
DIGITAL IMAGE CORRELATION  

FOR EVALUATING STRUCTURAL ENGINEERING MATERIALS 

 

 

 

by 

 

Michael Dutton 

 

 

 

 

 

A thesis submitted to the Department of Civil Engineering 

in conformity with the requirements for 

the degree of Master of Applied Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2012) 

 

Copyright © Michael Dutton, 2012 



ii 

 

Abstract 

In the structural engineering community, a need exists for a non-contact two-dimensional 

measurement system which could provide information for field monitoring and greatly enhance 

the accuracy of numerical structural models. Recent advances have enabled the use of digital 

image correlation (DIC) to calculate the surface displacements of chosen targets in a series of 

digital images with a high degree of accuracy. Images are recorded during an experiment and are 

afterwards post-processed to find relevant information including, but not limited to, a) global 

displacement, b) relative displacement and c) changes in strain.  

In this research, a series of experiments were conducted to create measurement techniques for 

monitoring steel and reinforced concrete (RC) structures utilizing DIC. However, to ensure 

accurate DIC measurements, the addition of artificial texture from lightly applied spray paint on 

finished concrete was investigated and was determined to noticeably improve results. 

Furthermore, the placement of the digital camera relative to the structure being monitored was 

shown to control not only the desired field of view in the region of interest, but also the resulting 

image texture and DIC measurement accuracy.  

The DIC technique was applied to monitor and understand two important aspects of structural 

evaluation: a) the movement along shear planes and b) the evaluation of changes in strain due to 

curvature in beam elements. To monitor the change in crack width and slip, a method was created 

and validated on a series of artificial and reinforced concrete images for the cases of pure shear, 

pure flexure and combine flexure and shear. Curvature was found to impact the crack slip 

measurement, but its effect can be removed by using an innovative averaging technique. 

The curvature of a steel HSS and RC beams was found by using virtual DIC strain gauges 

and the horizontal strain profile. Results matched well with the curvature from electrical foil 

gauges and numerical models when the gauge length was maximized and selected so that the 

effects of cracking were accounted for. 
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Chapter 1 

Introduction 

1.1 Research Need 

At 12.30pm, on September 30
th
, 2006, a portion of the de la Concorde Overpass suddenly 

collapsed without warning, killing five people and injuring six others. Prior to the failure, 

significant shear cracks were observed in the 36 year old structure located in Montreal, Canada. 

However at the time, these cracks were not recognized as being evidence of a significant 

problem. The ability to monitor the growth and movement along these cracks as well as localized 

changes in the stress state could have provided critical information in the assessment of the 

structure and determining if it was safe. As such, it would benefit the engineering community 

tremendously if better ways could be found to both measure critical parameters associated with 

structural performance and to use these measurements to provide more accurate numerical models 

of critical structures. 

The Digital Image Correlation (DIC) method can be used to find the movement of chosen 

targets in a series of digital images relative to an initial undeformed state. Recent advances in 

high resolution digital cameras and increasing computing performance have improved the 

accuracy and precision of the DIC technique to the point where it can potentially be used as a tool 

to provide the measurements required for structural assessment. Images are recorded during an 

experiment or monitoring exercise and are post-processed afterwards to potentially find relevant 

information including, but not limited to, a) global displacements, b) relative displacements and 

c) changes in strain.  
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The DIC technique is applied in this research to monitor and understand two important 

aspects of structural evaluation: a) the movement along shear planes, specifically along shear 

cracks in reinforced concrete (RC) beams and b) the evaluation of changes in strain due to 

curvature in beam elements. As the development of cracks in RC is to be expected, an 

understanding of how cracks in RC structures impact their capacity is of importance in the civil 

engineering community. Furthermore, an understanding of the strain behaviour due to flexure can 

help engineers to determine areas of deterioration or where the flow of strains does not match 

traditional beam theory. The use of DIC has several advantages when applied to these 

applications. First of all, the technique does not require a priori knowledge of crack locations and 

so measurements can be tailored to the actual cracked condition of the structure. Additionally, the 

DIC technique can be used to provide a 2-D strain profile where traditional strain gauges are 

limited by both cost and data logging constraints. 

 

1.2 Objectives 

The specific objectives of this research are to: 

1. Investigate the importance of image texture and the image resolution on the tracking 

ability of the DIC method. 

2. Develop a measurement technique to monitor the change in crack width and slip for 

reinforced concrete. 

3. Develop a technique to calculate the curvature of a steel or reinforced concrete specimen 

in bending using the horizontal strain profile. 

 



 

3 

 

1.3 Organization of the Thesis 

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

Queen’s University. Chapter 1 is a general introduction followed by Chapters 2, through 5 

consisting of manuscripts. General conclusions are presented in Chapter 6 at the end of the thesis. 

In Chapter 2 and 3, two conference papers are presented which examine the importance of 

image texture and image resolution on the accuracy of the DIC tracking algorithm, which is a 

necessary first step to ensure the accuracy required to measure strains. Image texture is a means 

to quantify the specimen’s colour and digital appearance. To determine what impact the image 

texture has on displacement accuracy, a series of concrete compression cylinders were tested with 

either the natural surface finish or speckled with spray paint. Recognizing that sand has a natural 

texture, a series of images were taken of both a colourful and uniformly coloured sand at varying 

distances in order to determine the effects of altering the spatial to image resolution factor. 

In Chapter 4, the DIC method is used to monitor the movement of crack planes. A technique 

is presented to measure the change in crack width and slip along a chosen crack plane and 

orientation. A series of concrete beams were constructed to measure two different cracking cases: 

a) beams with relatively small crack movement and b) beams with larger crack movement. This 

created a variation in the expected shear crack size and slip to be measured by the DIC technique. 

Chapter 5 presents a strain averaging technique to determine the curvature of a specimen in 

the region of interest through its strain profile. The technique was applied to artificial images with 

known curvature, as well as a steel hollow structural section and a series of reinforced concrete 

beams. The DIC curvatures were validated against theoretical predictions and numerical models. 

Finally, Chapter 6 gives a summary of the research undertaken and the conclusions drawn 

from the work.  
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Chapter 2 

Towards a Digital Image Correlation based Strain Sensor 

The contents of this chapter are taken from the conference paper submitted to the 7
th
 

International Workshop on Structural Health Monitoring 2011. 

  

2.1 Introduction 

In the civil engineering community, there is a need for a non-contact two-dimensional strain 

measurement system to aid in both the testing and monitoring of materials and structures. This 

paper introduces a potential technique for measuring displacement and strain with a high degree 

of accuracy using relatively inexpensive digital cameras based on a software package called 

GeoPIV (White et al., 2003). 

The analysis technique used in this investigation, often called Particle Image Velocimetry 

(PIV) or Digital Image Correlation (DIC), is a digital image-based surface displacement 

measurement method which compares a reference image to a series of deformed images. The 

reference image is divided into a grid of square subsets, which are identified by their unique pixel 

intensity variation signature. The GeoPIV algorithm searches within a specified search zone of a 

deformed image for a subset which has maximum similarity to the subset’s signature in the 

reference image. The difference, measured in pixels, between the target subset and the reference 

subset is the displacement vector of the subset’s centre. In order to achieve an accurate 

displacement measurement, the subset must be sufficiently unique from the surrounding search 

zone. This uniqueness is dependent on the colour variations, or image texture, of the object being 

observed.  
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The DIC technique has been used previously in structural research as a method to examine 

fracture mechanics in concrete. Experiments have been conducted on prismatic concrete 

specimens in compression to examine their fracture process over a small area (Choi and Shah,. 

1997; Lawler et al., 2001; Corr et al., 2007). In reinforced concrete beams, DIC has been used for 

crack detection and width measurement during load cycling (Lecompte et al., 2006; Kuntz et al., 

2006; Destrebecq et al., 2010). DIC has also been used to find hoop and axial strain variations in 

FRP wrapped concrete cylinders at different locations (Bisby et al., 2007). 

The objective of this paper  is to investigate the impact of image texture on the measurement 

accuracy of the GeoPIV software. The performance of the DIC technique is compared against 

measurements from linear-potentiometers in order to validate its potential accuracy. In the 

following section, the concept of image texture is introduced and the importance that it has on 

measurement accuracy and precision is described. The experimental set-up is then described 

before presenting results from the experiments.  

 

2.2 Image Texture 

The concept of image texture in digital image analysis can be defined as a pattern to 

characterize objects (Jähne, 2004). Development of an image texture descriptor has been the 

focus of research over the past several years as it has been found to have a significant influence 

on measurement accuracy and precision (Pan et al., 2009). Knowing what is good or bad texture 

can be intuitive (e.g. images that are composed primarily of one colour have poor texture), but 

quantitatively comparing one image’s texture to another is challenging. An image with bad 

texture can lead to poor tracking results; for example, trying to locate a subset in a uniformly 
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coloured image will lead to a large number of potential displacement vector solutions. 

Alternatively, good texture will lead to a more accurate solution.  

A typical approach to improving a target’s image texture is to apply an artificial pattern to the 

surface of the object being measured. These artificial textures, called speckle patterns, are created 

by spraying white and/or black paints to create randomly sized and shaped high contrast patterns. 

This pattern deforms together with the specimen’s surface and improves the quality of correlation 

between images. It has been found that the displacement measurement accuracy is influenced by 

the size of the texture and the quality of the artificial pattern (Lecompte et al., 2006; Yaofeng and 

Pang 2007). 

 

2.3 Experimental Set-Up 

Most engineering materials used in construction have a poor level of image texture associated 

with them. Concrete, for example, typically is a uniform grey colour. In this investigation a series 

of concrete cylinders were tested, with and without artificial texture, to determine the effect of 

texture on measurement accuracy. Concrete cylinders were tested instead of a prismatic shape as 

they would pose a challenge for the GeoPIV software to track; due to a combination of a uniform 

colour, and a curved surface.   

The concrete cylinders were divided into two groups; a blue spray paint was applied to two 

cylinders while the remaining two cylinders were left untouched. The spray paint adds a random 

speckle pattern to the surface of the concrete, which should improve the ability of the software to 

track subsets. A standard concrete mix was selected with a target compressive strength of 35 MPa 

and a water-to-cement ratio of 0.45. The mix contained 475 kg of Type 10 cement, 505 kg of fine 

aggregate, 1000 kg of coarse aggregate and 215 kg of water per cubic meter.  
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The concrete cylinders were kept in their molds for 7 days and covered with a plastic cap, 

before being removed from their molds and left to cure at room temperature until testing, 

approximately 28 days after casting. Standard small cylinders were chosen with a height of 

203.2 mm and a diameter of 101.6 mm. The loading surfaces of the specimens were ground flat to 

ensure better contact between the concrete surface and the loading platens of the testing frame. 

Linear-potentiometers (LP) were used to measure the vertical and horizontal displacement. 

Three 25 mm LPs (± 0.025 mm) were placed in a right-angle triangle formation to measure the 

relative vertical displacement between the top loading platen and the bottom support, while two 

10 mm LPs (± 0.01 mm) were placed at approximately the mid-height of the cylinder to measure 

horizontal displacement. The testing set-up is presented in Figure 2.1. The specimen was loaded 

at a rate of 0.25 mm/min. Images were taken every four seconds over the duration of the test.  

The images used in the DIC process were captured using a Canon Rebel T2i with a 5184 x 

3456 pixel charged-coupled device (CCD) sensor, giving an 8-bit grayscale image. Canon EF 

180mm macro lenses were used on each camera. Images were acquired in manual mode with the 

aperture set to f16 in order to provide a suitable depth of field for the curved target. Two cameras 

were used to capture images on opposite sides of the cylinder so that the displacement profiles 

could be compared during the analysis. To reduce camera movement, the camera body was 

clamped down to the loading frame with a rubber pad underneath to reduce vibrations.  

Using the GeoPIV software, the concrete cylinder was divided into a grid of subsets, seen in 

Figure 2.1(b), so that the full field displacement could be observed. The grid contained 

approximately 2200 square subsets measuring 64 × 64 pixels. The testing arrangement created a 

scale factor of 22.6 pixels per mm with a subset covering a region of 8.0 mm
2
.  
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Figure 2.1: Concrete cylinder shown a) with LP locations and b) with GeoPIV subset grid 

 

2.4 Experimental Validation 

To validate the results from GeoPIV, the displacement measurements from the digital image 

analysis were compared to the LP readings. A summary of the key material properties as 

determined from the experiments are shown in Table 2.1. The Peak Stress was determined from 

load cell data obtained during the tests. To compare the axial strain measurements from the image 

analysis and LPs, the Young’s Modulus of the cylinder was calculated. The three LPs were used 

to determine the axial displacement at the cylinder’s centre. The modulus was calculated between 

75 kN (9.3 MPa) and 125 kN (15.4 MPa) – the region where linear LP results were observed in 

all specimens. The axial displacement from the image analysis was calculated from the vertical 

a) b)

Horizontal
LP

Vertical
LP

Loading Platen
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component of the DIC displacement vector. For each image, an average of the top and bottom 

two rows of subsets was used. 

It is noted that the Young’s Modulus for the four cylinders was lower than the predicted value 

of 28,780 MPa from the Canadian concrete design code (Cement Association of Canada, 2006). 

This is expected as the test did not conform to ASTM C469 1 (American Society for Testing and 

Materials International, 2010), which states that the loading rate should have been 1 mm/min and 

displacement measured using a compressometer. The use of a faster loading rate would have 

reduced the number of images that could be captured at the given rate, and the compressometer 

would have prevented a clear field of view of the specimen. Furthermore, determining the 

compressive strength and modulus were not the objectives of this research, and so these 

experimental procedure changes were deemed acceptable.  

Examining the modulus as found by the digital imaging software shows an inconsistency 

between the east and west side stiffness. Two possible reasons for this difference is an 

eccentricity of the loading point or variability in the cylinder’s coarse aggregate distribution. 

Upon averaging the two sides, the modulus found by the images is comparable to that found by 

 

Table 2.1: Cylinder material properties summary 

Cylinder 

Number 
Texture 

Peak Stress 

(MPa) 

Young’s Modulus (MPa) 

GeoPIV 
LP 

East West Average 

C1 Paint 41.0 21540 * - 17150 

C2 - 42.4 6700 11360 9030 22170 

C3 Paint 39.1 19050 15880 17460 17720 

C4 - 41.1 4980 4070 4520 20290 

* A camera performance issue prevented the west side from being usable 
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the LPs for the cylinders with artificial texture applied to them. This suggests that the DIC 

technique has the potential to replace conventional instruments such as LPs for material testing. 

However it can also be seen that the GeoPIV measurements for the cylinders without texture 

produce very inconsistent results. This is because the likelihood of a poorly tracked subset 

increases with decreasing image texture (Pan, 2009). 

In order to further investigate the accuracy of the DIC technique for measuring material 

behaviour, the axial and transverse strain measurements were compared for both the LP and 

GeoPIV data. The stress-strain response for cylinder 1 is plotted in Figure 2.2 using data from 

both displacement measurement systems. The vertical strain was determined by dividing the 

displacement results (previously used to determine the elastic modulus) by the height of the 

cylinder. 

To determine the movement recorded by the images in the transverse direction, the horizontal 

component of the displacement vector from the GeoPIV analysis was used. The five subsets 

located along the outer edge of the cylinder at the mid-height were used to measure the average 

displacement which in turn was used to calculate the transverse strain result shown in Figure 2.2. 

These subsets captured the displacement field closest to that measured by the LPs.  

An unforeseen problem occurred with the north-side horizontal LP during the test which 

resulted in the majority of the data being unusable. Thus two approaches were taken in finding 

the transverse strain to validate the GeoPIV results: (i) basing the result solely on the one working 

LP and (ii) by using elements of the data set from the malfunctioning LP to calibrate the data. 
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Figure 2.2: Strain measurement comparison for textured cylinder C3 

In the first approach, it is assumed that zero transverse displacement occurs along the cylinder 

centre line. The gauge length for the strain calculation is thus half of the cylinder’s width. Plotting 

this result in Figure 2.2 shows a reasonable fit with the GeoPIV values. The other approach that 

was used to find the transverse strain was to use part of the north-side LP data set. This was done 

by finding a strain reading at a load where both LPs were believed to be working. A factor was 

thus determined that was used to adjust the data from the south-side LP.  

It can be seen from Figure 2.2 that there is an initial difference in the vertical strain results 

determined using the LP data when compared to the GeoPIV results. This difference is believed 

to be due to localized crushing of the ends of the concrete cylinder. Since the LPs measure from 

load plate to load plate this crushing effect is included in their measurement whereas the GeoPIV 

measurement is taken within the confines of the cylinder. In this region GeoPIV appears to 

produce more accurate strain results. Beyond a stress of 5MPa both the GeoPIV results and the 

LP results are in good agreement based on the slope of each line (although they are offset due to 
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the initial LP measurement). The horizontal strain measurements are also in good agreement. The 

results from the data based only on the south LP diverge at about 15MPa but when the adjusted 

LP data is used there is excellent agreement between the GeoPIV and LP data. These results 

further validate the potential of using DIC as a replacement for conventional displacement and 

strain measurement devices. However, texture plays a very important role in these measurements 

as will be discussed in the next section. 

 

2.5 Full-Field Measurements 

The use of DIC also provides the ability to create a two-dimensional displacement or strain 

field for the entire surface of the material or structure under observation throughout each stage of 

the test. However, the importance of image texture when using this method is emphasized by 

Figure 2.3, which shows the axial and transverse displacement fields for both an untextured and 

textured cylinder. The contour plots illustrate the movement (in millimetres) between the 

reference image and the image taken at the peak load.  

For the cylinder with artificial texture (the left column of Figure 2.3), the displacement field 

shows very consistent measurements as indicated by the well distributed contour lines. The axial 

plot shows layers of decreasing displacement towards the bottom of the cylinder indicating that it 

is in compression. In the transverse direction, the two sides of the cylinder can be seen moving 

away from each other with lower displacements at the top and bottom of the cylinder where it is 

confined by the loading platens.  

The displacement fields for the untextured cylinder, seen in the right column, are not as 

consistent and there are a number of white regions scattered across the profile. These regions, 

which are surrounded by several contour lines, highlight poorly tracked subsets and make up 
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about 15% of the total number of subsets (compared to no poorly tracked regions for the textured 

cylinder). These erroneous, or wild vectors, are subsets that the GeoPIV algorithm was unable to 

accurately locate.  The remaining contour lines do show the peak load displacement field for this 

cylinder but not as clearly as the textured cylinder.  

 

Figure 2.3: Displacement contour plot of textured cylinder C1 (left) and untextured cylinder 

C4 (right), east side 
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Wild vectors are created when the subset’s pixel variations are not unique in comparison to 

the surrounding search zone. This problem is made worse when the image is not in focus because 

the colours appear to blend together. For the untextured cylinder, the concrete’s surface is a fairly 

uniform grey colour compared to the speckle blue dots on the other, which drastically increases 

the probability of a wild vector. 

Due to the curvature of the cylinder, which creates a region that may not be in full focus near 

the edges, sharpness and image clarity issues were expected. A small aperture was used in an 

attempt to increase the focal depth but the shutter speed could not be decreased beyond a 

reasonable limit, otherwise movement blurring could occur. As such the edges of the image were 

not as sharp as required, which when coupled with a poor texture led to the inconsistent results 

seen for the untextured cylinder in Figure 2.3.  

 

2.6 Conclusions 

The importance of good image texture in using digital image correlation has been discussed 

in this paper. Four concrete cylinders were tested in compression while two digital cameras 

recorded high resolution images from both sides. Two of the cylinders had spray paint applied, 

intending to increase their image texture, while the remaining cylinders were left untouched. 

Cylinders with the applied artificial texture produced more accurate results. 

The DIC technique was found to accurately measure the Young’s Modulus for the textured 

cylinders and produced consistent axial and transverse displacement fields.  
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Chapter 3 

Effect of Imaging Distance on Image Texture of Sand 

The contents of this chapter are taken from the conference paper submitted to the 2011 Pan-

Am Canadian Geotechnical Society Geotechnical Conference. 

 

3.1 Introduction 

Recent advances in digital image analysis have enabled measurements of soil deformations in 

laboratory and field experiments to be made with a precision and measurement density previously 

unattainable (White et al., 2003). This analysis method, often called Particle Image Velocimetry 

(PIV) or Digital Image Correlation (DIC), is a digital image-based surface displacement 

measurement technique which compares a reference image to a series of deformed images. The 

technique divides the reference image into a grid of square subsets, which can later be identified 

using their pixel intensity variations as a signature. The PIV algorithm then searches the 

deformed images within a specified search zone for the subset whose intensity pattern is of 

maximum similarity to the same subset in the reference image. The difference between the target 

subset and the reference subset is the displacement vector of the subset’s center. To achieve 

accurate correlation, the subset must contain sufficient intensity variations to be distinguished 

from the surrounding search zone. This intensity variation is dependent on the image contrast 

variation (image texture) of the object being observed.  

The technique of image comparison using PIV has been used previously in geotechnical 

research as a non-invasive indirect displacement measurement technique in both materials with 

natural image texture such as sands (e.g. White et al., 2003; Rechenmacher, 2006; Slominski et 
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al., 2007) and fine grained materials in which image texture had to be artificially generated (e.g. 

Take and Bolton, 2004; Thushyanthan et al., 2007).  

PIV has been implemented in geotechnical research to measure full-field vector 

displacements of small-scale landslides (Take, 2004) and to observe the failure mechanism of 

sand foundations. As seen in Figure 3.1, which shows PIV results capturing the compression 

behaviour of loose sands under a shallow foundation, a uniformly coloured quartz sand was prone 

to erroneous results while a colourful synthetic olivine was not. The reason for this difference is 

image texture, which is the topic of this paper. 

It has been found that to obtain optimal results from the PIV technique a certain level of 

image contrast variation (image texture) is required to accurately determine the displacements 

(e.g. White et al., 2001; Take, 2003; Pan et al., 2009). With sands, the image texture is related to 

the shape, colour, and grainsize of the soil particles. At small camera distances, digital images of 

sands will contain a high degree of texture as the ratio of grain size to pixel size is large, resulting 

 

Figure 3.1: Vector displacement plot of compression beneath a shallow footing on a loose 

quartz sand (left) and synthetic olivine (right) 
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in individual grains being resolved. As the camera distance is increased, the ability to resolve 

individual grains will be lost, lowering the level of texture in a digital image. In using this 

technique, therefore, it is likely that there will be an optimal camera distance that maximises the 

field of view but does not impact measurement accuracy due to poor texture. The objective of this 

paper is to investigate the relationship between image texture and measurement accuracy by 

conducting a series of experiments in which the distance between a sand target and the camera is 

varied. A background on image texture is presented in Section 3.2. The experimental setup is 

described in Section 3.3. The results from the experiments are presented in Section 3.4 with 

further considerations in Section 3.5. 

 

3.2 Image Texture 

The word texture in image analysis can be defined as a pattern to characterize objects (Jähne, 

2004). Knowing what is a good or bad texture is intuitive (e.g. images that are composed largely 

of one colour have poor texture), but ranking one image compared to another is challenging. Bad 

texture leads to poor outcomes; for example, trying to locate a subset in a uniformly coloured 

image leads to a non-unique and erroneous result (a wild or noticeably wrong displacement 

measurement). Good textures, on the other hand, are harder to quantify as they can appear to be 

fairly similar to one another. 

Over the past several years, researchers have investigated image texture and the associated 

relationship with PIV precision and measurement accuracy (e.g. Pan et al., 2009). Artificially 

generated patterns applied to the surface of an object have been used to both numerically and 

experimentally study the impact on accuracy and precision of the PIV technique. It has been 

found that the size of the dots in the artificial patterns and the size of the subset influence the 
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displacement accuracy (Lecompte et al., 2005). The use of a larger subset decreases the error; 

however, if there are steep gradients in the displacement or strain field, a large subset will smooth 

the real behaviour leading to a reduction in accuracy.  

These artificial textures, often called speckle patterns, are created by spraying white and/or 

black paints to create randomly sized and shaped high contrast dots. The speckle pattern deforms 

together with the specimen’s surface and enhances the correlation process during the subset 

tracking stage. As the speckle pattern can be made by various techniques or by different 

practitioners, the resulting pattern may show different characteristics. Features such as the 

histogram distribution, image contrast and other parameters may be entirely different between 

patterns. It has been observed that displacement errors using the PIV technique are related to the 

quality of the specimen’s texture (Yaofeng and Pang, 2007; Fazzini et al., 2009). 

The ability to quantify and assess this image texture is important for the sample’s surface 

preparation in order to optimize the use of the PIV technique. In laboratory experiments, it has 

been found that multiple sources of error are created. These sources include but are not limited to 

optical lens distortion, target lighting, out-of-plane displacement, and the camera’s sensor 

(Haddadi and Belhabib, 2007). The use of good texture is thus critical to minimize these errors. 

The texture of an image can be examined on a global or local scale. The global parameter 

encompasses how the entire image looks whereas the local descriptor presents how one subset 

compares with the remainder. This paper use a global texture descriptor proposed by Pan (2010) 

called the mean intensity gradient (MIG). This parameter is defined as follows (Pan et al., 2010): 
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 MIG ∑ ∑  H
  1 | f(xi )|

W
i 1 (W H)⁄  (1) 

where W and H (in pixels) are image width and height, | f(xi )| √fx(xi )
2
+fy(xi )

2
 is the 

modulus of the local intensity gradient vector where fx and fy are the first-order intensity 

derivatives at pixel xij. 

 Pan (2010) found that the displacement measurement accuracy and the precision of the 

analysis are inversely proportional to the product of the subset size and the MIG of the speckle 

pattern. In other words, a specimen with a larger MIG is predicted to have smaller measurement 

errors and standard deviation of error. This global value is a good indicator of the required 

artificial texture and can be used during the preparation of a specimen’s surface when the subset 

size is already selected. However, it is not clear what the relationship between MIG and texture 

for commonly used sands are and so this is the subject of further investigation presented in this 

paper. 

A common question when setting-up an experiment is where to place the camera to obtain the 

best possible results? The distance between the lens and the target will dictate the maximum field 

of view that can be achieved. Placing the camera too close limits this field of view and so the 

camera is usually placed further away. But as the camera is moved further away, the grain size to 

pixel ratio increases, with a corresponding reduction in accuracy. This paper’s ob ective is to 

investigate what happens to the specimen’s texture as the distance is increased. The apparent 

change in the texture will then impact the accuracy and precision of the PIV analysis results. 
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3.3 Materials and Methods 

Most engineering materials, including many types of clay, have a poor level of image texture 

associated with them; however, sand and gravel have a natural texture pattern generated by their 

varied grain size distribution and colour. In this paper, a quartz sand and a synthetic olivine sand 

are compared. The materials, as shown in Figure 3.2, are commonly used in geotechnical 

experiments.  

 

Figure 3.2: Photograph from one meter away of a) quartz sand and b) synthetic olivine 

A sieve analysis of the two sands, given in Figure 3.3, was performed to determine what the 

average grain size was and how the two sands compared. The distribution curves show that the 

sands are poorly graded with an average particle size of 0.81 mm and 0.73 mm for the quartz and 

artificial sand respectively. The material properties are given in Table 3.1. The similarity in size 

means that the colour of the grains rather than their size will be the most critical variable in the 

texture analysis.  

A pixel intensity histogram, Figure 3.4, was used to compare the image texture of both 

materials from one meter away. Knowing that the images contain the same number of pixels, a 

singular narrow peak represents fairly uniform colour brightness. The histogram of the quartz 

sand shows these single narrow peaks in each of the three colour channels. In comparison, the 

artificial sand has a much broader range in brightness which should result in better texture. 
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Table 3.1: Material properties 

Sand D50 (mm) Cu 

Quartz 0.81 1.33 

Synthetic Olivine 0.73 1.82 

 

 

Figure 3.3: Grain size distribution of the quartz sand (solid) and the synthetic olivine sand 

(dashed) 

 

Figure 3.4: Pixel intensity histogram of the quartz sand (top) and the synthetic olivine 

(bottom) 
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In order to create the images, the sand was placed inside of a 9.53 mm thick Plexiglas box. 

Pictures were then taken with the camera at varying distances away from the Plexiglas box. The 

camera used in the experiments was a Canon EOS XTi with a Canon EF 100 mm macro lens. To 

reduce camera movement and vibration, the body was placed on a tripod and the shutter was 

remotely activated with a trigger. The working distance, the length between the Plexiglas and the 

front of the lens, was used for distance measurements. 

The use of the Plexiglas box created a problem with reflection on the surface of the Plexiglas. 

In images that were taken sufficiently far away from the box, the legs of the tripod could be seen. 

However during the image analysis, the reflection was not an issue as the photographs were 

cropped down to a 1000 pixel square and the area in question was removed.  

 

3.4 Experimental Results 

3.4.1 Global Scale Texture 

To determine the impact of distance between the camera and the target on the texture of sand, 

the camera was moved from 150 mm to 500 mm and then incrementally to 2750 mm away from 

the target as images were captured. An increment of 250 mm was used during the experiment. At 

the closest distance, few grain particles filled the images whereas the further away the camera 

moved; the grains began to blend together. The width of the region of interest in the cropped 

1000 pixel image varied from approximately 7.3 mm to 157.8 mm. Figure 3.5 illustrates the 

relationship between distance and the image texture as described using the MIG.  
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Figure 3.5: Impact of distance from lens to target sand on the global MIG 

The mean intensity gradient focuses on the relative change in brightness between pixels. A 

higher MIG corresponds to larger gradients and a higher contrast image. The experiments showed 

that placing the camera too close to the specimen not only limits the field of view, but also results 

in poor texture. This low texture score is due to multiple pixels falling within a single grain. 

Looking at the pixel intensities along a line over a single grain will show fairly similar values as 

the grain is typically uniform in colour. Once at the edge of a grain, the colour or brightness 

changes and the gradient increases rapidly. Moving the camera further away from the specimen 

increases the grain size to pixel ratio. This results in the MIG increasing. However, beyond a 

certain distance, it is observed that the global texture diminishes. The grain size to pixel ratio 

continues to increase but pixels now begin to span between two or more grains. The impact is to 

blur the image and the MIG decreases.  

In these experiments, it was found that the maximum MIG occurred for each target at the 

same distance of 1750 mm. Since both materials have similar mean grain sizes, it is believed that 

the shared maximum location is due to the similar grain size. In addition, the value of the 

maximum texture is noticeably different between the two sands. The quartz sand was found to 

have a maximum MIG of 4.3 whereas the synthetic olivine’s maximum MIG was 12.8. This large 
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difference is caused by the colour variation between the two sands as predicted previously by the 

histogram.  

The variation in colour has been seen to play an important role in increasing the MIG and 

texture of an image. Once again looking at the pixel intensities along a line over a single grain 

now shows a changing gradient as the colour is not uniform from pixel to pixel across the grain 

for the synthetic olivine. Furthermore, having different colours between adjacent grains will 

continue to enhance the gradients. This result matches well with earlier research into speckle 

patterns and how they have been found to have good texture (Pan, 2010). These patterns, which 

are primarily black and white, are not uniform in colour and tend to cover the full range in pixel 

intensities which in turn results in large intensity gradients.  

 

3.4.2 Local Scale Texture 

In order to analysis texture on a local scale, a PIV analysis was performed using the images 

of the synthetic olivine and the software geoPIV (White et al., 2003) with a modified B-spline 

sub-pixel interpolation scheme. Identical images were compared (i.e. the reference image and the 

deformed image were the same image) to see what effect local subset texture had on the 

measurement error. A square subset size of 16 pixels was used. Ideally every patch would be 

found to have zero displacement as the image did not change; however, as seen in Figure 3.6, 

there is a scatter in the measurement error. Using the mean intensity gradient to quantify the 

subset’s texture, the impact of local texture on the measurement accuracy and how it varies with 

distance is illustrated. The errors for most subsets fall within the range of ±0.02 pixels; however, 

other subsets with similar MIGs produce higher errors. These wild or poorly tracked subsets are a 

result of the PIV technique being unable to accurately locate their intensity variations against the 
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surrounding pixels in the search zone. Figure 3.6 shows that the PIV technique can track subsets 

with a variety of MIGs yet as their MIG decreases, the likelihood of a poorly tracked subset 

increases.  

 

Figure 3.6: Comparison of subset mean intensity gradient with subset error for synthetic 

olivine at varying distances; + 150 mm, ○ 500 mm and □ 1750 mm 
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Marked in Figure 3.6 are two outliers with comparable MIGs that were selected to be 

examined and compared in greater detail. Point of interest 1 (POI 1) has been tracked poorly in 

the x-direction but adequately in the y-direction; the opposite is seen for POI 2, where PIV 

performs better in the x-direction instead of the y-direction. An enlargement of the two subsets is 

seen in Figure 3.7. The MIG suggests that both subsets have similar textures; 11.76 and 11.45 for 

POI 1 and 2 respectively. This would suggest that both should perform with similar accuracy yet 

there is a bias in the measurement accuracy in either the x or y-direction. 

An accurate result using the PIV technique is dependent on locating the subset’s unique pixel 

intensity variations from the surrounding neighbours. This subset correlation is improved, by 

contrast differences or gradients along the subsets rows and columns. Overlain on the subsets in 

Figure 3.7 are four cross-section lines which are illustrated in Figure 3.8. Looking at the pixel 

intensities along X1-X1, there is a single highpoint but then a generally uniform brightness. This 

is similar to line Y2-Y2, with a single high brightness then a uniform colour after it. Different 

intensity curves are seen along lines Y1-Y1 and X2-X2, which have peaks away from the subset’s 

edge. Having the peaks located inside the subset creates two steep intensity gradients; one on 

either side of the extreme. This added gradient improves the uniqueness of the subset and 

enhances PIV’s ability to track it.  

Using this as a possible explanation for why the PIV technique produces varying degrees of 

displacement accuracy with different subsets suggests that the MIG may not be the ideal 

descriptor. Originally designed as a parameter to average the global texture of speckle patterns, 

the use of the MIG on a local scale could be misleading. For POI 1 and POI 2, the intensity 

gradient in one direction is seen to be adequate while the other is poor. A texture descriptor which 
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can describe the texture in both the x and y-direction is thus required to accurately relate the 

correlation accuracy with the target’s texture. 

 

Figure 3.7: Enlargement of subset showing poor accuracy in the x-direction, POI 1, and in 

the y-direction POI 2 

 

Figure 3.8: Pixel intensities along the x-direction (solid) and y-direction (dashed) for POI 1 

and POI 2 

 

3.5 Further Considerations 

In geotechnical processes, a strain range of 0.01% to 1% is seen to encompass serviceability 

and pre-failure displacements (White et al., 2001). Depending on the field of view selected and so 

the image distance to pixel ratio, the required movement accuracy is typically in the order of 0.1 
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are wild is more beneficial. It has been observed that as the MIG decreases, the likelihood of a 

subset returning a bad result increases. 

Another problem that arises as the camera moves back is image focus. During these 

experiments, it was noticed that after the peak MIG was reached, the camera started to experience 

autofocus issues. This required multiple exposures being needed and out of focus shots being 

discarded afterwards. The appearance of this problem is likely linked to texture and distance. A 

camera’s autofocus relies on determining maximum contrast which would indicate a sharp 

infocus image. As has been observed, increasing the camera distance results in sand grains 

blending together (i.e. the grain size to pixel ratio increases). This can then result in a poorly 

focused image with inadequate texture.  

 

3.6 Conclusions 

A relationship between global texture and the distance between a target specimen and the 

camera has been presented in this paper. The mean intensity gradient of a target image has been 

used to assess the texture on a global and local scale. It has been shown that for a given sand, 

there will be a range of camera locations that result in good texture. The acceptable distance is 

dependent on the grain size of the sand while the texture parameter is dependent on the colour 

variations of the target.  

In addition, the mean intensity gradient was used to assess the texture on a local scale. The 

experiments conducted showed that with decreasing local texture, a subset was more likely to be 

tracked incorrectly. It was also noticed that subsets with similar mean intensity gradients could 

perform poorly in one direction but adequately in the other. Having a texture parameter, such as 
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the MIG, which is designed as an averaging parameter could lead to an incorrect assumption 

about an image’s texture and the associated accuracy.  

The use of the MIG as a texture parameter on sand has been seen to be suitable as a global 

descriptor but issues arise around its use to quantify local texture. The placement of the camera in 

an experiment is not just controlled by the desired field of view, but also by the resulting texture 

of an image. Maximizing the field of view can lead to a decrease in the mean intensity gradient 

and an increase in the likelihood of a poorly tracked subset. The correct placement of the camera 

will help reduce these subsets errors by improving the natural texture of the sand. 
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Chapter 4 

Measuring Crack Width and Slip in Reinforced Concrete Beams using 

Digital Image Correlation 

 

4.1 Introduction 

At 12.30pm, on September 30
th
, 2006, a portion of the de la Concorde Overpass suddenly 

collapsed without warning, killing five people and injuring six others. Located in suburban 

Montreal, Canada, the overpass had reached an advanced state of deterioration, after 36 years in 

service, and failed under light traffic loading. The bridge had a half joint design and prior to the 

failure significant shear cracks had been observed in the cantilevering slabs that supported the 

central drop-in section of the bridge. If it had been possible to monitor the growth and movement 

along these cracks, this information could have been critical in assessing the structure and 

determining if it was safe. 

Cracks in reinforced concrete (RC) are to be expected even if the structure is designed well, 

and so an understanding of how cracks in RC structures impact their capacity is of importance in 

the civil engineering community; especially as many bridge structures are now required to stay in 

service beyond their intended design lives. Being able to use crack measurements to provide 

additional information about the available flexural and shear strengths could allow for more 

accurate assessments of these structures based on data from field monitoring. While the 

fundamental principles of flexural capacity are well understood, a variety of models exist for 

assessing the shear force carrying capacity (ACI/ASCE 1999). Both the AASHTO bridge design 

specifications (AASHTO 2007), the Canadian Concrete Design Handbook (CSA 2004) and 
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Canadian Highway Bridge Design Code (CSA 2006) have as the basis of their shear design 

provisions the Modified Compression Field Theory (MCFT) (Vecchio & Collins 1986). The 

MCFT has models that deal with how shear stresses are carried across cracks in reinforced 

concrete. As such, if a technique to monitor the development of shear cracks could be developed, 

it is possible that the MCFT could be used to estimate the stresses in the structure based on these 

measurements and determine if the structure is still fit for purpose. 

Digital Image Correlation (DIC) is a measurement technique that is capable of measuring the 

displacement of areas of interest within a series of digital images. DIC has the potential to be used 

as an alternative to more traditional linear transducers and vibrating wire strain gauges for 

monitoring of reinforced concrete structures but also offers significant advantages over traditional 

measurement techniques because it can provide full-field surface displacement measurements. 

DIC is also advantageous in determining crack movement because a priori knowledge of the 

crack location is not required. Instead images of the structure can be taken in the general area of 

where cracks are anticipated and crack measurements can be found post cracking.  

The objective of this research is to present a technique for calculating changes in shear crack 

width and slip in a reinforced concrete beam using DIC. The next section will provide a brief 

background to the DIC technique, the MCFT and crack width-slip relationships. Two sets of 

reinforced concrete experiments (beams with minimal crack slip in comparison to crack width 

and a beam where the crack width and slip values are of the same magnitude), which the DIC 

technique will be used to monitor, will then be introduced. The results of that monitoring exercise 

will be presented and discussed. Finally, a method to use this process to assess structural 

members in the field will be proposed. 
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4.2 Background 

4.2.1 Digital Image Correlation 

Since the early 1980s, various research communities have used DIC to provide full-field 

measurements in a variety of civil engineering problems (e.g. Sutton et al. 1983). In materials 

research, Choi and Shah (1997) employed DIC to observe the microscopic fracture process of 

concrete under compression where the digital images enabled non-uniform displacements in both 

the cement matrix and at the aggregate interface to be observed. Shah and Kishen (2010) used 

DIC to accurately monitor crack tip and length propagation between a concrete-concrete 

interface. In the structural engineering community, DIC has been primarily used to measure 

concrete beam deflections in comparison to traditional LVDT measurements. Küntz (2006) and 

Yoneyama (2007) showed that DIC could be used as a monitoring tool to measure the deflections 

of a reinforced concrete and a steel girder bridge. Despite the large mm-to-pixel scale factors of 

their digital images, vertical deflection measurements closely matched the LVDT measurements. 

DIC has also been used to measure the growth of flexural crack widths in reinforced concrete 

beams (Lecompte et al. 2006; Barazzetti & Scaioni 2010; and Destrebecq et al. 2010).  

In the DIC method, digital images of a zone of interest are captured at different deformation 

states and post-processed by tracking a collection of smaller areas known as subsets. The ability 

to accurately track the subsets after-the-fact is dependent on both the sub-pixel interpolation 

scheme of the DIC search algorithm and the texture/uniqueness of the subset (White et al. 2003; 

Pan et al. 2009). This research utilizes the image analysis code, GeoPIV to perform the DIC 

analysis (White et al. 2003). Recent advances in GeoPIV have increased the accuracy and 

precision of its sub-pixel interpolation scheme (Lee et al. 2012). The interpolation stage is critical 

for it allows the locations of the subsets to be determined to a fraction of a pixel from the initial 
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discrete locations. This step can be computationally intensive depending on the level of accuracy 

required. In most structural engineering applications the expected displacement is relatively small 

and as such, the required pixel displacement accuracy must be correspondingly high. Therefore it 

is critical to maximize the accuracy of the interpolation scheme, which can be done by employing 

different interpolation functions as discussed elsewhere (Lee et al. 2012). Depending on the 

interpolation scheme chosen, there are small inherent errors associated with sub-pixel 

interpolation known as bias errors. However, these errors are typically small relative to the 

displacements being measured. 

Apart from the inherent bias error in the DIC analysis, several other sources of error are 

significant when working in the laboratory or field environment. These include, but are not 

limited to, lighting conditions, camera jitter, lens quality, and out of plane movement. 

Fluctuations in the lighting of the specimen will alter the appearance of the image texture; this 

may hinder the tracking of the subset in the DIC analysis (Raffel et al., 2007). To reduce changes 

in the natural light, artificial lights can be used; however fluctuations in AC current cause subtle 

variations that can be seen in the brightness level at fast shutter speeds and if this is the case a 

more stable light source may be required. Camera jitter refers to the fact that digital cameras 

cannot take an identical image twice (Luo et al., 2001). In order to reduce both camera jitter and 

brightness variations, multiple images at a load level can be taken and then averaged together to 

minimize the impact of these sources of error. The quality of the lens can influence the level of 

distortion of a captured image. In turn, the measurement of actual movement of the specimen 

between images can be affected by lens distortion and so minimizing or correcting for these 

errors during post-processing is an ongoing topic of research. However, for the cameras, lens and 

magnitude of displacements used in this study, lens distortion should have a minimal impact. 
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During a DIC analysis, observed movement is assumed to be acting in a single plane and any out 

of plane movement relative to this plane (either towards or away from the camera) is assumed to 

be zero. Thus any actual movement out of plane appears in the image as a uniform radial strain. 

This error can be reduced by increasing the distance between the camera and the subject and by 

using a larger focal length lens as discussed in greater detail elsewhere (Hoult et al. 2012).  

 

4.2.2 Modified Compression Field Theory 

The modified compression field theory (MCFT) is a model for the behaviour of cracked 

reinforced concrete that combines material models with equilibrium and compatibility 

considerations to predict the stress and strain state at any point within a structure (Vecchio & 

Collins 1986). The effects of shear are considered along with flexural and axial loads, and other 

aspects such as the stress-strain relationship of cracked concrete, changes of the inclination of the 

principal stresses and the contribution of aggregate interlock.   

The MCFT incorporates the concept of shear transfer across cracks through aggregate 

interlock with an equation based on the experiments of Walraven (1981). Built into the MCFT is 

an implicit zero-slip assumption; such that until the shear required for equilibrium on the crack 

exceeds a defined limit, there will be no shear slip along the crack. The assumption that the 

principal stress and strain directions will be coincident allows for the no slip assumption, which 

simplifies the analysis. However, in order to mobilize the shear capacity due to aggregate 

interlock some slip is required (Walraven 1981) and so the magnitude of the slip would need to 

be estimated using a model such as the one proposed by Walraven and Reinhardt (1981) when 

using the MCFT. 
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Based upon the MCFT, Response-2000 is a nonlinear sectional analysis program developed 

at the University of Toronto for reinforced concrete beams and columns (Bentz, 2000). The 

program determines the sectional behaviour and integrates biaxial MCFT elements along vertical 

lines through principal shear segments. This type of analysis works well for beams in which the 

shear span is at least 2 times the depth of the beam; otherwise the sectional analysis is rather 

conservative (Bentz, 2000). Furthermore, it is assumed that plane sections remain plane and that 

there is no significant net stress in the transverse direction; both good assumptions in non-

disturbed regions.  

An extension of the MCFT is the Disturbed Stress Field Model (DSFM), which builds on the 

concept of treating cracked concrete as a new material to accurately describe the behaviour of 

reinforced concrete elements (Vecchio, 2000). The DSFM attempts to provide a better 

representation of the actual observed behaviour of reinforced concrete by allowing for rigid crack 

slip in the formulation of the element’s compatibility. This allowance removes the crack slip 

check previously required in the MCFT at the cost of explicitly calculating crack slip values. 

Furthermore, the DSFM decouples the principal strain and principal stress directions, which are 

coincident in the MCFT. To analyse two-dimensional reinforced concrete membrane surfaces 

using the DSFM, a nonlinear finite element program called VecTor2 was developed at the 

University of Toronto (Wong & Vecchio, 2002). The program models cracked concrete as an 

orthotropic material with smeared rotating cracks using the theoretical bases of the MCFT and the 

DSFM. 
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4.3 DIC Crack Movement Calculation Technique 

In the DIC technique, a series of digital images are typically analysed after the conclusion of 

the experiment and after the concrete specimen has been observed to become fully cracked. The 

post-processing of the image analysis therefore allows for subsets to be placed in the reference 

image with a priori knowledge of where the cracks will form. Placing a subset on either side of 

the crack plane, allows for the crack width and slip movement to be calculated from the initial 

and final position of the subset pair.  

The DIC method describes the location of the correlated subsets by their Cartesian pixel 

coordinates, or global axes of the image; however, the width and slip are measured on the local 

axes as defined by the crack inclination. A diagonal crack and a pair of subsets are illustrated in 

Figure 4.1. A linear approximation of the crack orientation and the initial distance between two 

subsets are first selected. The DIC analysis then returns the new location of the pair as indicated 

by the dotted arrow. The crack width can then be calculated from the following equation: 

            ( )           4. ) 

where Linitial and Lfinal are the linear distances between the subset pair for the reference image and 

the measurement image respectively, and r is the change is rotation from the original subset 

orientation. The change in rotation arises due to displacement occurring along the crack, i.e. slip, 

when one side moves relative to the other. The linear distance between the two displaced subsets 

includes the slip movement as a component and must be removed to accurately measure crack 

width. The slip can potentially be calculated from the following equation: 

         4. ) 

where S1 and S2 are the calculated movements on the left and right side of the crack using the 

geometry of the initially chosen crack plane. Using a single pair of subsets will give a width and 
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slip measurement at a certain point on the crack; hence using a series of pairs can generate a 

displacement profile along the crack plane. This profile will aid in interpreting the displacement 

that occurs during each image sequence and is used throughout this research. 

 

Figure 4.1: Crack movement analysis geometry 

 

4.4 Experimental Test Setup  

In order to verify the DIC crack movement measurement technique, an experimental program 

was conducted in which shear crack width and slip were monitored in reinforced concrete beams. 

As detailed in Appendix A, the DIC crack measurement technique has been shown to work for 

induced shear slip in artificial images and along a cracked concrete element without curvature. 

However in practice, RC elements can be found in beams and columns in which they are 

subjected to combined loads and moments, which in turn induce flexural and shear displacements 
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on cracks. In the following sections, this technique will be applied to concrete beams which are 

subjected to combined moment and shear. 

Six reinforced concrete beam specimens were used to examine the performance of the crack 

measurement technique. Two different cracking cases were observed: 1) beams with relatively 

small crack movement and 2) beams with larger crack movement. This would create a variation 

in the expected shear crack size and slip to be measured by the DIC technique. 

Four beams were considered for case one, with two designed to have a ductile flexural failure 

(B1 & B3), while the other two were designed to fail in shear (B2 & B4). Furthermore, two 

different shear spans were tested giving a shear span to effective depth ratio of 4 for B1 & B2 and 

3.4 for B3 & B4. For case two, two smaller reinforced concrete beams (B5 & B6) were 

investigated. The beam’s designations, as well as their spans and failure modes, are summarized 

in Table 4.1. 

The cross-section for specimens B1 through B4 was 200 mm wide by 400 mm deep and 

longitudinally reinforced by 10M top reinforcement and 20M bottom reinforcement as detailed in 

Figure 4.2 and Figure 4.3. These dimensions and the 0.75% reinforcement ratio were selected to 

be representative of typical beams used in RC construction. A maximum aggregate size of 10 mm 

Table 4.1: Test Specimens 

Designation 
Shear 

Reinforcement 
Total Span Shear Span 

Failure 

Load 

Failure 

Mode 

B1 Stirrups 3.8m 1.4m 132.0kN Flexure 

B2 None 3.8m 1.4m 127.3kN Flexure 

B3 Stirrups 3.4m 1.2m 148.6kN Flexure 

B4 None 3.4m 1.2m 114.7kN Shear 

B5 Stirrups 1.0m 0.5m 89.7kN Shear 

B6 Stirrups 1.0m 0.5m 84.6kN Shear 
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and 25 mm concrete cover was used. In addition, the concrete compressive and tensile strengths 

from concrete cylinders tests are reported in Table 4.2 and material properties of the steel are in 

Table 4.3. Using the program Response-2000, all four beams were predicted to have measurable 

crack widths in the range of 0.1 mm to 0.5 mm. As the MCFT assumes no slip, the crack slip can 

be inferred from the shear stress or from another model. For the beams B1 to B4, Response-2000 

predicted very low shear stresses on the cracks, which indicated negligible slip. 

 

Figure 4.2: Reinforced concrete beam details: a) long (B1 & B2) and b) short shear span (B3 

& B4), c) with (B1 & B3) and d) without shear reinforcement (B2 & B4) 

 

Figure 4.3: Cross-section of reinforced concrete beams B1 through B4 
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Table 4.2: Material properties of concrete for beam specimens B1 to B4 

Specimen 

Property 
B1 B2 B3 B4 B5/B6 

Compressive Strength 

(MPa) 
33.7 36.0 37.9 35.5 51.7 

Split Cylinder Tensile 

Strength (MPa) 
3.5 3.1 2.7 2.1 2.8 

Age at Testing (days) 36 58 129 265 18 

 

Table 4.3: Material properties of steel reinforcement for specimens B1 through B4 

Designation 

Property 
10M 20M 

Bar Area (mm
2
) 100 300 

Young’s Modulus (MPa) 200,000 200,000 

Yield Strength (MPa) 478 453 

Ultimate Strength (MPa) 576 563 

Strain Hardening (mm/m) 7 7 

Rupture Strain (mm/m) 195 185 

 

The testing program for beams B1 to B4 consisted of four stages conducted over a three day 

period. In the first phase, the beam was loaded to a service load of 75 kN, representing a shear 

force of 37.5 kN, which was then held during the second phase for 48 hours. This duration was 

chosen to allow for some amount of creep to occur in order to determine the effect on the DIC 

measurements and also for laboratory logistical reasons. The third phase consisted of cycling the 

total applied load between 50 kN and 75 kN for five intervals, representing variations in service 
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load before loading the beam to failure in the final phase. Service loads were focused on during 

the experiment as this would be the typical load experienced when trying to acquire DIC 

measurements in the field. Furthermore, the 50 kN and 75 kN range was chosen with the 

intension of monitoring the shear cracks closing and opening.  

The acquisition of the digital images during the experiment followed a standard procedure. 

Two Canon T2is with 180mm lenses were placed on tripods for stability and triggered remotely, 

while artificial lights were used to increase the ambient lighting and reduce fluctuations from the 

natural light throughout the experiment. The tripods were located approximately 5.5m away from 

the beam’s face, corresponding to a field of view of the entire depth of the beam as shown by the 

shaded region in Figure 4.2. This distance resulted in an average spatial resolution of 0.133 

mm/pixel. Furthermore, centering the image on the middle of the shear span avoided the 

disturbed regions of the beam. The specimens were loaded in load stages of 10kN, and digital 

images were taken at each stage. Ten images were taken at each load stage to help reduce the 

impact from camera jitter when the images at a given load stage are later averaged together. This 

technique is acceptable as long as the specimen does not noticeably change over the 20 second 

period in which the image burst was captured. Additional images were taken between each load 

stage every 10 seconds.  

For the second cracking case, beams with larger crack movement, two beams were created. 

Specimens B5 and B6 featured a smaller cross-section of 102 mm wide by 152 mm deep, and a 

reduced span of 1.0 m as previously summarized in Table 4.1. The reinforcement for these beams 

consisted of 10M top and 15M bottom longitudinal bars, giving a reinforcement ratio of 2.6%, 

and 5 mm diameter stirrups (which were made from non-deformed steel bars) as detailed in 

Figure 4.4, Figure 4.5 and Table 4.5. The concrete cover was 10 mm and a maximum aggregate 
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size of 10 mm was used. These beams were predicted to have shear crack widths of 0.2 mm to 0.6 

mm and the shear stress was predicted to reach the maximum stress limit according to the MCFT 

suggesting crack slip. 

 

 

Figure 4.4: RC beam detail for specimens B5 and B6 

 

 

Figure 4.5: Cross-section of reinforced concrete beams B5 and B6 
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Table 4.4: Material properties of steel reinforcement for beams B5 and B6 

Designation 

Property 
5mm 10M 15M 

Bar Area (mm
2
) 19.6 100 200 

Young’s Modulus (MPa) 200,000 200,000 200,000 

Yield Strength (MPa) 610 460 N/A 

 

 

The testing program for beams B5 and B6 was not as complex as for the other beam 

specimens; load was applied in 10 kN increments but this was continued until failure was reached 

without cycling or holding the load for any longer than was required to take the pictures. Two 

Canon T2is with 180 mm lenses were placed on tripods, located at approximately 2.1 m from the 

beam face, and centered on the shear span. This resulted in an average spatial resolution for the 

digital images of 0.048 mm/pixels. As before, 10 images were taken at each load stage and later 

averaged together to create a single image for each stage.  

 

4.5 Experimental Results and Discussion 

The total applied load and deflection relationship for specimens B1 through B4 is given in 

Figure 4.6 and illustrates the impact of the two different shear spans (1.4m for B1 & B2, and 

1.2m for B3 & B4). Decreasing the shear span from 1.4m to 1.2m increased the stiffness of the 

beam post cracking as well as the maximum applied load carrying capacity. Specimen B4 

ultimately failed in shear, while the remainder displayed ductile behaviour and were unloaded 

after noticeable deflections.  

The four stages of the experiment for specimens B1 through B4 can be seen in Figure 4.6(a). 

In the first stage, all four beams initially crack at approximately 20kN and the stiffness decreases 
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as the load is increased before being held at 75kN. During stage two, Figure 4.6(b), the deflection 

was periodically increased in order to keep the load constant at 75kN and to counteract the effects 

of creep during the 48 hour period. The cycling between 50kN and 75kN in stage 3 can be 

observed before the beams were loaded to failure in stage 4.  

 

Figure 4.6: a) Load-deflection relationship for specimens B1 through B4 and b) change in 

load during stage two for specimen B2 

In order to measure the crack width and slip of specimen B2, two subset rows (that will be 

used by the DIC technique to measure displacement in the digital image) have been defined 

parallel to a shear crack plane as illustrated in Figure 4.7. These subsets will be used to observe 

the movement in both the solid and cracked concrete region. The number of subsets displayed is a 

third of the total number used in the DIC analysis and the crack locations have been indicated 

with dark black lines in order to improve clarity in Figure 4.7.  
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Figure 4.7: Two rows of subsets to track movement along idealized crack for specimen B2 

The change in crack width along the chosen plane is given Figure 4.8(a) and a similar plot for 

change in crack slip is given in Figure 4.8(b). The distance represents the physical location along 

the chosen plane from the top of the beam to the bottom. Four load stage profiles have been 

selected representing the onset of cracking (at a shear force of 30kN), and then the end of stage 

one (a shear force of 37.5kN), three (a shear force of 37.5kN) and four (a shear force of 60kN). 

The crack width profile noticeably varies along the plane and shows increased crack width 

towards the bottom of the beam. At the top of the beam, the width is negative indicating 

compression in the solid concrete zone as expected. The measured crack slip profile is not as 

expected however. The measured slip is not only constant along the profile but also greater than 

the measured crack width. This raises the question of how the crack plane slips in the region of 

solid concrete and where the crack width is negligible. The reason for this apparent disparity in 
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the results is the effect of curvature on crack slip measurements, which will be explored in the 

next section. 

 

Figure 4.8: Apparent crack width and slip profile of specimen B2 

 

4.6 Impact of Curvature on Crack Monitoring 

4.6.1 Modified Measurement Technique 

The calculation of width and slip is represented as the movement perpendicular and parallel 

to the chosen crack plane as previously described in Section 4.3. This geometry is however 

distorted in the presence of curvature. Shown in Figure 4.9 is a beam in pure flexure (i.e. constant 

curvature), greatly exaggerated for clarity, and the position of four subsets, labeled A, B, C and 

D, to be tracked. For a horizontally orientated crack plane, such as the dashed line along the 

neutral axis, a change in the relative distance between subsets B and C in the y-direction is crack 

width change, whereas crack slip is a change in the relative distance between B and C the x-

direction.  
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Figure 4.9: Beam in flexure showing the impact of curvature on width and slip 

measurements 

From Figure 4.9, the apparent slip of the crack plane running along the neutral axis, shown by 

the dashed line, can be found by subtracting ΔxB from ΔxC using the previously presented 

technique. However, as there is no actual slip between subsets B and C  (i.e. because plane 

sections remain plane, the two subsets remain on a line perpendicular to the crack), this apparent 

movement is actually a measurement of the effects of curvature. Therefore to account for the 

effects of curvature, the shear slip must be isolated. If the slip between subsets A and B is 

averaged with the slip found between subsets C and D, then the resulting value is the slip 

displacement due to curvature between subsets B and C. This can then be subtracted from the 

value previously found between B and C, which returns the desired shear slip. 

Thus by adding an additional two rows of subsets, which are parallel to the crack plane as 

seen in Figure 4.10, the shear slip can be isolated from the effects of curvature. In order to use 

this method however, two assumptions must be made; 1) that the curvature is linear in the region 

of interest and 2) that negligible slip occurs between the outer rows (i.e. between rows 1 - 2 and  
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Figure 4.10: Arrangement of four subset rows around shear crack 

3 - 4 in Figure 4.10). For most situations, including the experiments presented in this paper, these 

assumptions are reasonable. If, as assumed, no slip occurs between the outer rows, then the 

resulting average will determine the effects of curvature on slip between rows 2 and 3. 

To validate the calculation method, artificial digital images were created to simulate the case 

of a specimen subjected to pure flexure (i.e. with no shear displacement). Artificial images are 

better suited for technique verification over laboratory testing images as the errors induced by the 

digital camera that impact the DIC technique are removed including light fluctuations, camera 

jitter, and lens distortion. Furthermore, the artificial image can be created with optimal texture to 

ensure proper tracking for the correlation method. The image is generated by randomly placing 

thousands of white dots on a black background. The brightness of the pixels making up a single 

dot form a Gaussian curve of a specified diameter. Shifting the peak of this curve, the center of 

the dot, can be done to sub-pixel accuracy and allows a series of deformed images to be made. 

To determine how the modified four row method compares with the two row method, 

artificial images were created with a pure positive moment centered at mid-height of the image, 

Figure 4.11. The rows of subsets were placed on an angle to reflect the crack plane of a typical  
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Figure 4.11: Artificial image showing a) location of zone of interest and b) 2·10
-4

 pixel
-1 

curvature  

 

Figure 4.12: Artificially generated image showing subset a) location and b) displacement 

shear crack, as seen in Figure 4.12(a). In Figure 4.12(b), a vector plot shows the direction and 

magnitude, increased by a factor of 5, of the subsets’ movement between the first and last image 

of the sequence. 

The calculated crack width profile for two different levels of curvature (approximately 10
-6

 

pixel
-1

 and 10
-5

 pixel
-1

), Figure 4.13(a), shows a linear trend from negative to positive width and 

is the same result for both the two row and the four row methods. This trend is expected as the 

apparent changing crack width is a component of the axial flexural strain distribution created by 

the pure moment; compression with negative width change on the top and tension with positive 

width change on the bottom. The calculated slip from the two and four row approaches for the 

two levels of curvature are seen in Figure 4.13(b) and (c) respectively.  

a) b)

Fig. 12
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Figure 4.13: Crack plane displacement profiles: a) width, b) 2 row slip and c) 4 row slip  

One can see that the two row approach measures slip along the crack plane with increasing 

curvature. This is the same behaviour previously seen in the RC beam results in Section 4.5; the 

measured slip is caused by the flexural displacement.  The four row approach is able to remove 

this slip; however, the slip profile is not entirely zero as desired, especially for the higher 

curvature. The calculated slip is of an order of magnitude smaller than the two row approach, yet 

still greater than the resolution of the DIC tracking algorithm. Looking at the standard deviation 

of this error in Figure 4.14 illustrates that after a curvature of around 10
-6

 pixel
-1

, the error 

becomes significant. This sudden increase is caused by image rotation which subsequently effects 

subset tracking and will be discussed further in the following section.  

Figure 4.14 further indicates that the precision in the DIC measurements is defined in image 

space (pixel) rather than in object space (mm). The quality of object space measurements can be 

improved by acquiring images with a higher resolution camera (i.e. more pixels per a constant 

field of view size) or through a reduction in the field of view (i.e. more pixels per mm) although 

at the expense of measurement area.  
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Figure 4.14: Standard deviation of slip error versus imposed curvature 

It should be noted that the exact magnitude of these slip errors are unique to this analysis. 

Using a different subset orientation or image texture would return a similar trend but different 

values. Nevertheless, the four row approach allowed for the apparent slip due to curvature on the 

crack plane to be found and removed, resulting in reduced shear slip as expected. Therefore, to 

measure slip in concrete beams with curvature, the four subset row technique should be used.  

 

4.6.2 Impact of Image Rotation 

The DIC algorithm used in this research (a normalised cross-correlation) amongst others used 

in the literature, have been shown to experience a degradation in the correlation accuracy when 

subsets experience rotation (Pan et al., 2009). To quantitatively investigate the impact of rotation 

on the DIC algorithms used in geoPIV, an artificial image was rotated clockwise around its center 

at an interval of 0.05° to a final rotation of 1.5°. A row of subsets were placed along the x-axis at 

mid-height of the image as seen in Figure 4.15(a). Figure 4.15(b) shows the image rotated 1.5° 

and vectors show the direction and magnitude of movement increased by a factor of 25. 
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Figure 4.15: Representative subset layout for image rotation a) initial, b) 1.5° 

Knowing the initial coordinates of the subsets and the amount of imposed rotation, the precise 

displacement can be found through equation 4.3. 

         (  ⁄ )     (4.3) 

where α is the angle of rotation, and d is the distance from the center of rotation to the subset’s 

initial location. Using this equation, the subset error profile for a rotation interval of 0.25° is 

shown in Figure 4.16(a) and for selected subsets in Figure 4.16(b). No relationship was found 

between subset error and the distance from the center of rotation, which corresponds to the 

conclusions of Choi and Shah (1997). The displacement error for each subset linearly increases 

with rotation, although at a different rate depending on the subset. This is expected since as the 

rotation angle increases, the similarity between the original subset and the rotated subset (i.e. the 

cross-correlation coefficient) decreases (Sutton et al. 2009). For the normalized cross-correlation 

algorithm used in this analysis, image rotation can be a potential issue. This indicates that 

additional accuracy could be achieved if one used a DIC algorithm that is less susceptible to 

rotation, such as iterative matching algorithms, which have the advantage of accounting for 

subset deformations such as rotation (Pan et al., 2009). 
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 For the practical applications of DIC in structural engineering, the degree of rotation 

exhibited should not greatly impact the measurement accuracy for the range of curvatures 

exhibited. 

 

Figure 4.16: a) Error profile for rotation intervals (0°, 0.25°, 0.5°, 0.75°, 1.0°, 1.25°, 1.5°) 

and b) effect of image rotation on chosen subset tracking error 

 

4.7 Application of the 4 Row Technique 

 The modified four row displacement monitoring approach can be applied to the shear cracks 

in the reinforced concrete beams previously analysed in Section 4.5. The layout of the subset 

rows for specimen B2 can be seen in Figure 4.17. 

The crack slip profiles for the two and four row approach are shown in Figure 4.18. As was 

anticipated, the four row technique removed the curvature effects from the two row slip 

measurement, which resulted in a much reduced displacement. This indicates that the shear crack 

did not noticeably slip throughout the duration of the experiment, according to DIC. The apparent 

noise in the measurement profiles can be attributed to errors due to image rotation. 
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Figure 4.17: Four rows of subsets to track movement along idealized crack for specimen B2 

 

 

Figure 4.18: Crack slip profiles for a) two and b) four row approach for specimen B2 
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 The placement of the subsets for specimen B3, which had a shorter shear span and thus 

developed higher shear stresses, is seen in Figure 4.19 and the associated crack slip profiles are 

shown in Figure 4.20.  

 

Figure 4.19: Four rows of subsets to track movement along idealized crack for specimen B3 
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Figure 4.20: Crack slip profiles for a) two and b) four row approach for specimen B3 

 As was seen with the slip profile for specimen B2, the curvature adjusted profiles for 

specimen B3 show small slip across the chosen crack plane. This slip value, which was larger 

than in B2, would be expected due to the reduction in shear span. The specimen rotated by 

roughly 0.8°, which for a scale factor of 0.1377 pixels/mm, corresponds to a potential rotation 

error on the order of 0.015 mm. As the slip measurements were fairly small, it is challenging to 

discern the impact of this error. 

The first set of RC beams was not predicted to have large slip movements; however, the 

second set, B5 and B6, were predicted to have significant crack widths and slips. The load-

deflection plot for specimens B5 and B6, shown in Figure 4.21, indicates similar behaviour for 

both beams. 
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Figure 4.21: Load-deflection of the four phase 2 concrete beam specimens 

In both of these specimens, multiple shear cracks formed in each of the two shear spans 

before one crack began to increase in width relative to the others and failure occurred along this 

plane. As such, the dominant plane was typically picked as the DIC measurement plane as this 

developed the most significant movement throughout the test. Proper tracking with the DIC 

method can be difficult however, as multiple cracks can develop in close proximity to the chosen 

crack plane and would interfere with the necessary placement of the four subset rows. To avoid 

this, the width between the subset rows was carefully selected to minimize interference from 

surrounding cracks. Nevertheless, improper subset tracking still occurred, as seen by the wild 

subsets in Figure 4.22 for specimen B5. 
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The crack plane’s width and slip profiles, Figure 4.23, show discontinuities or gaps at the 50 

mm and 150 mm locations in the profile. These gaps are from the removal of erroneously tracked 

subsets; subsets which were poorly tracked due to being intercepted by a secondary crack plane. 

As with the previous RC beam results, the crack width increases with load and widens towards 

the bottom of the beam, while in the uncracked concrete zone, the width noticeably decreases to 

approximately zero.  

 

 

Figure 4.22: a) Initial and b) final subset locations for specimen B5 

 

Figure 4.23: Filtered crack a) width and b) slip profile for specimen B5  

50 100 150

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Distance from top (mm)

M
e

a
s
u

re
d

 W
id

th
 (

m
m

)

50 100 150

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Distance from top (mm)

M
e

a
s
u

re
d

 S
lip

 (
m

m
)

 

 

60kN

69kN

76kN after ultimate

a) b)



 

63 

 

The observed slip appears constant along the length of the cracked region for a given load 

stage, yet drops to zero in the uncracked zone. This behaviour raises the question of how the 

movement needed to initiate aggregate interlock and mobilize the shear capacity of the concrete 

according to the MCFT, can occur, which is a topic of ongoing research.  

For specimen B6, the placement of the 4 subset rows can be seen in Figure 4.24 and the crack 

movement profiles in Figure 4.25. 

 

 

Figure 4.24: a) Initial and b) final subset locations for specimen B6 

 

Figure 4.25: Filtered crack a) width and b) slip profile for specimen B6 
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The crack that was measured for specimen B6 did not experience as much movement as in 

B5, but showed an interesting development. The crack initiated at the bottom of the beam as a 

vertical flexural crack before developing into a shear crack at 50kN. As seen in the width profile 

at the 60kN load stage, the crack is open from approximately 25 mm to 125 mm along the crack 

plane. At the following load stage, 69kN, a secondary crack has formed on the same plane and 

has connected with the primary crack. This secondary crack does not widen as much as the 

primary crack but does allow an increase in slip movement to occur along the monitored plane. 

For these specimens, image rotation error did not have a significant impact on the slip 

measurements. These smaller RC beams rotated roughly 1.5°, twice as much as was seen for the 

larger beams. However, the scale factor was roughly half, 0.048 pixels/mm, which gives a 

corresponding rotation error of approximately 0.01 mm, similar to the expected error for the other 

beams. The error was not noticed for these beams as the actual movement was much greater than 

the noise from image rotation. 

 

4.8 Assessment of Shear Strength based on Crack Measurements 

The DIC crack monitoring technique has the potential to be used to assess a variety of 

structures in the field. Figure 4.26 presents a flow chart depicting the necessary steps to evaluate a 

reinforced concrete beam. Once the crack’s width and slip have been measured using DIC, a 

comparison to cracks widths and slips predicted using a numerical model of the structure created 

using Response-2000 or VecTor2 can be made. Due to the nature and variability of crack widths, 

as can be seen for specimens B5 and B6 in Figure 4.23 and Figure 4.25 respectively, it would be 

advisable to average the crack widths of several monitored cracks. This differential between the 

monitored and predicted values would be less susceptible to variations. If Response-2000 is used  
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Figure 4.26: Flow chart showing the application of the DIC monitoring technique 

for the assessment, the cracks slips would have to be estimated using a model such as the one 

proposed by Walraven and Reinhardt (1981).  Comparable DIC measurements and analytical 

predictions would indicate that the beam is preforming as expected and that the analytical model 

could be used to estimate capacity. If however the measurements are greater than predicted, a 

more robust assessment (e.g. increased inspections, refined material strengths estimates, 3D 

analysis) or rehabilitation/replacement of the member should be considered. If the crack 

measurements are smaller than predicted, the model should be rechecked but otherwise the results 

suggest structure is behaving better than predicted due to a number of potential mechanisms such 

as 3-D load spreading or higher than estimated material properties. 

Although a full validation of this technique is beyond the scope of the current research, 

Figure 4.27(a) shows a comparison of the expected crack widths for Specimen B3 and the 

Response-2000 prediction versus applied load while Figure 4.27(b) shows a similar plot for 

specimen B5. The predicted crack widths from Response-2000 were taken from the shear crack 

located closest to the monitored crack and at mid-height. It can be seen that the crack widths are  
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Figure 4.27: Crack width comparison between DIC and Response-2000 for specimen a) B3 

and b) B5  

in fairly good agreement, suggesting that the proposed approach has potential. Discrepancies arise 

from the smeared crack approach taken by the numerical model, material property 

approximations and the highly variable nature of reinforced concrete behaviour. 

 

4.9 Conclusions and Recommendations 

Four key conclusions can be drawn from the research program: 

1. A newly developed technique utilizing digital image correlation to measure crack width 

and slip along a selected plane in reinforced concrete has been presented. DIC is shown 

to offer a significant advantage over traditional instruments, as a prior knowledge of the 

crack locations is not required in the analysis. 

2. In the crack slip measurement, curvature has been found to significantly impact the 

precision of the result but an averaging method, utilizing four rows of subsets, has been 

developed to deal with these effects.  
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3. Curvature has further been shown to impact the crack slip measurement by creating 

errors due to image rotation. From the analysis conducted, for a curvature of 10
-5

 pixel
-1

 

the standard deviation of the slip error is approximately 0.11 pixels and 0.23 pixels for 

the four and two row technique respectively. However, based on the curvatures observed 

in the experimental program, image rotation should not be an issue.  

4. The means to assess the shear capacity of RC structures has been presented through a 

flow chart with three possible outcomes depending on how the monitored cracks compare 

with numerical models. An initial validation exercise comparing the measured and 

predicted crack widths indicates that the proposed method has potential.  

Possible future work would entail the validation of the proposed assessment technique using 

DIC on an in situ RC structure to monitor shear crack width and slip during a load test. The DIC 

technique also enables further consideration into crack compatibility and shear crack formation. 
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Chapter 5 

Curvature Measurements of Beams using Digital Image Correlation 

5.1 Introduction 

The ability to accurately measure strain has been essential in the development of structural 

engineering theories over the past several decades. A variety of proven sensors are in use today 

including electrical resistance foil gauges and vibrating wire gauges, which provide both accurate 

and repeatable measurements. Unfortunately there are several disadvantages with these devices; 

most notably is that they only provide point readings that are typically uniaxial, although strain 

rosettes are also available. This results in multiple gauges being required to adequately measure 

the variations of strain over the material’s surface. This necessity to use several gauges can 

quickly add up for complex structural elements and can lead to data acquisition constraints as 

each gauge needs to be wired into the data acquisition system. When used as a tool to measure 

long term strain variations during field monitoring, foil gauges often suffer from stability issues 

such as drift. Vibrating wire strain gauges overcome this issue but are more expensive. Finally, 

both foil and vibrating wire gauges need to be bonded to the material’s surface, which is labour 

intensive as the surface must be carefully cleaned and prepared.  

More recent advances in digital image correlation (DIC) have meant that the technique can be 

used as an alternative and noncontact method of obtaining strain measurements. The 

measurement technique is capable of computing the displacement of a practically unlimited 

number of areas of interest within a series of digital images taken during the experiment. Since 

the captured images are post-processed, this leads to the significant advantage of taking surface 

displacement and strain measurements where desired and with a priori knowledge. 
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The relative movement between a pair of targets can be used as a virtual strain gauge, which 

can then be arranged to measure the horizontal strain over the height of a beam. The strain profile 

can then be used to measure curvature. Thusyanthan et al. (2007) utilized this approach to 

observe the strain profile in clay beams; however, the strain in the clay was quite large in 

comparison to those experienced in structural materials such as steel and reinforced concrete. The 

strain range of interest for these stiffer materials is often less than 100 microstrain and would 

require a high level of displacement accuracy. However, recent advances in subpixel interpolation 

(Lee et al. 2012) could potentially make the DIC technique applicable to structural materials. 

The objective of this work is to investigate the applicability of the DIC technique to the 

measurement of curvature of beams in flexure for three scenarios where: a) known imposed 

curvature has been applied (using artificially generated images) to isolate and measure the 

accuracy of the DIC technique in the absence of all other errors, b) DIC is used to measure the 

curvature of a linear elastic beam in the laboratory to assess the level of accuracy practically 

achievable in the laboratory (a steel HSS beam loaded in three-point bending), and c) where the 

strain field due to flexure is highly complex to investigate if this technique could be used in 

materials that experience cracking and a highly non-uniform strain field (a reinforced concrete 

beam loaded in four-point bending).  

 

5.2 Background 

5.2.1 Digital Image Correlation 

In the DIC method, digital images of a zone of interest are captured at different deformation 

states and post-processed by tracking a collection of smaller areas known as subsets. The ability 

to accurately track the subsets after-the-fact is dependent on both the sub-pixel interpolation 
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scheme of the DIC search algorithm and the texture/uniqueness of the subset (Pan et al., 2009; 

White et al., 2003). This chapter utilizes the image analysis program GeoPIV to perform the DIC 

analysis (White et al., 2003). Recent advances in GeoPIV have increased the accuracy and 

precision of its sub-pixel interpolation scheme (Lee et al., 2012). The interpolation stage is 

critical for it allows the locations of the subsets to be determined to a fraction of a pixel from the 

initial discrete locations. This step can be computationally intensive depending on the level of 

accuracy required. In most structural engineering applications the expected displacement is 

relatively small and as such, the required pixel displacement accuracy has to be high. Therefore it 

is critical to maximize the accuracy of the interpolation scheme, which can be done by employing 

different interpolation functions as discussed elsewhere (Lee et al., 2012). Depending on the 

interpolation scheme chosen, there are small inherent errors associated with sub-pixel 

interpolation known as bias errors. Using the same interpolation scheme as employed in this 

analysis, the bias error is on the order of magnitude of 0.001 pixels, which has been shown to 

impact strain measurement accuracy for gauge lengths less than 1000 pixels (Lee et al., 2012). 

The selection of gauge length is also important for physical gauges and their application to the 

material’s surface. Accurate strain readings are best measured over an area such that local 

variations, such as aggregates and hardened paste in concrete, are averaged together.  

Apart from the inherent error in the DIC analysis, several other sources of error are 

significant when working in the laboratory or field environment. These include, but are not 

limited to, lighting conditions, camera jitter, lens quality, and out of plane movement. 

Fluctuations in the lighting of the specimen will alter the appearance of the image texture; this 

may hinder the tracking of the subset in the DIC analysis (Raffel et al., 2007). To reduce changes 

in the natural light, artificial lights can be used; however fluctuations in AC current cause subtle 
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variations that can be seen in the brightness level at fast shutter speeds and if this is the case a 

more stable light source may be required. Camera jitter refers to the fact that digital cameras 

cannot take an identical image twice (Luo et al., 2001). In order to reduce both camera jitter and 

brightness variations, multiple images at a load level can be taken and then averaged together to 

minimize the impact of these sources of error. The quality of the lens can influence the level of 

distortion of a captured image. In turn, the measurement of actual movement of the specimen 

between images can be affected by lens distortion and so minimizing or correcting for these 

errors during post-processing is an ongoing topic of research. However, for the cameras, lens and 

magnitude of displacements used in this study, lens distortion should have a minimal impact. 

During a DIC analysis, observed movement is assumed to be acting in a single plane and any out 

of plane movement relative to this plane (either towards or away from the camera) is assumed to 

be zero. Thus any actual movement out of plane appears in the image as a uniform radial strain. 

This error can be reduced by increasing the distance between the camera and the object and by 

using a larger focal length lens as discussed in greater detail elsewhere (Hoult et al. 2012).  

 

5.2.2 Previous Research 

Since the early 1980s, various research communities have used DIC to provide full-field 

measurements for a variety of civil engineering problems (e.g. Sutton et al., 1983). However, 

research thus far has predominantly been focused on displacement driven problems, such as beam 

deflections and concrete crack widths. Strain, the derivative of displacement, is inherently more 

complex as any uncertainty or error in the displacement measurement can significantly affect the 

accuracy of the strain measurement (Lee et al. 2012). 
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In the structural engineering community, DIC has been primarily used to measure steel or 

concrete beam deflections as a non-contact alternative to traditional linear variable displacement 

transducers (LVDT). Destrebecq et al. (2010) investigated the behaviour of a full-scale RC beam 

after 25 years of service using the DIC method. The mid-span deflection profile, as measured by 

DIC, was used to calculate the curvature of the beam and was shown to be bounded by theoretical 

predictions. Küntz et al. (2006) and Yoneyama et al. (2007) showed that DIC could be used as a 

monitoring tool to measure the deflection of a reinforced concrete and a steel girder bridge 

respectively. DIC has also been used to monitor flexural crack growths and widths in reinforced 

concrete beams (Lecompte et al. 2006; and Barazzetti & Scaioni 2010). 

Using the mathematical relationship between displacement and strain, differentiation of the  

movement between selected points is straightforward; however, it can lead to significant errors 

because of the noise amplification (Pan et al., 2009). Instead, the computed displacement fields 

could be smoothed before finding strain by using the penalty finite element method as proposed 

by Sutton et al. (1991). While shown to work for uniform and non-uniform displacement fields, 

the technique is computationally intensive. An alternative is to use pointwise local least-squares 

fitting which Wattrisse et al. (2001) used to study strain localization in thin steel plates in tension.  

However, it is also possible to use the unfiltered computed displacement field to measure 

strain with comparable accuracy to a foil gauge by using a sufficiently large gauge length, which 

is made possible by capturing high resolution images (Lee et al., 2012). To help reduce the noise 

in strain measurements further, Lee et al. (2012) and Hoult et al. (2012) introduced and applied a 

strain averaging technique utilizing Mohr’s Circles to find the principal strains of a thin steel 

plate loaded in tension. The approach was shown to match well with foil gauge results when out-

of-plane movement was taken into account. 
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5.3 Curvature Measurement Technique 

Artificially generated images can be used to validate the calculation of strain and the 

associated curvature by simulating the case of pure curvature across the image’s width. The use 

of artificial images has the advantage of confirming the calculation technique without the errors 

induced by the digital camera that impact the DIC technique including light fluctuations, camera 

jitter, and lens distortion as discussed above. An example of an artificial image with constant 

curvature/moment applied is shown in Figure 5.1. 

 

Figure 5.1: Artificial image showing a) initial and b) 2·10
-4

 pixel
-1 

pure moment 

The artificial images can also be created with optimal texture to ensure proper tracking for the 

DIC method. The image is generated by randomly placing thousands of white dots on a black 

background. The brightness of the pixels making up a single dot forms a Gaussian curve of a 

specified diameter. Shifting the peak of this curve, the centre of the dot, can be done to sub-pixel 

accuracy and allows a series of deformed images to be made. 

As was previously described, the DIC technique post-processes a series of images to 

determine where a group of pixels, referred to as the subset, moves to. Using a pair of subsets at a 

known original length apart and finding the relative linear displacement between them will return 

the change in strain as shown in Equation 5.1.  
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 (5.1) 

Placing two columns of subsets on an image will then allow for the horizontal strain profile to 

be found. A straight line can be fitted to this profile to determine the curvature and the location of 

the neutral axis. Curvature in beam theory, describes the amount that an originally flat surface 

rotates around the neutral axis. To utilize this technique, a series of 3456 by 5154 pixels images 

were created with a known curvature (neutral axis at mid height of the image) ranging from 10
-8

 

pixel
-1

 to 10
-5

 pixel
-1

. Four columns of subsets which correspond to two gauges lengths, 1000 

pixels and 4000 pixels, can be seen in Figure 5.2.  

The DIC technique was then used to calculate the strain profile and determine the curvature 

of the image at each stage. Knowing the true curvature and hence the correct strain profile, a 

 

 

Figure 5.2: Artificial image showing two virtual strain gauge lengths; 1000 and 4000 pixels 
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horizontal strain error profile can be created. The measured strain profile for the 1000 pixel gauge 

length is shown in Figure 5.3(a) and the profile for the 4000 pixel gauge length in Figure 5.4(a).  

The strain profiles for both of the chosen gauge lengths are straight lines as would be 

expected for typical beam behaviour where plane sections remain plane. Examining the strain 

error in Figures 5.3(b) and 5.4(b), the computed DIC strain minus the theoretical strain, shows 

that DIC is under predicting the tensile strain yet over predicting the compression strain. As 

introduced in Chapter 4, the curvatures imposed on the artificial images impact the geometry of 

the strain calculation and the distance used as the gauge length. Using Equation 5.1 to find the 

horizontal strain profile is intended to be used on a single vertical plane; whereas in the analysis 

conducted, the horizontal strain is measured over a finite length of the beam. Taking the curvature 

over a finite distance creates two potential issues: a) complications for non-linear curvature 

gradients, and b) using linear measurements to determine what is actually a change in arc length. 

However, these effects can be minimized by reducing the gauge length and by using the method 

at sufficiently small curvatures.  

For the smaller gauge length, Figure 5.3 and 5.4 show increased noise in the error profile 

which is expected as the strain error due to the bias error is inversely proportional to the gauge 

length (Lee et al., 2012). The strain errors, which are larger for increased curvature, are in the 

range of 1% to 4% as a percent of the total measured strain. 
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Figure 5.3: a) Calculated strain profile from DIC and b) associated strain error profile for 

artificial curvature image with a 1000 pixel gauge length  

 

Figure 5.4: a) Calculated strain profile from DIC and b) associated strain error profile for 

artificial curvature image with a 4000 pixel gauge length  
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In Figure 5.5, the imposed curvature is compared with a) the measured curvature, b) the error 

in the curvature measurement, and c) the average strain error. The measured curvature appears to 

match quite well with the imposed curvature by the close fit to the one-to-one line. The absolute 

difference between these values, Figure 5.5(b), indicates that after curvatures of approximately 

10
-6

 pixel
-1

, the curvature error noticeably increases and may impact the accuracy of the DIC 

technique, however, as will be discussed later, curvatures of this magnitude are not expected in 

typical structures. This sudden increase is also seen in the average strain error, Figure 5.5(c), 

which is found by taking the absolute mean of the residuals from a linear regression of the strain 

error profile. The size of the gauge length does not have a significant impact on the calculated 

curvature, due to the amount of averaging involved; however, the gauge length does impact the 

precision of the profile as seen by a lower average error for the larger gauge length.  It should be 

noted that the exact magnitude of these curvature errors are unique to this analysis. Using a 

different image texture would return a similar trend but different values. 

 

Figure 5.5: Comparison of imposed curvature to a) measured DIC curvature, b) curvature 

error and c) average strain error 
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Figure 5.5 indicates that the error in the measured DIC curvature is defined in image space 

(pixel
-1

) rather than in object space (mm
-1

). Therefore, the quality of object space measurements 

can be improved by acquiring images with a higher resolution camera (i.e. more pixels per a 

constant field of view size) or through a reduction in the field of view (i.e. more pixels per mm) 

although at the expense of measurement area.  

This can be illustrated by using a simple example. Consider the curvature of a steel beam 100 

mm deep in four-point bending, captured at the midpoint at 2000 µε, with a 1.8 megapixel camera 

image (1080 by 1620 pixels) and with a field of view of 120 by 180 mm. At this scale factor of 9 

pixel/mm, Figure 5.5 indicates that the curvature resolution expected in this setup in the absence 

other sources of error would be 27x10
-8

 mm
-1

 and a maximum strain error of 13.5 µε. Using an 18 

megapixel camera image (3456 by 5184 pixels) and the same field of view, the scale factor 

increases to 28.8 pixel/mm. This improves the curvature resolution to be 7.3x10
-8

 mm
-1

 with a 

maximum strain error of 3.6 µε, which is similar to an electrical resistance foil gauge. This 

calculated error is the upper bound of accuracy as it does not include errors due to the image 

formation process in a laboratory setting. 

 

5.4 Experimental Test Set-up 

In practice, a situation where a structural member is in pure curvature is unlikely. Therefore 

to verify the DIC curvature measurement technique, an experimental program was conducted for 

two different materials: a steel hollow structural section and a series of reinforced concrete 

beams. The details of the experimental set-up for each of these materials follow. 

 

 



 

82 

 

5.4.1 Steel Beam 

A steel hollow structural section (HSS) was chosen for the homogeneous nature of the 

material, which is beneficial as it will later aid in making simplifying assumptions during the DIC 

analysis. A square HSS 102 × 102 × 3.2 section with a total length of 1.2 m was tested in three-

point bending as detailed in Figure 5.6. 

The testing program for the steel beam experiment consisted of applying a central point load 

to the beam in load increments, corresponding to 50 µε up to a maximum of 500 µε in the 

maximum fibre at the center of the field of view. This ensured that the beam remained in the 

linear elastic region and was undamaged for subsequent experiments. To monitor the strain and 

later validate the DIC calculations, three foil gauges were applied to the opposite face of the HSS 

beam in the same area as the field of view of the camera. The strain gauges were located on the 

top and bottom flange, and at mid-height; allowing a strain profile to be created.  

The acquisition of the digital images during the experiment was done with two Canon T2is 

with 180 mm lenses that were placed on tripods and triggered remotely, while artificial lights 

were used to ensure more consistent lighting. The tripods were located approximately 1.6 m away 

from the beam’s face, corresponding to a field of view of the entire depth of the beam as shown 

by the shaded region in Figure 5.6. This distance resulted in an average spatial resolution of  

 

 

Figure 5.6: Beam detail of steel HSS 102×102×3.2 beam 
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0.036 mm/pixel. Furthermore, centering the image on the middle of the shear span avoided the 

disturbed regions of the beam. At each load stage, a series of ten digital images was taken; this 

was done to reduce the impact from camera jitter when the images at a given load stage are later 

averaged together. This technique is acceptable as long as the specimen does not noticeably 

change over the 20 second period in which the images were captured. 

 

5.4.2 Reinforced Concrete Specimens 

A series of four reinforced concrete beams were constructed to increase the complexity of the 

strain monitoring scenario by introducing a heterogeneous material where cracks could develop. 

Of these beams, two were designed to have a ductile flexural failure (B1 & B3), while the other 

two were designed to fail in shear (B2 & B4). Furthermore, two different shear spans were tested 

giving a shear span to effective depth ratio of 4 for B1 & B2 and 3.4 for B3 & B4. The beam 

designations, as well as their spans, failure loads and failure modes, are summarized in Table 5.1. 

The cross-section of specimens B1 through B4 was 200 mm wide by 400 mm deep and was 

longitudinally reinforced by 10M top reinforcement and 20M bottom reinforcement as detailed in 

Figure 5.7 and Figure 5.8. These dimensions and the 0.75% reinforcement ratio were selected to 

be representative of typical beams used in RC construction. A maximum aggregate size of 10 mm 

and 25 mm concrete cover were used. In addition, the concrete compressive and tensile strength 

from concrete cylinders tests is reported in Table 5.2 and material properties of the steel are in 

Table 5.3. 
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Table 5.1: Reinforced Concrete Beam Specimens 

Designation 
Shear 

Reinforcement 
Total Span Shear Span 

Failure 

Load 

Failure 

Mode 

B1 Stirrups 3.8m 1.4m 132.0kN Flexure 

B2 None 3.8m 1.4m 127.3kN Flexure 

B3 Stirrups 3.4m 1.2m 148.6kN Flexure 

B4 None 3.4m 1.2m 114.7kN Shear 

 

 

Figure 5.7: Reinforced concrete beam details: a) long (B1 & B2) and b) short shear span (B3 

& B4), c) with (B1 & B3) and d) without shear reinforcement (B2 & B4)  

 

 

Figure 5.8: Cross-section of reinforced concrete beams B1 through B4 
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Table 5.2: Material properties of concrete for beam specimens 

Specimen 

Property 
B1 B2 B3 B4 

Compressive Strength 

(MPa) 
33.7 36.0 37.9 35.5 

Split Tensile Strength 

(MPa) 
3.5 3.1 2.7 2.1 

Age at Testing (days) 36 58 129 265 

 

Table 5.3: Material properties of steel reinforcement 

Designation 

Property 
10M 20M 

Bar Area (mm
2
) 100 300 

Young’s Modulus (MPa) 200,000 200,000 

Yield Strength (MPa) 478 453 

Ultimate Strength (MPa) 576 563 

Strain Hardening (mm/m) 7 7 

Rupture Strain (mm/m) 195 185 

 

The testing program for beams B1 to B4 consisted of four stages conducted over a three day 

period. In the first phase, the beam was loaded to a service load of 75 kN, representing a shear 

force of 37.5 kN, which was then held during the second phase for 48 hours. The third phase 

consisted of cycling the total applied load between 50 kN and 75 kN for five cycles, representing 

variations in service load before loading the beam to failure in the final phase. Service loads were 



 

86 

 

focused on during the experiment as this would be the typical load experienced when trying to 

acquire DIC measurements in the field.  

Two Canon T2is with 180 mm lenses were placed on tripods, located at approximately 5.5 m 

from the beam face, and centered on the shear span. This resulted in an average spatial resolution 

for the digital images of 0.133 pixels/mm. Ten images were taken at each load stage to be later 

averaged together to create a single image, and additional images were taken between each load 

stage at a rate of one image every 10 seconds. 

 

5.5 Experimental Results and Discussion 

5.5.1 Steel Beam 

In order to find the curvature of the steel HSS beam, four columns of subsets, corresponding 

to two virtual gauge lengths, were centered on the middle of the shear span. Multiple other gauge 

lengths were examined; however, the results for just two different gauges lengths are presented 

although it is possible using this technique to look at the change in curvature along the beam. The 

layout of the subsets on the steel beam can be seen in Figure 5.9. 
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Figure 5.9: Steel beam showing two virtual strain gauge lengths; 960 and 3648 pixels 

The strain profile for the 960 pixel and 3648 pixel gauge length virtual DIC strain gauges can 

be seen in Figure 5.10(a) and Figure 5.10(b) respectively. The dashed line represents a linear best 

fit for each of the selected load stages. The strain profile for the shorter gauge length is noticeably 

rough in comparison to the longer gauge length. This is expected since the strain error is inversely 

proportional to the gauge length as discussed earlier. 

The slope of the strain profile is the curvature which can be plotted against the applied load as 

shown in Figure 5.11.  
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Figure 5.10: Horizontal strain profile (solid) and best fit line (dashed) for a) 960 pixel and b) 

3648 pixel gauge length 

 

Figure 5.11: Applied load versus measured curvature comparison for steel beam 
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The curvature, as measured by the foil gauges, is in good agreement with the theoretical 

linear elastic predictions assuming a modulus of elasticity for the steel of 200 GPa. The DIC 

curvature shows a similar linear trend and slope; however, a constant offset is observed between 

the measured curvature from DIC and the foil gauges. A possible cause of this would be an initial 

out-of-plane movement of the beam relative to the camera before the first load stage. If the face 

of the beam moved towards the camera, then an apparent radial tensile strain would be observed 

as the beam would appear to be getting uniformly larger. In addition, if the top of the beam 

rotated out-of-plane toward the camera, as caused by the beam being loaded eccentrically, the 

calculated DIC curvature would be reduced. This apparent tensile strain can be seen by the offset 

of the neutral axis of the strain profiles in Figure 5.10. 

To account for the out-of-plane movement, a second DIC analysis was conducted in which 

the averaged image from the first load stage was used as the reference image. The adjusted strain 

profiles for the selected gauge lengths are shown in Figure 5.12 and the load versus curvature in 

Figure 5.13 
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Figure 5.12: Horizontal strain profile and best fit line for a) 960 and b) 3648 pixel gauge 

length for the out-of-plane adjusted DIC analysis 

 

Figure 5.13: Applied load versus a) measured curvature and b) curvature error for the out-

of-plane adjusted DIC analysis and strain gauges 
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axis is still not exactly at mid-height of the beam. This may be due to the added weld material 

located along the top flange, which would increase the top flange area leading to slightly lower 

strains at the top of the beam as seen in Figure 5.12. In addition, the correction results in a fairly 

good match in the curvature predictions for both DIC virtual gauge lengths and the foil gauges as 

seen in Figure 5.13(a). The curvature error, the difference between the DIC and theoretical 

curvature, is shown in Figure 5.13(b). As would be expected the foil gauge error, which is 

compared to the linear elastic predictions, is generally more precise but larger than would be 

estimated. For a 1 µε instrument resolution, the associated curvature error for the steel beam 

would be approximately 2x10
-8

 mm
-1

, whereas the actual curvature is an order of magnitude 

greater. Possible sources of error in the foil gauge measurements are imperfections in the surface 

bond and signal noise. 

From the example in Section 5.3, the upper bound of the curvature error for an 18 megapixel 

image is approximately 7.3x10
-8

 mm
-1

. In the laboratory setting, DIC measured the curvature with 

an accuracy of approximately 2x10
-7

 mm
-1

, similar to the error in the foil gauges. 

Furthermore, the maximum observed curvature of approximately 3.6x10
-7

 pixel
-1

 (equivalent 

to 10
-5

 mm
-1

 in the object space) is less than 10
-6

 pixel
-1

, the curvature associated with significant 

measurement errors as seen in Figure 5.5. This indicates that image rotation should not be a 

significant issue. 

The DIC strain averaging technique could be applied to other structural steel members with 

the aim of detecting strain changes due to the presence of holes or the effects of corrosion. These 

variations would be challenging to detect with traditional foil gauges due to the sheer number of 

gauges that would be required. 
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5.5.2 Reinforced Concrete Specimens 

To determine the impact of cracking in a heterogeneous material on the proposed 

measurement technique, it was applied to reinforced concrete beams. The layout of the four 

subset columns overlaid over an image of specimen B1 at 120 kN can be seen in Figure 5.14. 

Notice that for the smaller gauge length, the inner left column intersects a shear crack. 

For the strain profiles shown in Figure 5.15, four load stages were selected; representing the 

onset of cracking (at a shear force of 30kN), and then the end of stage one (a shear force of 

37.5kN), three (a shear force of 37.5kN) and four (a shear force of 60kN). For a steel beam, one 

 

 

Figure 5.14: Image of B1 showing two virtual strain gauge lengths; 3200 and 1280 pixels; 

and idealized crack locations  
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Figure 5.15: Horizontal strain profile for a) 1280 and b) 3200 pixel gauge length for B1  

would expect the strain profiles for each gauge length to be identical as they are centered on the 

same location of the beam; however, this is not true for concrete due to the presence of cracks and 

creep creating variations in the curvature. The strain profiles for the smaller gauge length, Figure 

5.15(a), are affected by the presence of a shear crack, which impacts the ability of the DIC 

technique to track the intercepted subsets. Foil gauges, adhered to the specimen’s surface, can 

also be affected by crack developments, resulting in the values from the gauge being unusable 

after it is intercepted by a crack. The larger gauge length, Figure 5.15(b), which avoids the cracks, 

averages the strain over a larger distance and reduces the impact of the crack on the measured 

strain. 

A numerical modelling program called Response-2000 was utilized to predict the curvature in 

the reinforced concrete at the location of interest (Bentz, 2000). Response-2000 is based upon the 

Modified Compression Field Theory (Vecchio & Collins, 1986) and is a nonlinear sectional 

analysis program for reinforced concrete beams and columns (Bentz, 2000). Shown in Figure 
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5.16 is a comparison of the predicted curvature from Response-2000 versus that calculated by the 

DIC technique using the two different gauge lengths for specimen B1. 

To determine if image rotation might be an issue, the maximum curvature of approximately 

5x10
-6

 mm
-1

 is multiplied by the scale factor which gives a curvature of 6.65x10
-7

 pixel
-1

. As with 

the steel HSS, the maximum curvature is less than the 10
-6

 pixel
-1

 error threshold (see Figure 5.5). 

The curvature, as found from the larger gauge length, matches well with the numerical model 

as seen in Figure 5.16. The smaller gauge length is impacted by the shear crack, and while it does 

present the same trend, the values do not match as well after the onset of cracking. Furthermore, 

after the 30kN load stage, the DIC measurement shows a fairly constant offset in the calculated 

curvature. This may be due to the strain being averaged over a significant length, approximately  

 

Figure 5.16: Applied load versus measured curvature comparison for concrete specimen B1  
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425 mm, and incorporating multiple crack widths. Response-2000 uses as smeared crack 

approach, as used by the MCFT, and that coupled with the inherent variability in concrete 

material properties means that an exact correlation with the experimental results is unlikely. 
 

For specimen B4, the four subset columns are shown in Figure 5.17 superimposed on the 110 

kN image of the beam. Once again, the shorter gauge length was placed such that one column 

intercepted the developing shear crack. The strain profiles for the two gauge lengths can be seen 

in Figure 5.18. 

 

Figure 5.17: Concrete specimen B4 showing two virtual strain gauge lengths; 3904 and 1088 

pixels; and idealized crack locations 
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Figure 5.18: Horizontal strain profile for a) 1088 and b) 3904 pixel gauge length for B4  

Similar to specimen B1, the strain profiles for B4 illustrate that the placement of the virtual 

gauges is important in achieving the correct strain profile. In the region in which the subsets 

intercept the shear crack, approximately 300 mm to 350 mm from the top of the beam, the tensile 

strain abruptly drops. This may be caused by the DIC technique tracking these subsets to the 

inside (i.e. the right side) of the crack which would be represented as a decrease in gauge length 

and a reduction in tension. Previously for specimen B1, the DIC subsets were tracked to the 

outside of the crack and thus a rapid increase in tension was seen in the strain profile. 

A comparison of the predicted curvature by Response-2000 to the curvature measured by the 

DIC technique is shown in Figure 5.19. 
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Figure 5.19: Applied load versus measured curvature comparison for concrete specimen B4 

The measured curvature using DIC matches fairly well with the predicted curvature from 

Response-2000, as seen in Figure 5.19. As before, the larger gauge length indicates a greater 

curvature than Response-2000 at each load stage after cracking and may be a result of the strain 
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during which the load was maintained at 75kN and the beam was allowed to creep, can be 

observed. For clarity, stage 3, the load cycling between 50kN and 75kN was removed. 
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gauges as they are applied to the surface of the specimen before the experiment is conducted and 

before cracks have developed.  

 

5.6 Conclusions and Recommendations 

From the presented experimental program, four key conclusions can be drawn. 

1. A technique utilizing digital image correlation to measure curvature from strain over 

a selected gauge length has been presented. While the inherent subset tracking error 

is minimized by increasing the gauge length, the slope of the strain profile remains 

constant. 

2. Image rotation created by curvature has been observed to impact the accuracy of the 

DIC technique; however, the error has been shown to be low for curvatures less than 

10
-6

 pixel
-1

, which is generally the curvature observed during typical beam tests. 

3. The calculated curvature has been shown to match well with both theoretical and foil 

gauge measurements for a steel HSS beam; out-of-plane movement which occurred 

at the beginning of the test was observed and corrected by changing the reference 

image to the first load stage image. 

4. With the knowledge of where the cracks will develop, virtual DIC strain gauges were 

applied to reinforced concrete beams to determine the strain profile. The effect of 

DIC subsets intercepting a shear crack was observed and should be avoided when 

determining the curvature. For large gauge lengths, the calculated curvature matched 

well with the curvature predicted by a reinforced concrete analysis program. 

Possible future work could include the use of the DIC technique on an in situ RC structure to 

monitor curvature changes during a load test.  
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Chapter 6 

Summary and Conclusions 

5.1 Summary of Research 

In this thesis, a series of experiments were conducted to develop measurement techniques for 

monitoring steel and reinforced concrete structures utilizing digital image correlation. The 

significance of image texture and spatial resolution in the DIC process has been discussed. A 

method to measure crack width and slip along a selected plane has been created in addition to a 

method of determining beam curvature from measured horizontal strain. 

Summarized below are the key conclusions of the research: 

1. The addition of artificial texture from applied spray paint, noticeably improved the 

tracking ability of the DIC technique by eliminating wild vectors on concrete 

compression cylinders. Without the presence of wild vectors, axial and transverse 

displacement fields were measured and aided in the understanding of specimen’s 

behaviour. 

2. The placement of the digital camera in an experiment was found to control not only the 

desired field of view but also the resulting texture of an image. Maximizing the field of 

view can lead to a decrease in the mean intensity gradient and thus an increase in the 

likelihood of a poorly tracked subset. The correct placement of the camera was found to 

help reduce these tracking errors by improving the natural texture of the sand.  

3. The DIC technique was successfully used to monitor the movement (i.e. change in width 

and slip) along a shear crack plane. The method offers the significant advantage over 

traditional instruments by not requiring a prior knowledge of the crack locations. 
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4. Through the use of four rows of subsets, an innovative averaging process has been 

developed and shown to deal with the effects of curvature on crack slip measurements. 

Curvature has further been shown to impact the crack slip measurements by creating 

errors from image rotation. However for the curvatures observed in these specimens, 

image rotation was not an issue.  

5. The means to assess the shear capacity of RC structures has been created through the 

development of an assessment methodology that allows engineers to use the results of the 

DIC monitoring to inform their numerical analysis. 

6. Virtual strain gauges can be used with the DIC technique to determine the curvature from 

the horizontal strain profile. Inherent subpixel interpolation error has been shown to be 

minimized by increasing the gauge length; however, the slope of the strain profile 

remains constant. 

7. Varying amounts of curvature were imposed on artificial images to determine the impact 

of rotation on the accuracy of the DIC technique. The level of curvature in the image 

space (pixel
-1

) was found to govern this error. For curvatures less than 10
-6

 pixel
-1

, which 

was greater than the observed maximum curvature in all beam tests, the error in the 

calculated curvature for artificial images was found to be less than 10
-9

 pixel
-1

. 

8. For a steel HSS beam, the DIC curvature was found to match well with both the 

curvature calculated from beam theory and electrical resistance strain gauge 

measurements when the error due to out-of-plane movement was corrected for. A 

theoretical upper bound for the curvature error was shown to be approximately 7.3x10
-8

 

mm
-1

.  In the laboratory setting, DIC measured the curvature with an accuracy of 

approximately 2x10
-7

 mm
-1

, similar to the error  using foil strain gauge measurements. 
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9. With the knowledge of where cracks will develop, virtual DIC strain gauges could be 

applied to reinforced concrete beams to determine the strain profile. The effect of DIC 

subsets intercepting a shear crack was observed and should be avoided when determining 

the curvature. For large gauge lengths, the calculated curvature matched well with the 

curvature predicted by a reinforced concrete analysis program. 

  

5.2 Future work 

The work conducted as a part of this thesis generated several opportunities for future work 

which were outside of the original scope of the project including: 

1. The validation of the proposed assessment technique on an in situ RC structure to 

monitor shear crack width and slip or the change in curvature during a load test. 

2. The development of a better understanding of crack slip compatibility and shear crack 

formation. 

3. The implementation of an iterative matching algorithm to further enhance the subpixel 

accuracy and reduce errors from image rotation. 

4. Determining the impact of lens distortion on the accuracy of DIC measurements. 
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Appendix A 

Performance of Digital Image Correlation in Measuring Pure Slip 

 

A comparison of the proposed crack movement measurement techniques introduced in 

Chapter 4 is presented for the situation of crack slip along a plane. The two approaches are 

verified using artificial images and reinforced concrete panel elements.  

 

A.1 Artificial Slip Verification 

A series of artificial images were generated, such that the top half of the image was 

horizontally moved relative to the bottom half to simulate crack slip with zero crack width. This 

produced a crack that then slipped at an increment of 0.05 pixels per image over 20 images 

resulting in a total slip of 1 pixel. Shown in Figure A.1(a) is the artificial image with 4 rows of 

subsets centered on the simulated crack. For the two row monitoring technique, just the inner two 

rows were used. Figure A.1(b) compares the measured slip to the imposed slip for both the two 

row and four row measurement techniques. One can see that for the case of pure slip along a 

crack, both techniques measure the artificial slip accurately as indicated by the one to one 

correlation between imposed and measured slip results.  
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Figure A.1: Artifical image with a) subset locations and b) correlation between measured 

and  imposed slip 

In Figure A.2, the error in the measured crack width (Figure A.2(a)) and slip (Figure A.2(b)) 

of the two methods is presented. As would be expected, the change in width over the artificial 

crack plane is negligible as seen in the left plot. The magnitude of this error is less than 0.0005 

pixels which is of the same order as the DIC output resolution and so this error may be due to 

rounding. Further increasing the DIC output resolution would increase computation time which is 

not needed as this accuracy is more than sufficient for displacement measurement. The slip 

measurement error is roughly double that of the width and shows a sinusoidal trend. This 

appearance is indicative of bias error which is inherent in the DIC technique (Lee et al. 2012); 

however, it is also worth noting that this error is small relative to the magnitude of the slip being 

measured. Bias error did not appear in the crack width measurement as the vertical distance 

between the subset pairs was not changing. Nevertheless, the slip measurements as seen in Figure 

A.2(b), indicate that both the two and four subset row approaches have similar errors indicating 

that either approach will work for a situation where there is only crack slip.  
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Figure A.2: DIC measured a) crack width error and b) crack slip error 

  

A.2 Experimental Results and Discussion 

A series of reinforced concrete panels were constructed by researchers at the University of 

Toronto to examine the impact of varying shear stress on crack movement and the DIC technique 

was used to analyse images of these tests. Two panel specimens with different testing regimes, P1 

and P2, are discussed in this section. The concrete panels measured 890 mm by 890 mm by 70 

mm as shown in Figure A.3. P1 featured an inset section, reducing the thickness to 50 mm, which 

was not present in specimen P2. The thinner section was used to induce the formation of a crack 

in a specific region. Both panels were initially loaded in tension to create a single straight crack, 

drawn as the jagged line in Figure A.3, which could subsequently be forced to slip by applying a 

pure shear stress to the panel. The shear stress was applied and then removed using increasing 

stress intervals until failure for specimen P1. P2 was similarly tested; however the shear stress 

was fully reversed (i.e. from the positive to negative) for each cycle. 
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Figure A.3: Concrete panel element showing monitoring layout and expected crack plane 

To validate the DIC method, linear variable displacement transducers (LVDTs) were attached 

to the surface of the concrete, as seen in Figure A.3, to indirectly measure the crack movement. 

For the crack width measurement, the LDVTs oriented perpendicular to the crack (SYT and 

SYB) were assumed to monitor elongation entirely due to crack opening. To calculate the crack 

slip, it is assumed that the two portions of the panel slide against each other as two rigid bodies 

over the crack. This gives two equations: 

             (  
  

   
 (

   

    
 

   

    
)) A.1) 

                (  
  

   
 (

   

    
 

   

    
)) A.2) 

where L is the length of the LVDT. Furthermore, the top and bottom slip calculation should 

theoretically be equal for rigid displacement. These assumptions are reasonable if there is a single 

crack and it terminates between the external shear keys.  
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Creating an ideal straight crack in concrete is challenging as the heterogeneous nature of the 

material tends to cause the crack to take a tortuous path across the length of the specimen. 

Nevertheless, the crack for specimen P1 appeared in the thinner section of the panel as 

anticipated. As seen in Figure A.4, the tension crack formed very close to the interface between 

the thick and thin concrete sections. Though this was not ideal, subsets could still be placed on 

either side of the crack plane. The other crack seen in Figure A.4 is a secondary shear crack, 

which formed later on in the experiment. 

The DIC method allows for a profile of the crack width and slip change to be created for each 

loading cycle of the experiments. Any variations along the crack plane can then be observed, such 

as the impact of secondary cracks on the initial crack plane’s movement. The crack movement for 

 

Figure A.4: Concrete panel at final load stage, showing subset locations for specimen P1 
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selected load stages is presented below in Figure A.5(a), which gives the measured width along 

the crack, and Figure A.5(b), which gives the measured slip along the crack. Towards the end of 

the P1 experiment, a shear crack, as previously seen in Figure A.4, developed in the same region 

as the subsets. This secondary crack had a significant impact on the behaviour of the crack 

interface and how the panel slipped; reducing the crack width and varying the profile along the 

measured length.  

A comparison of LVDT movement to the average movement measured using the DIC 

technique is shown in Figure A.6(a) for crack widths and Figure A.6(b) for crack slips. A one-to-

one line has been added for clarity, with points falling on this line indicating that both 

measurement techniques were in agreement. 

 

Figure A.5: Concrete panel P1 crack a) width and b) slip profile 
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Figure A.6: Correlation of the LVDT to DIC crack a) width and b) slip movement for P1 

The DIC and LVDT measurements correspond fairly well as seen by the linear trend for most 

load stages. However, the final load stage measurements deviate away from the line, which was 

to be expected because of the formation of the secondary shear crack. The presence of this crack 

distorts the geometry of the LVDT measurements and inflates their values. Secondary cracks 

throughout the panel allow the two halves (i.e. either side of the primary crack) to shear and 

distort into a rhombus instead of staying as rigid bodies as assumed in the calculation procedure. 

For panel P2, the placement of the 4 subset rows can be seen in Figure A.7 and the crack 

movement profiles in Figure A.8(a) and (b). 
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Figure A.7: Subset locations for specimen P2 at final load stage 

 

Figure A.8: Concrete panel P2 crack a) width and b) slip profile 
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In Figure A.8, the sold lines represent positive shearing (i.e. the top of the panel moves to the 

right relative to the bottom) and the dashed lines represent negative shearing. The break in the 

profile from approximately 260 mm to 290 mm is from improperly tracked subsets caused by the 

concrete flaking off as seen in Figure A.7. Similar to what was seen for specimen P1, the crack 

width along the profile is fairly constant. Interestingly, the crack remains partially closed in the 

negative shear direction at higher loads. This indicates that the crack does not move as far in the 

negative direction. This is further seen by the slip profiles; the magnitudes of the positive slip are 

almost twice as large as for the reverse shear. The crack slip is not recovering, and instead the two 

halves of the panel are likely jamming on debris that has become lodged inside the crack. 

To evaluate the DIC crack movement measurements, a comparison with the LVDT 

measurements was made and is shown for crack width in Figure A.9(a) and slip in Figure A.9(b). 

Due to the placement of the camera and the corresponding field of view, it was appropriate to use 

the “bottom” LVDTs to measure width and slip. Unfortunately, as seen in Figure A.9(a), there 

was an issue with one of the LVDTs (SYB) which resulted in the measured crack width not 

 

 

Figure A.9: Correlation of the LVDT to DIC crack a) width and b) slip movement for P2 
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matching the width measured using the DIC technique. The cause for this discrepancy is 

unknown. To account for this, the LVDT and DIC measurements were zeroed at the first unload 

stage after the primary crack was created. The adjusted crack widths match reasonably well with 

the DIC values. The crack slip measurements, in Figure A.9(b), match well with the DIC values 

and were not zeroed. 

The cracks that were monitored for specimen P1 and P2, were fairly straight, extended 

through the specimen and were present before a shear stress was applied. While this scenario 

reflects the artificial crack movement previously analysed, it is not realistic for a reinforced 

concrete beam in flexure. Shear cracks in these members are not often straight, and terminate in 

the solid concrete of the compression zone. Chapter 4 presents the application of DIC to monitor 

shear cracks in RC beams. 

 

A.3 Conclusions 

Using a series of artificial images and reinforced concrete panel tests, a technique for utilizing 

digital image correlation to measure crack width and slip along a selected plane has been 

presented and verified. For the situation of pure slip, both two and four rows of subsets have been 

shown to accurately measure crack movement using a DIC-based approach. While pure slip is not 

a likely scenario in reinforced concrete members, it is important, in the first instance, to validate 

the DIC technique without the influence of other parameters such as curvature. 
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