fibres can detect shear cracks forming in the 

beams. With proper interpretation of the data it may be possible to distinguish shear 

cracks from flexural cracks. 

4. Corrosion of the reinforcement causes the strain reading in the polyimide fibres to 

become sporadic and worsen with increasing corrosion level. While this may affect the 

accuracy of the strain reading it is an indication of corrosion occurring. This happens at a 

corrosion level as low as 1.1% suggesting that polyimide fibres are capable of monitoring 

early signs of corrosion in reinforced concrete.  

5. Corrosion of the bottom longitudinal reinforcement causes delamination of the 

surrounding concrete to occur, thereby reducing the bond. The FOS is able to detect the 

loss of bond between the concrete and reinforcement that was caused by the corrosion.  

The control beams have strain increases and decreases caused by cracks, indicating that 

the bond is adequate to transfer stress between the concrete and steel. However, the 

corroded beams have a more averaged strain profile indicating that the bond was 

deteriorated between the concrete and steel. 

6. It was found that 1.1% and 4.0% corrosion levels of the bottom longitudinal 

reinforcement can cause a decrease in ultimate load of the beams with short protective 
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sleeves by 13% and 39%, respectively. For the beams with long protective sleeves, 1.4% 

and 3.8% corrosion cause a decrease in ultimate capacity by 38% and 37%, respectively. 
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Chapter 5 

Conclusions and Future Work 

5.1 SUMMARY OF RESEARCH 

 This thesis consisted of a series of experiments undertaken to understand the effects of 

deterioration on the behaviour of reinforced concrete using a Rayleigh backscatter based FOS 

system. Initial tests were conducted on reinforced concrete tension specimens to investigate 

tension stiffening and how cracking of the concrete affects the stiffness and behaviour of 

reinforced concrete members. The second set of tests completed used similar reinforced concrete 

tension specimens to study how corrosion of the reinforcing steel affects bond performance. To 

ensure the FOS system would provide accurate results, a proper fibre installation technique was 

developed to prevent corrosion from debonding the optical fibres from the reinforcement. The 

ability of the FOS to detect and measure the level of corrosion was examined and how corrosion 

of the reinforcing steel can affect the measurements. Lastly, beam tests were conducted to gain an 

understanding of how corrosion of the bottom longitudinal reinforcement affects the behaviour of 

the beam. Below is a summary of the main conclusions from the current research: 

1. The results from the concrete tension specimens showed that the FOS system is capable 

of detecting the breakdown of bond between the reinforcing steel and concrete during 

loading. The strain distributions showed that concrete adds increases the overall stiffness, 

especially before cracking occurs. It was also possible to gain insight into the impact of 

shrinkage on the effect of tension stiffening by adopting typical shrinkage strains from 

Bischoff (2001). An apparent reduction in tension stiffening is seen without accounting 

for shrinkage strains during the curing of concrete. 

2. Rayleigh based FOS is capable of detecting and localizing cracks as well as indicating 

when cracks form on only one side of the specimen. It was found that asymmetrical crack 
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patterns developed in some specimens, causing strain peaks well above the expected 

theoretical strains that would develop in a bare rebar. This suggested that asymmetrical 

crack patterns caused a localized bending effect even though the specimens were loaded 

in axial tension. Digital image correlation of the concrete surface confirmed that the 

cracking was asymmetrical and bending was occurring in certain specimens. However, 

this behaviour was not seen in the beams as all the fibres were installed below the neutral 

axis of the beam. 

3. The results from the tension tests found that crack spacing decreases as bar diameter 

increases and that at service loads the tension stiffening effect in specimens with smaller 

diameter reinforcement is greater. Compared to previous research that utilized multiple 

strain gauges installed along the interior of a reinforcing bar, the FOS system produced 

similar results with more measurement and analysis capabilities with less complex 

installation procedures. 

4. To prevent corrosion of the reinforcing steel from debonding the fibres, a waterproof 

sealant over the fibres was required. For bare rebar specimens and at low levels of 

corrosion in reinforced concrete, waterproof silicone was adequate. However, higher 

levels of corrosion in reinforced concrete specimens caused debonding of the fibres 

resulting in erroneous data. Therefore, a 2-part marine epoxy is recommended to protect 

the fibre-rebar bond.  

5. Corrosion of the bare rebar specimens was evenly distributed while the reinforced 

concrete specimens experienced pitting corrosion of the reinforcement. Pitting corrosion 

creates localized stress concentrations which significantly decreases the ultimate capacity 

of the specimen. For example, specimen C2-10 was corroded to 10% mass loss but had a 

30% decrease in ultimate capacity.  
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6. FOS measurements of the corroded tension specimens gave insights in to how corrosion 

affects the bond between concrete and steel. Corroding specimens only to the point of 

cracking caused a minor decrease in bond strength. While a gap opening between the 

concrete and steel should have a large impact on bond, expansive corrosion products fill 

this gap and increase the friction between the concrete and steel, somewhat negating the 

effect of the crack opening. At higher levels of corrosion, the corrosion induced crack 

widens and the bond performance continues to decrease because the reinforcement is 

carrying a larger percentage of the load from the beginning of the load test.  

7. The FOS system was capable of detecting pitting corrosion. Peaks in the strain 

distribution matched up with several areas of localized corrosion after inspecting the 

rebar. However, it is difficult to distinguish strain variations due to pitting corrosion from 

other causes of strain variation (e.g. cracking) without a priori knowledge of the pitting 

location. 

8. It was found that the corrosion can affect the accuracy of FOS measurements. However, 

increasing the spectral shift quality filter lower limit from 0.15 to 0.45 allowed for trends 

in the data to be isolated and eliminated measurements affected by corrosion. In the beam 

tests, corrosion caused the strain reading in the polyimide fibres to become sporadic and 

less accurate with increasing corrosion level. However, it is still an indication of 

corrosion occurring and occurs at a corrosion level as low as 1.1%. Therefore, polyimide 

fibres allow for early detection of corrosion in reinforced concrete.  

9. Results from the beam tests showed that the use of the long protective sleeves at the ends 

of the longitudinal reinforcement causes the reinforcement to slip within the concrete and 

wide shear cracks to develop, reducing the shear stiffness. Both fibres bonded to the 

reinforcement and fibres bonded to the concrete surface can detect shear cracks forming 
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in the beams. The FOS is also able to measure the decrease in bond between the concrete 

the reinforcement at the ends where the protective sleeves were located. 

10. The FOS results from the beam tests could be used to measure the loss of bond between 

the concrete and reinforcement.  Corrosion of the bottom longitudinal reinforcement 

causes delamination of the surrounding concrete to occur, thereby reducing the bond. 

Compared to control specimens which had strain increases and decreases caused by 

cracks, which indicated that the bond was adequate to transfer stress between the concrete 

and steel, the corroded specimens have a more averaged strain profile that does not show 

crack locations, which indicated the bond between the concrete and the reinforcement 

had deteriorated. 

11. In the beam tests, it was found that low corrosion levels of the bottom longitudinal 

reinforcement can greatly reduce the ultimate load carrying capacity. This proves that 

section loss of the reinforcement is not the only factor in structural damage caused by 

corrosion. Therefore, bond performance must also have a significant influence on the 

behaviour of the beam. 

5.2 FUTURE WORK 

The current research has created other opportunities for future work that were beyond the scope 

of this thesis including: 

1. The development of understanding into the effects of corrosion on the shear 

reinforcement using FOS. 

2. Exploring how corrosion of all of the reinforcement in a reinforced concrete structure 

would impact the behaviour to possibly provide a more realistic picture of the effect of 

corrosion on structural performance. 
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3. An investigation of a different fibre adhesive that could produce accurate strain readings 

while being more durable against debonding due to corrosion to reduce the labour 

required to instrument structures. 

4. Experiments to assess the impact of corrosion of concrete beams under loading, using 

FOS to measure the distributed strain along reinforcing steel and concrete surface before, 

during, and after corrosion and loading. 
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