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Abstract 

 

A significant portion of concrete infrastructure in North America is deteriorating and will 

require repair or rehabilitation action in the near future. An effective repair can be jeopardized by 

a bond which is unable to withstand the subjected loading and durability conditions. Fatigue loads 

are a cause of structural concrete deterioration and cracking with respect to service load conditions 

such as vehicular traffic as well as high amplitude loading events such as earthquakes and storms. 

Currently the response of cementitious repair interfaces tested under fatigue loading is not 

comprehensively examined in existing literature. In this study, the modified slant shear cylinder 

test with different bond plane inclinations was used to experimentally determine the bond strength 

of composite substrate-repair specimens subjected to monotonic and fatigue loading protocols. 

The effect of both roughened and near-smooth interfacial profiles is considered, as well as the use 

of steel fiber reinforcement in the repair material. The associated bond parameters are derived from 

experimental test results using previously identified predictive models and failure envelopes for 

concrete interfaces. 2D Digital Image Correlation (DIC) is additionally used to examine strain 

distributions on the surface of slant shear specimens prior to failure. A discussion on the 

degradation of the adhesive bonding mechanism is presented and the resulting implications on 

bond strength and bond parameters are examined. The interfacial bond investigation is 

complemented with a discussion on the limitations of the employed predictive models as well as a 

review of relevant code provisions and research guidelines pertaining to interfacial shear bond 

subject to cyclic and fatigue loads. 
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Lay Summary 

 

A study on the effectiveness and durability of repairs is currently presented, founded on 

the critical state of deteriorating concrete infrastructure worldwide. The bond plane between an 

existing concrete structure and a repair material is the governing component of a repair system, 

however, this interface is generally the weakest component, subject to durability, and strength 

challenges. Although concrete continues to be studied under fatigue and cyclic loading, further 

investigation is required on the response of concrete-repair interfaces to enable the design of 

effective repairs which can accommodate fatigue and cyclic deterioration. An experimental 

investigation is presented on the bond strength and bond parameters obtained through slant shear 

testing under static loading and fatigue loading involving the application of 1000 load cycles at a 

0.5 Hz frequency. A discussion on the degradation of bond strength for roughened and smooth 

interfaces is presented, as well as the implications of steel-fiber reinforcement. 
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Chapter 1: Introduction  

1.1 Background 

Concrete infrastructure in North America is deteriorating and requires effective repair and 

rehabilitation application. The 2019 Canadian Infrastructure Report Card suggests that a 

significant portion of public infrastructure is currently categorized as in poor or very poor 

condition, requiring rehabilitation or replacement of assets in the next 5-10 years [1].  An even 

larger proportion has been categorized as in ñfairò condition, suggesting that as deterioration 

continues, if strength and durability implications are not addressed, this infrastructure will fall into 

the poor and very poor conditions. An examination of bridges and tunnel infrastructure in 

particular suggests that 12.4% of inspected assets fall into the poor or very poor category and 

26.3% fall into the fair category [1]. 

The quality of a repair relies on the strength and durability of its interface with the pre-

existing substrate. An effective repair requires a bond between the existing substrate and a 

compatible new material which can withstand the subjected loading and durability conditions. 

Beyond static failure loads, fatigue is a cause of structural concrete deterioration and cracking with 

respect to service load conditions such as vehicular traffic as well as high amplitude events such 

as earthquakes and storms [2].  Although the behaviour of concrete and cementitious materials in 

monolithic form has been examined subject to fatigue and cyclic loads extensively, the current 

literature does not comprehensively investigate the response of repair interfaces tested under 

fatigue loading.  Notwithstanding, the interface of a substrate-repair system is typically the weakest 

and most vulnerable component. Therefore, in order to enable the development and design of 

effective concrete repairs under a variety of in-situ conditions it is appropriate to investigate 

interfacial bond in the context of fatigue and cycling. 
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Repair interfaces exist under different stress conditions in the field through applications 

such as jacketing or retro-fitting [3]. Although the consistency among different interfacial and 

bond tests is continuously being examined [4], individual test procedures can be used to examine 

interfacial behaviour for an isolated loading condition. The slant shear test is used to 

experimentally determine the bond strength of a composite specimen subjected to combined shear 

and compression and is generally representative of some stress conditions in the field involving 

shear with external confinement. Initially developed to test the strength of epoxy coatings, this test 

has been adapted to examine the bond strength between cementitious materials, such as substrate 

concretes and mortar repairs. A modified version of this test procedure, adapted to include several 

slant orientations, allows for the formulation of a normal/shear stress failure envelope [5]. Data 

from various bond tests can be included to populate the tension and pure shear portions of said 

envelope in place of extrapolations based entirely in slant shear data. Nonetheless, the stress 

criteria obtained via the simple slant shear test alone can provide significant insight into bond 

behaviour. 

 

1.2 Objective & Outline  

The objective of the present investigation is to determine the effects of fatigue loading on 

interfacial concrete bond in combined shear and compression using the slant shear test. The current 

works will examine the effects of a fatigue loading protocol on bond strength as well as the 

associated bond parameters. The impact of interfacial roughness, imparted by surface treatment, 

and the use of fiber reinforcement in the repair/overlay material will be considered. Furthermore, 

using Digital Image Correlation (DIC), the prevalent patterns in strain distributions surrounding 

the interface will be identified. The author will also examine whether the empirical design 



3 

 

approximations for shear bond subject to fatigue/cyclic loading proposed by previous researchers 

and code provisions are representative of the experimentally demonstrated bond capacity. To date, 

the substrate-repair bond has not been comprehensively discussed with respect to fatigue loading 

under a slant shear testing protocol [6]. 

The herein presented thesis comprises five total chapters. Chapter 1, Introduction, 

describes the background and objectives of the research work. Chapter 2, Literature Review, 

provides an overview of the relevant literature pertaining to interfacial shear bond, parameters 

affecting bond, and testing protocol. Chapter 3, Experimental Program, describes the methodology 

adopted in the current investigation for specimen preparation, roughness quantification, and slant 

shear testing. Chapter 4, Results & Discussion, presents the results of experimental investigations 

and mechanical tests, examines applicable predictive models, and describes existing trends 

identified with DIC. Finally, Chapter 5, Conclusion, presents the summarized findings of the 

investigation and provides recommendations for future related works. 
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Chapter 2: Literat ure Review 

2.1 Concrete Interfacial Shear Bond 

Interfacial shear bond between concretes cast at different times has been investigated 

extensively to allow empirical estimation of interfacial strength through design codes and 

guidelines. In 1966, Birkeland and Birkeland proposed a linear expression to evaluate the shear 

strength of concrete interfaces, based on the interface reinforcement ratio and internal friction 

angle [7]. The expression was adopted in reinforced concrete design codes and is recognized 

worldwide as the original shear-friction theory [7]. Typically described using a simple saw-tooth 

model, the theory is based purely on frictional resistance of an interface involving compressive 

clamping forces generated by interfacial reinforcement and induced by dilation of the joint [6], 

[7]. Through the years, the shear friction theory has been extended to include an explicit parameter 

for ñcohesionò. The updated modified shear friction theory by Mattock & Hawkins and subsequent 

extended shear friction theory, developed by Randl for Fib Model Code 2010, identify three 

primary bonding mechanisms: cohesion, friction, and dowel action requiring steel reinforcement 

or connectors across the interface [6]. 

Cohesion can be accepted as a interfacial material property consisting of mechanical 

interlock as well as adhesive bonding [3], [6]. For the purpose of macro-considerations and design 

expressions it is convenient to examine cohesion and adhesion as a single bond mechanism, an 

overstrength beyond frictional capacity. However, some research examines bond-adhesive and 

bond-cohesive as two distinct interfacial mechanisms. Espeche & Leon suggest that where bond-

adhesive depends on the soundness, cleanliness, and roughness of the substrate, cohesive-bond is 

related to the porosity and structure of the interfacial transition zone in an overlay concrete [3]. 

Sadowski defines adhesion specifically as the force of energy necessary to separate two bodies 
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and outlines three principle adhesive sub-mechanisms: interlocking by friction and dovetailing, 

physical bonding of van der waals forces and chemical bonding through ionic bonding [8]. 

Randlôs description of cohesion, as included in the extended shear friction theory, examines 

the parameter through both an adhesion component, which is a function of chemical/physical 

bonding at the interface, as well as a mechanical interlocking component [6]. Chemical and 

physical bonding capacity, related to interfacial van der waals forces, is supported by material 

composition and porosity, but is moreover highly dependent on the effective contact area of an 

interface. The surface contact area, described by a ñmodified Wenzel coefficientò is related to 

surface wetting behaviour and the relationship between interfacial roughness and hydrophobicity 

[6]. In the second component, micro-mechanical factors such as localized fracturing, interlocking, 

overturning, are also engaged by interfacial roughness [6], [9]. Zanotti and Randl have suggested 

that interlocking and overriding are active only in roughened interfaces [4], [6], [9]. For the current 

works the definition of cohesion discussed herein, and adopted by Randl & Zanotti, will apply. 

 Frictional bond resistance is related to interfacial roughness and requires compression or 

confinement of the interface. Compressive forces perpendicular to the interface may be applied 

externally or through a resultant clamping mechanism generated by interfacial reinforcement, 

connectors, or shear studs. The frictional resistance developed is proportional to the applied 

compressive force.  Generally, a rougher interface is associated with a higher frictional force due 

to increased aggregate interlock [6]. The use of reinforcing steel bars or connectors at an interface 

is a common strengthening application for concrete interfaces and often induces a more ductile 

failure along the interface. The use of reinforcement engages clamping forces through joint dilation 

for additional normal stresses and activates a dowel action mechanism. Nonetheless, the use of 

steel reinforcement across the interface it is not examined in the present study. As such, a brittle 
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behaviour or rigid bond slip is anticipated, which can accommodate only minimal shear slips at 

the interface prior to bond failure [6]. 

Although the abovementioned bonding mechanisms are distinct in nature with individual 

impacts on interfacial behaviour, researchers suggest that there is indeed interaction of bond 

resistance mechanisms and that these mechanisms can work in unison [4], [6]. The degree of 

activity of each mechanism and extent of interactions is dependent on the composition of the 

interfacial system and will be examined further in the current investigation. 

 

2.2 Parameters affecting Shear Bond 

2.2.1 Interfacial Roughness 

Interfacial roughness, typically imparted by surface treatment of the concrete substrate, is 

related to both the adhesive/cohesive capacity of the interface, as well as an increased frictional 

capacity. As identified previously, a deciding parameter of the adhesive bonding mechanism is the 

real surface contact area along the bond plane. As interface roughness increases, the physical 

surface area of the profile expands, thereby increasing the contact area capacity for surface wetting 

[6]. In a study on roughness and friction angle, Mohamad and Ibrahim similarly suggest that the 

surface roughness affects both the angle of internal friction as well as the cohesion value due to 

the increase in surface area for cohesion bonding to occur along the interface [10]. Secondly, the 

impact of localized mechanical effects attributed to adhesion, such as fracturing, interlocking, and 

crushing, are also highly dependent on roughness and interfacial tortuosity [4], [6], [9]. As noted, 

some of these micro-mechanisms are only active in roughened interfaces, engaged by asperities 

along the surface profile. 
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Regarding frictional capacity, an increase in interfacial roughness is generally associated 

with an increase in the frictional coefficient derived for a bond plane [3]. It would follow, then, 

that an increase in roughness is also associated with an increase the extrapolated internal angle of 

friction. In Espeche & Leon an increase in friction angle was observed with increasing substrate 

roughness but it is important to note that all specimens considered were deemed ñroughò [3]. The 

literature does not extensively discuss differences in extrapolated friction angles when related to 

smooth interfaces (low roughness value) and rough interfaces (high roughness value), although 

suggested values for internal friction angles are recommended in [3] and [11]. 

The roughness of an interface also has been shown to impact other bond properties. In 

Zanotti et al, the use of steel fibers in the overlay was examined in conjunction with smooth and 

roughened interfaces tested under a slant shear set-up [9]. Although smooth interfaces did not 

result in significant benefits from fibers, roughened interface exhibited strength increases as well 

as increases in extrapolated cohesion values. The investigation suggested that with enough 

engaged substrate roughness, a micro- ñdowel effectò occurred at the interface, associated with the 

stiffness of the steel fibers. The study suggested, that, on account of profile roughening 

encouraging deviation of the fracture plane into the repair material, fibers were able to cross the 

shifted plane and more effectively connect the repair to the substrate. Overall, roughness increased 

steel fiber efficacy, thereby increasing the associated cohesion parameter of the bond. Similar 

strength and cohesion increases were presented by Zanotti & Randl [4]. Previous research 

therefore suggests that interfacial roughness, through profile tortuosity, engages fiber-induced 

benefits which are not necessarily active in a smooth profile. 
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2.2.1.1 Roughness Quantification  

Different quantification systems can be used to quantify the surface profile roughness for 

use in empirical expressions evaluating interfacial bond strength. A common method for profile 

quantification used in the field is the Sand Patch Test as per ASTM E965 which provides a ñMean 

Textural Depthò (MTD) quantifier. This procedure is generally used to determine the average 

depth of a pavement surface macrotexture and involves the application of a known quantity of 

consistently graded sand to the surface, which is compacted and spread using a smooth disc tool, 

followed by a measurement of the diameter of the resulting sand [12]. MTD is calculated using a 

volumetric calculation, based on the concept of an ñidealized cylinderò created along the surface 

profile. This method has been used in previous research on concrete bond to quantify roughness 

[4]. The main limitation of this method is that only one roughness parameter can be derived for a 

tested profile. 

As an alternative to a physical, contact-oriented quantification method, non-contact laser 

profilometry may also be used to measure the exact topography and depth of a surface profile, and 

has been demonstrated previously at the University of British Columbia [13], [14]. Based on the 

acquired profile, different methods can subsequently be used to quantify surface roughness. As an 

extension of the contact Sand Patch Test, ASTM E1845 provides guidelines to calculate the 

ñEstimated Texture Depthò (ETD) from a two-dimensional surface profile [15]. A transformation 

equation is required to transform the calculated Mean Profile Depth (MPD) to the three-

dimensional surface contact-oriented method of ETD, which is compared to the MTD obtained 

through the Sand Patch Test method. The MSD can be evaluated from laser profilometry data and 

subsequently converted into an ETD value.  
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The following procedure is adapted from [15] and applies to a segment along a surface profile of 

approximately 100mm length: 

Mean Segment Depth (MSD) = 
      

 

Peak Level 1 = Ù Ù  for 0Ò  x <50 mm 

Peak Level 2 =  Ù Ù  for 50 Ò  x <100 mm 

Mean Profile Depth (MPD) = В -3$ 

 ETD = 0.2 + 0.8 MPD 

 

Finally, a quantifier outlined in Fib Model Code 2010 called the ñAverage Roughnessò is defined 

as the average deviation of the surface profile from a mean line and can be calculated based on the 

following formula for the data points obtained with laser profilometry [13]: 

Average Roughness (Ra) = Ͻ᷿ ȿÙØ  ÙȿϽÄØ   В ȿÙØ  Ùȿ 

Ù  
ρ

Ì
Ͻ ÙØϽÄØ  

ρ

Î
 Ù 

l = the assessment length 

y(x) = profile height at position x 

 

Average roughness, Ra, is one of the most common quantifiers of interfacial roughness according 

to Espeche & Leon [3]. 

 

2.2.2 Fiber Reinforcement 

The use of fiber reinforcement in concrete and cementitious materials has demonstrated 

improvements in crack growth impact and fatigue resistance. The research of Mindess and Banthia 
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et al attributed these enhancements to the ductility of some types of fibers, such as steel, and their 

ability to maintain stress transfer capability across a crack. [16], [17]. In the context of a fiber 

reinforced repair material, Zanotti et al suggested that the strength and durability of the bond is 

improved in the following ways [5]: 

Á Decrease in concrete/mortar bleeding  

Á Reduced pre-damage due to handling and shrinkage 

Á Greater energy and load required for cohesive failure  

Á Frictional failure at smaller crack separation and damage requiring higher energy and 

load compared to plain 

However, Zanotti & Randl suggest that the impact of fiber reinforcement on bond strength can 

depend on different factors, such as interfacial roughness, material properties, stress conditions 

and fiber properties [4]. As previously outlined, in roughened interfaces, the use of steel fibers in 

the repair mortar resulted in an increase in the cohesion parameter extrapolated from the deduced 

failure envelope. Notable bond strength improvements were exhibited primarily in specimens with 

a lower applied compressive stress and therefore less engaged frictional resistance [4].  

Regarding a fracture mechanics approach, the use of fibers has been suggested to increase 

the fracture resistance of the repair material, thereby improving the fracture properties of the 

overall interface [9].  Zanotti et al suggest that the use of fibers may encourage deviation of the 

ñfracture planeò from the actual bond plane towards a more cohesive type of fracture. As such, the 

extrapolated frictional values may be slightly reduced [9]. Although slight changes have been 

reported with steel fibers, they are considered a second order effect and may be caused by a change 

in the cohesion value [5]. 
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2.3 Slant Shear Test 

A slant shear test is often recommended by standards to assess the strength of a repair bond 

in place of more challenging tensile bond tests [5]. A compressive load is applied to a composite 

cylinder in which the overlay and substrate material are bonded together on an inclined plane.  

Interfacial shear and normal stresses can be evaluated from the stresses at failure based on the 

inclination orientation of the specimen. With reference to Figure 1:  

†  
ρ

ς
„ÓÉÎ ς‌ 

(1)  

„ „ίὭὲ‌ (2)  

  „0 is the applied axial stress that produced failure along the bond plane  

„ὲ is the normal stress acting perpendicular to the bond plane 

†ὲ is the shear stress acting parallel to the bond plane 

‌ is the inclination angle of the bond plane with the vertical axis 

 

Figure 1: Slant Shear Test Configuration and Stresses Developed at the Interface 
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The original Slant Shear test according to ASTM C882, originally developed for the 

evaluation of bond strength between concrete and epoxy-resins, recommends a single interfacial 

inclination of 30° to the vertical [18].  However, Austin et al discuss the limitations of using a 

single slant shear orientation in [11]. Based on the investigation of a critical bond angle, or the 

bond angle at which the load required to produce a bond failure is at the minimum, it was suggested 

that the development of a bond failure in a slant shear specimen is dependent on bond plane 

inclination as well interfacial roughness [11]. The likelihood of obtaining a bond failure with the 

standard specimen inclination of 30° is reduced due to the stress distribution along the interface. 

This limitation is further emphasized in specimens with rougher interfaces which were shown to 

have a lower critical bond angle and are predominantly under greater applied normal stresses and 

therefore engage substantial frictional resistance [11]. It was concluded that a single interfacial 

inclination is representative of only a single proportion of shear to normal stresses along the bond 

plane (ñstress stateò), as such the bond information produced does not provide the full picture.   

Based on these limitations, Zanotti et al developed a variable bond angle approach for slant 

shear testing and cylindrical specimens with three different geometries were adopted [5]. The same 

testing protocol will be adopted in the current works. In addition to the standard bond plane 

inclination of 30°, angles of 25° and 20° to the vertical are used to provide information on different 

interfacial stress states. In order to maintain a consistent bond contact area amongst the three types 

of orientations, the diameters of the cylinders were modified. Additionally, the height of the overall 

cylindrical specimens was modified to include a diameterôs distance between the loading edge of 

the cylinder and the start of the interfacial plane. This height modification was adopted to ensure 

uniform stress transfer from the loading plates to the bond plane, and to avoid frictional effects of 

loading plates resulting in an undesirable tri-axial stress distribution [5]. The dimensions adopted 
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by Zanotti et al, and used in the current investigation, are presented in Figure 2. Standard testing 

protocol involves the substrate portion of the specimen to be oriented on the bottom and the 

repair/overlay layer is oriented on the top.  

 

Figure 2: Geometry of Cylinders for Slant Shear Tests (a,b,c) [All dimensions in mm] 

 

Adoption of three slant shear inclinations allows for investigation of several stress states 

along the bond plane. Investigation of different stress states can provide insight into bonding 

features which are otherwise not evident in other stress states. For example, the 30° orientation 

results in the largest compression-shear ratio at the interface, generating a large degree of friction 

and interlocking, however the 20° orientation has the least frictional contribution and largest ñpure 

shearò or adhesive/cohesive contribution. Furthermore, the experimental data can be used to 

characterize shear bond strength as a function of normal interfacial stresses through the application 

of several failure envelopes via regression (line fitting). Through development of failure 

envelopes, the cohesion and internal friction angle bond parameters can be extrapolated.  
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2.4 Failure Envelopes & Models 

Using a minimum of three slant shear inclinations, a failure envelope outlining shear stress 

in terms of applied normal stress can be applied via line fitting and can be extended to examine 

the interfacial repair-substrate bond behaviour in tension and pure shear beyond the combined 

shear-compression information provided via experimental investigation. Compression is assumed 

to be positive in the following discussion and presented predictive models. 

2.4.1 Linear Mohr -Coulomb  

The Mohr-Coulomb (MC) failure envelope, adapted to concrete shear bond from 

traditional rock mechanics, describes a linear relationship between normal stress and shear stress 

at a cementitious interface. Fitting of experimental data can provide a linear approximation that 

allows extrapolation of the cohesion of the interface (y-intercept) and the friction angle of the 

interface (slope):  

† ὧ  ‘ „ ὧ ὸὥὲה Ͻ „ (3)  

 

†ὲ is the evaluated shear stress acting parallel to the bond plane 

„ὲ is the normal stress acting perpendicular to the bond plane 

ὧ  is the interfacial cohesion  

‘  is the frictional coefficient and ‘  ὸὥὲה  

  is the internal angle of friction  ה

 

Previous researchers have commented that, through the study of rock mechanisms, the linear MC 

envelope tends to overestimate shear strength in the tensile region [11]. Espeche & Leon also 

suggested that the tensile strength obtained through MC is almost always overestimated [3]. 



15 

 

2.4.2 Carol Plasticity Envelope (Modified Mohr-Coulomb) 

Using Carolôs Theory of Plasticity Espeche and Leon proposed a modified Mohr-Coulomb 

envelope by incorporating a hyperbolic curve at the end of the linear approximation [3]. Carolôs 

paper is an extension of a frictional/dilatant model for normal/shear cracking in quasi-brittle 

materials adapted to be implemented as a constitutive law for interfacial elements [19]. Extending 

from Carolôs fracture mechanics approach, the modified envelope incorporates a representative 

cracking envelope, involving evolution towards a ñcrackedò interface, to the traditional MC 

criterion [3]. The authors suggest that this modified envelope more accurately describes tensile 

behavior in order to provide a more realistic representation of bond strength at the interface [3]. 

The Carol Plasticity Envelope is presented below assuming compression to be positive:  

† ὧ „Ͻὸὥὲה  ὧ ὪϽὸὥὲה    (4)  

 
†ὲ is the evaluated shear stress acting parallel to the bond plane 

„ὲ is the normal stress acting perpendicular to the bond plane 

ὧ  is the interfacial cohesion  

  is the internal angle of friction  ה

Ὢ  is the tensile bond strength of the interface  

 

The Carol envelope can incorporate experimentally determined values for tensile strength. 

Nonetheless, in place of experimentally derived strength, Zanotti & Randl suggested a relationship 

between tension and cohesion for interfaces roughened using sandblasting surface preparation [4]:  

ὧ ςȢψϽὪ 

Austin et al describe a relation for smooth interface, derived from Griffithôs fracture criteria [11]:  

ὧ ςȢπϽὪ 
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The current investigation will apply the Carol plasticity envelope by incorporating these relations 

in place of experimentally derived tensile bond strength data: 

†ȟ ὧ „Ͻὸὥὲה  ὧ
ὧ

ςȢψ
Ͻὸὥὲה    

(4a) 

†ȟ ὧ „Ͻὸὥὲה  ὧ
ὧ

ς
Ͻὸὥὲה    

(4b)  

2.4.3 Austinôs Polynomial Line Fitting & Griffithôs Fracture Criteria 

Austin et al examined experimental slant shear results with best-fit second order 

polynomial curves [11]. As a function of the normal stress, the y-intercept value of the polynomial 

curve allows extrapolation of the ñcohesionò value of the bond plane. However, a frictional 

coefficient is not defined. In the same study, an approach involving Griffithôs fracture criteria for 

brittle materials was examined in order to provide a more accurate representation of the tensile 

portion of the envelope. The form of this envelope is more consistent with the Carol model; 

however, it also does not provide a parameter for frictional coefficient [11]: 

† τϽὝ „ Ὕ  

 

(5)  

†ὲ is the evaluated shear stress acting parallel to the bond plane 

„ὲ is the normal stress acting perpendicular to the bond plane 

Ὕ   is uniaxial tensile strength [pure shear strength = 2 Ὕ ]   
 

It is important to note that the authors describe pure shear strength in terms of uniaxial 

tensile strength. Pure shear strength is interpreted in the current investigation as the ñcohesionò 

parameter described by the other models. Furthermore, the authors suggest that although Griffith 

fracture criteria is not applicable to soil and rocks, the fracture mechanics approach may be more 
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suitable for concrete and cementitious materials [11]. Nonetheless, the limitation of both the Austin 

and Griffith models for the current experimental investigation is that a frictional coefficient or 

friction angle is not defined in either equation. Therefore, only the cohesion can be extrapolated. 

Based on the models adopted by previous researchers and consistency of derived parameters 

it was selected to focus primarily on the Linear MC and Carol Plasticity Theory envelopes 

via linear and nonlinear regression for the current investigation. 

 

2.5 Fatigue & Cyclic Testing of Interfaces 

2.5.1 Experimental Investigations 

Fatigue and cyclic loading of monolithic plain concretes, reinforced concretes, and fiber 

reinforced concretes have been studied previously and in detail. These studies will not be discussed 

herein for the purpose of brevity, but relevant to the current investigation, it has been demonstrated 

that the interfacial bond between fibers and cementitious matrix in FRC is subject to fatigue bond 

degradation as is the interfacial bond between reinforcing bars and the cementitious matrix [20], 

[21]. Cao & Chung studied the degradation of the bond between concrete and rebar and suggested 

that a higher applied stress range caused significant bond degradation and resulted in bond failure 

at a lower number of cycles [20]. Furthermore, Li & Matsumoto, who examined fatigue damage 

at the fiber-matrix interface in flexural specimens in a crack growth and fracture mechanics 

context, suggest that the use of fibers can lead to fatigue crack arrest, and that fibers may be 

effective in extending the fatigue life of concrete structures [21]. 

Tassios and Vintzeleou examined concrete-to-concrete friction along cracked interfaces 

(no adhesion) subject to cyclic push-off tests. Shear stiffness of the interface under cyclic loading 

was found to degrade significantly in rough interfaces but not noticeably in smooth interfaces, and 
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was attributed to repeating deterioration of interfacial asperities due to cutting off of aggregate 

peaks in the rough surface [22].  Hu, Li, and Liu examined slant shear specimens subjected to 

quasi-static and dynamic loading while considering strain rate effects, the slant angle, surface 

roughness, and age of interfaces on bond behaviour [23]. The researchers suggested that where the 

strain rate and slant angle had significant influence on the failure modes, the effects of surface 

roughness and interface age were not significant. The experimental results suggested that although 

the strain rate had a great effect on the slant shear bond strength, an increase in strain rate was not 

necessarily proportional to greater damage [23]. Finally, Figueira et al examined the effects of 

cyclic loading on steel reinforced interfaces subject to a shear push-off test to reproduce an 

interfacial conditions between precast beams and a cast-in-place slabs [24]. Different cyclic stress 

range protocols in the form of low, medium, and high amplitude tests were conducted until 

specimen failure or one million load cycles. The researchers suggested that as the applied stress 

amplitude decreases there is an increase in the number of resisting load cycles. Although the 

interfaces examined in the study are of a more ductile nature due to the interfacial reinforcement, 

significant insight was provided into the preparation of a cyclic and fatigue loading protocol. 

Additional studies on fatigue loading of concrete and cementitious interfaces have been 

conducted which are relevant to the current investigation. The relevant methodologies and 

observations are presented: 

Á Cyclic loading of beams overlaid with fiber reinforced mortar to represent wheel-loading 

stresses. Loads were cycled between a minimum of 1 kN and a maximum of 45-65% of 

the static flexural strength at a frequency of 5 Hz  (100,000 cycles) [25]. 
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Á Cyclic loading of FRC repaired corroded RC beams suggesting that fatigue life is directly 

related to load range and at 75% of the static strength the rate of loading strongly influences 

the fatigue strength through creep effects [26]. 

Á Walraven et al examined cyclic push-off tests with a repeating sinusoidal wave at 1 Hz 

frequency alternating between 46% and 66% of ultimate load to confirm whether an 

expression for monotonically derived tests is applicable for specimens subjected to cyclic 

loading. The results suggested that cyclic loading did not influence shear capacity [27]. 

Regarding the specific loading regimes presented in the literature for cyclic and fatigue testing of 

interfacial concrete, minimum and maximum load limits are typically based on a percentage of the 

static load strength. Fatigue testing is typically performed using a sinusoidal wave function at a 

frequency of 1 Hz or greater until specimen failure or a predefined cycle limit. Details on previous 

cyclic and fatigue investigations are as follows: 

Á Ong applied a minimum of 1 kN cycled to 45%, 55%, and 65% of ultimate static load at 5 

Hz frequency to a limit of 100,000 cycles [25] 

Á Anderson applied fatigue loads at frequency of 2 Hz up to 1 million cycles [26] 

Á Naderi applied a minimum of 10% and maximums of 40%, 60%, and 80% of the static 

load under a 0.5 Hz frequency sinusoidal wave to a limit of 50,000 cycles or failure [28] 

Á Daud applied a minimum load of 15% to maximum load of 70% and 80% the static strength 

at a frequency of 1 Hz [29] 

2.5.2 Code Guidelines & Provisions 

Although specific protocols for fatigue and cyclic loading of cement-based slant shear 

specimens are not explicitly described in codes, discussions on cyclic and fatigue loading are 

presented and can be adapted to suit the current experimental investigation. ACI 215R for the 
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design of concrete structures subjected to fatigue loading describes low-cycle fatigue protocols as 

consisting of less than 100 cycles and fatigue protocols as consisting of greater than 1000 cycles 

[2]. Similarly, ACI 408.2R for the Bond of Steel Reinforcing Bars under Cyclic Loads suggests 

two types of loading regimes. Low cycle, high stress is representative of earthquake loads and 

requires high loads with a low number of cycles, specifically less than 100 [30]. This ACI report 

also suggests that stress reversals from tension to compression are required for true earthquake 

conditions. However, fatigue loading involves unidirectional loading at a low load with a higher 

number of cycles (n > 100) [30]. Additional guidelines and from relevant reports and associations 

are as follows:  

Á ACI 215R-74 suggests that variations of frequency of loading between 1.2 Hz ï 15 Hz 

have little effect on fatigue strength, provided that the maximum applied stress is less than 

75% of the static strength of a specimen/structure [2]. 

Á ACI 437R and ACI 47.1R require a minimum of six loading/unloading cycles for cyclic 

strength evaluation of existing concrete buildings and concrete structures [31], [32]. 

Á ACI 544.9R17, the Report on Measuring Mechanical properties of Hardened Fiber-

Reinforced Concrete, suggests applying a higher maximum stress with a small number of 

cycles and at a lower loading rate. Similarly, a lower maximum stress for a large number 

of cycles should be applied at a higher loading rate. This report outlines the possibility of 

concrete strength gain with time when performing long-duration cyclic tests [33]. 

Á ASTM E2126 for Cyclic Testing of Vertical Elements of the Lateral Force Resisting 

Systems for Buildings suggests a loading rate of 0.2 to 0.5 Hz [34]. 

Á Finally, although shear resistance of repair interfaces subjected to fatigue loading has not 

been investigated comprehensively [6], researchers have presented simplified design 
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approaches to account for these conditions. According to Randl, adhesive bond should be 

reduced to 50% under cyclic loading for rigid bond [6]; Mattock suggests that the shear 

strength of a concrete-to-concrete interface under cyclic loading should be taken equal to 

0.9 of the shear strength under monotonic loading for monolithic specimens and rough 

interfaces; if bond between concrete parts is nonexistent (i.e. pure sliding) the shear 

strength under cyclic loading should be taken as 0.6 of the shear strength under monotonic 

loading [35]. 

 

2.6 Digital Image Correlation for Bond Tests 

Digital image correlation is a non-contact optical technique adopted for the analysis of 

surface displacements [36]. A high frequency digital camera is employed to capture images of the 

specimen surface before and after the occurrence of deformation. Displacements are tracked from 

an un-deformed reference image to a deformed image. According to Shah & Kishen, an image is 

represented by a discrete function which describes the grey level of each of the pixels contained 

within the image [36]. The discrete function representing the reference or un-deformed image is 

transformed into another discrete function after deformation occurs. Correlation calculations 

evaluate the displacements between groups of pixels (ñpatternsò) amongst the two images on the 

basis that within each pattern of pixels the displacement field is assumed to be homogeneous [36]. 

The grey level of pixels is activated with a stochastic pattern applied to specimen surface. A virtual 

mesh is generated and DIC software is able to calculate strain tensors as well as other relative 

deformation parameters.   

 Although DIC is widely applied to measurements of displacements in various fields, the 

technique is often adopted for concrete specifically to allow direct observation of the cracking and 
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fracture processes, which can be brittle and abrupt in nature and hard to capture with the human 

eye [36], [37].  A stochastic pattern is typically applied with white and black spray paint using a 

speckling effect. 2D DIC can be used to measure displacement, stress intensity of cracks, as well 

as stress and strain behavior of a specimen undergoing testing [36]-[39]. In the current study 2D 

Digital Image Correlation is used in a qualitative method to examine the strain patterns of 

specimens subjected to monotonic, fatigue, and cyclic loading protocol prior to failure.  
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Chapter 3: Experimental Program 

3.1 Materials & Specimen Preparation 

The slant shear test was the primary experimental methodology undertaken in the presented 

investigation. Compression tests were also conducted as per ASTM C39 [40] to determine the 28-

day strength of the substrate and repair/overlay materials on cylinders of 75mm diameter and 

150mm height. Dimensions of slant shear and cylindrical specimens are presented in Figure 3.  

 

Figure 3: Geometry of Cylinders for Slant Shear Tests (a,b,c) and Compression Tests (d) [All dimensions in mm] 

 

A single normal strength concrete substrate was maintained for all specimens. The 

substrate was treated with two surface preparation methods to impart different degrees of 

interfacial roughness. The repair mortars were also normal strength and were applied to the 

substrate with and without fiber reinforcement. A table of the three mixed designs used is presented 

in Table 1. A volume fraction of Vf = 0.5% of 13mm long, straight uncoated steel fibers was 
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selected, based on previous investigations in [9] and [4]. Table 2 presents the properties of the steel 

fiber. Accounting for a minimum of three replicates for each specimen type in addition to extra 

replicates, a total of 144 slant shear specimens were prepared, comprising of four material and 

surface preparation types encompassing three slant shear inclinations and allocated to three types 

of loading protocols.   

 

Table 1: Mixture Proportions and Fiber Volume Fraction, Vf, for the Investigated Materials 

 
GU CEM 

[kg/m3] 

Fly Ash Type F 

[kg/m3] 

Sand 

[kg/m3] 

Aggregate 

[kg/m3] 

Water 

[kg/m3] 
Vf [%] 

Substrate 450 - 1165 776 189 - 

NS Repair ï 0% 840 210 1680 - 420 - 

NS Repair ï 0.5% 840 210 1680 - 420 0.5 

 

Table 2: Properties of Steel Fiber 

Diameter 

[mm] 

Length 

[mm] 

Tensile 

Strength 

[MPa] 

Elastic 

Modulus 

[GPa] 

0.21 13 2750 200 

 

3.1.1 Concrete Substrate 

To avoid potential damage and microcracks along the interface induced by cutting or 

sawing of cylindrical specimens, substrates were pre-cast at inclinations using a machined PVC 

slant shear ñinsertò form. After installing the inserts inside the cylindrical slant shear (SS) molds, 

the molds and inserts were oiled, and the substrate concrete was placed into the molds in three 

layers. After placing each layer, the material was tamped 25 times as suggested by ASTM 

guidelines and vibrated for a total of two minutes. After all the three layers were cast, tamped, and 

vibrated, the top of the mold was rodded and rolled to level and smooth the surface. Specimens 
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were covered with a polyethylene sheet for 24 hours in standard lab conditions and subsequently 

demolded. The specimens were then placed in a humidity-controlled curing room with relative 

humidity maintained at 50%. Cylindrical compressive specimens were also cast alongside the slant 

shear specimens. These specimens were tested for compressive strength after 28-days as per 

ASTM C39 [40] under a load-controlled rate of 0.250 MPa/second.  

3.1.2 Surface Preparation 

 In order to impart varying degrees of interfacial roughness and examine the effects of 

roughness on fatigue and cyclic loading, sandblasting and light wirebrushing were selected as 

surface preparation methods. Sandblasting was used to generate a medium rough to rough interface 

with exposed aggregates along the bond plane in similar fashion to previous research conducted at 

UBC [4], [9]. An initial round of sandblasting took place three weeks after initial casting, prior to 

specimens reaching full strength (specimen ages 21-24 days). A sandblasting unit, in the form of 

a modified pressure washer, was used with an abrasive medium to expose the aggregates in the 

substrate at a pressure of 4000 psi or 27.6 MPa. A second round of sandblasting occurred 7 weeks 

after casting to impart additional roughness on the specimens. Wirebrushing was selected to 

generate an essentially smooth interface. Light abrasion in the form of wirebrushing was selected 

to remove potential surface laitance in comparison to a left ñas-castò substrate. Wirebrushing took 

place three weeks after initial casting (specimen ages 22-25 days). A steel wire-brush attachment 

on a battery-powered drill was used to brush and scour the interface of a clamped specimen for a 

set period of time depending on the interfacial contact area.  Figure 4 presents two specimens 

having undergone the surface preparation methods in comparison to an ñas-castò specimen.  
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Figure 4: [From left-to-right] As-Cast Specimen, Wirebrushed Specimen, and Sandblasted Specimen 

 

In addition to surface preparation, the ends of the substrate were grinded before the 28-day period. 

Specimens were removed from the humidity-controlled curing room in order to undergo surface 

preparation. Upon completion they were returned to the curing room and allowed to age until the 

scheduled repair casting.  

3.1.3  Repair Mortar  

In order to represent aged infrastructures, the author opted to allow the substrate to age 

beyond 28-days. The repair mortar was cast when the substrate specimens were 10 weeks or 70 

days old. 24 hours prior to casting, the substrate batch was removed from the curing room and 

allowed to dry in standard laboratory conditions. The goal was to achieve specimens which were 

dried-back from a saturated surface dry condition at the time of repair application, as indicated in 

[41].  The specimens were cleaned with compressed air and carefully inserted into lightly oiled 
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cylindrical molds to avoid contamination of the interface with any oil. Normal strength plain 

mortar and normal strength fiber reinforced mortar were used as the repair material.  During casting 

of the mortars, dry material was first mixed to allow for distribution of materials before adding 

water.  For the fiber-reinforced batches, steel fibers were incrementally added once the initial plain 

mortar was well mixed. In a similar fashion to the substrate, the repair mortars were placed in three 

separate layers on top of the substrate, cast in a vertical direction. After each layer the material was 

tamped 25 times and vibrated for 30 seconds. The repair material was much more flowable than 

the substrate. After the third and final layer the specimens were rolled and levelled, and 

subsequently covered with a polyethylene sheet for 24 hours in standard laboratory conditions. 

The specimens were carefully demolded the next day and placed in the humidity-controlled curing 

room to await testing. Extra attention was given to the particularly delicate wirebrushed specimens, 

in order to avoid interface damage and specimen breakage during the demolding process. Prior to 

testing, the repair portion of the specimens were also grinded as required. 

   

Figure 5: (a) Careful Insertion of Substrate into Mold prior to Repair Casting; (b) Demolded Specimens 

(a) (b) 
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3.2 Roughness Quantification 

In advance of repair layer casting, the roughness profile of each of the substrate specimens 

was quantified using 2D laser profilometry with a Microtrack 3 Laser Scanner. The substrate 

specimens were fixed in front of and perpendicular to the laser unit, within an appropriate optical 

range. The laser was fixed on a plate attached to a linearly translating rod at the slowest speed 

setting, adapted from a traditional fiber pull-out set-up. The profilometry set-up is presented in 

Figure 6. A single profile line along the entire interfacial length of each the specimens was captured 

by the translating laser which would record the depth of the point of the profile from the laser. 

Therefore, the peaks of the profile were characterized by the minimum values of the laser depth 

and the valleys of the specimen profile were characterized by the maximum values of the laser 

depth. Data was acquired at a rate of 100 samples/second and will be used for surface roughness 

quantification using the methods discussed in Section 2.2.1.1. A single line of quantification was 

selected for all specimens to ensure consistency of surface preparation methods instead place of a 

more rigorous profile quantification of a select few representative specimens. 

 

Figure 6: Laser Profilometry Set-Up for Roughness Quantification 
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3.3 DIC Preparation 

 Before slant shear testing may commence, a stochastic pattern must be applied to the 

surface of the specimens to engage Digital Image Correlation software via appropriate groupings 

of pixels in greyscale. A stochastic pattern was applied to the front surface of the cylindrical 

specimens in the form of spray paint speckling. First, a layer of white matte spray paint was applied 

to create an even base with maximum contrast. Next, using a ñspecklingò technique with black 

matte spray-paint, a stochastic pattern is applied to the surface of the specimen. A failed specimen 

with a clearly defined stochastic pattern via speckling is shown in Figure 7(a). Based on the 

literature, the camera is installed 1 ï 2m from the specimen with consistent illumination of the 

specimen surface[36]ï[39]. As such, the high-frequency camera used for acquisition of DIC 

sequences was set-up approximately 1 meter from the tested specimen, directly behind a LED 

work light tripod for surface illumination as shown in Figure 7(b). Complying with laboratory 

safety protocol, the camera was required to be installed behind a clean, translucent safety screen. 

DIC camera set-up remained consistent for all testing protocols.  

   

Figure 7: (a) Slant-Shear Specimen with Stochastic Pattern Applied with Speckling; (b) DIC Set-Up 

(a) (b) 



30 

 

3.4 Testing Program 

The testing program consisted of three testing protocols: monotonic, fatigue, and cyclic. 

The monotonic tests were completed first in order to establish a baseline/control failure envelope 

and provide appropriate limits for fatigue and cycling. Due to campus-wide facility limitations, the 

fatigue tests were started approximately 1.5 months after completion of the monotonic, with the 

longer duration cyclic tests started immediately after completion of fatigue tests but spanning a 

duration of over 2 months. 

2D Digital Image Correlation using a high-speed camera was used to investigate strain 

patterns around the specimen interface prior to failure for all testing protocols. A third party DIC-

oriented image acquisition software, GOM Snap, was used to capture and store the images at a 

high frequency during the tests. Exposure settings for image acquisition remained constant for all 

specimens to ensure comparable strain results.  

3.4.1 Monotonic Testing Protocol 

The monotonic tests followed the ASTM C882 protocol for testing the bond strength of 

composite systems by slant shear [18]. Specimens were loaded in a compression-faced Baldwin 

Machine at a load-controlled rate 0.250 MPa/second until failure. The peak loads were recorded, 

allowing for evaluation of normal and shear stresses based on specimen orientation. Based on the 

loading rate of 0.250 MPa/s, specimens were loaded at 66 kN/min and 45 kN/min for the 30° and 

25°/20° specimen orientations, respectively. A minimum of three replicates for each orientation 

and material type were tested monotonically. Monotonic tests were used to generate a baseline for 

fatigue and cyclic test load limits.  
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3.4.2 Fatigue & Cyclic Testing Protocol 

Design of the fatigue and cyclic testing protocol was primarily adapted from a shear push-

off test investigation involving high amplitude and low amplitude cycling of reinforced interfaces 

by Figueira et al [24]. This literature outlined a ñLow Amplitudeò protocol cycling between 5% 

and 60% of the monotonic push-off strength and a ñHigh Amplitudeò protocol cycling between 

5% and 80% of the monotonic strength. Modifications to the cited protocols were based on, first, 

the brittle nature of unreinforced slant shear interface examined in the current investigation, and 

secondly, the limitations of the Baldwin Machine employed for testing such as frequency and load-

control. The testing protocols were also developed in conjunction with the discussions and 

guidelines presented in Section 2.5, namely regarding number of cycles and appropriate loading 

rates and functions.  

The load limits on the fatigue tests were selected as a minimum load of 15% of the peak 

monotonic slant shear load (failure load) and a maximum of 55% of the monotonic load. Fatigue 

specimens were loaded to 1000 cycles between these limits using a modified sinusoidal wave 

function maintained in uniaxial compression at a frequency of 0.5 Hz (1 cycle per 2 seconds) in 

the Baldwin Machine under load control. The frequency of these tests is adapted from previous 

fatigue investigations in the literature but was limited by the static nature of the Baldwin machine 

as well the load-controlled nature of the data acquisition. Fatigue discussions include total cycle 

numbers ranging from 1000 up to several million, with the latter typically implementing dynamic 

based testing equipment. The load limits on the cyclic tests were selected as a minimum of 10% 

and a maximum load of 75% of the peak monotonic slant shear load. These tests involved a 

standard ramping function between the load limits, at a rate adopted from ASTM C882 of 0.25 

MPa/second, consistent with the monotonic loading rate. The cyclic tests involved loading of the 




