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Abstract 

Much of North America’s reinforced concrete infrastructure is reaching the end of its 

service life and careful inspection and assessment is required to ensure the appropriate capacity is 

maintained in these structures. The research conducted herein seeks to further the development of 

two new sensor technologies: fibre optic strain sensors and digital image correlation, which have 

the potential to provide comprehensive performance data for structures to a level of accuracy 

previously not possible. The research involves determining the accuracy of these sensor systems 

to monitor both strain and crack widths in reinforced concrete compared to conventional 

techniques, such as electrical resistance strain gauges. Preliminary work was also undertaken on 

correcting the sensor results for temperature. It was determined that temperature variations in the 

range of +21 °C  to -20 °C, result in significant strain errors for both sensor systems. Once the 

results obtained from the sensors systems are corrected for temperature, crack widths are 

monitored in four small-scale reinforced concrete tension specimens, and strain and crack width 

behaviour is monitored in four full-scale beams under four point bending. One of the major 

problems faced when using the digital image correlation technique is out of plane movement 

which results in significant error. Techniques to lower this error are addressed. In addition, 

obtaining a more robust understanding of the effects of temperature on crack widths, stiffness, 

strength and short term creep behaviour of reinforced concrete elements is explored to improve 

structural monitoring and numerical models used for analysis. Four full-scale beams, two at room 

temperature and two at -20 °C, were loaded to failure under four point bending. A comparison of 

the room temperature and low temperature test results show that the cracks tend to close up at 

lower temperatures in members that are free to expand and contract. This behaviour results in a 

potential increase in shear capacity for beams at lower temperatures. The low temperature beams 
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also saw a minor increase in strength, but saw no noticeable increase in stiffness. Lastly, 

short-term creep behaviour was reduced in the low temperature beams once the formation of ice 

occurred. 

 

 



iv 

 

Acknowledgements 

This research was conducted under the supervision of Dr. Mark Green and Dr. Neil 

Hoult. I would like to thank them both for providing me the opportunity to work on this 

challenging project. I am very grateful for their invaluable guidance, encouragement, support and 

knowledge throughout this project. Their time and effort contributed to this project is very much 

appreciated. 

Many thanks to the technical staff for being incredibly helpful; their assistance is greatly 

appreciated. Special thanks go to Paul Thrasher and Neil Porter for providing their wealth of 

technical and practical experience and I enjoyed the time spent working with them. I am also 

thankful to the fellow graduate students in the Structures group, most notably Michael Dutton, 

Ryan Regier, and Bryan Simpson for always being willing to provide assistance whenever it was 

needed. I would also like to acknowledge and thank Michael Dutton for allowing the use of some 

his data within this thesis.  

To all my colleagues, thanks for making these last two years enjoyable. Without the 

walking club, ultimate Frisbee, the Ellis Expos, girl’s night Wednesdays and grizz nights, I would 

have never gotten through it all. 

Finally, I would like to thank my family and friends back at home for all their support. 

Thanks for the unconditional love and kind words of encouragement. 

  



v 

 

Table of Contents 

Abstract ........................................................................................................................................... ii 

Acknowledgements ....................................................................................................................... iv 

Chapter 1  

Introduction .................................................................................................................................... 1 

1.1 General ................................................................................................................................... 1 

1.2 Area of Study ......................................................................................................................... 2 

1.3 Objectives .............................................................................................................................. 4 

1.4 Scope ...................................................................................................................................... 4 

1.5 Thesis Outline ........................................................................................................................ 5 

Chapter 2  

Literature Review .......................................................................................................................... 7 

2.1 Introduction ............................................................................................................................ 7 

2.2 Fibre Optic Strain Monitoring ............................................................................................... 7 

2.2.1 Single Point FOS ............................................................................................................. 8 

2.2.2 Distributed FOS .............................................................................................................. 9 

 Existing Research in Distributed Sensing .............................................................. 11 2.2.2.1

2.2.3 Temperature and Strain Discrimination ........................................................................ 13 

2.3 Digital Image-Based Strain Monitoring ............................................................................... 13 

2.3.1 geoPIV .......................................................................................................................... 13 

2.3.2 Previous Research ......................................................................................................... 14 

2.4 Shear Performance of Reinforced Concrete ......................................................................... 16 

2.4.1 Present Shear Models .................................................................................................... 16 

 Modified Compression Field Theory ..................................................................... 18 2.4.1.2

2.4.2 Cracking in Concrete .................................................................................................... 19 

2.5 Behaviour of Reinforced Concrete at Low Temperature ..................................................... 20 

2.5.1 Concrete Behaviour at Low Temperature ..................................................................... 21 

 Compressive and Tensile Strength ......................................................................... 21 2.5.1.1

 Modulus of Elasticity ............................................................................................. 22 2.5.1.2

 Coefficient of Thermal Expansion ......................................................................... 22 2.5.1.3

 Creep ...................................................................................................................... 23 2.5.1.4



vi 

 

 Effect of Freeze Thaw Cycles ................................................................................ 23 2.5.1.5

2.5.2 Reinforcing Steel Behaviour at Low Temperature ....................................................... 24 

 Tensile Strength and Ductility ............................................................................... 24 2.5.2.1

 Coefficient of Thermal Expansion ......................................................................... 25 2.5.2.2

2.6 Summary .............................................................................................................................. 25 

Chapter 3  

Performance of DIC and Distributed FOS for Reinforced Concrete Monitoring ................. 30 

3.1 Introduction .......................................................................................................................... 30 

3.2 Background .......................................................................................................................... 32 

3.2.1 Fibre Optic Strain Sensors ............................................................................................ 32 

3.2.2 Digital Image Correlation ............................................................................................. 34 

3.3 Experimental Program ......................................................................................................... 36 

3.3.1 Crack Width Experiment .............................................................................................. 36 

 Specimen Design ................................................................................................... 37 3.3.1.1

 Instrumentation ...................................................................................................... 38 3.3.1.2

 Test Setup............................................................................................................... 40 3.3.1.3

3.3.2 Full-Scale Beam Experiment ........................................................................................ 42 

 Specimen Design ................................................................................................... 42 3.3.2.1

 Instrumentation ...................................................................................................... 43 3.3.2.2

 Test Setup............................................................................................................... 45 3.3.2.3

3.3.3 Temperature Correction of Measurement Techniques .................................................. 46 

 Temperature Correction of FOS ............................................................................ 46 3.3.3.1

 Temperature Correction of DIC ............................................................................. 48 3.3.3.2

 DIC Calibration for Canon EOS Rebel 2Ti ........................................................... 55 3.3.3.3

 Temperature Correction of DEMEC – Demountable Mechanical Strain Gauge ... 58 3.3.3.4

3.4 Comparison of Measurement Techniques ............................................................................ 58 

3.4.1 DIC vs. DEMEC Crack Widths .................................................................................... 59 

3.4.2 Calibration of FOS for Crack Width Monitoring .......................................................... 62 

3.4.3 Comparison of FOS, DIC and External Strain Gauges for Strain Monitoring ............. 65 

3.5 Conclusions .......................................................................................................................... 71 

 

 



vii 

 

Chapter 4  

The Effect of Temperature Variations on Crack Widths and Behaviour of Reinforced 

Concrete ........................................................................................................................................ 75 

4.1 Introduction .......................................................................................................................... 75 

4.2 Background .......................................................................................................................... 76 

4.2.1 Shear Modelling Performance and Crack Behaviour .................................................... 76 

4.2.2 Reinforced Concrete Behaviour at Low Temperatures ................................................. 77 

4.2.3 Digital Image Correlation ............................................................................................. 79 

4.3 Experimental Program ......................................................................................................... 80 

4.3.1 Axial Tension Experiment ............................................................................................ 80 

 Specimen Design ................................................................................................... 81 4.3.1.1

 Instrumentation ...................................................................................................... 82 4.3.1.2

 Test Setup............................................................................................................... 83 4.3.1.3

4.3.2 Full Scale Beam Experiment ......................................................................................... 85 

 Specimen Design ................................................................................................... 85 4.3.2.1

 Instrumentation ...................................................................................................... 87 4.3.2.2

 Test Setup............................................................................................................... 88 4.3.2.3

4.4 Results .................................................................................................................................. 90 

4.4.1 Crack Widths in Reinforced Concrete Axial Specimens .............................................. 90 

4.4.2 Crack Widths in Reinforced Concrete Beams .............................................................. 97 

4.4.3 Loading and Failure of Reinforced Concrete Beams .................................................. 103 

4.4.4 Stiffness of Reinforced Concrete Beams .................................................................... 104 

4.4.5 Creep in Reinforced Concrete Beams ......................................................................... 104 

4.5 Conclusions ........................................................................................................................ 107 

Chapter 5  

Conclusions and Recommendations ......................................................................................... 110 

5.1 Summary ............................................................................................................................ 110 

5.2 Conclusions ........................................................................................................................ 110 

5.3 Recommendations for Future Work ................................................................................... 112 

Appendix A  

Calculation of Coefficient of Thermal Expansion and Contraction of Concrete ................. 114 

 



viii 

 

Appendix B  

Calibration of Demountable Mechanical Strain Gauge ......................................................... 116 

Appendix C 

 Load Versus Time ..................................................................................................................... 117 

  



ix 

 

List of Figures 

Figure 2.1: Increase in compressive strength with decreasing temperature (Marshall, 1982) ....... 22 

Figure 3.1: Specimen design and internal instrumentation layout (dimensions in mm) ................ 38 

Figure 3.2: Schematic elevation of the crack width test ................................................................ 39 

Figure 3.3: DEMEC stud and FOS layout on top surface of reinforced concrete specimen 

(dimensions in mm) ....................................................................................................................... 39 

Figure 3.4: Loading frame design with reinforced concrete specimen .......................................... 41 

Figure 3.5: Beam cross section (dimensions in mm) ..................................................................... 42 

Figure 3.6: Beam cross section and instrumentation (dimensions in mm) .................................... 45 

Figure 3.7: Fibre optic strain profiles under different temperatures (strains relative to a reference 

temperature) ................................................................................................................................... 47 

Figure 3.8: Fibre strain due to varying temperature ....................................................................... 48 

Figure 3.9: Schematic of DIC temperature correction test ............................................................ 49 

Figure 3.10: a) Comparison and difference b) between experimental and theoretical strain gauge 

output of steel plate ........................................................................................................................ 51 

Figure 3.11: Coefficient of thermal expansion of the steel plate ................................................... 51 

Figure 3.12: a) DIC patch layout b) DIC results of horizontal strain at different surface 

temperatures using two different gauge lengths ............................................................................ 52 

Figure 3.13: DIC strain results versus surface temperature for a) cycles 1 and 2, and b) cycles 2-5

 ....................................................................................................................................................... 53 

Figure 3.14: Camera and lens strain due to varying temperature for a) cycle 1 and b) cycle 2-5 .. 54 

Figure 3.15: Horizontal camera strain as a result of varying temperature assuming a linear 

relationship ..................................................................................................................................... 55 

Figure 3.16: a) DIC layout for horizontal strain b) DIC results of horizontal strain at different 

temperatures c) DIC layout for vertical strain d) DIC results of vertical strain at different 

temperatures ................................................................................................................................... 56 

Figure 3.17: a) DIC strain results b) camera strain due to varying temperature ............................ 57 

Figure 3.18: DIC mesh and the monitored cracks for Specimens a) A-1 and A-2 and b) B-1 and 

B-2 ................................................................................................................................................. 59 

Figure 3.19: Original and temperature corrected crack widths using DIC vs. DEMEC ................ 60 

Figure 3.20: Crack B-2a using DIC and DEMEC at different temperatures ................................. 61 



x 

 

Figure 3.21: Large strains in Specimen A-2 detected by FOS ....................................................... 63 

Figure 3.22: Conversion of FOS output to crack width using area under the strain curve ............ 64 

Figure 3.23: Comparison of the change in crack widths using DEMEC and FOS ........................ 64 

Figure 3.24: DIC mesh and gauge lengths (in pixels) for Beam 1 a) side A b) side B and Beam 2 

c) side A and d) side B ................................................................................................................... 66 

Figure 3.25: Beam 2 strain profile using DIC analysis at each load stage ..................................... 67 

Figure 3.26: a) Beam 1 and b) Beam 2 strain profiles at each load stage ...................................... 68 

Figure 3.27: Curvatures detected by FOS, external strain gauges and DIC for a) Beam 1 and b) 

Beam 2 at each load stage .............................................................................................................. 69 

Figure 3.28: a) Beam 1 and b) Beam 2 strain profiles with shifted DIC data ................................ 69 

Figure 4.1: Specimen design and internal instrumentation layout (dimensions in mm) ................ 82 

Figure 4.2: DEMEC stud layout on top surface of reinforced concrete specimen ......................... 83 

Figure 4.3: Loading frame with reinforced concrete specimen ..................................................... 84 

Figure 4.4: Beam cross section (dimensions in mm) ..................................................................... 86 

Figure 4.5: Beam cross section and instrumentation (dimensions in mm) .................................... 88 

Figure 4.6: Crack location in axial specimens ............................................................................... 90 

Figure 4.7: Crack widths over 14 days in Specimens a) A-1 and b) A-2 ...................................... 91 

Figure 4.8: Reduction of a) load and b) crack width over a typical temperature cycle in Specimen 

A-1 ................................................................................................................................................. 92 

Figure 4.9: Crack widths versus # of temperature cycles for Specimens a) A-1 and b) A-2 ......... 94 

Figure 4.10: Crack widths versus # of temperature cycles for Specimen B - 2 a) crack a and b) 

crack b ............................................................................................................................................ 95 

Figure 4.11: Specimen B-2 load versus # of temperature cycles ................................................... 95 

Figure 4.12: Cracks and DIC subset placement in Beams 1 - 4 ..................................................... 98 

Figure 4.13: Crack widths adjusted for temperature along plane of crack for a) Beam 1 and b) 

Beam 2 ......................................................................................................................................... 101 

Figure 4.14: Crack widths along the plane of the crack for a) Beam 1 and b) Beam 3 ............... 101 

Figure 4.15: Crack widths along the plane of the crack for a) Beam 2 and b) Beam 4 ............... 102 

Figure 4.16: Load versus mid-span deflection for a) Beams 2 and 4 and b) Beams 1 and 3 ....... 104 

Figure 4.17: Mid-span deflection under constant load versus time ............................................. 106 

Figure 4.18: Internal temperature over time for Beam 1 ............................................................. 106 

 



xi 

 

List of Tables 

Table 3.1: Crack width experiment details .................................................................................... 37 

Table 3.2: Concrete material properties for Specimens A-1, A-2, B-1 and B-2 ............................ 38 

Table 3.3: Beam concrete properties ............................................................................................. 43 

Table 3.4: Distance from the camera lens to the concrete surface (mm) ....................................... 45 

Table 3.5: Camera models, focal lengths and distances to steel plate ........................................... 49 

Table 3.6: DIC gauge length for each crack .................................................................................. 59 

Table 4.1: Axial tension experiment details ................................................................................... 81 

Table 4.2: Concrete material properties ......................................................................................... 82 

Table 4.3: Beam concrete properties ............................................................................................. 87 

Table 4.4: Beam testing details ...................................................................................................... 90 

Table 4.5: Load and crack width decrease due to temperature variations for all cracks................ 93 

Table 4.6: Shear stress transmitted across cracks (υci) (MPa) ........................................................ 96 

 

 

 

 

 

 

 

 

 

 

 

  



 

1 

 

Chapter 1 

Introduction 

1.1 General 

Much of Canada’s reinforced concrete infrastructure was built in the 1950s and 60s and is 

approaching the end of its service life. These aging reinforced concrete structures are 

deteriorated, due to fatigue, overloading, and corrosion due to freeze-thaw cycling and the use of 

deicing salts, to a point where accurate structural assessments and ongoing monitoring are critical 

to assure safety of the public. On April 28th, 2010 in Kingston, ON, a portion of a hotel’s parking 

garage collapsed on to the level below crushing several cars. Accidents like this, as well as the 

tragic collapse of the de la Concorde overpass in Laval, QC in 2006, illustrate the importance of 

mandatory regular inspections to discover and repair structures that are deficient, and to shut 

down those that are deemed unsafe. However, there are several limitations with visual 

inspections; weak points in a structure often go unnoticed, are concealed within the structure, or 

are inaccurately identified.  

One potential approach to overcoming the limitations of visual inspection is to install a 

monitoring system. Recent advances in the field of structural health monitoring are now making it 

possible to gather comprehensive data about a structure’s performance. Fibre optic strain sensors 

(FOS) and digital image analysis techniques (commonly referred to as digital image correlation – 

DIC or particle image velocimetry – PIV) are two of the recent breakthrough technologies which 

will be tested in this thesis and are described in greater detail in Chapter 2. With a combined 

approach of implementing these new technologies along with visual inspections, a comprehensive 
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assessment of reinforced concrete structures can potentially be obtained to a level of accuracy 

previously not possible. 

In order to perform such a comprehensive assessment on a structure, visual inspections 

are most often supplemented by structural analysis, which involves the use of numerical models 

to define the structural behaviour. The analysis and models are often based on numerous 

assumptions due to a lack of accurate data about a structure’s current state (e.g. the thermal 

performance of the materials or the level of corrosion in reinforcing steel). As a result, structures 

needing urgent repairs can be difficult to identify and assess, potentially leading to tragic 

collapses.  

One of the major areas of uncertainty in both monitoring and assessment of structures is 

the effect of temperature. Monitoring systems themselves can be affected by temperature and 

these effects often need to be isolated in order to determine the true behaviour of the structure. 

Similarly, the effect of temperature on the structure itself needs to be isolated to identify the 

effects of temperature on structural behaviour. Reinforced concrete structures in Canada’s climate 

are exposed to a wide temperature range and therefore experience internal stresses caused by 

thermal expansion and contraction of the reinforcing steel and concrete (Dahmani et al., 2007). 

1.2 Area of Study 

This research program will focus on two aspects of temperature effects: (i) the effect of 

temperature on sensor systems and (ii) the effect of temperature on reinforced concrete behaviour. 

Research in field monitoring of structures, especially using newer sensors technologies such as 

FOS and DIC, has been limited by an insufficient understanding of the effects of temperature on 

the strain behaviour of reinforced concrete. In this research, a greater understanding of the 
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relationship between temperature and the behaviour of the sensors will be explored in order to 

properly interpret the results from both the FOS and DIC. For example, the optical fibre will 

experience temperature induced strain because the fibre will expand and contract due to changes 

in temperature. Furthermore, the difference in the coefficient of thermal expansion and 

contraction of the optical fibre and of the concrete will provide some difficulty in interpreting the 

strain data. Temperature variations will also affect the camera’s internal charge coupled device 

(CCD), lens and supporting system, producing changes in the images with temperature. All these 

temperature affects will be explored through a series of experiments (i.e. reinforced concrete 

tension and beam tests) and quantified to precisely determine the effects of temperature variation 

on the measurements from the DIC and FOS systems.   

Temperature variations also have the potential to influence structural behaviour. The 

current project will examine the impact of temperature variations on structural stiffness and crack 

widths. Because concrete is a visco-elastic material, changes in temperature have the potential to 

affect the stiffness of the section. Changes in stiffness in turn can alter the analysis of the 

structure, especially for statically indeterminate systems where the stiffness plays a significant 

role in the analysis. Crack widths in reinforced concrete will also be a major area of study in this 

thesis. The size and movement of a crack is a potential indicator of overall performance. Small 

cracks in the range of 0.2 to 0.4 mm are inevitable under typical service loads (ACI-224R, 2001). 

Larger openings can lead to deterioration and a significant decrease in stiffness, causing a 

structure to be deemed unsafe. According to some models, such as the Modified Compression 

Field Theory (MCFT) (Vecchio and Collins, 1986), cracks in reinforced concrete can transmit 

substantial shear forces through aggregate interlock. As a result, the size of a crack can limit the 

shear capacity of a structure as wider cracks transmit less shear. To date, no research has been 
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reported on the behaviour of cracks under changing temperatures. In this research, both FOS and 

DIC will be used to detect and monitor crack behaviour to explore whether there is a change in 

shear forces transmitted across cracks under varying temperatures.  

As part of this investigation, a series of experiments, including reinforced concrete tensile 

and beam experiments, have been conducted in the laboratory facilities at Queen’s University to 

further the development of FOS and DIC for use with reinforced concrete structures and to 

explore the effects of temperature on these sensor systems and on reinforced concrete 

performance in shear. 

1.3 Objectives 

There are four main objectives for this research: 

1. To advance the state of the art of distributed FOS in delivering high resolution strain, 

spatial and temporal measurements for structures subjected to temperature variations.  

2. To improve the DIC technique so that temperature variations can be accounted for when 

measuring crack width and strain.  

3. To examine the effect of temperature on crack widths in reinforced concrete under a 

sustained load. 

4. To examine the effect of temperature on creep behaviour and stiffness of reinforced 

concrete. 

1.4 Scope 

This research involves two series of experiments both conducted at Queen’s University. 

The first series of experiments tests four small-scale specimens of reinforced concrete under 



 

5 

 

sustained axial tension. The experiment begins with loading the specimens slightly beyond their 

cracking load at room temperature and then adjusting the temperature to simulate Canada’s 

annual and diurnal temperature shifts. Over a one month period, the crack widths in the 

specimens are monitored by an externally applied fibre optic cable and DIC as well as through a 

more traditional method known as the demountable mechanical strain gauge (DEMEC).  

The second series of experiments consists of the testing of four large scale reinforced 

concrete beams under four point bending. Two of the beams have shear reinforcement and the 

other two beams have no shear reinforcement. The beams are initially loaded to an appropriate 

service load at room temperature. The service load is maintained on the beams for two days while 

the temperature is adjusted to -20 °C for two beams and held at room temperature for the other 

two beams. Conventional surface strain gauges, linear potentiometers, an externally applied fibre 

optic cable and DIC are used to capture the effects of temperature on the structural behaviour of 

the beam.  

The results of both experiments are analyzed and salient conclusions are drawn with 

respect to the four main objectives. 

1.5 Thesis Outline 

This thesis consists of 5 main chapters following the manuscript format. Chapter 2 

consists of a literature review as well as a background on DIC and fibre optic technology. 

Chapter 3 discusses some preliminary tests to determine the thermal effects on the monitoring 

technologies in addition to a discussion on the accuracy of both new sensor systems. Chapter 4 

details the thermal effects on the structural behaviour of reinforced concrete. Lastly, Chapter 5 

provides some conclusions and recommendations.  
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Chapter 2 

Literature Review 

2.1 Introduction 

This chapter provides a background and literature review on several topics related to this 

research. The first section gives a detailed background on fibre optic strain monitoring discussing 

several different types, including single point sensors and distributed sensing, and technologies, 

such as Rayleigh and Brillouin-based. As well, existing research on the use of FOS for civil 

infrastructure applications will be discussed. The second section gives a background on how 

digital image correlation works, followed by existing research in structural engineering 

applications. The next section details several of the existing reinforced concrete shear models 

focusing on the Modified Compression Field Theory. Lastly, literature discussing the thermal 

effects on the performance of reinforced concrete is summarized. 

2.2  Fibre Optic Strain Monitoring 

Fibre optic based strain sensors (FOS) have recently become commercially available for 

civil engineering applications in the field of structural health monitoring (Lanticq et al., 2009). 

Unlike most traditional sensors, e.g. electrical resistance strain gauges, FOS are quite robust 

because they do not drift over time, resist electromagnetic interference, are corrosion resistant, 

and have a relatively long life cycle (Casas and Cruz, 2003). The sensors can either be embedded 

within the structure during construction or can be applied externally and are able to monitor strain 

and temperature to a similar accuracy then conventional strain gauges (Casas and Cruz, 2003), as 

a function of linear position along the fibre length. Readings are able to be accessed remotely 
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over a long length of fibre. With rapid advances in fibre optic technology, FOS have the potential 

to be cost competitive, if inexpensive fibres produced for telecom applications are used, and 

therefore compare favourably to other sensing solutions.  

2.2.1 Single Point FOS 

There are several different types of measuring methods in the field of fibre optics. Fibre 

Bragg grating (FBG) sensors are single point sensors, meaning that they can take local and 

directional strain measurements in a structure by controlling the refractive index of the fibre core 

at the point of interest. FBG sensors have been used for the last 20 years to effectively monitoring 

engineering structures (Güemes et al., 2010).  

ISIS (Intelligent Sensing for Innovative Structures) Canada has equipped several bridges 

with FBG sensors. The Beddington Trail Bridge in Calgary, Alberta was the first Canadian bridge 

to be equipped with FBGs (Tennyson et al., 2001). A total of 20 FBG sensors were installed in 

1993 to measure the relaxation of steel and CFRP tendons (Li et al., 2004). Eighteen of the 20 

sensors were still operative 5 years later (Li et al., 2004). The Taylor Bridge in Manitoba was 

instrumented with 63 FBG sensors to monitor the CFRP reinforcing bars all along the length of 

the 165.1m bridge (Tennyson et al., 2001). The sensors were successfully able to record strain 

changes in the CFRP tendons when the bridge was loaded. Conventional strain gauges were 

installed on the tendons as well. However, 60 % malfunctioned due to excessive moisture from 

the curing of the concrete, even though they were sealed (Li et al., 2004). Strain and temperature 

readings were accessible off site, as the monitoring equipment is housed at the abutment of the 

bridge.  

A major disadvantage in single point sensors is the discrete nature of the sensors leading 

to a limited ability to detect deterioration or crack behaviour, as the readings are restricted to the 
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location of the sensor. Li and Wu (2007) developed a pseudo distributed strain sensing system by 

extending the gauge length of several FBG sensors in series attached to a simply supported 

reinforced concrete beam. While the beam was loaded, the sensor system was able to detect local 

behaviour such as cracks as well as global behaviour by averaging out the strain readings across 

several FBG sensors. However, when assessing deteriorating infrastructure assets, a truly 

distributed sensing system would potentially allow for the detection of localized deterioration. 

2.2.2 Distributed FOS 

Distributed sensing provides strains or temperature all along an optical fibre without 

requiring any modifications to the fibre. When the pulse of light is sent through the fibre, a small 

portion of that light is backscattered due to imperfections in the cable. The backscattered light is 

comprised of several different spectral components which are, from strongest to weakest: 

Rayleigh, Brillouin, and Raman peaks. Several different technologies exist that can measure these 

components of the backscattered light and convert these readings into strain or temperature 

measurements based on the properties of the fibre.  

One such technology is optical frequency domain reflectometry (OFDR). OFDR works 

by measuring changes in the frequency (due to attenuation mechanisms) of the Rayleigh scatter in 

the fast Fourier transformed backscatter signal as a function of the length of fibre (Kreger et al., 

2006). By comparing an OFDR trace of a stressed optical fibre with a reference trace, strain or 

temperature can be obtained potentially over hundreds of metres of fibre with a resolution up to 

1 µε or 0.1 °C, respectively (Güemes et al., 2010). 

The optical time domain reflectometrty (OTDR) technique measures the intensity 

variations of the Rayleigh peak as a function of time. OTDR can output intensity variation 

measurements (temperature and strain) over distances of tens of kilometres with a spatial 
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resolution at a metre scale (Delepine-Lesoille et al., 2008). An advantage to this technique is the 

very long sensing distance. However, the spatial resolution is low compared to other techniques 

(Güemes et al., 2010). 

Another technique is the Brillouin optical time domain reflectometry (BOTDR). BOTDR 

is essentially an OTDR with a device to differentiate the wavelength of the Brillouin peak and a 

device to filter out the other spectral components (Güemes et al., 2010). Therefore, it has the 

same advantages and limitations as other OTDR techniques. However, because Brillouin-based 

sensing techniques (and OFDR) rely on the measurement of frequency rather than intensity, 

Brillouin-based techniques are naturally more accurate since intensity-based techniques (OTDR) 

are much more sensitive (Güemes et al., 2010).  

A more complicated technique is called Brilloiun optical time-domain analysis 

(BOTDA). BOTDA requires two laser beams acting in opposite directions (one continuous and 

one pulsed) to be sent through the optical fibre from either end. The interaction between the two 

beams causes the Brillouin peak to be amplified. To make a strain or temperature measurement 

along the fibre, the frequency difference in the amplified Brillouin peak from the reference trace 

is obtained (Güemes et al., 2010). Researchers (Liang et al., 2010) have developed a BOTDA 

technology that is able to measure strain over a 50 km length of fibre with a spatial resolution of 

approximately 0.5 m and a strain resolution of 12 µε.  

The Luna OBR 4600, a commercially available system by Luna Technologies using the 

OFDR technique, will be used in this research. With this system, strain or temperature can be 

obtained along up to 70 m of fibre with 10 mm spatial resolution with strain and temperature 

resolution as fine as 1 µε and 0.1 °C (Luna Innovations Incorporated, 2009). The accuracy of the 

OFDR system will be explored both at constant temperatures to determine whether the stated 
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accuracy can be achieved for reinforced concrete structures in a lab environment and also at 

varying temperatures to obtain an initial understanding of the effect of temperature on the system.   

 Existing Research in Distributed Sensing  2.2.2.1

Since distributed sensing provides strain and temperature measurements all along the 

length of fibre, it is very suitable for large scale structural monitoring applications. Nevertheless, 

it is a relatively new technology and limited applications in civil engineering structures have been 

demonstrated to date.  

Researchers in Germany (Hurtig et al., 1997) have used OTDR distributed sensing to 

detect the temperature in a 600 m deep borehole. The fibre length was several kilometres and 

outputted temperature with a spatial resolution of 1, 0.5, or 0.25 m length of fibre. The results 

compared well with conventional high resolution thermal logging. In addition, Kwon et al. (2002) 

used BOTDA to measure the temperature distribution along a 1400 m optical fibre attached to a 

4-storey building in Korea.  

Distributed sensing has also been used in detecting cracks in pipelines and bridges. 

Researchers (Leung et al., 2000) developed a reliable technique using OTDR technology to detect 

and monitor cracks in reinforced concrete by either embedding or externally installing a zigzag 

shape pattern of optical fibre in/on the concrete. When a crack opens, the fibre intersecting the 

crack at an angle other than 90° and has to bend causing a signal loss. By using a ‘crack 

simulator’, Leung et al. (2000) were able to relate this signal loss to a crack width and developed 

a preliminary theoretical model incorporating a finite element analysis of a bent fibre and light 

behaviour along a curve. And later, this model has been modified to predict crack widths in 

mixed mode cracking (both opening and shearing displacements) (Wan and Leung, 2006).  
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Oka et al. (1999) (reported by Ohno et al., 2001) placed an optical fibre used for 

telecommunications in a GFRP coating to embed in a reinforced concrete slab, to prevent 

breakage during the concrete pour. A spiral texture was added to the outside of the fibre to ensure 

proper transfer of stress to the fibre and achieve direct measurement of strain, while the slab was 

loaded in four point bending. The fibre was embedded in both the tension and compression 

regions along the steel rebar. BOTDR technology was used with a 1 m spatial resolution at a 

strain measurement interval of 10 cm. Readings were compared to conventional strain gauges 

placed at 30 cm intervals along the steel rebar. Readings from both methods agreed in 

compression, while readings from the BOTDR analysis were consistently smaller than the strain 

gauge readings in tension. This difference is a result of the optical fibre obtaining an average 

strain over a longer gauge length whereas the strain gauges are obtaining a more local strain 

reading. As a result, at cracks the strain gauges read a higher strain. Another application using a 

Brillouin-based technique was completed by Bao et al. (2001).  An optical fibre was attached to 

the outside of steel beam along the tension and compression regions. Readings were taken while 

the beam was loaded using a spatial resolution of 50 cm. The results obtained from BOTDA 

analysis was compared to expected theoretical strains, achieving a strain accuracy of 10 µε.  

The OFDR distributed sensing technique has been used in field applications such as 

monitoring of wing structures in the aviation industry (Duncan et al., 2007) or detecting 

temperatures in the nuclear industry (Sang et al,. 2007), but there has been little to no applications 

in civil engineering structures. This research will help fill in this gap by studying the performance 

of OFDR technique for monitoring of concrete structures.  
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2.2.3 Temperature and Strain Discrimination 

One of the major problems with FOS that will be further explored by this research is the 

cross sensitivity between strain and temperature. Both strain and temperature induce a strain 

reading in the fibre optic cable and therefore these two variables must be separated to obtain 

accurate measurements of each variable. Some progress has been made using a photonic crystal 

fibre (PCF) with Brillouin scattering, where the core is doped with concentration materials 

causing the Brillouin peaks to be different for temperature than that for strain (Zou et al., 2004).  

However, with inexpensive telecommunication fibres, the only technique implemented to date is 

the use of a dummy sensor that is free from mechanical strain subjected to the same thermal 

environment as the structure of interest (e.g. Bourne-Webb et al., 2009 and Bao et al., 2001). This 

dummy sensor will detect temperature independently, and this will have to be subtracted from the 

results of the attached sensor. This study will further explore this problem to determine if both 

temperature and strain can be accurately measured using a standard single optical fibre.  

2.3 Digital Image-Based Strain Monitoring 

Digital image-based strain monitoring, commonly known as digital image correlation 

(DIC) or particle image velocimetry (PIV), compares digital images of an object being strained to 

an image of the object before deformation to determine the displacement of specific regions of 

interest. By tracking the location of a segment of an image known as a patch, from the reference 

image to the deformed image, a two-dimensional displacement field can be created for that object 

and the strain can be determined from the displacement field.  

2.3.1 geoPIV 

For this research, a program developed by White et al. (2003) specifically for 

deformations of solids called geoPIV is used. This program first divides the image into a grid of 
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test patches each consisting of n x n pixels. Like many other image based techniques to measure 

deformation, geoPIV does not require artificial targets in the various images. Instead, a texture on 

the object under observation is required, often applied in the form of spray paint, to provide 

sufficient texture to each patch to distinguish it from the surrounding search area. 

The patches are searched for in each subsequent deformed image over a predefined 

search zone. The degree of match is defined by calculating the normalized cross correlation of the 

test patch within the search zone. The resultant field displays the degree of match over the entire 

search zone and the largest peak in that field indicates the displacement vector of that patch to the 

nearest pixel. However, one-pixel accuracy is not acceptable for strain resolution. As a result, 

geoPIV implements a B-spline interpolation to determine the new location of a patch to the 

nearest sub-pixel. A thorough explanation of the program can be found in literature (White et al., 

2003 and Lee et al., 2012).  

2.3.2 Previous Research 

DIC technology was first introduced and used in the field of fluid dynamics (Adrian, 

1991) and geotechnical engineering with soil deformation (White et al., 2003). DIC is also being 

used in structural engineering, mainly to measure crack widths and deflections. Yoneyama et al. 

(2007) used DIC to monitor deflections along the length of a newly built steel girder bridge when 

loaded by a heavy cargo truck. Random shaped magnetic plates were added to the girder surface 

to provide adequate texture for the DIC analysis. The results were successfully matched by 

deflections monitored by displacement transducers positioned at several points along the bridge.  

Thusyanthan et al. (2007) monitored strains and cracks in kaolin clay beams loaded in 

four-point bending using geoPIV. Artificial texture was added to the beam using dyed fine sand 

resulting in a black and white speckled pattern. Though strains in the beams were successfully 
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measured, they were in the order of thousands of microstrain, which is much larger than would be 

expected in structural monitoring applications.  

Bisby et al. (2007) used geoPIV to quantify strain variation in concrete cylinders confined 

by fibre reinforced polymer. The cylinders were tested to failure under compression. The results 

correlated well with the output provided by conventional foil strain gauges, with a coefficient of 

determination of 0.98. This illustrates that DIC can be used effectively to monitor strains in 

concrete.      

Limited literature has cited the use of DIC to monitor crack behaviour of reinforced 

concrete. Destrebecq et al. (2010) tested a 25 year old full-scale beam which was previously part 

of a structure, under four point bending. Images were captured of the tension zone in the constant 

moment region at several loading stages. Results of crack behaviour and deflections compared 

well with theoretical results determined by using the Eurocode 2 design code (EN 1992, 2004).  

Although some examples in the literature exist, it is clear the DIC technology is fairly 

new to structural engineering applications. In addition, research studying the effects of 

temperature on the output of DIC techniques is insufficient. Ma et al., (2012) looked at the error 

in DIC measurements caused by the 10 °C to 12 °C increase in temperature due to self-heating of 

the digital camera. Four different types of cameras were tested by taking images of an unstrained 

board for 5 hours, while monitoring the temperature of the board, lens, and CCD. The board and 

lens’ temperature remained stable while the CCD’s temperature increased by approximately 

12 °C inducing an image translation, expansion in both the x and y directions, creating an error as 

large as 200 µε. Strain errors of this magnitude would have a significant effect on the accuracy of 

DIC measurements, however, research in the area of temperature effects on DIC measurements is 

very limited. The goal of this research project is to determine the effects of large temperature 
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variations on the digital camera and how this will impact DIC measurements. The overall 

objective is to determine whether DIC can be effectively used to monitor reinforced concrete 

structures under deformation caused by both load and varying ambient temperatures in field 

applications.   

2.4 Shear Performance of Reinforced Concrete 

Although reinforced concrete has been around for over a century, the behaviour of 

reinforced concrete elements subjected to shear is still unclear. There are several variables 

involved in shear resistance, which has led to several different design equations and models. The 

following is a summary of the most accepted shear theories in practice.  

2.4.1 Present Shear Models 

The following section details shear models based on fracture mechanics, the shear 

friction model, strut and tie models, and the concrete contribution. The Modified Compression 

Field Theory (MCFT) is mentioned and further explained in the following section, as it is selected 

to be used for this research.  

The fracture mechanics approaches, most commonly the crack band model developed by 

Bazant and Oh (1983), take into account the peak in tensile stress near the tip of a crack as well as 

the strain softening (a decrease in stress at increasing strain) in the cracked zone to determine the 

shear strength (ASCE-ACI Committee 445, 1998). Bazant and Oh (1983) hypothesized that 

concrete as a heterogeneous material could be modeled in finite element analysis as a band of 

parallel, closely spaced microcracks with a blunt front. Test data from the literature was 

successfully fitted with this model. The major drawback of shear models based on fracture 

mechanics is the numerically demanding equations that are difficult for designers to 
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follow (ASCE-ACI Committee 445, 1998).   

The shear friction model first introduced by Birkeland and Birkeland (1966), states that 

the roughness of a shear crack sliding along the failure plane will create a separation between the 

sides of the crack. If reinforcement runs across the crack then the separation will apply a tensile 

force in the reinforcement, resulting in a clamping compressive force equal in magnitude applied 

on the concrete. As a result, the friction force across the crack increases. This model does not 

include diagonal tension strength. This model has been further developed by several others 

including Loov (1978), (Loov and Patnaik, 1994), and (Loov, 1998) who proposed a single 

empirical equation to account for the concrete strength and clamping stress. This model is 

currently used in the American (ACI 318, 2011) and Canadian (CSA A23.3, 2006) structural 

concrete codes specifically for interface regions of dissimilar materials or where failure occurs by 

sliding along a plane of discontinuity. 

The strut and tie model approach was first introduced by Ritter (1899) and further 

developed by Mörsch (1909). These models state that a cracked reinforced concrete beam 

transfers load like a truss. The top and bottom longitudinal reinforcement behave like chords, a 

web composed of concrete acts like diagonal struts and the stirrups behave like transverse ties. 

These models have influenced the American concrete code (ACI 318, 2011) and many European 

codes including CEB-FIP Model Code 1990 (1993). The traditional models (Mörsch, 1909) 

assume that the diagonal strut is parallel to the direction of cracking at 45° to the chords and no 

stresses are transferred across the cracks. However, this produces very conservative results. More 

recent models have incorporated forces being transferred across the cracks as well as a variable 

strut angle. In addition, some models including the one used by ACI 318 (2011) have included a 

“concrete contribution” which yields less conservative results. 
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A known problem with using a concrete contribution (Vc equation used in ACI 318-11) is 

the overestimation of the shear strength for beams with low reinforcement ratios, high strength 

concrete, and large effective depths. Tureyen and Frosch (2003) have proposed the use of a “bwc” 

term (where c is depth of the compressive zone and bw is the width of the beam) instead of “bwd” 

term (where d is the effective depth of the section) for the area of shear transfer in Vc. Therefore, 

the concrete tension zone is neglected and the tensile forces are said to be carried by the bottom 

longitudinal reinforcement. Across the cracks, the tension reinforcement is assumed to be 

unbonded. The proposed shear equation was verified by results from reinforced concrete 

specimens from 26 different investigations all with no transverse reinforcement. The ratios of 

shear strengths at failure to the predicted shear strengths were somewhat constant (between 1 and 

1.5) for varying reinforcement ratios, concrete strength, shear span/effective depth (a/d) ratio, and 

effective depth; factors all thought to affect shear strength (Tureyen and Frosh, 2003).  

Lastly, shear design in Canada as covered in the Design of Concrete Structures (CSA 

A23.3, 2006) follows the Modified Compression Field Theory (MCFT) developed by Vecchio 

and Collins (1986). As this is the Canadian standard, it will be used in this research. A more 

detailed description of the model is given in the following section. 

 Modified Compression Field Theory 2.4.1.2

The MCFT is an adaptation of the Compression Field Theory (CFT) developed by 

Mitchell and Collins (1974) and Collins (1978), which treats cracked concrete as a new material 

with its own stress-strain characteristics. However, the MCFT takes into account tensile forces 

being transmitted across cracks in the concrete. The MCFT uses Mohr’s Circle to determine the 

principal tensile and compressive strains. Strain compatibility is incorporated within the model 

relating strains in the reinforcement to strains in the cracked concrete, both being determined over 
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a long enough gauge length that the stresses and strains can be considered average (the behaviour 

at cracks cannot be considered average as will be discussed in the next section). By testing 30 

reinforced concrete panels with different reinforcement ratios and concrete strengths, in a variety 

of loading conditions it was determined that the assumption that the principal stress and principal 

strain axes coincide with each other was reasonable, which allows the stress and strain fields to be 

related to one another. It was also determined that the principal compressive stress in cracked 

concrete is a fraction of that determined by a standard cylinder test. This is the case as there are 

often high tensile strains in the direction normal to the applied compression force and therefore 

the concrete is weaker than concrete in a standard cylinder test. Thus a new model for the 

compressive strength that takes into account the amount of tensile strain in the direction 

perpendicular to the compressive stress was developed. Using these new material models, 

compatibility and equilibrium considerations, the average stresses can be determined and 

integrated to determine the applied loads. 

2.4.2 Cracking in Concrete  

As mentioned in the previous section, the Modified Compression Field Theory considers 

average stresses within the structure however it also gives consideration to local stress behaviour 

at crack locations. Cracking most often occurs along the weak interface between the cement past 

and the aggregate, therefore creating a jagged surface. According to Walraven (1981), aggregate 

interlock creates friction across cracks in reinforced concrete and allows the transfer of shear and 

normal stresses. The shear stress transferred across the cracks reduces the stress in the transverse 

reinforcement and increases the stress in the longitudinal reinforcement. The MCFT determines 

the shear and compressive forces transferred across the cracks based on aggregate size, crack 

width, and crack spacing. The limiting shear stress (υci) transferred across a crack of a given 
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width, w, is calculated using Equation 2-1 (Collins and Mitchell, 1997) simplified from 

expressions developed by Vecchio and Collins (1986), where f’c is the maximum compressive 

stress of the concrete and a is the maximum aggregate size. 

                      𝜐𝑐𝑖 = 0.18�𝑓′𝑐
0.3+24𝑤 (𝑎+16)⁄                     (2-1) 

Any change in the aforementioned factors will affect the overall shear resistance of the reinforced 

concrete member, if local stress behaviour governs. As the width of the cracks affects the shear 

capacity, any external factor that causes a change in the crack widths, such as differential thermal 

expansion of the steel and concrete within a member, will also affect the shear capacity. 

Consequently, changes in crack widths when exposed to low temperatures are important to 

predict, as it is directly correlated to changes in shear strength. 

2.5 Behaviour of Reinforced Concrete at Low Temperature 

In countries like Canada, which experience four seasons with a large variation in 

temperature, it is important to effectively predict the change in behaviour of reinforced concrete 

due to large temperature variations to properly design structures due to the effects discussed in 

the previous section among others. This is true especially in cases where finite element analysis is 

used to predict the behaviour of indeterminate structures, where stiffness plays a key role. 

Over the past several decades, there has been significant research on the effects of low 

temperature on the material properties of concrete and steel, because there has been an increase in 

the use of reinforced and prestressed concrete for the storage of liquefied natural gas and nitrogen 

which have boiling points below -160 °C. The main findings are mentioned in the next 

subsections. 
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2.5.1 Concrete Behaviour at Low Temperature 

At low temperatures, the mechanical properties of concrete tend to improve as the pores 

and microcracks seal with frozen water. Oven dried concrete experiences a minimal improvement 

due to the lack of moisture to act as a sealant. Overall, the moisture content within the concrete 

has a large influence on the behaviour of concrete at lower temperatures (Neville, 2006).  

 Compressive and Tensile Strength 2.5.1.1

When concrete is cooled, its compressive strength increases proportionally to the 

moisture content of the concrete. The rate of increase is constant regardless of the water/cement 

ratio. Studies have shown that the compressive strength can reach as high as two or three times 

the strength at room temperature for moist specimens, but a significantly smaller increase is 

observed in dry specimens (Neville, 2006). The reason for this variation in increase in 

compressive strength is due to ice formation within the pores. Frozen water fills the pores within 

the moist cement decreasing porosity and therefore improving the strength. The results from 

several independent experiments can be seen in Figure 2.1 (Marshall, 1982). The increase in 

tensile strength is relatively smaller than the increase in compressive strength. Also, the increase 

in tensile strength is more significant for concrete with higher moisture content.   
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Figure 2.1: Increase in compressive strength with decreasing temperature (Marshall, 1982) 

 Modulus of Elasticity 2.5.1.2

The modulus of elasticity of moist concrete steadily increases with a decrease in 

temperature. Neville (2006) reports that at -190 °C the modulus of elasticity is about 1.75 times 

the modulus at room temperature. For air dry concrete, the corresponding value is about 1.65. 

Yamane et al. (1978) report that the elastic modulus in wet conditions at -30 °C is 1.1 times that 

at room temperature. Again, the moisture content has a significant impact on the increase in 

stiffness under lower temperatures.  

 Coefficient of Thermal Expansion 2.5.1.3

The coefficient of thermal expansion of concrete tends to fall in the range of 6 x 10-6/°C 

to 13 x 10-6/°C at room temperature (CSA A23.3, 2006). Research completed by Miura (1989) 

states that, as the temperature decreases in the range of 0 °C to -30 °C, concrete shrinks at a 

steady rate until the temperature reaches approximately -30 °C. At this point, the pores have been 

filled with frozen water causing the pores to expand resulting in positive strains. When the 
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freezing is complete at approximately -60 °C, concrete continues to shrink as the temperature 

continues to decrease. Concrete with high moisture content will experience a larger variation in 

the coefficient of thermal expansion at temperatures closer to 0 °C.  

 Creep 2.5.1.4

Temperature will have an effect on the creep behaviour of concrete. Browne and 

Bamforth (1981) report a reduction in creep of about 60 % at temperatures of -70 °C or lower. 

Neville (2006) postulates that at temperatures between -10 °C and -30 °C creep is approximately 

one half of the creep at room temperature. Johansen and Best (1962) conducted creep tests at 

+20 °C and -20 °C on concrete specimens in a system allowing ice and in an ice-free system. The 

specimens were cured for 42 days at room temperature and then were placed at their test 

temperature for 3 days with ambient humidity. The specimens were then loaded. Tests results 

showed that in the system allowing ice, the initial rate of creep was higher than the ice-free 

system, but the rate quickly approached zero. The ice-free system continued to creep. Short term 

creep in reinforced concrete at low temperatures will be explored in this thesis.  

 Effect of Freeze Thaw Cycles 2.5.1.5

Although concrete is generally stronger at lower temperatures as stated previously, 

concrete experiences a significant loss in strength when it is restored to room temperature (Miura, 

1989). The pores and microcracks that were once filled with frozen water have been made 

irreversibly larger resulting in residual strains. Rostásy (1979) first witnessed this increase in pore 

size after 8 free thaw cycles, and saw a continual increase beyond 8 cycles. Miura (1989) found 

that residual strains are nearly proportional to the relative dynamic modulus of elasticity; 

therefore larger residual strains lead to the degradation of stiffness and strength in concrete. This 

degradation is found to be more severe in specimens with higher moisture content. Specimens 
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with a water cement ratio of 0.36 or less do not experience residual strain (Miura, 1989). As well, 

residual strain is insignificant in specimens being cycled between +4 °C to -20 °C and can 

therefore be ignored (Miura, 1989).  

2.5.2 Reinforcing Steel Behaviour at Low Temperature 

Reinforcing steel is used in concrete for several reasons including to provide tensile 

resistance that concrete does not have and to provide ductility. As a result, much of research in 

the performance of reinforcing steel at low temperatures has included tensile tests aimed at 

determining the yield strength, ultimate tensile strength and ductility (through elongation or 

reduction in area at failure) (Browne and Bamforth, 1981). The following subsections are a 

summary of the findings.  

 Tensile Strength and Ductility 2.5.2.1

Reinforcing steel’s transition temperature (the temperature at which the failure is brittle) 

depends on several factors including the rate of loading, size and shape of the specimen, carbon 

content, grain size, and the presence of notches (Kivekäs and Korhonen, 1986). Kivekäs and 

Korhonen report that reinforcing steel retains good ductility in the temperature range of +20 °C 

to -80 °C. Elongation and reduction in area experience minimal decreases and are still 

considerable at -80 °C. In addition, Kivekäs and Korhonen (1986) further explored the transition 

temperature under impact loading. They determined that the transition temperature is lower than 

the temperature range of -50 °C to -63 °C for reinforcing steel (some were notched). Lastly, 

Browne and Bamforth (1981) state that even at -160 °C the steel yields before it fails. Overall, 

although the yield strength to ultimate strength ratio increases as temperature decreases, only at 
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extremely low temperatures (below -160 °C) is the ductility of reinforcing steel fully 

compromised.  

 Coefficient of Thermal Expansion 2.5.2.2

The linear coefficient of thermal expansion of reinforcing steel remains stable over the 

range of +20 °C to -165 °C having a value of approximately 10 x 10-6/°C (Browne and Bamforth, 

1981). 

2.6 Summary 

The literature review presented in this chapter, focused on the monitoring technologies of 

FOS and DIC. Several shear models were presented centring on the MCFT, detailing the shear 

behaviour at cracks. Lastly, reinforced concrete behaviour at low temperatures was discussed. 

From this literature review, it was determined that distributed FOS and DIC are both new 

technologies to structural health monitoring of reinforced concrete. Further research is needed to 

explore the accuracy of these technologies and to study how temperature variations affect these 

techniques. In addition, there has been no research investigating the crack behaviour of reinforced 

concrete at low temperatures and after several freeze thaw cycles. This is important as this will 

affect the shear behaviour of reinforced concrete structures. Lastly, much of research studying the 

behaviour of reinforced concrete at low temperatures is for concrete used for cryogenics or in 

arctic conditions, where the temperature falls as low as -165 °C. This research will focus on the 

much smaller temperature variation (+21 °C to -20 °C) that much of North America’s reinforced 

concrete structures are exposed to. Tests will be conducted to determine if there is a noticeable 

change in the stiffness and creep behaviour of reinforced concrete in this temperature range, to 

later be accounted for in numerical models (not in the scope of this thesis) used to predict the 

behaviour of reinforced concrete. 
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These missing areas of research will be further explored and developed in this thesis, as 

presented in Chapters 3 and 4. Further investigations required in these areas will be recommended 

in Chapter 5 along with a summary of the key conclusions.  
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Chapter 3 

Performance of DIC and Distributed FOS for Reinforced Concrete 

Monitoring 

3.1 Introduction 

Many reinforced concrete structures in North America are reaching the end of their 

service life. To prevent tragic collapses, such as that of the de la Concorde overpass in 2006, a 

necessary step is to determine the level and extent of deterioration that these reinforced concrete 

structures have experienced in order to accurately identify those that need repairs or need to be 

decommissioned. Visual inspections are an important part of the assessment process but they rely 

on the knowledge of the inspector and are prone to human error as well as being inherently 

subjective (Graybeal et al., 2003). Weak points in a structure can go unnoticed, are hidden 

internally, or are inaccurately identified. Moreover, new civil engineering structures are becoming 

more advanced in terms of their complexity, size, and design meaning that identifying critical 

components for visual inspections is increasingly difficult. 

One approach to overcome the limitations of visual inspections is to install a sensor 

network. Recent advances in the field of structural health monitoring are now making it possible 

to remotely gather comprehensive data about a structure’s performance using a variety of sensor 

technologies. Fibre optic strain sensors (FOS) and digital image analysis techniques (commonly 

referred to as digital image correlation - DIC) are two of the recent breakthrough technologies 

that will be discussed in this chapter. Combining these techniques with visual inspections will 

mean that a more comprehensive understanding of reinforced concrete structures can be obtained, 

which when combined with numerical modelling can lead to more accurate assessments of new 
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and aging infrastructure assets. However, at this point in time, inadequate research has been done 

to calibrate these systems against more conventional technologies to ensure they produce accurate 

measurements. As such one of the critical areas for further research is in the verification and 

calibration of both FOS and DIC systems for crack and strain measurement. 

Another area of uncertainty in both monitoring and assessment of structures is the effect 

of temperature. Monitoring systems themselves can be affected by temperature and these effects 

often need to be isolated in order to determine the true behaviour of the structure. Complex 

reinforced concrete structures in areas exposed to a wide temperature range, both daily and 

annually, experience internal stresses due to redundancy caused by thermal expansion and 

contraction of the reinforcing steel and concrete (Dahmani et al., 2007). In order to detect these 

significant temperature effects, it is first necessary to understand how varying temperature affects 

the sensor technologies.  

The following chapter will aim to fulfill the following objectives: i) to determine the 

accuracy of two new sensor technologies compared to more traditional technologies, ii) to 

determine the effect of temperature on these new sensor systems and iii) to develop preliminary 

techniques for correcting for these thermal effects. The next section provides a background on the 

FOS and DIC techniques, followed by a detailed explanation of the experimental program. The 

experimental program includes two series of experiments: crack width experiments and beam 

experiments. After the experimental program is discussed, the temperature calibration for each 

sensor system is detailed. The results section will feature outcomes from all experiments 

accompanied by some discussion. Lastly, the chapter will end with some conclusions and 

recommendations for further testing. 
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3.2 Background 

The following section provides a background on the new sensor technologies.  

3.2.1 Fibre Optic Strain Sensors 

Fibre optic strain sensors (FOS) are now commercially available for monitoring civil 

infrastructure assets (Lanticq et al., 2009). Unlike traditional sensors, e.g. electrical resistance 

strain gauges, FOS are quite robust because they do not drift over time, resist electromagnetic 

interference, are corrosion resistant, and have a relatively long lifecycle (Casas and Cruz, 2003). 

The sensors are able to monitor strain and temperature, with similar accuracy to conventional 

strain gauges depending on the technology used, as a function of linear position along the fibre 

length (Casas and Cruz, 2003). With rapid advances in fibre optic technology, FOS have the 

potential to become cost competitive with other sensor technologies if inexpensive (less than 

$1/m) fibres produced for telecoms applications are used.  

Discrete FOS, such as Fibre Bragg grating (FBG) sensors, have been around for over 20 

years and have been successfully used to monitor reinforced concrete bridges (Tennyson et al., 

2001) and composite structures (Murayama et al., 2003). Recently, distributed sensing 

technologies have been introduced. When assessing infrastructure, a distributed sensing system 

would potentially allow for the detection of localized deterioration as well as strain or 

temperature measurements along the full length of an optical fibre without requiring any 

modifications to the fibre. Because distributed FOS is a relatively new technology, limited 

applications in civil engineering structures have been demonstrated to date (eg. Hurtig et al., 

1997, Zhang et al., 2007, and Bao et al., 2001). Therefore this technology will be further 

investigated in this research.  



 

33 

 

Distributed FOS works by pulsing light through an optical fibre. A small portion of that 

light is backscattered due to imperfections in the cable. The backscattered light is composed of 

several different spectral components which are, from strongest to weakest: Rayleigh, Brillouin, 

and Raman peaks. Several different technologies exist that measure these components of the 

backscattered light and convert these readings into strain or temperature measurements based on 

the properties of the fibre. Optical time domain reflectometry (OTDR), which uses the Rayleigh 

or Raman scatter (temperature only), Brillouin optical time domain reflectometry (BOTDR), and 

Brillouin optical time domain analysis (BOTDA) are several technologies, explained in greater 

detail in the literature (Güemes et al., 2010). 

Luna Technologies has a commercially available system, the OBR 4600, that measures 

the amount of Rayleigh scattering and will be used in this research. The system uses a distributed 

strain measurement technology called optical frequency domain reflectometry (OFDR). OFDR 

works by measuring changes in the frequency (due to attenuation mechanisms such as 

temperature, mechanical strain or a break in the fibre) of the Rayleigh scatter as a function of the 

length of fibre (Kreger et al., 2006). By comparing OFDR measurements of a stressed optical 

fibre with reference measurements, strain or temperature can be obtained along up to 70 m of 

fibre with 10 mm spatial resolution with strain and temperature resolution as fine as 1 µε and 

0.1 °C (Luna Innovations Incorporated 2009). In this study, the accuracy of the OFDR system 

will be explored both at constant temperatures to determine whether the stated accuracy can be 

achieved for reinforced concrete structures in a lab environment and also at varying temperatures 

to obtain an initial understanding of the effect of temperature on the system.  

One of the major problems with FOS is the cross sensitivity to strain and temperature. 

Both strain and temperature induce a strain reading in the fibre optic cable and therefore these 
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two variables must be separated to get accurate measurements of each variable. The main 

technique employed by previous researchers is the use of a ‘dummy sensor’, which is a portion of 

the optical fibre free from mechanical strain subjected to the same thermal environment as the 

structure of interest (e.g. Bourne-Webb et al., 2009 and Bao et al., 2001). This dummy sensor will 

detect temperature and strains independently of any mechanical strain effects, and thus this strain 

can be subtracted from the measured output of a fibre bonded to the structure to determine the 

mechanical strain. This study will further explore this problem to determine if both temperature 

and strain can be accurately measured using a single optical fibre. 

3.2.2 Digital Image Correlation 

Digital image correlation (DIC) works by comparing digital images of a deformed object 

to a digital image of the object before deformation. By tracking the location of a segment of an 

image known as a patch, from the reference image to the deformed image, a two-dimensional 

displacement field can be created for that object and the strain can be determined from the 

displacement field. While electrical resistance strain gauges provide only discrete readings over a 

fixed gauge length, the DIC technique can provide a two-dimensional surface strain field using a 

single sensor (i.e. camera). Additionally, because strain gauges must be securely attached to the 

surface of the object, they are quite labour intensive to install and often cannot be reused. DIC, on 

the other hand, is a non-contact measurement technique and the camera can be reused. As a 

result, DIC is much less labour intensive and lower in cost, than conventional strain sensors. 

For this research, a program developed by White et al. (2003) specifically for monitoring 

deformations of solids called geoPIV is used. GeoPIV does not require artificial targets in the 

various images to track displacements. Instead, a texture on the object under observation is 

required, often applied in the form of spray paint, to provide sufficient texture to each patch to 
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distinguish it from the surrounding search area (Dutton et al., 2011). The image is divided into 

patches that are searched for in each subsequent deformed image over a predefined search zone. 

The degree of match is defined by calculating the normalized cross correlation of the test patch 

within the search zone, which allows the patch to be located to within one pixel. However, one-

pixel accuracy is not acceptable for strain resolution. As a result, geoPIV implements a B-spline 

interpolation to determine the new location of a patch to the nearest sub-pixel. A thorough 

explanation of the program can be found in literature (White et al., 2003; Lee et al., 2012). 

Several researchers have used geoPIV in observing structural members under load. 

Thusyanthan et al. (2007) monitored strains and cracks in kaolin clay beams loaded in four-point 

bending using geoPIV. Bisby et al. (2007) investigated the use of geoPIV to quantify strain 

variation in concrete cylinders confined by fibre reinforced polymers. Limited literature has cited 

the use of DIC to monitor crack behaviour of reinforced concrete. Destrebecq et al. (2010) used a 

different DIC technique during a test of a 25 year old full-scale beam under four point bending to 

monitor crack behaviour and deflections. 

In addition, research studying the effects of temperature on the output of DIC techniques 

is insufficient. Ma et al. (2012) researched the error in DIC measurements caused by the 10 °C to 

12 °C increase in temperature due to self-heating of the digital camera, creating an error as large 

as 200 µε. Strain errors of this magnitude would have a significant effect on the accuracy of DIC 

measurements. However, it seems that very little attention has been paid to the effect of changes 

in the ambient temperature on the DIC system. 

In this research, geoPIV will be used to monitor crack widths and strain behaviour of 

reinforced concrete, and compare the accuracy of this new technique against conventional 
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methods. As well, preliminary tests will be conducted to determine the thermal effects on the 

performance of DIC to deduce if DIC can be used in field applications.  

3.3 Experimental Program 

The goal of the experimental program is to investigate how effective DIC and FOS are in 

monitoring and assessing reinforced concrete structures. A good indication of a structure’s 

performance can be obtained from monitoring changes in crack widths and strain/curvature 

behaviour. Two series of experiments were conducted monitoring i) crack width behaviour and ii) 

strain/curvature behaviour of reinforced concrete. In each case, measurements will also be taken 

with conventional technologies: Demountable Mechanical Strain Gauge (DEMEC) for crack 

measurements and electrical resistance strain gauges for strain measurements. Furthermore, 

preliminary work on determining the temperature corrections of each monitoring technology is 

discussed.  

3.3.1 Crack Width Experiment 

The first series of experiments involved monitoring crack widths in four reinforced 

concrete specimens under an axial load while exposing the loaded specimens to temperature 

cycles, over the duration of four weeks. DIC, FOS and a DEMEC system were used to monitor 

the crack widths. Table 3.1 provides details of the testing program. The applied axial load, which 

ranged between 32 kN and 35 kN, is given in Table 3.1 for each specimen. This load was 

approximately 40 % of the reinforcement yielding load (which is in the range of typical service 

loading) and greater than the specimen’s cracking load (~25 kN) to ensure the development of 

cracks in all specimens. Specimens A-1 and A-2 were left for one week under load at room 

temperature to determine how the cracks would behave over time. The temperature was then 

lowered to -20 °C and the crack behaviour was monitored for a week. The temperature was then 
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continually cycled between +21 °C and -20 °C in 48 hour cycles for the remaining two weeks. 

Specimens B-1 and B-2 were loaded at room temperature followed by continuous 16 hour 

temperature cycles between +7 °C to -7 °C for four weeks. The temperature ranges chosen for 

Specimens A and B represented annual and diurnal temperature changes, respectively, that a 

reinforced concrete structure may experience in northern regions such as Canada.  

Table 3.1: Crack width experiment details 

 

 Specimen Design 3.3.1.1

The four reinforced concrete specimens measured 75 mm by 75 mm by 500 mm with a 

central 15M steel reinforcing bar as seen in Figure 3.1. The 15M reinforcement bar was cut to 

length to extend beyond the concrete and the excess length was threaded with ½ ” (12.7 mm) 

coarse threading. Table 3.2 outlines the material properties of the concrete. A single batch of 

concrete was used for all four specimens. Two cylinders were tested at the time of loading for 

each pair of specimens. Using these properties, the theoretical cracking load (listed in Table 3.2) 

was calculated using the modulus of rupture and modulus of elasticity equation for normal 

density concrete, both of which were taken from Design of Concrete Structures (CSA A23.3, 

2006). The yield strength of the 15M rebar was 458 MPa and the ultimate strength was 560 MPa, 

provided by the manufacturer although the yield strength of the bar was not reached during 

loading of the reinforced concrete specimens in tension. 

Specimen Label Temperature Range # of Cycles Load (kN) 

A-1 +21 °C to -20 °C 8 34 

A-2 +21 °C to  -20 °C 8 35 

B-1 +7 °C to -7 °C 42 32 

B-2 +7° C to -7 °C 42 34 
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Figure 3.1: Specimen design and internal instrumentation layout (dimensions in mm) 

Table 3.2: Concrete material properties for Specimens A-1, A-2, B-1 and B-2 

Specimen Sample 
Number 

Compressive 
Strength 
(MPa) 

Mean 
Compressive 

Strength 
(MPa) 

Theoretical 
Cracking 
Load (kN) 

A-1 & A-2  
1 34 

36 25 
2 39 

B-1 & B-2 
1 36 

37 25 
2 38 

 

 Instrumentation 3.3.1.2

Figure 3.2 displays a schematic of the testing layout from an elevation point of view. 

Two Type T thermocouples were tied to the reinforcing bar before pouring the concrete, one at 

mid-span the other at 100 mm from one edge as indicated in Figure 3.1. The thermocouples were 

used to ensure that the whole specimen had reached the cycling temperature during each 

temperature cycle. 

A DEMEC system was used to manually monitor crack widths during the test. Ten 

DEMEC studs were epoxied on the top concrete surface of each specimen in a pattern as shown 

in Figure 3.3. The surface preparation involved grinding the concrete to create a smooth dust free 

finish to ensure proper adhesion between the stud and surface. A reference bar was used to 
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properly place the stud points in the correct location approximately 100 mm apart while the 

epoxy was setting.  

 

Figure 3.2: Schematic elevation of the crack width test 

 

 

Figure 3.3: DEMEC stud and FOS layout on top surface of reinforced concrete specimen 

(dimensions in mm) 
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An external single mode optical fibre was applied on the top surface of each specimen as 

shown in Figure 3.3. For Specimens A-1 and A-2, the fibres were applied to the concrete surface 

before the load was applied. For Specimens B-1 and B-2, the fibres were applied after the load 

was applied but before the temperature was adjusted. The external fibre was adhered to the 

concrete surface using Devcon five-minute epoxy. The concrete surface was ground and cleaned 

with water to create a smooth dust free finish to allow for proper adhesion. The fibre optic cable 

had a core diameter of 8.2 µm and an acrylic coating. It has an operating temperature range 

of -60 °C to +85 °C. Luna Technologies’ Model OBR 4600 analyser and accompanying software 

was used to capture and analyse the fibre optic data. 

The camera used was a Canon EOS Digital Rebel XTi with an 18-55 mm adjustable lens 

set to a focal length of 55 mm. The camera was secured to a tripod, centred and focused on the 

top surface of both specimens (Figure 3.2) where the other instrumentation was located, to ensure 

that the FOS, DEMEC, and DIC would produce comparable results. The camera lens was placed 

1354 mm (L) from the top surface of the concrete for both tests. The concrete surface was 

speckled with black spray paint to provide sufficient texture for the DIC analysis. 

 Test Setup 3.3.1.3

In order to apply a sustained axial load for the duration of the experiment on two 

specimens, two self-reacting loading frames were built. Each loading frame consisted of four 

2.7 m long B7 threaded rods which were threaded in two 250 mm by 250 mm by 50 mm steel 

plates, as shown in Figure 3.4. The steel plates had four 28.6 mm holes, one in each corner, for 

the B7 threaded rods and a single hole in the centre to accommodate the extended threaded 

section of the reinforcement. The B7 rods were secured to the plates with 16 - 12.7 mm 

construction grade nuts and compatible construction grade washers. 
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Figure 3.4: Loading frame design with reinforced concrete specimen 

The two loading frames were placed side by side in a temperature controlled room. As 

shown in Figure 3.4, each frame was equipped with a hollow cylindrical load cell positioned on 

the reinforcement bar and was secured by a small 8 mm thick steel plate and two nuts to provide a 

smooth surface to ensure a precise load reading. A third load cell was placed unloaded in the 

temperature controlled room, to monitor the effect of temperature on the load cell reading. The 

load cells monitoring the specimens were later adjusted accordingly for temperature effects using 

the readings of the unloaded load cell. The opposite end of the threaded reinforcement bar was 

secured by two nuts against the loading frame. A steel chair and hydraulic jack with a 12 ton 

capacity were positioned on the rebar and an additional 8 mm thick steel plate was placed behind 

the ram, in order to apply the tensile force to the specimen.  

The data acquisition system was programmed to record the thermocouples at a rate of one 

scan per second during loading and one scan every five minutes after loading. Before loading, 

reference readings were taken with the fibre optic analyser, camera, and DEMEC gauge. The 

hydraulic jack was used to apply the load and once the final load had been reached, the nuts were 

tightened against the self-reacting frame and the jack was removed. The load was held at 10 kN 

intervals during loading to take FOS readings and camera images simultaneously. The camera 

was remotely triggered to capture an image every two seconds for a total of 10 images at each 
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load stage. Later, the images at each load stage were averaged to decrease the error caused by 

camera jitter and lighting as discussed elsewhere (Hoult et al., 2013). Following this initial 

loading phase, FOS readings, camera images and DEMEC gauge readings were taken daily at 

approximately the same time once the specimens had reached a sustained temperature. 

3.3.2 Full-Scale Beam Experiment 

The second series of experiments looked at using FOS and DIC to measure strain for two 

reinforced concrete beams during loading in the linear-elastic region. The results of the FOS and 

DIC analysis will be compared to strain gauge readings, to determine the accuracy and precision 

of these two new technologies versus an accepted technology. 

 Specimen Design  3.3.2.1

The two beams of interest had a cross-section measuring 200 mm by 400 mm as seen in 

Figure 3.5. The specimens were 4200 mm long and were tested in four point bending with a 

1200 mm shear span, as seen in Figure 3.6. The beam cross section consisted of two 10M bars as 

top reinforcement and two 20M bars as bottom reinforcement. Individual 10M stirrups were 

provided at the centre and ends of the beam for constructability purposes only.  

 

Figure 3.5: Beam cross section (dimensions in mm) 
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 Table 3.3 provides the concrete properties for each beam tested. Each beam was poured 

from a different batch of concrete. Four concrete cylinder tests were conducted for each beam to 

determine their compressive and split tensile strengths. The theoretical cracking load listed in 

Table 3.3, was calculated using the modulus of rupture equation found in the Design of Concrete 

Structures (CSA A23.3, 2006), using the mean compressive strength obtained from the cylinder 

tests. The yield strength of the 10M rebar and 20M rebar was 478 MPa and 453 MPa respectively 

and the ultimate strength was 576 MPa and 563 MPa respectively, provided by the manufacturer. 

Although, it is worth noting that the yield point was not reached when both beams were loaded in 

flexure during this verification experiment. 

Table 3.3: Beam concrete properties 

Beam Sample 
Number 

Compressive 
Strength 
(MPa) 

Mean 
Compressive 

Strength 
(MPa) 

Split 
Cylinder 
Strength 
(MPa) 

Mean Split 
Cylinder 
Strength 
(MPa) 

Theoretical 
Cracking 
Load (P) 

(kN) 

1 

1 34 

37 

2.8 

2.7 32 
2 39 2.2 

3 36 3.0 

4 38 2.8 

2 

1 36 

33 

2.2 

2.5 31 
2 29 2.4 

3 34 2.7 

4 34 2.6 

 

 Instrumentation 3.3.2.2

The instrumentation layout can be seen in Figure 3.6. Three external strain gauges with a 

50.8 mm gauge length were adhered to each beam at varying heights at the centre of the shear 
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span. An external FOS was adhered to the surface of the concrete beam, using the same surface 

preparation as mentioned previously. The fibre used was of single mode with a core diameter of 

8.2 µm and an acrylic coating. Again, the OBR 4600 fibre optic analyser and accompanying 

software by Luna Technologies was used to capture and later analyse the FOS readings. For the 

DIC monitoring, two cameras (Canon EOS Rebel T2i) using 18-55 mm adjustable lens set to 55 

mm secured on tripods were placed on either side of the beam focusing on the region of interest 

highlighted in Figure 3.6. The position of each camera is detailed in Table 3.4. The beam testing 

frame used in this experiment was in a small laboratory space forcing the use of a lens with a 

small focal length and placing the cameras close to the beam. This decreased distance to the 

specimen has a negative effect on the accuracy of the DIC technique as discussed elsewhere 

(Hoult et al., 2013). The two cameras were placed on opposing sides of the beam in order to track 

out of plane rigid body motion and rotation of the beam during loading (Hoult et al., 2013). The 

surface was speckled with black spray paint to provide the required texture for DIC analysis.  
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Figure 3.6: Beam cross section and instrumentation (dimensions in mm) 

Table 3.4: Distance from the camera lens to the concrete surface (mm) 

Beam Label Side A Side B 

Beam 1 1437 1420 

Beam 2 1420 1473 

 

 Test Setup 3.3.2.3

The data acquisition system was programmed to record the load (P) and strain gauge 

outputs at a rate of one scan per second during the test. The load was increased to 30 kN and load 

stages were taken at 10 kN intervals. Loading beyond 30 kN is not discussed in this chapter 

because it is no longer in the linear elastic region, and any cracks forming near the strain gauges 
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would cause inaccurate readings making verification and calibration of the new sensor systems 

with the strain gauges much more challenging. Fibre optic scans and DIC images were taken prior 

to loading to establish a reference and at each load stage. Both cameras were triggered remotely 

to simultaneously record an image every two seconds for a total of 10 images. As before, the 10 

images were later averaged together in one image to lower the error caused by camera movement.  

3.3.3 Temperature Correction of Measurement Techniques  

As discussed previously, information obtained from monitoring changes in crack widths 

and strain/curvature behaviour can indicate changes in a structure’s performance and so being 

able to measure these parameters accurately over a wide temperature range is critical. In order to 

properly interpret the results obtained from the crack width and beam experiments, it was first 

necessary to quantify the effect of temperature on each sensor system. 

 Temperature Correction of FOS 3.3.3.1

To temperature correct for the optical fibre, the technique of using a ‘dummy sensor’ 

mentioned previously was used. During the crack width experiments, a portion of the optical 

fibre, approximately 200 mm, was threaded through a plastic straw in contact with but not bonded 

to a concrete cylinder. The straw created protection against any movement from air circulation 

within the temperature controlled room that would result in strain. Even though the beam 

experiment was completed at room temperature, the FOS data was temperature adjusted as well 

to account for minor fluctuations in temperature. For the beam experiment, a portion of the fibre 

running between the top and bottom of the beam was left unbonded but was in contact with the 

surface of the beam. For both experiments, these sections of the fibre were in the same thermal 

environment as the test specimen but were free to expand and contract. The temperature was 

recorded by a thermocouple.   
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In Figure 3.7 are several strain profiles at different temperatures taken from the 200 mm length of 

free fibre from the crack width experiment B. The fibre optic strain reading was taken over a 20 

mm gauge length spaced at 20 mm intervals. The strain was averaged over the 200 mm length of 

fibre shown in Figure 3.7 and is plotted versus temperature in Figure 3.8.  

 

Figure 3.7: Fibre optic strain profiles under different temperatures (strains relative to a 

reference temperature) 
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Figure 3.8: Fibre strain due to varying temperature 

The two plots in Figure 3.8 are from each crack width experiment, and therefore have 

different reference temperatures. The best fit lines are averaged together to determine the 

coefficient of thermal expansion of the optical fibre, which is 10.6 µε/°C. This value will be used 

to correct the fibre optic results for temperature. 

 Temperature Correction of DIC 3.3.3.2

In order to compensate the DIC results for temperature, the response of each DIC camera 

system (for both the tension and beam experiments) to temperature had to be determined using a 

calibration test. A schematic of this test setup can be found in Figure 3.9. In a temperature 

controlled room, a steel plate sized 675 mm x 101.6 mm x 9.5 mm, was placed on a Teflon coated 

surface to allow the plate to expand and contract freely. Steel was used for this experiment 

because it has a uniform coefficient of thermal expansion and is a good thermal conductor and 
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will therefore react to temperature changes more uniformly than concrete. Two strain gauges 

were adhered to the surface of the plate at mid height to capture the horizontal and vertical strain. 

A surface thermocouple (type T) was taped to the plate surface and an additional thermocouple 

was placed near the camera to capture the ambient temperature. The camera was secured to a 

tripod with a distance L between the lens and plate surface. This test was performed for both 

camera setups (crack width and beam experiments – Table 3.5) to determine the variability of the 

results. The camera was focused on a textured square region of the steel plate.  

 
Figure 3.9: Schematic of DIC temperature correction test 

Table 3.5: Camera models, focal lengths and distances to steel plate 

Camera Model Focal Length Distance L (mm) 

Canon EOS DIGITAL REBEL 
XTi (crack width experiment) 

55 mm (18-55 mm 
adjustable lens used) 590 

Canon EOS REBEL 2Ti    
(beam experiment) 

55 mm (18-55 mm 
adjustable lens used) 660 
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During the test, images were taken at set intervals as the ambient temperature was 

lowered from +21 °C to -20 °C and raised back up again (one cycle). In total, five cycles were 

recorded by the Canon EOS Rebel XTi while the Canon EOS Rebel 2Ti was just taken from from 

+21 °C to -20 °C. 

The strain gauge used was intended for a reference material with a coefficient of thermal 

expansion and contraction of 11 x 10-6/°C. The thermal response of the gauge for the reference 

material provided by the supplier (Vishay) is represented by the Equation 3-1, where εR is strain 

(µε) and T is temperature (°C): 

              𝜀𝑅 = −4.54𝑒−7(𝑇4) + 3.96𝑒−4(𝑇3) − 8.37𝑒−2(𝑇2) + 4.66𝑇 − 6.82𝑒      (3-1) 

This thermal response is plotted with the experimental strain gauge output (εS) in Figure 

3.10 a). Equation 3-2 (Vishay, 2010) was used to determine the coefficient of thermal expansion 

and contraction of the steel plate (αs): 

                                                   𝛼𝑠 = (𝜀𝑠−𝜀𝑅)
∆𝑇

𝛼𝑅                                                  (3-2) 

The difference between the reference material’s thermal output and the experimental 

strain gauge output is plotted in Figure 3.10 b) for each cycle. Based on these results, the 

coefficient of thermal expansion and contraction of the steel plate was determined to be 

11.9 x 10-6/°C (Figure 3.11).  
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Figure 3.10: a) Comparison and difference b) between experimental and theoretical strain 

gauge output of steel plate 

 
Figure 3.11: Coefficient of thermal expansion of the steel plate 
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3.3.3.2.1 DIC Calibration for Canon EOS Rebel XTi 

A patch size of 64 by 64 pixels was used in a layout displayed in Figure 3.12 a) for the 

DIC analysis. The two outer patch columns and the two inner patch columns act as ‘virtual strain 

gauges’ with a 1408 pixel gauge length and a 768 pixel gauge length, respectively. Figure 3.12 b) 

illustrates the strain profile along the height of the plate due to changing temperature displaying 

results from both gauge lengths. The smaller gauge length produces slightly more variable strains 

especially at lower temperatures (larger strains) than the larger gauge length. These results match 

the work of Lee et al. (2012) who found that using gauge lengths less than 1000 pixels led to 

higher measured strain errors. Additionally, the strain profiles are slightly angled because the 

camera may have been incorrectly aligned at the start of the test. 

 

Figure 3.12: a) DIC patch layout b) DIC results of horizontal strain at different surface 

temperatures using two different gauge lengths 

 Five DIC strain readings of both gauge lengths at the approximate height of the strain 

gauge were averaged together to make a single strain reading and are plotted versus surface 
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temperature in Figure 3.13 a) for temperature cycle 1 and 2 and b) for temperature cycles 2 

through 5.  

 
Figure 3.13: DIC strain results versus surface temperature for a) cycles 1 and 2, and b) 

cycles 2-5 

By subtracting the strain in the steel plate due to temperature from these readings, one 

can determine the apparent strain due to varying temperature measured by the camera system 

(Figure 3.14 a) and b)). Figure 3.14 a) displays the horizontal strain error as the temperature is 

adjusted for the first cycle. The camera behaves differently as the temperature is adjusted from 

room temperature to -20 °C, compared to -20 °C back to room temperature. Figure 3.14 b) 

displays the results for temperature cycles 2-5. Again, the behaviour is different on the downward 

cycle compared to the upward cycle, but this result is consistent for cycles 2 through 5. It is clear 

that the relationship between the camera system and temperature is non-linear. This is perhaps not 

surprising since the camera system is made up of a number of components (e.g. the body, the 

CCD and the lens) that potentially all react differently to temperature cycling.  
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Figure 3.14: Camera and lens strain due to varying temperature for a) cycle 1 and b) cycle 

2-5 

Figure 3.15 displays the horizontal strain versus temperature for all cycles. For 

simplicity, the behaviour of the camera set up will be assumed to be independent of the number of 

temperature cycles and linear as seen in Figure 3.15 to determine the required temperature 

compensation for the crack width readings. The best fit line was forced through the reference 

temperature (19.1 °C) which yields a correction factor of -33.8 µε/°C. It is worth noting that 

though the associated error with using the linear compensation is potentially as large as 500 µε 

based on Figure 3.15, this error translates to a difference of only 0.02 mm for the crack width test 

camera setup.  
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Figure 3.15: Horizontal camera strain as a result of varying temperature assuming a linear 

relationship 

 DIC Calibration for Canon EOS Rebel 2Ti 3.3.3.3

Similar to the previous test, a patch size of 64 by 64 pixels was used in a layout shown in 

Figure 3.16 a) and b) for the DIC analysis to determine the strains in the horizontal and vertical 

directions, respectively. The temperature correction factor was determined in both the x and y 

directions because this camera was used to monitor the beam experiment which involves 

displacements in all directions due to strain and curvature. Like the previous test, the smaller 

gauge length produces slightly more variable strains especially at lower temperatures than the 

larger gauge length, as seen in Figure 3.16 b) and d).  
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Figure 3.16: a) DIC layout for horizontal strain b) DIC results of horizontal strain at 

different temperatures c) DIC layout for vertical strain d) DIC results of vertical strain at 

different temperatures 

Five DIC strain readings of different gauge lengths at mid height and width of the region 

of interest were averaged together and plotted in Figure 3.17 a). By subtracting the steel plate’s 

temperature strain, the coefficient of thermal expansion and contraction of the camera system was 

determined in both the x and y directions. The horizontal and vertical strain plots are very similar 
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to each other meaning that the camera behaves uniformly with a coefficient of thermal expansion 

and contraction of approximately 56 µε/°C in all directions. Also, in this case, the camera system 

behaves much more linearly with changing temperature compared to the previous camera system. 

The variability in results is also much lower compared to the other camera. Since two different 

cameras were used it is difficult to conclude exactly what caused this difference in performance 

between the two systems; but what is clear is that in order to use the DIC system under changing 

temperature conditions, calibration specific to the camera system is required. 

 

Figure 3.17: a) DIC strain results b) camera strain due to varying temperature 

To conclude, as seen in the results above, it is clear that a change in ambient temperature 

of 40 °C can create a significant error up to 2000 µε in DIC measurements. It is obvious that such 

a large error should be accounted for in strain monitoring. In addition, each camera system and 

lens responds uniquely to changing temperature. Therefore, a temperature calibration must be 

completed for each new camera setup. 
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 Temperature Correction of DEMEC – Demountable Mechanical Strain Gauge 3.3.3.4

Since the DEMEC system will be used to determine the relative accuracy of both the 

FOS and DIC systems, it is important to account for temperature effects on the DEMEC system. 

However, a temperature correction is not required for the DEMEC mechanical strain gauge 

because the main beam of the gauge is composed of NILO Alloy 36, a nickel-iron low-expansion 

alloy containing 36% nickel. It maintains nearly consistent dimensions at normal atmospheric 

temperatures (Gillian Ridgway, personal communication, October 2, 2011). This was later 

verified by taking readings on a reference bar at room temperature and after the gauge had been 

placed in -20 °C for 15 minutes. It was observed that the thermal effects of the mechanical strain 

gauge fell within the same level of error detected while taking repeated measurements at a 

constant temperature. In addition, to improve upon this error, DEMEC readings during the crack 

width experiment were taken three times each and were averaged together to obtain one reading. 

3.4 Comparison of Measurement Techniques 

Now that the measurement systems have been corrected for temperature, the comparison 

of the different monitoring techniques can be done. The DEMEC system and strain gauges are 

both proven technologies and are assumed to provide the correct strain or crack width reading in 

the comparison of both the DIC and FOS to determine their accuracy and precision. The DEMEC 

system will be used to validate the DIC system and to calibrate the FOS system for crack width 

monitoring. By doing this, an inherent assumption is made that the change in length measured 

using the DEMEC gauge is entirely due to the crack opening. This assumption is not entirely 

correct as the DEMEC gauge will also measure surface strain in the concrete over its 100 mm 

gauge length, however the error in crack width measurement created by this assumption is small 
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relative to the crack widths being measured. A calibration was conducted for the DEMEC system 

and is summarized in Appendix B. 

3.4.1 DIC vs. DEMEC Crack Widths 

For the DIC analysis of the crack width experiment, a 16 by 16 pixel patch sized was 

used for the mesh. Figure 3.18 displays the DIC mesh and the cracks monitored from each 

specimen. Table 3.6 includes the distance between subsets used to measure each crack. 

 
Figure 3.18: DIC mesh and the monitored cracks for Specimens a) A-1 and A-2 and b) B-1 

and B-2 

Table 3.6: DIC gauge length for each crack 

Crack Distance between 
Subsets (pixels) 

A-1 224 

A-2 256 

B-1a  240 

B-1b 256 

B-2a 256 

B-2b 256 

 

a) b) 

A-1 

A-2 

B-1 

B-2 

a b 

a b 
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To compare the DIC readings with the DEMEC readings, the four displacement readings 

between subsets at the height of each DEMEC stud were averaged together to create two crack 

width readings for each crack giving a reading at the top and bottom of the crack. The comparison 

of the DEMEC and DIC (original and temperature corrected) crack width readings can be found 

in Figure 3.19. The plot only includes the data from the first and last four temperature cycles for 

each crack (top and bottom readings for all cracks and top only for crack B-1a and B-1b as seen 

in Figure 3.18), for a total of 80 data points. 

 

 

Figure 3.19: Original and temperature corrected crack widths using DIC vs. DEMEC 

From the plot, the crack width readings obtained using DIC agree somewhat to those 

obtained using the DEMEC system with a 1:1.1 ratio. The coefficient of determination is higher 

for the temperature corrected values but not by a significant amount. This means that correcting 

for temperature is not critical when monitoring crack widths with this camera setup. The 
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temperature adjustment for crack widths is reliant on not only the DIC strain error as a result of 

varying temperature, but as well as the gauge length used for the crack width DIC analysis and 

the distance between the camera lens and surface of interest. This means that the larger the gauge 

length and the further the camera is away from the structure, the larger the temperature 

adjustment is for the crack width. In this case, the maximum gauge length of 256 pixels is small 

resulting in a minimal adjustment in crack widths. 

 Figure 3.20 illustrates a vital advantage to using DIC analysis for crack width monitoring 

compared to the DEMEC system. DIC has the ability to measure crack widths along the entire 

face of the specimen, whereas the DEMEC system only provides local crack width measurements 

where studs have been applied. This is an important tool in cases where crack width varies 

substantially along the plane of the crack.  

 
Figure 3.20: Crack B-2a using DIC and DEMEC at different temperatures 
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3.4.2 Calibration of FOS for Crack Width Monitoring 

The fibre optic readings from the crack width experiment were corrected for temperature 

using the ‘dummy sensor’ detailed earlier. This procedure only corrects for the strain induced on 

the free fibre as a result of heating and cooling and does not account for the strain resulting from 

the difference in thermal expansion and contraction coefficients of the fibre and host structure. 

This thermal strain cannot be accounted for without taking strain measurements with fibres that 

are bonded to unrestrained concrete members; but this will result in only a minor error for the 

crack width readings, discussed below. 

When using FOS for crack width monitoring, one must calibrate the strain values to 

convert them to crack widths. The DEMEC system was used to do so. For Specimens A-1 and A-

2, the optical fibre was adhered to the concrete surface before the specimen was loaded. Figure 

3.21 illustrates the result of large strains on the optical fibre, when Specimen A-2 was loaded in 

tension up 30 kN. In this case, the optical fibre core had locally separated from the outside cable 

as a result of the large strains, resulting in very small tensile and compressive strain zones 

represented by the large peaks in strain. This phenomenon has been observed in other research 

(Lanticq et al., 2009 and Güemes et al., 2010). The large peaks in the strain profile make it 

difficult to calibrate to crack widths. To avoid this issue, for Specimens B-1 and B-2, the optical 

fibre was adhered to the concrete surface after the specimen was under load. Therefore, the FOS 

system was exposed to small strains and was able to monitor changes in crack widths. This can 

translate to field applications, where the fibre is externally applied to structures with preexisting 

cracks and can effectively monitor changes in crack widths. 
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Figure 3.21: Large strains in Specimen A-2 detected by FOS 

 For the FOS calibration, Specimen B-2 was only used because the cracks in Specimen B-

1 did not extend through the whole face of the specimen, making it difficult to calibrate it against 

the DEMEC readings. The reference reading taken by both the DEMEC system and the FOS were 

taken just after loading of the specimen at room temperature. The two DEMEC readings 

intersecting each crack were averaged together to form one crack width reading per crack. The 

effective length of the fibre to be used in crack width measurements for the FOS system was 

determined by calculating the area under the strain curve until the change in crack width readings 

by both technologies agreed. For simplicity, the area under the curve was split up into thin 

rectangles 5 mm wide. Figure 3.22 shows the FOS strain curve when the specimen was 9.4 °C. It 

was determined that gauge lengths of 175 mm and 145 mm yielded the same crack widths for 

crack B-2a and B-2b, respectively at this temperature. Using these same gauge lengths, all fibre 
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optic readings were converted to crack widths and are compared to their corresponding DEMEC 

readings in Figure 3.23.  

 
Figure 3.22: Conversion of FOS output to crack width using area under the strain curve  

 
Figure 3.23: Comparison of the change in crack widths using DEMEC and FOS 
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 The results displayed in Figure 3.23, make it clear that externally applied FOS are 

potentially an effective tool to monitor changes in crack widths in reinforced concrete, given by 

the 1:1 ratio of DEMEC readings to FOS readings, with low variability (R2 value of 0.93). The 

results obtained herein are only for one specimen with two cracks. Further experiments are 

suggested to determine the true accuracy of FOS used for crack width monitoring. In addition, the 

effectiveness of the externally applied optical fibre is dependent on the transfer of stresses from 

the host structure to the fibre, and therefore is dependent on the epoxy used. Future tests should 

explore other adhesion products to determine the product best suited for external fibres on 

concrete surfaces. 

3.4.3 Comparison of FOS, DIC and External Strain Gauges for Strain Monitoring 

During the beam experiments, the beam specimen was tested on a reaction beam loaded 

with an adjustable actuator head. Therefore, there was a potential for the beam to be loaded 

eccentrically resulting in out of plane movement or rotation of the beam if it was not precisely 

centred in the testing frame. In order to detect any potential out of plane movement using DIC 

analysis, images were captured simultaneously on opposite sides of each beam as suggested by 

Hoult et al. (2013). A 64 by 64 pixel patch size was used for the DIC mesh. Figure 3.24 shows the 

mesh and gauge lengths for side A and B of Beams 1 and 2.  
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Figure 3.24: DIC mesh and gauge lengths (in pixels) for Beam 1 a) side A b) side B and 

Beam 2 c) side A and d) side B 

Figure 3.25 shows the results of the DIC analysis for Beam 2. The strain profiles on 

either side of the beam are almost mirror images at each load stage. In addition, the strain values 

are much larger than what is expected. From these results, it is likely that the beam is rotating or 

translating out of plane. The large positive strains on side B indicate that the beam is rotating and 

translating towards side B, with the top of the beam moving closer to the camera than the bottom. 

As the beam moves closer to the camera, the magnification of the image is perceived by the DIC 
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analysis as being the same as the patches moving farther apart, resulting in large tensile strains on 

side B and similarly large compressive strains on side A. 

 
Figure 3.25: Beam 2 strain profile using DIC analysis at each load stage 

 In order to compensate for this out of plane error, a single strain profile for each beam is 

obtained by taking a weighted average of the strain profile on side A and B at each load stage 

based on the distance between the camera lens to the beam surface. The results of Beams 1 and 2 

are presented in Figure 3.26 where for simplicity, best fit lines of the strain profiles are used 

rather than the original data. 
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Figure 3.26: a) Beam 1 and b) Beam 2 strain profiles at each load stage 

Figure 3.26 also includes the strain profiles at each load stage using the external strain 

gauges and the FOS. The strain profiles obtained from the FOS are calculated by averaging the 

temperature corrected strain data over a 50 mm length of fibre for both the top and bottom fibre, 

and a straight line is plotted between these two data points. The strain gauge readings are plotted 

as well against the depth of the beam, drawing a straight line between each data point. 

In both beams, the fibre optic strain profiles closely align with the strain gauge data, with 

a neutral axis close to 200 mm. However, the DIC averaged strain profiles do not match up with 

the strain gauge and fibre optic profiles. There seems to be a consistent error along the full height 

of the profile, which means that the slope of the DIC lines (the curvature) more closely matches 

the other two measurement techniques but the strain values themselves are not correct. Plotting 

the curvatures, in Figure 3.27, for each of the measurement techniques illustrates this improved 

correlation. Therefore, if the DIC strain profiles are forced through the neutral axis (200 mm) 

then the correlation between results significantly improves (Figure 3.28).  
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Figure 3.27: Curvatures detected by FOS, external strain gauges and DIC for a) Beam 1 

and b) Beam 2 at each load stage 

 
Figure 3.28: a) Beam 1 and b) Beam 2 strain profiles with shifted DIC data  

There are several factors that could have potentially contributed to this error. One 

potential source of error is lens distortion, which results in displacements being measured slightly 

differently based on the location of the patch relative to the centre of the lens. Another factor 

could be that the cameras on different sides of the beam were at different heights, which would 

impact both out of plane and lens distortion effects. In addition, the face of the beam may not be 
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fully square on both sides meaning that rotation or translation on one side of the beam does not 

equal the same movement on the other side of the beam. It is worth noting that these errors were 

amplified because the cameras were placed so close to the beam surface and the focal length of 

the lens was small. 

Temperature variations can also be a potential cause of strain error. Small temperature 

changes experienced by the camera during the test, despite the test being conducted at room 

temperature, could have caused a consistent strain error along the height of the beam. As stated 

previously, literature shows that self- heating of the camera can result in a 200 µε error (Ma et al., 

2012). Although, this normally takes approximately 2 hours for the camera to heat up to its 

maximum temperature that yields the largest error, during the 5 minutes it took to run this test, 

the camera could have increased in temperature by a few degrees Celsius. A thermocouple 

monitoring the ambient temperature did not detect a substantial change in temperature. However, 

the camera’s internal temperature shift may be different and the thermocouple may need to be 

bonded to the camera to accurately observe the internal temperature. Ma et al. (2012) bonded the 

thermocouple to the surface of the camera’s CCD. 

Since the error is consistent along the height of the beam for each strain profile, it is also 

possible that using the two camera technique has not fully compensated for the effects of out of 

plane motion.  The maximum error was 21 µε. To get an idea of the out of plane movement (Δy) 

required to achieve this strain error (εerror) based on the distance between the camera lens and 

surface (yo), the following relationship has been derived by Sutton et al. (2009) and is given in 

Equation 3-3. 

                                          ∆𝑦
𝑦𝑜

= 𝜀𝑒𝑟𝑟𝑜𝑟                                               (3-3) 
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From Equation 3-3, it is determined that the movement required to develop this strain error is 

approximately 0.03 mm. This magnitude of movement would be difficult to track with any 

displacement measurement instruments, such as a linear potentiometer. However, the error as a 

result of the movement could be limited or lowered by several different methods, as discussed 

elsewhere (Hoult et al., 2013).  

3.5  Conclusions 

The experimental program discussed in this chapter aimed to investigate the accuracy of 

both DIC and distributed FOS in measuring strain and crack widths in reinforced concrete. Before 

doing so, the effect of varying temperature on these sensor systems was investigated in the 

temperature range of +21 °C to -20 °C (typical temperatures for field applications in southern 

Canada). It was determined that the strain error as a result of varying temperature on both the 

FOS and DIC results is significant and should be accounted for when measuring strains, but not 

necessarily a requirement for the measurement of crack widths. The effect of temperature was 

obtained on two different camera setups and each camera setup behaved uniquely to the changing 

temperature. One camera system had a negative coefficient of thermal expansion of -33.8 µε/°C 

and the other had a positive coefficient of 56 µε/°C. Therefore, it is important to conduct a 

temperature calibration for each new camera set up.  

When translating the DIC strain error as a result of varying temperature to adjust crack 

widths, two factors are at play: the gauge length used for the crack width DIC analysis and the 

distance between the camera lens and surface of interest. This means that the larger the gauge 

length and the further the camera is away from the structure, the larger the temperature 

adjustment is for the crack widths. As a result, accounting for temperature is not always necessary 

when using DIC to monitor crack widths.  
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Although the ‘dummy sensor’ technique does not account for the difference in thermal 

responses between the optical fibre and the host structure, the crack widths obtained from the 

temperature adjusted and calibrated fibre optic data compared reasonably well to those crack 

widths measured by the DEMEC gauge. Since the results were only obtained from one specimen, 

it is difficult to say how effective the FOS technique is at monitoring crack widths. With further 

experimental work, FOS could be a useful tool for the monitoring of reinforced concrete 

structures. In addition, the FOS were also effective at measuring strains in reinforced concrete 

beams loaded in four point bending.  

Lastly, it was found that even small out of plane motion (rotation and translation) can 

cause significant error in DIC strain measurements. Placing two cameras on opposite sides and 

using the weighted average method, did not fully account for the strain error. However, the error 

was consistent along the height of the beam, and therefore DIC was effective at curvature 

measurements. It is suggested that further research should be conducted, because DIC can be an 

effective monitoring tool if appropriate adjustments are made for out of plane movement and 

temperature effects.  
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Chapter 4 

The Effect of Temperature Variations on Crack Widths and Behaviour 

of Reinforced Concrete 

4.1 Introduction 

One of the major areas of uncertainty in both monitoring and assessment of reinforced 

concrete structures is the effect of temperature. Reinforced concrete structures in Canada’s 

climate are exposed to significant temperature variations, both daily and annually, which have the 

potential to influence the overall structural behaviour. Knowledge on this topic is insufficient and 

it is imperative to understand this effect in order to properly assess these structures both in terms 

of interpretation of monitoring results and to incorporate these affects in numerical models to 

predict behaviour. 

 The current work will examine the impact of temperature variations on structural 

stiffness, creep and crack widths. Because concrete is a visco-elastic material, changes in 

temperature have the potential to affect the stiffness of the section. Changes in stiffness in turn 

can alter the analysis of the structure, especially for statically indeterminate systems where 

compatibility, and thus the stiffness, plays a significant role in the analysis. Crack widths are also 

an important element of reinforced concrete behaviour because the size of a crack is a potential 

indicator of overall performance. Small cracks that are less than 0.4 mm are inevitable (ACI-

224R, 2001) and indeed desirable in an efficiently designed reinforced concrete structure. Larger 

openings can lead to deterioration and a significant decrease in stiffness, which can cause a 

structure to be deemed unsafe. Furthermore, according to some models of reinforced concrete 

behaviour, such as the Modified Compression Field Theory (MCFT) (Vecchio and Collins, 



 

76 

 

1986), cracks in reinforced concrete can transmit substantial shear forces through aggregate 

interlock. As a result, the size of a crack can limit the shear capacity of a structure because wider 

cracks transmit reduced shear stresses. To date, there is a dearth of research on the behaviour of 

cracks in reinforced concrete under changing temperatures. To address this deficiency, this 

research will consider using both a demountable strain gauge (DEMEC) and digital image 

correlation (DIC) to detect and monitor crack behaviour to explore the potential changes in shear 

capacity across cracks in reinforced concrete specimens exposed to varying temperatures. In 

addition, crack widths will be monitored in specimens exposed to several freeze thaw cycles, to 

determine if temperature cycling has an effect on crack widths.  

The objectives of this chapter are threefold; i) to determine the effect of low temperatures 

on crack widths in reinforced concrete, ii) to observe the effect of freeze thaw cycles on crack 

widths in reinforced concrete, and lastly iii) to determine the effect of low temperatures on the 

stiffness and creep behaviour of reinforced concrete. The next section discusses the background 

of this research, followed by the experimental program. The results will then be presented and 

discussed, and salient conclusions will be drawn. 

4.2 Background 

This section provides a background of the MCFT, previous research on concrete 

behaviour at low temperatures and a brief introduction on an innovative sensor technology, digital 

image correlation (DIC), used in this research.   

4.2.1 Shear Modelling Performance and Crack Behaviour 

The MCFT is an adaptation to the Compression Field Theory (CFT) developed by 

Mitchell and Collins (1974) and Collins (1978), which treats cracked concrete as a new material 

with its own stress-strain characteristics. The MCFT takes into account tensile forces being 
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transmitted across cracks in the concrete (Vecchio and Collins, 1986). According to Walraven 

(1981), the interaction between the jagged surfaces along the crack face, known as aggregate 

interlock, creates friction across cracks in reinforced concrete and allows the transfer of shear and 

normal stresses. The shear stress transferred across the cracks reduces the stress in the transverse 

reinforcement and increases the stress in the longitudinal reinforcement. The MCFT determines 

the shear and compressive forces transferred across the cracks based on aggregate size, crack 

width, and crack spacing. The limiting shear stress (υci) transferred across the crack of a given 

width, w, is calculated using Equation 4-1 (Collins and Mitchell, 1997) simplified from 

expressions developed by Vecchio and Collins (1986), where f’c is the maximum compressive 

stress of the concrete and a is the maximum aggregate size. 

                         𝜐𝑐𝑖 = 0.18�𝑓′𝑐
0.3+24𝑤 (𝑎+16)⁄                                 (4-1) 

Therefore, any change in the aforementioned factors will affect the overall shear resistance of the 

reinforced concrete member if the aggregate interlock behaviour governs the member capacity. 

Any external factor that causes a change in the crack width, such as differential thermal 

expansion of the steel and concrete within a member, will thus affect the shear capacity. 

Consequently, changes in crack widths due to low temperatures are important to predict, because 

they are directly correlated to changes in shear strength. This potential change in crack widths due 

to thermal effects will be explored in two series of experiments discussed in section 4.3.  

4.2.2 Reinforced Concrete Behaviour at Low Temperatures 

Several researchers (Browne and Bamforth, 1981, Marshal, 1982 and Neville, 2006) state 

that when concrete is cooled, its compressive strength, tensile strength and modulus of elasticity 
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increases proportionally to the moisture content of the concrete. For example, Yamane et al. 

(1978) report that the elastic modulus in wet conditions at -30 °C is 1.1 times that at room 

temperature due to ice formation within the pores. Frozen water fills the pores within the moist 

cement decreasing porosity and therefore improving the overall strength and stiffness. This 

research will examine if concrete experiences a noticeable increase in strength and stiffness as a 

result of the temperature range of +21 °C to -20 °C, typically found in many areas of northern 

U.S. and southern Canada.  

Temperature should also have an effect on the creep behaviour of concrete. Browne and 

Bamforth (1981) report a reduction in creep of about 60 % at temperatures of -70 °C or lower. 

Neville (2006) postulate that at temperatures between -10 °C and -30 °C creep is approximately 

one half of the creep at room temperature. Johansen and Best (1962) conducted creep tests at 

+20 °C and -20 °C on concrete specimens in a system allowing ice and in an ice-free system. The 

specimens were cured for 42 days at room temperature and then were placed at their test 

temperature for 3 days with ambient humidity. The specimens were then loaded. Tests results 

showed that in the system allowing ice, the initial rate of creep was higher than the ice-free 

system, but the rate quickly approached zero. The ice-free system continued to creep. Short term 

creep in reinforced concrete at low temperatures will further be explored in this thesis.  

The coefficient of thermal expansion and contraction of concrete varies in the range of 

6 x 10-6/°C to 13 x 10-6/°C at room temperature (CSA A23.3, 2006). Research completed by 

Miura (1989) states that, as temperature decreases in the range of 0 °C to -30 °C, concrete shrinks 

at a steady rate, until the temperature reaches - 30 °C. At this point, the pores have been filled 

with frozen water causing the pores to expand resulting in positive strains. Since the current 
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research will investigate the effect of a +21 °C to -20 °C temperature range, it will be assumed 

that the coefficient of thermal expansion and contraction of the concrete remain stable.  

The linear coefficient of thermal expansion of reinforcing steel remains stable over the 

range of +20 °C to -165 °C having a value of approximately 10 x 10-6 /°C (Browne and Bamforth, 

1981 and Dahmani et al., 2007). Since the testing presented in this chapter will be conducted 

within this temperature range, the reinforcing steel’s thermal response should be unaffected.  

This chapter will examine the effect of low temperature on crack widths, strength, 

ductility, stiffness, and short term creep of reinforced concrete at low temperatures.  

4.2.3 Digital Image Correlation  

Digital image-based strain monitoring, commonly known as digital image correlation 

(DIC), works by comparing digital images of a deformed object to a digital image of the same 

object before deformation. By tracking the location of a small area of an image (known as a 

patch), from the reference image to the deformed image, a two-dimensional displacement field 

can be created for the object being monitored and the strain can be determined from the 

displacement field. For this research, a program developed by White et al. (2003) specifically for 

monitoring deformations of solids called geoPIV is used. GeoPIV has been previously used to 

monitor strains and cracks in kaolin clay beams loaded in four-point bending (Thusyanthan et al., 

2007), strains in concrete cylinders confined by FRP (Bisby et al., 2007) and strains in a steel 

plate under tension to quantify the experimental accuracy of geoPIV (Hoult et al., 2013). 

In this research, a Canon EOS Rebel 2Ti will be used to monitor cracks in reinforced 

concrete at varying temperatures. The digital camera itself is affected by the varying temperatures 

and therefore the measurements must be adjusted in order to determine the true behaviour of the 

reinforced concrete structure. This adjustment factor is discussed elsewhere (Chapter 3). 
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4.3 Experimental Program 

The program includes two series of experiments monitoring i) crack width behaviour of 

reinforced concrete specimens, and ii) stiffness, strength, ductility, and creep of reinforced 

concrete under varying temperature.  

4.3.1 Axial Tension Experiment 

The first series of experiments involved monitoring crack widths in four reinforced 

concrete specimens under constant axial load while being exposed to temperature cycles, over the 

duration of four weeks. A demountable strain gauge (DEMEC) was used to monitor the crack 

widths. Table 4.1 provides details of the testing program. The applied axial load ranged between 

32 kN and 35 kN, is given in Table 4.1. The load was approximately 40 % of the reinforcement 

yielding load (which was felt to be typical of service loading) and greater than the specimen’s 

cracking load (~25 kN), to ensure the development of cracks in all specimens. Specimens A-1 

and A-2 were left for one week under load at room temperature to determine how the cracks 

would behave over time at this temperature. The temperature was then lowered to -20 °C and the 

crack behaviour was monitored for a week. The temperature was then cycled between +21 °C 

and -20 °C in 48 hour cycles for the remaining two weeks. Specimens B-1 and B-2 were loaded at 

room temperature followed by 16 hour temperature cycles between +7 °C to -7 °C for four weeks. 

The temperature ranges for Specimens A and B were used to represent annual and diurnal 

temperature ranges, respectively, that a reinforced concrete structure may experience in northern 

regions such as Canada.  
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Table 4.1: Axial tension experiment details 

 

 Specimen Design 4.3.1.1

Four reinforced concrete specimens measuring 75 mm by 75 mm by 500 mm with a 

central 15M steel reinforcing bar, seen in Figure 4.1, were tested. The 15M reinforcement bar was 

cut to length to extend beyond the concrete and the excess length was threaded with ½” 

(12.7 mm) coarse threading. Table 4.2 outlines the material properties of the concrete. A single 

batch of concrete was used for all four specimens. Two cylinders were tested at the time of 

loading for each pair of specimens. Using these properties, the theoretical cracking load (listed in 

Table 4.2) was calculated using the modulus of rupture and modulus of elasticity equation for 

normal density concrete, both of which were taken from the Design of Concrete Structures (CSA 

A23.3, 2006). The yield strength of the 15M rebar is 458 MPa and the ultimate strength is 

560 MPa, provided by the manufacturer, although the yield strength of the bar was not reached 

during the loading of the reinforced concrete specimens in tension. The coefficient of thermal 

expansion and contraction of the concrete was determined to be 9.5 x 10-6/°C (Appendix A) and 

was assumed to be 10 x 10-6/°C for the reinforcement (Browne and Bamforth, 1981 and Dahmani 

et al., 2007). 

 
Specimen Label Temperature Range # of Cycles Load (kN) 

A-1 +21 °C to -20 °C 8 34 

A-2 +21 °C to -20 °C 8 35 

B-1 +7 °C to -7 °C 42 32 

B-2 +7° C to -7 °C 42 34 
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Figure 4.1: Specimen design and internal instrumentation layout (dimensions in mm) 

Table 4.2: Concrete material properties 

Specimen Sample 
Number 

Compressive 
Strength 
(MPa) 

Mean 
Compressive 

Strength 
(MPa) 

Theoretical 
Cracking 
Load (kN) 

A-1 & A-2  
1 34 

36 25 
2 39 

B-1 & B-2 
1 36 

37 25 
2 38 

 

 Instrumentation 4.3.1.2

Two Type T thermocouples were tied to the reinforcing bar before pouring the concrete, 

one at mid-span and the other at 100 mm from one edge as indicated in Figure 4.1. The 

thermocouples were used to ensure that the whole specimen had reached the target temperature 

during each temperature cycle. 

A DEMEC system was used to manually monitor crack widths during the test. A 

calibration was conducted to ensure that the DEMEC system would provide accurate crack width 

readings, as summarized in Appendix B. Ten DEMEC studs were epoxied on the top concrete 

surface of each specimen in a pattern as shown in Figure 4.2. The surface preparation involved 

grinding the concrete to create a smooth dust free finish to ensure proper adhesion between the 
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stud and surface. A reference bar was used to properly place the stud points in the correct location 

approximately 100 mm apart while the epoxy was setting.  

 

Figure 4.2: DEMEC stud layout on top surface of reinforced concrete specimen 

 (dimensions in mm) 

Although the DEMEC system was used in varying temperatures, a temperature correction 

is not required for the DEMEC mechanical strain gauge, because the main beam of the gauge is 

composed of NILO Alloy 36, a nickel-iron low-expansion alloy containing 36% nickel. It 

maintains nearly consistent dimensions at normal atmospheric temperatures (Gillian Ridgway, 

personal communication, October 2, 2011). This was verified by taking readings on a reference 

bar at room temperature and after the gauge had been exposed to -20 °C for 15 minutes. It was 

observed that the thermal effects on the mechanical strain gauge fell within the same level of 

error detected while taking repeated measurements at a constant temperature. In addition, to 

improve upon this error, DEMEC readings were taken three times and averaged together to obtain 

a single measurement. 

 Test Setup 4.3.1.3

In order to apply a sustained axial load for the duration of the experiment on the 

specimens, two self-reacting loading frames were built. Each loading frame consisted of four 

2.7 m long B7 threaded rods that were used to hold two 250 mm by 250 mm by 50 mm steel 

plates at a set distance apart as shown in Figure 4.3. The steel plates had 28.6 mm holes in each 
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corner for the B7 threaded rods and a single hole in the centre to accommodate the extended 

threaded section of the reinforcement. The B7 rods were secured to the plates with 16 - 12.7 mm 

construction grade nuts and compatible construction grade washers. 

 

Figure 4.3: Loading frame with reinforced concrete specimen 

The two loading frames were placed side by side in a temperature controlled room. As 

shown in Figure 4.3, each frame was equipped with a hollow cylindrical load cell positioned with 

the reinforcement bar in the centre, and reacting against the loading frame and an 8 mm thick 

steel plate secured to the reinforcing bar by two nuts. A third load cell was placed unloaded in the 

temperature controlled room, to monitor the effect of temperature on the load cell reading. The 

load cell readings for the specimens were later adjusted accordingly for temperature effects based 

on the readings of the unloaded load cell. The opposite end of the threaded reinforcement bar was 

secured by two nuts against the loading frame. A steel chair and hydraulic jack with a 12 ton 

capacity were positioned on the rebar and an additional 8 mm thick steel plate was placed behind 

the jack, in order to apply the tensile force to the specimen.  

The data acquisition system was programmed to record the thermocouple readings at a 

rate of one scan per second during loading and one scan every five minutes after loading. Before 

loading, reference readings were taken with the DEMEC gauge. The hydraulic jack was used to 

apply the load and once the final load had been reached, the nuts were tightened against the self-
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reacting frame and the jack was removed. Following this initial loading phase, DEMEC gauge 

readings were taken daily at approximately the same time once the specimens had reached the 

desired internal temperature. 

4.3.2 Full Scale Beam Experiment 

The next series of experiments investigated the behaviour of crack widths in reinforced 

concrete beams exposed to varying temperature. In addition, mid-span deflection was also 

monitored during loading to determine the effect of temperature on the stiffness of the beams. 

 Specimen Design  4.3.2.1

The beams had a cross-section measuring 200 mm by 400 mm as seen in Figure 4.4. The 

specimens were 4200 mm long and were tested in four point bending with a 1200 mm shear span 

and a total span of 3400 mm, as seen in Figure 4.5. The beam cross section consisted of two 10M 

bars as top reinforcement and two 20M bars as bottom reinforcement. Two beams had 10M 

stirrups placed at 175 mm spacing (Beams 2 and 4) and the other two beams had no stirrups 

(Beams 1 and 3).   
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Figure 4.4: Beam cross section (dimensions in mm) 

 Table 4.3 provides the concrete properties for each beam tested. Beams 1 and 2 were cast 

from one batch of concrete and Beams 3 and 4 were cast from another batch of concrete. Three or 

four concrete cylinder tests were conducted for each beam to determine their compressive and 

split tensile strengths. The yield strength of the 10M rebar and 20M rebar is 478 MPa and 

453 MPa respectively and the ultimate strength is 576 MPa and 563 MPa respectively, as 

provided by the manufacturer. The theoretical cracking load listed in Table 4.3, was calculated 

using the modulus of rupture equation found in the Design of Concrete Structures (CSA A23.3, 

2006), using the mean compressive strength obtained from cylinder tests. The coefficient of 

thermal expansion and contraction were the same as for the tension tests. 
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Table 4.3: Beam concrete properties 

Beam Sample 
Number 

Compressive 
Strength 
(MPa) 

Mean 
Compressive 

Strength 
(MPa) 

Split 
Cylinder 
Strength 
(MPa) 

Mean Split 
Cylinder 
Strength 
(MPa) 

Theoretical 
Cracking 
Load “P” 

(kN) 

1 

1 34 

37 

2.8 

2.7 32 
2 39 2.2 

3 36 3.0 

4 38 2.8 

2 

1 35 

36 

2.3 

2.1 32 2 37 2.2 

3 36 1.9 

3 

1 35 

36 

2.4 

2.2 32 
2 32 2.2 

3 38 1.9 

4 37 2.3 

4 

1 39 

37 

2.6 

2.1 33 2 38 2.0 

3 35 1.9 

 

 Instrumentation 4.3.2.2

The instrumentation layout is shown in Figure 4.5. Two Type T thermocouples were 

placed inside the beam at mid-span and in the middle of the shear span. An additional 

thermocouple was used to monitor the ambient temperature in the room during the test. A linear 

potentiometer (LP) was placed at mid-span to capture the deflection. A digital camera (Canon 

EOS Rebel 2Ti) using a 180 mm on a tripod was placed at a distance away from the beam, 

specified in Table 4.4. Beams 1 and 2 were tested in a temperature controlled room where the 
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space was limited, forcing the use of a smaller lens (adjustable 18-55 mm set to 55 mm) and a 

shorter distance between the camera lens and beam. For each test, the camera was focused on the 

region of interest highlighted in Figure 4.5. This region was chosen to monitor for (shear) cracks 

to ultimately relate the changes in crack widths to the MCFT. The surface was speckled with 

black spray paint to provide the required texture for DIC analysis. 

 
Figure 4.5: Beam cross section and instrumentation (dimensions in mm) 

 Test Setup 4.3.2.3

During the initial testing phase, the total applied load was increased to 75 kN with load 

stages at 10 kN intervals. The data acquisition system was programmed to record the load cell 

reading, temperature and deflection at a rate of one scan per second during this phase. Digital 

images were taken prior to loading (to create a reference image) and at each load stage. The 
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camera was triggered remotely to record an image every two seconds for a total of 10 images at 

each load stage. The 10 images were later averaged together in one image to lower the error 

caused by camera jitter and lighting as discussed elsewhere (Hoult et al., 2013). Once the load 

had reached 75 kN, the beam was left under a constant 75 kN load for 48 hours. For two of the 

beams, once the constant 75 kN load was reached, the temperature in the room was lowered 

to -20 °C (as indicated in Table 4.4). The other two beams were left under load at room 

temperature. For Beams 1 and 2, the loading frame would contract due to the change in 

temperature during the test causing the load to increase by up to 5 kN. For Beams 3 and 4, the 

load would decrease due to creep. As a result, the load would have to be adjusted several times 

over the 48 hour period to keep it at a stable 75 kN for all beams. A load versus time plot can be 

found in Appendix C for all four beams. During this phase, the data was recorded at a rate of one 

scan per minute. After 48 hours under load, the load was cycled between 50 kN and 75 kN five 

times. Once this cycling was complete, the load was increased in 10 kN load stages (so that 

images could be taken) to failure. This final phase was completed with the temperature 

unchanged from the previous phase. The data was recorded at a rate of one scan per second until 

failure. 
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Table 4.4: Beam testing details 

Beam 
Number 

Stirrup 
Layout 

Lens Distance to Camera Lens 
(mm) 

Temperature 

1 No Stirrups 55 mm (18 – 55 mm adjustable) 1440  -20 °C 

2 Stirrups 55 mm (18 – 55 mm adjustable) 1540 -20 °C 

3 No Stirrups 180 mm 5210 +21 °C 

4 Stirrups 180 mm 5780 +21 °C 

4.4 Results 

The following section presents the results of the small scale axial tension experiments 

and the beam experiments, focusing on crack widths, stiffness, and creep.  

4.4.1 Crack Widths in Reinforced Concrete Axial Specimens 

Figure 4.6 details the crack locations in Specimens A-1, A-2, B-1, and B-2 after loading. 

The cracks in B-1 did not propagate through the full specimen, and are consequently not 

described in further detail. 

 

Figure 4.6: Crack location in axial specimens 

A-2 

A-1 B-1 

B-2 a b 
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 After loading, Specimens A-1 and A-2 were left at room temperature under a stable load 

for the first 7 days, followed by another 7 days at -20 °C. Figure 4.7 details the crack widths 

measured by a DEMEC system over the first 14 days. The two DEMEC measurements 

intersecting each crack were averaged together to create one average crack width reading per 

crack. The best fit lines displayed in Figure 4.7 - Figure 4.10 are constructed from the least 

squares method. 

 
Figure 4.7: Crack widths over 14 days in Specimens a) A-1 and b) A-2 

Since the steel self-reacting frame also changed length due to temperature effects, the 

applied load decreased as the temperature was lowered to -20 °C. For Specimen A–1 the load 

dropped from 34 kN to 31.5 kN, a 7 % reduction.  At the same time, the crack width experienced 

a 24 % reduction from 0.29 mm to 0.22 mm, as seen in Figure 4.7 a). This comparison is detailed 

in Figure 4.8 a) and b). On day 8 (one day after the temperature was dropped to -20 °C), the load 

was returned to 34 kN by reinserting the jack and increasing the load, and the crack width was 

measured. The crack width increased to 0.23 mm as a result of the increase in load, as seen Figure 

4.7 a). The percentage reduction in crack width went from 24 % to 19.5 %. This decrease in crack 
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width is still almost three times more than the load reduction percentage and therefore the 

reduction in crack width is mostly a result of the change in temperature. 

 
Figure 4.8: Reduction of a) load and b) crack width over a typical temperature cycle in 

Specimen A-1 

Figure 4.8 a) details the largest load decrease by all specimens, which was experienced 

by Specimen A-1. The effect of temperature on the load and crack widths for all specimens is 

given in Table 4.5. Interestingly, the load reduction experienced by the other specimens was 

significantly smaller (in the order of 1 kN) and thus had a correspondingly lower impact on the 

crack widths.  
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Table 4.5: Load and crack width decrease due to temperature variations for all cracks 

Crack 
Axial Load 
(kN) @ +21 

°C 

Axial Load 
(kN) @ -20 

°C 

Percentage 
Reduction in 

Load (%) 

Crack 
Width (mm) 
@ +21 °C 

Crack 
Width (mm) 
@ -20 °C 

Percentage 
Reduction in 
Crack Width 

(%) 

A-1 33.9 31.4 7 0.29 0.22 24 

A-2 35.7 34.4 4 0.39 0.32 18 

 Axial Load 
(kN) @ +7 

°C 

Axial Load 
(kN) @ -7 

°C 

Percentage 
Reduction in 

Load (%) 

Crack 
Width (mm) 

@ +7 °C 

Crack 
Width (mm) 

@ -7 °C 

Percentage 
Reduction in 
Crack Width 

(%) 

B-2a 34.6 34.1 1.5 0.27 0.25 7.5 

B-2b 34.6 34.1 1.5 0.22 0.20 9.0 

 

Moreover, it is clear from Figure 4.7 that the crack widths remained relatively stable at a 

constant temperature over time. Specimens A-1 and A-2 were then exposed to 8 temperature 

cycles ranging from +21 °C to -20 °C, representing annual temperature shifts that a structure may 

experience in most areas of northern U.S. and southern Canada. The crack widths during these 

cycles can be seen in Figure 4.9. 
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Figure 4.9: Crack widths versus # of temperature cycles for Specimens a) A-1 and b) A-2 

After 8 temperature cycles, the crack widths reduce with a decrease in temperature but 

remain stable at each corresponding temperature. To determine the effect of additional 

temperature cycles with a smaller temperature range (to represent daily temperature shifts), 

Specimens B-2 was exposed to 42 cycles between +7 °C and -7 °C. The two cracks widths were 

monitored during cycling and the results are displayed in Figure 4.10. From this figure it can be 

seen that the crack widths reduce going from room temperature to +7 °C and further reduce at -7 

°C. After 42 cycles, the trend shows a slight decrease in crack widths. This decrease in crack 

width witnessed in Specimen B-2 is likely a result of the minor decrease in load over the course 

of the test, as seen in Figure 4.11. 
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Figure 4.10: Crack widths versus # of temperature cycles for Specimen B - 2 a) crack a and 

b) crack b 

 

Figure 4.11: Specimen B-2 load versus # of temperature cycles 

It is apparent from the experimental results discussed above, that the crack widths in 

reinforced concrete decrease in size when exposed to lower temperatures (in the absence of other 
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sources of restraint). If one relates this reduction in crack width to the shear capacity determined 

by the MCFT, there is the potential for an increase in the shear capacity if the aggregate interlock 

behaviour governs the member capacity. As seen in Table 4.6, if all other variables remain stable, 

the maximum shear stress transmitted across a crack of a given width (at room temperature) 

based on Equation 4-1 increases between 13-16 % at -20 °C and 5 % at -7 °C compared to that at 

room temperature for cracks in Specimens A-1 and A-2 and +7 °C for cracks in Specimen B-2, 

respectively. This indicates that a structure’s shear capacity has the potential to vary by 

approximately 5 % throughout the day and by approximately 15 % throughout the year, as a 

result of the cracks changing in width due to temperature. Alternatively, the shear capacity would 

potentially be the weakest on hot summer days. 

Table 4.6: Shear stress transmitted across cracks (υci) (MPa) 

Crack +21 °C -20 °C Percentage Increase (%) 

A-1 1.9 2.2 16 

A-2 1.6 1.8 13 

 +7 °C -7°C  

B-2a 2.0 2.1 5 

B-2b 2.2 2.3 5 

  

It is important to note that this behaviour only occurs in structural elements that are free 

to expand and contract due to varying temperature. In structural elements that are fixed against 

movement, the decrease in temperature may actually cause the cracks to increase in size due to 

restraint effects. However, bridges that are equipped with expansion joints which allow the bridge 
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to freely expand and contract transversely would likely witness the longitudinal girders benefit 

from the observed effect.  

Also, the difference in coefficient of thermal expansion and contraction of the concrete 

and steel will have an impact on the crack width behaviour at varying temperatures. In this case, 

the concrete’s coefficient of thermal expansion and contraction is approximately 9.5 x 10-6/°C 

whereas the reinforcement’s is assumed to be 10 x 10-6/°C. In cases where the concrete has a 

larger coefficient of thermal expansion than steel, this crack width behaviour would likely be 

different and will require further investigation.  

4.4.2 Crack Widths in Reinforced Concrete Beams 

The results from the beam tests are discussed in this section to determine whether this 

reduction in crack widths will also occur in full-scale reinforced concrete beams. The cracks 

monitored in Beams 1 through 4 are displayed in Figure 4.12, along with the DIC patch layout. A 

program developed by Dutton (2012) was used to convert the results from geoPIV into crack 

widths in the direction perpendicular to the crack plane. The program implements four columns 

of patches. The two inner patch columns spaced 300 pixels apart are used to calculate the crack 

widths and the outer mesh columns are used to calculate the crack slip values, which will not be 

discussed here. The results for Beams 1 and 2 were then adjusted for the thermal effects on the 

digital camera and lens, as noted in Chapter 3. The coefficient of thermal expansion of the camera 

system was multiplied by the gauge length (300 pixels) and a scale factor was applied to convert 

it to a crack width adjustment in millimetres.  
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Figure 4.12: Cracks and DIC subset placement in Beams 1 - 4 

Figure 4.13 shows the crack widths for Beams 1 and 2, respectively along the plane of the 

crack starting with the subsets closest to the top of the beam. The crack width at the 75 kN load 

stage is displayed before and after the 48 hour period under constant load. Beams 1 and 3 do not 

have stirrups and Beams 2 and 4 have stirrups. In addition, Beams 1 and 2 were exposed 

to -20 °C after the initial loading phase. Therefore, the latter load stage in Figure 4.13 was 

adjusted for temperature because the ambient temperature at this load stage was -20 °C. However, 

it is evident that there is some error with the crack width in both Beams 1 and 2 as there is a 

significant shift in the neutral axis even though the load remained stable between the two load 

stages displayed. This error is approximately 0.036 mm for Beam 1 and 0.015 mm for Beam 2, 

which translates to a strain error of 1000 µε and 400 µε, respectively, over the 300 pixel gauge 

Beam 1 Beam 2 

Beam 3 Beam 4 
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length with the camera being the distance away from the beam given in Table 4.4. There are two 

potential sources of error that may have contributed to this discrepancy as discussed below.  

The first potential source of error is that the crack widths are incorrectly adjusted for 

temperature, meaning that the adjustment factor obtained elsewhere (Chapter 3) is incorrect or the 

recorded temperature of the camera is not accurate. The temperature adjustment factor required to 

correct for the error would be different for both beams, meaning that the camera’s thermal 

response may not always be consistent. This cannot be disproved as the temperature correction 

for the camera set up was established based on the result of one test as detailed in Chapter 3. 

Furthermore, the temperature used for the adjustment was recorded with a thermocouple placed in 

the air close to the camera tripod. However, as stated by Ma et al. (2012) the internal temperature 

of the camera can increase by 10 °C to 12 °C due to self-heating of the camera. Therefore it is 

likely that the internal temperature of the camera was different from the ambient temperature 

recorded by the thermocouple. In order to get strain errors of 1000 µε and 400 µε, the camera’s 

internal temperature would have to 15 °C higher and 5 °C higher than the ambient temperature, 

respectively. Although it is unlikely that the internal temperatures of the same camera setup 

would be so different, further research on the camera thermal response is suggested.  

The second potential source of error is that the beam or tripod moved relative to the beam 

due to thermal effects as the temperature decreased to -20 °C. The combination of the beam, 

frame and tripod shrinking, could have changed the distance between the camera lens and the 

beam surface. The maximum error was 1000 µε. To get an idea of the movement (Δy) required to 

generate this strain error (εerror) based on the distance between the camera lens and surface (yo), 

the relationship derived by Sutton et al. (2009) and is given in Equation 4-2 is used. 
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                                 ∆𝑦
𝑦𝑜

= 𝜀𝑒𝑟𝑟𝑜𝑟                     (4-2) 

From Equation 4-2 it is determined that the movement required to generate the error in 

crack width was at most 1.4 mm. This movement is relatively small and could have occurred. The 

small laboratory facilities forced the use of a lens with a short focal length and the distance 

between the beam and camera to be small, significantly heightening the magnitude of the error 

caused by the out of plane movement (Sutton et al., 2009). Results for Beams 3 and 4 are likely 

not as affected by out of plane movement. Not only because these tests were conducted at 

consistent temperatures, but the camera used for these two tests was equipped with a lens with a 

larger focal length and was placed further away from the beams (Table 4.4), minimizing the 

effect of out of plane movement. 

Since the neutral axis depth will not change significantly at a constant load, the crack 

width values were adjusted by assuming a constant neutral axis location at the beginning and the 

end of the constant load period for Beams 1 and 2 as shown in Figure 4.13. The adjusted crack 

width values are displayed in Figure 4.14 a) and Figure 4.15 a) for Beams 1 and 2, respectively. 
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Figure 4.13: Crack widths adjusted for temperature along plane of crack for a) Beam 1 and 

b) Beam 2 

 
Figure 4.14: Crack widths along the plane of the crack for a) Beam 1 and b) Beam 3 
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Figure 4.15: Crack widths along the plane of the crack for a) Beam 2 and b) Beam 4 

 Figure 4.14 and Figure 4.15 display the crack widths at several different load stages (with 

the temperature adjustment made for Beams 1 and 2). In all cases, the crack is wider closer to the 

bottom of the beam due to the increase in tensile forces. The values close to the top of the crack 

plane are negative and erroneously suggest the presence of negative crack widths, which have no 

physical meaning. This behaviour is due the top of the beam being in compression and in this 

region the displacements measured by the DIC technique are actually due to compressive strains.  

Figure 4.14 b) and Figure 4.15 b) indicates that the cracks in Beams 3 and 4 widen during 

the 48 hour constant load period. However, the crack widening is less prevalent in Beam 4 than in 

Beam 3, which is believed to be due to the presence of stirrups in Beam 4.  

When comparing Beams 1 and 3 and Beams 2 and 4, it is clear that the cracks closed up 

after the 48 hour constant load period at -20 °C, potentially leading to an increase in shear 

capacity, which would be most prevalent in the beam without stirrups (Beam 1) as further 

discussed below. The five load cycles did not have a significant effect on the crack widths for all 

beams. Lastly, the percentage increases in crack widths close to the failure load (110 kN for 
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Beams 1 and 3 and 140 kN for Beams 2 and 4) based on the original crack widths at 75 kN, are 

smaller when comparing Beams 1 with 3 and 2 with 4 suggesting that temperature still has an 

impact on crack widths at ultimate loads. 

4.4.3 Loading and Failure of Reinforced Concrete Beams 

The mid-span deflection was recorded by an LP for each beam tested in four point 

bending. The load versus deflection plots are given in Figure 4.16 for each beam. As one might 

expect, the beams with stirrups (Beams 2 and 4) failed at a higher load and in a ductile manner 

due to the additional shear capacity provided by the stirrups. One can see a ductile plateau in the 

load-deflection curves for Beams 2 and 4 that failed in flexure. The yielding load was 

approximately 153 kN for Beam 2 and 147 kN for Beam 4, and this difference of less than 5 % is 

well within the expected variability for the flexural capacity of nominally identical reinforced 

concrete members. It is worth noting that these tests were both stopped prior to ultimate failure. 

The two beams with no stirrups, Beams 1 and 3, experienced brittle shear failures with no 

warning. A large shear crack propagated in both beams near the middle of the shear span that 

eventually led to failure along this plane. Beam 1 failed at 142 kN and Beam 3 failed at 113 kN, 

which represented a difference in capacity of 20 %. While this difference could still be due to 

specimen variability, the higher shear capacity of Beam 1 compared to Beam 3 seems to indicate 

that the non-opening of cracks in Beam 1 at – 20 °C relative to Beam 3 may have led to this 

increase in shear capacity.  More testing would be required to determine the validity of this 

relationship.   
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Figure 4.16: Load versus mid-span deflection for a) Beams 2 and 4 and b) Beams 1 and 3 

4.4.4 Stiffness of Reinforced Concrete Beams 

Researchers also state that at lower temperatures concrete’s elastic modulus increases 

resulting in an increase in stiffness (Neville, 2006). However, this was not witnessed in this 

experiment. All beams tested have approximately the same stiffness, as seen by the similar slopes 

in the load deflection plot in Figure 4.16. This is not unusual, as research done by Baumert 

(1995), also witnessed no noticeable increase in stiffness of reinforced concrete beams tested at 

room temperature and at -27 °C.  

This consistent stiffness observed in Beams 1 and 2 also validates the assumption made 

previously that the neutral axis in Beams 1 and 2 remains constant throughout the duration of the 

48 hour constant load period.  

4.4.5 Creep in Reinforced Concrete Beams 

A decrease in creep at 75 kN was experienced by those beams where the temperature was 

lowered to -20 °C, as seen in Figure 4.17. Both Beams 3 and 4 experienced a significant increase 

in deflection when the load was held constant at 75 kN held for 48 hours. Beam 1 experienced a 
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significant increase in creep at first but after approximately 3-4 hours the increase in deflection 

tapered off and slightly decreased. Beam 2 experienced similar creep to Beam 1 at first but 

continued to creep between hours 3 to 15. This creep was enhanced as a result of a higher load 

(~79 kN) being applied on the beam for approximately 12 hours, as the loading frame contracted 

due to the decrease in temperature. The load versus time for Beam 2 is shown in Appendix C. 

When the load was returned to 75 kN at hour 15, the creep deflection was not recovered. 

However, the overall change in deflection over the 48 hour period in Beam 2 is still less than that 

for Beam 4. Figure 4.18 shows the internal temperature of Beam 1, taken from the centre 

thermocouple, over the 48 hour period. This temperature will be a conservative estimate of the 

beam temperature because portions of the beam closer to the surface cool quicker than the centre 

of the beam. As stated by Johansen and Best (1962) and discussed by Neville (2006), once 

concrete freezes there is no creep in a system that allows for ice formation. This mechanism is 

witnessed in this experiment. When Beam 1 reached the freezing point after approximately 6 to 8 

hours, the effect of creep in Beam 1 reduced to zero, as seen in Figure 4.17. If the load were 

adjusted to 75 kN for Beam 2 several times between 3 and 17 hour mark, it is probable that the 

creep would have been significantly lower for Beam 2 as well. 
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Figure 4.17: Mid-span deflection under constant load versus time 

 
Figure 4.18: Internal temperature over time for Beam 1  
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4.5 Conclusions 

Testing detailed in this chapter investigated the effect of diurnal and annual temperature 

cycles (typical of northern U.S states and southern Canadian provinces) on crack widths, creep, 

stiffness, and strength of reinforced concrete specimens. It is important to quantify these effects in 

order to account for any changes in structural behaviour at these temperatures when analysing and 

designing reinforced concrete structures. It was determined that cracks in reinforced concrete 

specimens decrease in size at lower temperatures, potentially increasing the shear that can be 

transmitted across the cracks, which in turn could potentially increase the overall shear capacity 

of the member. This increase in shear capacity was witnessed in the full-scale beam tests. It is 

important to note that this behaviour was observed in structural elements that are free to expand 

and contract due to varying temperature. In addition, the coefficient of thermal expansion and 

contraction of the concrete was smaller than that of the steel in this study. Further research could 

conduct a similar study on crack width behaviour in members composed of concrete using 

quartzite aggregate, for example, where the concrete contracts more than the steel at lower 

temperatures.  

When the reinforced concrete beams were loaded to failure at -20 °C, there was a slight 

increase in capacity at -20 °C, whereas the load-deflection plots showed no noticeable increase in 

stiffness at that temperature. The effect of creep was minimized at lower temperatures, after the 

formation of ice within the pores occurred.  

Overall, there is a potential for the shear capacity of a reinforced concrete structure such 

as a bridge to change over the course of a day and over the course of the year simply due to the 

effect of temperature on the shear cracks.  
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Chapter 5 

Conclusions and Recommendations 

5.1 Summary 

Much of North American’s reinforced concrete infrastructure is reaching an age at which 

accurate assessments are required to determine the current state of these structures to ensure the 

safety of the public. Distributed fibre optic strain sensors (FOS) and digital image correlation 

(DIC) are two new sensor technologies that, if coupled with visual inspections, can provide 

comprehensive data of a structure’s performance. The ability for FOS and DIC to monitor critical 

parameters such as strain and crack widths was investigated.  

The effect of annual temperature variations (+21 °C to -20 °C) and daily temperature 

variations (+7 °C to -7°C) on the behaviour of reinforced concrete elements in a laboratory setting 

was also studied. To truly understand the structure’s condition, it is important to be able to predict 

the behaviour of these elements in various temperature conditions. Developing a more robust 

understanding of the relationship between temperature and the behaviour of reinforced concrete 

will help improve numerical models used to analyse these structures. Equally as important is 

being able to quantify the effect of these temperature variations on the monitoring technologies to 

correctly interpret the data and to determine the true behaviour of the structure. Several 

temperature calibrations were developed and preliminary methods for correcting the sensor 

readings for temperature were introduced. 

5.2 Conclusions 

Several key take away points were determined and are discussed below: 
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• Temperature variations can create significant strain errors (in this study errors as large as 

2000 µε and 400 µε were determined based on the DIC and fibre optic data, 

respectively). Strain errors of this magnitude would have a significant impact on the 

accuracy of these sensor technologies used for strain monitoring.  

• The thermal effects on two different camera systems were determined to be substantially 

different. Therefore, a temperature calibration should be conducted for each new camera 

system. 

• The optical fibre tested in this research was sensitive to monitoring large strains. The 

optical fibre core separated with the cable creating large compressive and tensile peaks in 

the strain profile at very small intervals making it difficult to monitor the behaviour in 

areas with very high strain gradients. Placing the FOS on the specimen after loading 

avoided the exposure to large strains while still effectively monitoring the specimen by 

determining the change in both strain and crack widths. FOS effectively monitored 

changes in crack widths as small as 0.03 mm in a small-scale reinforced concrete 

specimen.  

• Distributed FOS were able to monitor small strains (20 µε) accurately in two reinforced 

concrete beams. Large structures often only really experience small strains under normal 

service loading, and being able to accurately detect this level of strain is promising. 

• Although the strain error due to changing temperature for DIC is large, when DIC was 

used to measure crack widths the temperature change only had a minor effect on these 

readings. Comparing crack widths obtained from a DEMEC system to DIC, showed some 

promising results. 
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• It was found that even small out of plane movement can result in significant error in the 

DIC strain and crack width measurements. However, if this error is accounted for, DIC 

can provide strain measurements accurate for field monitoring.  

• Cracks in reinforced concrete elements that are not restrained close when exposed to 

lower temperatures; there is a potential for the shear capacity of reinforced concrete 

structural elements to increase at night and in the cooler seasons.  

• When full-scale reinforced concrete beams were loaded under four point bending, there 

was a minor increase in the strength at failure at -20 °C. However, there was no 

noticeable increase in stiffness of the members at this temperature. The mid-span 

deflection at a constant load over time also decreased at lower temperatures when ice 

formation occurred.   

5.3 Recommendations for Future Work 

This experimental research has generated ideas for future work that did not fall in the 

original scope of this thesis. The ideas are listed below: 

• Tests exploring small temperature variations on the camera components are 

recommended with more precise temperature readings being obtained internally. As well, 

obtaining a better understanding of the thermal response of the internal camera and lens 

components would benefit the accuracy of DIC monitoring in field applications. 

• Exploring different types of fibre to find an applicable fibre strong enough to withstand 

larger strains in reinforced concrete structures. This research would benefit the progress 

of structural health monitoring of civil engineering structures using FOS. 
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• Experiments looking at different adhesion products are ongoing. The ability of FOS 

systems to monitor strains is dependent on the transfer of stresses from the host structure 

to the fibre. 

• Quantifying and accounting for lens distortion and out of plane movement to better the 

accuracy of DIC measurements. 
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Appendix A 

Calculation of the Coefficient of Thermal Expansion and Contraction of 

Concrete 

 

To determine the coefficient of thermal expansion and contraction of the concrete, a 

surface strain gauge was placed on a concrete cylinder to record the strain in the as the 

temperature was adjusted from room temperature to -20 °C. The strain gauge used was intended 

for a reference material with a coefficient of thermal expansion of 11 x 10-6/°C. The thermal 

response of the gauge for the reference material provided by the supplier (Vishay) is represented 

by the following equation, where εR is strain (µε) and T is temperature (°C): 

𝜀𝑅 = −5.78𝑒−7(𝑇4) + 4.65𝑒−4(𝑇3)− 9.64𝑒−2(𝑇2) + 5.39𝑇 − 7.89𝑒 

This thermal response for the reference material is plotted with the thermal response of 

the concrete cylinder (εC) recorded during the temperature adjustment, in Figure A. 1 a). The 

following equation (Vishay, 2010) was used to determine the coefficient of thermal expansion 

and contraction of the concrete (αC): 

𝛼𝐶 =
(𝜀𝐶 − 𝜀𝑅)

∆𝑇
+ 𝛼𝑅 

The difference between the reference material’s thermal output and the experimental 

strain gauge output is plotted in Figure A. 1 b). Based on these results, the coefficient of thermal 

expansion and contraction of the concrete was determined to be 9.5 x 10-6/°C (Figure A. 2).  
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Figure A. 1: a) Comparison and difference b) between experimental and theoretical strain 

gauge response of concrete 

 

Figure A. 2: Concrete strain versus internal temperature 
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Appendix B                                                                                              

Calibration of Demountable Mechanical Strain Gauge  

 

In this research, the demountable mechanical strain gauge (DEMEC) was assumed to 

provide the correct crack width readings. A calibration was completed by adhering two studs on a 

wooden plank approximately 100 mm apart using the reference bar provided by the manufacturer. 

An additional stud was then adhered on the same plank approximately 2 mm away in line from 

the second stud using a digital caliper to determine this location. The DEMEC system was then 

used to take a displacement reading three times. It was determined that the displacement reading 

could be determined within 0.01 mm of the digital caliper reading. It is important to note that it 

was difficult to obtain readings using the caliper as the studs have such a deep and exact hole.  
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Appendix C                                                                                               

Load Versus Time  
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Beam Specimens 
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