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Abstract

Concrete structures are severely susceptible to degradation as a result of mechanical or
environmental processes. In most cases, retrofit is the only available option because reconstruction
of the deteriorated structure is neither a feasible nor financially practical option. The overall
performance of a repaired structure is highly dependent on the properties of its interface, which is

the weakest part of the system.

Fiber reinforced concrete (FRC) is a recognized repair material, however, there are still some
knowledge gaps including lack of comprehensive understanding of the synergistic effects of fiber
addition and surface preparation on composite structure, long-term behavior and durability of

interfaces, and lack of standard design equations for concrete-FRC interfaces.

In this study, synergistic effects of different fibers at various volume ratios and surface preparation
on failure mechanism, bond strength, and crack growth resistance of concrete-FRC interfaces is

investigated under Mode-1 loading regime.

Based on experimental data, design equations are proposed for concrete-FRC interfaces under
Mode-1. These models address tensile strength and crack growth resistance of concrete-FRC
interfaces encompassing various variables including surface preparation, type of repair material,

and ductility of substrate and repair layers.

Furthermore, the micromechanical properties of concrete-FRC interfaces are studied and the
impact of fiber addition and curing condition on microhardness, porosity, durability, and water
absorption of composite structures is assessed using micro-indentation, scanning electron

microscopy (SEM), and micro-computed x-ray tomography (CT-scanning) techniques.



Results indicate that there is a strong relationship between surface treatment, fiber content, and
composite mechanical behavior. Fiber addition and improved surface treatment enhance response
of composite systems in Mode-l. Semi-empirical models exhibit saturating trend between
mechanical response improvement and surface preparation/fiber content. Moreover,
micromechanical results indicate effectiveness of fibers in mitigating pre-loading and shrinkage

damages.

In conclusion, FRC can be considered as a promising repair material for repair of deteriorated
concrete structures. It can effectively mitigate pre-loading damages as well as mitigating failure
under tensile stresses leading to improved mechanical performance and durability of repaired
systems. Suggestive models can be employed for numerical simulations and can be used by

practitioners for design purposes and to predict composite response of repaired structures.



Lay Summary

Over time, concrete infrastructures start to deteriorate mainly due to mechanical loads and
deteriorating mechanisms. These degraded structures need to be enhanced before losing their
functionality. To have a sustainable repaired system, not only the maximum load bearing capacity
of the structure needs to be addressed, but also its durability. Various characteristics of FRC-
concrete interfaces are investigated using tensile tests, capillary absorption, micro-hardness, SEM
and CT-scans. Effectiveness of FRC in mitigating pre-loading damages and improving tensile
behavior is demonstrated and the role of surface preparation, ductility, and properties of repair
material on composite response is addressed in proposed semi-empirical models. Results indicate
that FRC is an assuring repair material capable of enhancing load bearing capacity, improving
crack nucleation and propagation resistance, and mitigating pre-loading damages. Proposed design
equations can be used by practitioners in the field. They can also be employed in numerical

simulations of composite elements.
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Chapter 1: Introduction

1.1 Statement of the problem

Concrete is the most popular construction material around the world, used in various structures
from bridges and dams to schools and hospitals due to its availability, formability, and low cost
[Collin, 2014]. However, concrete has shortcomings as well. Concrete structures are highly
vulnerable to deterioration from both mechanical and environmental means. The most important
defects of concrete are low load bearing capacity, specifically under tension, and low durability.
Moreover, concrete as the second most widely used material [Crow, 2008], accounts for 5-8% of
global carbon dioxide emissions equivalent to 1.75-2.8 billion tonnes per year [Worrell et al.,
2001]. These emissions are caused by calcination process (50%), burning fossil fuels (40%), and
transportation (10%) [Schaefer et al., 2018]. Although load bearing capacity of concrete has been
addressed in various research works, comprehensive investigations have not been conducted on
the durability of concrete structures, which is highly important in terms of long-term behavior,

sustainability, and controlling carbon emissions.

A remarkable amount of concrete infrastructure is in growing need of rehabilitation, retrofitting,
repair, and rebuilding. From a survey undertaken by McGill University and the Federation of
Canadian Municipalities (FCM), and the report of the Canadian Society of Civil Engineers,
Canada’s municipal infrastructure deficit has been increased from CAN $44 billion in 1996 to
CAN $60 billion in 2006 [McGill-FCM, 1996] [Mirza, 2006]. In United States, the American
Society of Civil Engineers (ASCE) launched four consecutive detailed surveys of selected
infrastructures categories from 1998 to 2005 [ASCE 1998, 2001, 2003, 2005]. The surveys

investigated each category in all states. Their summarized results can be observed in Table 1.1.



Generally speaking, the overall condition for any specific infrastructure category either did not
change remarkably or was downgraded from 1998 to 2005. While the average infrastructure grade
was C in 1998, it changed to D in 2005, where projected 5-year needs boosted from US $ 1.0

trillion in 1988 to US $1.6 trillion in 2005.

It should be noted that an astonishing 79% of infrastructure in Canada is already beyond its
expected service life [CSCE 2003]. All these deteriorated structures are in urgent need of
maintenance and rehabilitation. Figure 1.1 depicts a qualitative relationship between the
degradation of infrastructures in Canada and the level of maintenance, where maintenance cost is
expressed as a percentage of the facility cost [Mirza, 2004]. Level of performance is scaled from
0 to 1, where 1 is perfectly functional structure. The higher the level of maintenance, the better
performance during expected service life. If maintenance is neglected (0% maintenance), the
structure needs to be replaced in 45 years. This increases to more than 60 years if equivalent to
1.5% of facility cost is dedicated to structure maintenance. Failure to properly address deteriorating

structures will lead to an unsustainable infrastructure system.



Table 1.1: Summary of USA infrastructure survey findings [Mirza, 2006]

1988 1998 2001 2003 2005
Infrastructure category evaluated
Aviation B- C- D - D+
Bridges C+ C- C — C
Dams — D D — D
Drinking water B- D D — D-
Energy — — — — D
Hazardous waste D D- D+ — D
Navigable waterways D+ — D—
Public parks and recreation D C-
Rail — — — — C-
Roads C+ D- D+ — D
Schools F D— — D
Security — — — — I
Solid waste C- C- C+ - C+
Transit C- C C- — D+
Waste and Energy — — D+ D —
Wastewater C D+ D — D-—
Water resources B — — — —
Infrastructure GPA C D D+ D+ D
Total investment needs (CANS$ trillion)? 1.0 1.3 1.3 1.6 1.6

Note: Adapted from ASCE (1998, 2001, 2003, 2003). Grading criteria: A, exceptional (90%—100%); B, good
(80%—89%); C, fair (T0%-T9%); D, poor (41%—69%); F, inadequate («<40%); —, condition remained un-
changed; 1, insufficient information. The 1988 data, for comparison, are from NCFWI (1988).
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Figure 1.1: Qualitative degradation versus time for different levels of maintenance [Mirza, 2004]

In order to extend the service life of deteriorating reinforced concrete structures, and to ensure

safety in case of increased loading demand, interventions of repair and rehabilitation have become



of frequent practice worldwide. The annual cost of concrete repair in the United States is between
$18 billion and $21 billion [Vision 2020, 2016]. In Europe, 50% of the construction budget is spent
on maintenance, strengthening and repair [Tilly and Jacobs, 2007]. Since concrete production
skyrocketed after the second world war, the number of concrete structures today which have

significantly deteriorated is high and will continue to increase.

Unfortunately, there are many gaps in the state of knowledge of repair and rehabilitation of
concrete structures. For instance, many previously repaired structures are suffering from a lack of
durability. There is lack of comprehensive knowledge of failure mechanism of repaired systems
both in macro and micro scales, and there is no standard design equation for repairing concrete
structures. Research studies indicate that in Europe, 20% of the repairs failed within 5 years, 55%
within 10 years, and 90% within 25 years [Tilly and Jacobs, 2007]. In the United States, almost
50% of the repairs fail to exhibit a satisfactory performance [McDonald et al, 1985]. Poor
compatibility (shrinkage, thermal, mechanical etc.), cracking, and debonding of the repair material
are some of the most common contributing factors. In order to solve these problems, better

understanding of composite behavior of cementitious materials is required.
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Figure 1.2 Anatomy of concrete repair [Emmons, 1994]

In a repaired system (Figure 1.2), the interface between the concrete substrate and the new repair
layer is typically weaker than the materials on either side [Zanotti et al., 2018]. Due to this
weakness combined with stress concentrations (emphasized where there is poor substrate-repair
compatibility), the interface is much more vulnerable to cracking and failure. As a result, the
performance of repaired systems and, thus, their safety and durability, are highly dependent on the
properties of the interface [Sadowski, 2017] [Sadowski and Stefaniuk, 2017] [Courard et al., 2014]

[Xiong et al., 2002] [Sadowski et al., 2017].

There are various repair and rehabilitation techniques used for concrete structures; among them,
using Fiber Reinforced Concrete (FRC) as a repair layer is recognized as a promising option
[Banthia et al., 1994]. Microfibers are able to improve durability of concrete [Barkhordari et al.,
2017] [Banthia et al., 2014] [Bentur and Mindess, 2007] [Qi et al., 2003]. These benefits become

even more relevant in repaired structures, where fibers can help to improve compatibility between



old and new layers or, at least, reduce the extent of damage arising from poor compatibility e.g.
shrinkage or thermal gradients [Banthia et al., 2014] [Banthia and Gupta, 2006]. As a result, FRC

is chosen as the repair material in this study.

Previous studies have shown that FRC can be beneficial to concrete bond. However, earlier
research on concrete-FRC bond mostly focused on bond strength only and the effect of different
fibers added to repair layer on the micromechanical behavior of concrete-FRC interfaces is not
well-addressed in existing literature. Overall, the data available is too limited and thus no general
conclusions can be drawn nor can some standard equations accounting for the FRC effect be developed
as there is a lack of comprehensive knowledge on the influence of various controlling factors on

interfacial failure modes

The study presented here is a description of the research works done as a PhD thesis on “Failure
characterization of the interface between concrete substrates and fiber reinforced concrete repairs”
which is a subproject of a larger project known as “Durable Repair of Concrete Structures”. This
research work is a continuation of previous studies done under Dr. Zanotti’s supervision in the
UBC Civil Engineering Materials Lab during the last 5 years on failure of concrete-FRC repaired
systems. In this PhD thesis various macro and micro scale properties of concrete-FRC interfaces
are investigated. Knowledge gained through experimental study culminated in a proposed design

equation for concrete-FRC composite systems.

1.2 Objectives
By means of experimental and analytical tools, this study aims to gain a better understanding of
concrete-FRC interfaces. Considering that the performance of composite specimens is affected

both by material properties, as well as environmental conditions, various repair materials are to be



studied under different environmental and loading conditions. The main objectives of this PhD are

as follows:

1. [Investigate the role of metallic (steel) and synthetic (Poly-Vinyl-Alcohol (PVA)) fibers at
different volume ratios (0-1%), as well as the effect of surface preparation and morphology
(attained by sandblasting) on failure mechanisms, bond strength, and crack growth
resistance of concrete-FRC composite systems in Mode I.

2. Develop a semi-empirical model to describe the failure of concrete-FRC interfaces under
Mode-1 that could be adopted by standards and codes for structural design as well as by
concrete engineers to design their FRC repair material with the scope to optimize bond and
durability.

3. Transitioning from the macroscale to the microscale and evaluating the micromechanical
properties of concrete-FRC interfaces and the effectiveness of steel and PVA fibers in harsh

environmental condition.

1.3 Methodology and Outline of the Thesis

It is a significant undertaking to investigate all of the known factors that govern damage
development and failure of concrete-FRC interfaces. Some parameters were covered in previous
studies such as the influence of water/cement ratio, the influence of substrate saturation level, and
the influence of supplementary cementitious materials [Lukovic, 2016]. Thus, the general
approach is to evaluate selected parameters of primary interest and to leave other variables

unchanged.

This study can be divided into three main sections dealing with characterization of repair materials

and investigation of the effect of microfibers and surface preparation on failure of concrete-FRC



interfaces in mode-1, modelling the failure of concrete-FRC interfaces in mode-I and developing

a design equation, and microscale characterization of concrete-FRC interfaces.

For the first part of the study (Chapter 3 of this thesis), two different classes of tests are conducted.
The first set of the tests (monolithic specimens) are dedicated to study of the pure material
properties, effectiveness of fibers, and the failure behavior of different repair mixes. The ideal
repair material exhibits high performance, ductile behavior under tension, and high ultimate stress
capacity [Zanotti et al., 2014b]. It also needs to meet certain service condition requirements, to be
durable, easily accessible, and affordable [ACI 563, 2018]. In the second set of the tests, the
previous materials are applied directly to sandblasted substrate surface, as a repair layer, in order
to investigate the composite behavior of concrete-FRC systems. The substrate mix design and
curing regime are consistent for all specimens, while repair mix design and surface preparation are
subject to change. Various fibers at different volume fractions are used in both monolithic and
composite (substrate-repair) specimens. The Mode-I failure of repair materials and the concrete-
FRC interfaces is investigated at the macroscale using Contoured Double Cantilever Beam
(CDCB) tests. Through analysis of the full load-displacement curve of the failed specimens, not
only maximum load bearing capacity under Mode-I loading regime, but also crack nucleation and
crack growth resistance of interfaces are studied. Mechanical properties and ductility of substrate
and repair are evaluated based on splitting, compressive and modulus of elasticity tests. It needs
to be highlighted that the goal is not to develop a perfect repair material which can be used in all
conditions. The main goal of this chapter is to cover knowledge gaps and to study complex
interactions among different factors so as to enable informed development of FRC repairs. A part
of this work has been published in the Journal of Applied Sciences, Special Issue on Fiber

Reinforced Concrete, [Kabiri Far and Zanotti, 2019].



The next stage of the research (Chapter 4 of this thesis) deals with developing a standard equation
for characterizing Mode-I bond failure of concrete-FRC composite systems taking into account
the most important variables including surface roughness, incompatibility between two layers, and
characteristics of repair overlay. CDCB tests are used for load bearing capacity and crack growth
resistance of both monolithic and composite specimens. Surface preparation is quantified by means
of 2D and 3D laser scanning. Ductility of substrate and repair layers is investigated by
compressive, splitting, and elastic modulus tests. Various regression models are employed to
investigate the relation between variables and output and suggestive design equations are
proposed. The outcomes of this chapter are expected to be useful for predicting the performance

of repaired systems in the future.

The last section (Chapter 5) deals with the characterization of micro-properties of selected repair
mix designs based on the results of the previous work. The complexity of concrete microstructure
comes from both the binder phase and the aggregate-binder interfaces. In the case of repaired
systems, the interface between substrate and repair layers further contributes to the complexity of
the system. This interfacial transition zone (ITZ) is the place for the nucleation of the first
microcracks because of its weakness and complex stress state. Micromechanical properties such
as micro-hardness is determined using micro-indentation tests. Porosity and pore-connectivity are
investigated by means of micro-computed x-ray tomography (CT-scanning). Capillary water
absorption is studied by employing gravimetric absorption tests. Finally, the micro-features of
repair and substrate layers, as well as the interface are investigated based on scanning electron

microscopy (SEM).



Chapter 2: Literature Review

This chapter provides required background information on main subject areas relevant to this
thesis. Firstly, quantification methods for bond strength, which requires comprehensive knowledge
of various bond evaluation techniques, are reviewed. Then advantages of fiber reinforced concrete
as a repair material, which requires familiarity with fibers’ behavior in cementitious materials and
cementitious interfaces, are discussed. Moreover, fracture behavior of cementitious materials and
interfaces is reviewed. Finally, previous efforts on micro analysis and modelling interfacial bond

of cementitious interfaces are discussed.

2.1 Test Methods for Evaluation of Concrete-Concrete Bond

In order to have functional and durable composite cementitious systems, development and
maintenance of a sound bond is necessary. The interface must maintain its integrity and strength
to be able to endure imposed stresses as well as degradation processes. Reliable test methods are
required for assessment of failure modes and quantification of bond between new and old concrete
layers. Employing suitable quantification techniques is quite important for an understanding of the
load transfer mechanisms in structures subjected to repair and retrofit. To have a durable repair,
the two layers should have a sufficiently strong bond to prevent delamination and avoid ingression
of contaminants such as chloride. The measured bond strength is highly dependent on the test
method. Some of test methods report inflated values. There are many different test methods to
study the bond between concrete layers, but most of these methods are only appropriate for

laboratory tests.

Numerous studies have been devoted to the bond characterisation of cementitious composite

systems, focusing on either suitability of tests or their comparability. An ideal testing method
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should have a convenient setup, provide reliable and comprehensive output, simulate site
conditions, induce stress states typical of service, evaluate in-situ bond strength, and have a wide
range of applications [Momayez et al., 2005]. Some test methods are more common due to their
simplicity such as the pull-off test. Figure 2.1 shows various test methods for evaluation of
interfacial bond strength. These test methods can be categorized based on the state of stress
imposed on the interface and failure mode. Tensile and shear bond tests are two main types of

bond strength tests.
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Figure 2.1: Different test methods to study interfacial bond strength a) Pull off test carried out in the
lab, b) in-situ pull off test, c) in-situ torsion test, d) slant shear test, e and f) direct shear tests, g) wedge
splitting test, and h) guillotine test [Silfwerbrand, 2003]

2.1.1 Tensile Bond Tests

Tensile tests are increasing in popularity, however, performing a reliable tensile test is complex
and time consuming. Tensile bond testing techniques can be divided into direct and indirect tests.

In the direct tensile tests, the tensile load is transmitted to the concrete by glued metal or grips and
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failure occurs on a plane perpendicular to the axial load, e.g. pull-off test and direct tensile test
(Figure 2.1 a & b). Eccentricity can cause significant error in direct tensile tests. The other type of
tensile test is indirect, such as the flexural test and the splitting test. The main governing factors
for any tensile bond test are material properties, surface preparation, geometry, load axiality, and

incompatibility of the two adjacent layers.

Pull-off Test

This is the most common bond test used on site [ASTM D4541]. This test can be carried out in the
laboratory, to study material characteristics and failure modes, or in-situ for quality control. A core
is drilled through new and old concrete layers and then the core is loaded in tension either by
gluing steel pates to the core, by means of a suitable epoxy adhesive, or by friction grips clamping
around the core (Figure 2.2). Disregarding eccentricity, the failure load is the pure tensile load
bearing capacity. After carrying out the test, the failure mode needs to be carefully investigated to
see if interfacial bond strength or material strength is measured. Three different failure modes can
be identified, namely interfacial, cohesive material, and combined. Failure at locations other than
the interface is known as cohesive failure of the overlay/substrate. Such failure indicates that the
strength of the interface is greater than the failed material. In this case, the measured strength value
is a lower bound of the bond strength. This testing method is highly sensible to instrumental
parameters, load axiality and eccentricity, drilling-induced damage and related stress disturbances,
and inaccurate gluing of the steel plate [Chmielewska et al., 2003; Austin et al., 1995]. Load
eccentricity depends on normality of the core drilling and accuracy of locating the metal dolly on
top of the core. In addition, the drilling depth of the core beyond the interface and into the substrate,
as well as the thickness of repair layer influence the results. The effect of different geometries was

addressed in an elastic finite element analysis run by Austin et al. [1995]. Smaller core diameter
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leads to increased ratio of cut surface area to volume, as well as increased intensity of damages
occurring during drilling process. Hence, pull-off strength is expected to decrease by reducing core
diameter. Moreover, it is expected that increasing drilling depth exacerbates core damage due to
the vibration. Very shallow drilling depths, on the other hand, can also deliver increased bond
strengths. The effect of the loading rate on the pull-off strength is addressed by Bonaldo et al.,
suggesting that there is a trend of increasing pull-off strength corresponding to an increased rate

of loading [2005].

Loading frame

Dial readout
connected
to the pump

Repaired concrete

Core

Figure 2.2: Pull-off test setup [Beaupre, 1999]

Other Tensile Tests

Splitting test or Brazilian test is one of the most common indirect tensile tests. It was first proposed
by Japanese researchers [Akazawa, 1943] and later modified in Brazil [Carneiro and Barcellos,
1949]. This test method consists of a cylindrical specimen that is subjected to a diametral
compressive force along its length [ASTM C496]. This technique was later used for tensile bond
assessment of composite cylinder and prism specimens [Ramey and Strickland, 1984]. Since the

areas of load application are in a state of triaxial compression, they can withstand much higher
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compressive stresses than uniaxial compressive strength. Hence, tensile failure happens before
compressive failure (Figure 2.3). This test can be employed either for laboratory specimens or in-

situ drilled cores.
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Figure 2.3: Setup and stress distribution of splitting test representing the difference between
magnitude and pattern of compressive versus tensile stresses [Nilson, 1961]

The other type of indirect tensile tests is the flexural method. For example, Abu-Tair et al.’s
modified modulus of rupture (MMOR) test to evaluate bonding under tensile stresses. It is been
shown that MMOR is a useful and reliable indicator of repair effectiveness in tension. However,
MMOR is sensitive to changes in repair materials. Moreover, the test suffers from low efficiency

due to small bonded interface compared to the specimen volume [Abu-Tair et al. 1996].

The other indirect tensile test is the wedge splitting method (Figure 2.1 g). This method was first
developed by Tschegg for fracture analysis of concrete [1991]. Later, it was used for determination
of fracture properties of the cementitious interfaces [Tschegg et al., 2000]. During this test, notched
cubic or cylindrical specimens are split using a wedge splitting device and the load-deformation
curve is measured until full material separation occurs. The main advantage of this test setup is
possibility of obtaining fracture properties of the specimen. This method is explained more in detail

in the methodology for this chapter.
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2.1.2 Shear Bond Tests

Bond strength is not routinely quantified in a pure shear stress state. A pure shear stress state can
be evaluated as a combination of corresponding axial stresses occurring at 45° to the shear plane,
where failure depends on the relative values of compressive and tensile strength and the bond
strength. For cementitious materials as tension-weak brittle materials, the compressive strength is
much higher than tensile strength and under shear stress, failure is most likely governed by tensile
cracking rather than shear slipping. In other words, failure load is an indication of tensile strength,
rather than shear strength. In case of a smooth interface, there is not any extra mechanical interlock
and the shear failure line can pass along the bond interface. In this case, measuring true shear bond
strength is more probable. In case of rough surfaces, however, there is a mechanical interlock from
the uneven surface resulting in remarkable tensile cracking contribution (Figure 2.4) [Austin,
1999]. Shear bond tests can be divided into pure shear methods, e.g. mono-surface and bi-surface

methods, and combined shear and axial stresses, e.g. slant shear test.

Tensile material failure
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Figure 2.4: Interfacial failure under shear load [Austin et al., 1999]
Slant Shear Test
This is one of the most common bond strength evaluation techniques in which the interface is

subjected to combined state of compression/tension and shear stresses [ASTM C882]. This test
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method is only useful for laboratory investigations and can not be used on site. This test was first
introduced as “Arizona Slant Shear Test” by Kreigh [1976] and later modified by Tabor [1978].
The test specimen is a composite cylinder with a diagonal bonded plane at an angle of 30° (Figure
2.1d). The test is still employed for characterization of repair materials, but the method has several

shortcomings, as follows.

Firstly, the failure strongly depends on the angle of the interface [Austin et al., 1999]. In the
standard test setup, the angle of the plane is fixed, which hinders the possibility of achieving
different failure planes (where there might be a more significant stress combination). Based on
Coulomb theory, the maximum load of failure depends on the angle of the interface. There is also
a critical angle, which is the inclination at which the stress corresponding to bond failure is
minimum, for each surface roughness. Austin et al. developed an analytical method to quantify the
critical angle [Austin et al., 1999]. Figure 2.5 depicts ratio of the failure stress to the adhesion
strength versus angle of bond plane. It can be observed that the critical angle tends to decrease as
surface roughness increases. The critical bond angles corresponding to smooth, medium rough,
and rough surfaces are 27°, 23°, and 19° respectively. This means although the failure stress
corresponding to smooth surface is close enough to the minimum failure stress, the failure stress
for a rough surface with an interface angle of 30° is much higher than the minimum stress at the
critical angle of 19°. In other words, by keeping bond angle constant and increasing surface
roughness, failure mode switches from bond failure to compressive failure of either repair or

substrate layer.
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Figure 2.5: Influence of surface roughness on critical angle [Austin et al., 1999]

Secondly, the test is rather insensitive to surface preparation and surface roughness [Austin et al.,
1999]. While the test is able to capture bond strength increases for smooth surface and rough
surfaces, it can not appropriately address corresponding changes for various roughness levels.
Moreover, higher roughness might affect failure surface, in that case, failure and bond surface are
no longer the same. This insensitivity to roughness can be mitigated by employing tensile slant
shear test, in which specimens are subjected to a combination of tensile and shear stresses. This
test procedure was first introduced by Chestney [1996]. This methodology produces a different
but still a realistic stress state, e.g. in repairs to beams, which provides a more comprehensive
picture of bond characteristics.

Additionally, in case of compressive slant shear test, the compressive stress increases friction and
interlocking mechanisms at the interface leading to greater bond strengths. This means that even
for weakly bonded interfaces, the slant shear test might give high bond strength [Neshvadian,
2010]. Lastly, slant shear test is highly sensitive to elasticity mismatch. This is mainly due to extra

stress concentration at the interface which acts as additional shear stress at the interface. In
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addition, it might develop some load eccentricities which can result in a lower failure load [Austin

etal., 1999].

Modified Slant Shear Cylinder Test (MSSCT)

In order to address the issue of changing critical angles, Zanotti et al. proposed a variable bond
angle approach for slant shear test method, known as modified slant shear test [Zanotti et al.,
2014b]. Two additional bond plane angles were employed (o = 20° and 25°), in addition to the
standard inclination angle (« = 30°) (Figure 2.6). Having data for three different test setups allows
inherent bond properties (cohesion and internal angle of friction) to be quantified. This approach

is quite helpful to eliminate the effect of bond angle.
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Figure 2.6: Geometry of cylinders for modified slant shear test [Zanotti et al., 2014b]

Twist-off Test

Most shear test methods have one common disadvantage: test specimens need to be prepared in
the laboratory. In other words, most accepted shear test methods can not be conducted on site.
Silfwerbrand proposed a new method which can be employed in-situ [Silfwerbrand, 2003]. The
test specimen is the same as pull-off test specimen. However, the core is subjected to torsional
moment rather than a tensile force (Figure 2.1 c). The steel plate is glued to the drilled core and a
torsional moment is applied to the core. Failure shear stress can be derived from the maximum

torsional moment. Similar to the pull-off method, the failure mode needs to be investigated

18



thoroughly to see if the failure value corresponds to the interface failure or material failure. It can
be expected that tensile cracks develop at the periphery of the bond plane, however, because of
high tensile strengths of substrate and repair layers, microcracks do not propagate into the repair
or substrate layers. Instead, microcracks propagate moderately into the bond plane until failure
occurs.

One possible source of error for the twist-off test is development of normal forces when running
the test due to poor workmanship. It is also important to note that in some studies, almost none of
the cores showed failure at the interface [Silfwerbrand, 2003]. This suggests that test geometry is
not appropriate for the applied forces. In another study, Neshvadian suggested that based on the
failure envelope of concrete, as a brittle material, failure under pure torsion occurs on an inclined
plane rather than on a plane perpendicular to the axis of torsion [Neshvadian, 2010]. Hence, it
would be better to have an inclined interface surface which can lead to more interfacial failures

and less error.

Other Shear Tests

The simplest shear test setup is called a mono surface shear test (Figure 2.1 e) in which forces are
applied parallel to the bond plane causing shear stress at the interface. This test is vulnerable to
extra moment caused by shear forces and load eccentricity. This flaw led to the development of
the Push-out Specimen Method [Chen et al., 1995]. Having three forces in two different directions,
eliminates the adverse impact of extra moments (Figure 2.1 f). This test, however, does not
represent the real condition of repaired systems as such specimens contain two parallel interfaces.
In addition, the interface is exposed to small bending moment and tensile stresses caused by tiny
eccentricities between applied load and support points which results in lower bond values [Zanotti

etal., 2019]. The Guillotine test method eliminates the problem of extra moments as test specimens
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do not have two interfaces (Figure 2.1 h). This test takes advantage of a long span rather than a
large extra force to counteract the effects of additional moment. In this way, vulnerability of test
specimen to material shear failure decreases. This test method can be used for both on-site cores

and laboratory specimens.

2.1.3 Fracture Bond Tests

Fracture behavior is the other fundamental aspect of repaired systems. As mentioned above, crack
growth resistance is a fundamental aspect governing long-term behavior of the cementitious
repaired systems. Fracture tests are those carried out on specimens with notches or initial cracks.
These tests can be performed under various loading configurations. Tests involving opening or
tensile displacements are called mode-1 tests, e.g. wedge splitting test. The ones which involve
opening displacement and shear (sliding) displacements are called mixed mode tests. Considering
the complexity of mixed mode tests and low tensile strength of concrete, mode-I tests are preferred
[Gettu et al., 1996]. The resulting load-deformation curve provides required information for

evaluation of concrete fracture.

Several research works are dedicated to the development of testing methods for fracture
characterisation of concrete and FRC as well as cementitious interfaces. These include Jenq and
Shah’s research on concrete fracture testing methods [Jeng and Shah, 1989], a study on testing
methods to determine fracture energy of concrete by Rokugo et al. [1989], Tschegg’s proposed
method for fracture tests on concrete [Tschegg, 1991], Elser and co-workers’ study of fracture
behavior of FRC under biaxial loading [Elser et a., 1996], the investigation by Banthia and
Nandakumar on crack growth resistance of hybrid fiber reinforced cement composites [Banthia

and Nandakumar, 2001], and a recent study on fracture characterisation of FRC-concrete interfaces
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by Zanotti et al. [2014]. Fracture bond tests are further explained in the methodology section of

this chapter.

2.1.4 Comparability of Bond Tests

Different test setups give different bond values because of different modes of loading, specimen
sizes, loading rates, etc. Various studies have focused on developing a relationship between
different test methods. Delatte et al. investigated tensile and shear bond strengths of high-early-
strength bonded overlays [Delatte et al. 2000], employing direct shear and pull-off test methods.
Their results indicate that shear bond strength is approximately twice the value of tension bond
strength. In another study, pull off and torsion tests were employed to investigate tensile and shear
bond strength of concrete overlays, respectively [Silfwerbrand, 2003]. Results suggested that shear
bond strength is much higher than the tensile bond derived from the pull off and torsion tests.
Additional research work was concerned with comparability of pull-off, slant shear, splitting prism
and bi-surface shear tests [Momayez et al., 2005]. The highest bond strength was achieved with
the slant shear tests, mainly due to the high compressive stresses, followed by bi-surface shear
tests, splitting tests, and pull-off tests. The authors suggested that the pull-off test provides the
most conservative bond measurements as it is not affected by friction or any other extra force
[Momayez et al., 2005]. They concluded that in the case of cementitious materials, the most
conservative results correspond to tensile tests. In a more comprehensive study, Zanotti and Randl
investigated the comparability of slant shear, push out, direct splitting, and pull off tests [Zanotti
and Randl, 2019]. In their study, size effect and test geometry were addressed as well. It was
suggested that specimen geometry affected bond values, as well as failure modes. The smaller the

specimen, the higher the bond strength. Their study also found that shear bond strength obtained
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from push-out tests were lower than the ones derived from slant shear tests. Finally, for each shear

bond test setup, a constant cohesion-tensile bond ratio was derived [Zanotti and Randl, 2019].

2.2 Introduction to Fiber Reinforced Cementitious Composites

Using fibers to strengthen cementitious materials that are much weaker in tension than in
compression dates back to ancient times. Asbestos cement was the first widely employed
composite cementitious material, developed in 1900 [Li, 2011]. Since then, various types of fibers
have been used in fiber reinforced cementitious composites (FRCC) including steel, glass, carbon,
cellulose, etc. In recent decades, the popularity of fiber reinforced concrete has increased
remarkably, due to the capacity of fibers to improve concrete’s mechanical behavior and durability,
as well as improving cementitious interfaces. FRCCs are cement-based composites with integrated
fibers, mainly short and discontinuous. The goal of research on FRCC is to improve tensile strength
by transferring stresses and loads across the cracks, as well as enhancing energy consumption
capacity or toughness of the plain cement-based composites by providing energy absorption
mechanisms related to the debonding and pull-out of the fibers [Li, 2011]. Fibers help both by
mitigating crack propagation, and by improving the mechanical properties of the plain material
[Zanotti et al., 2014]. Other advantages of adding fiber to concrete are enhancing impact resistance

[Mindess et al., 1987] and changing the failure mode [Li and Leung, 1992].

2.2.1 Structure of Fiber Reinforced Cementitious Materials

The properties of FRCC depends on the characteristics of its three main components, as follows:

1. Bulk cementitious matrix which can be either concrete, mortar, or paste
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2.

Fibers that exhibit wide range of mechanical, physical, and chemical properties. Fibers can
be either in the form of monofilaments or bundles. They can be divided into continuous

and discrete fibers.

. Fiber-matrix interface, known as interfacial transition zone (ITZ), has a different

microstructure compared to bulk material. It is usually rich in calcium hydroxide (CH), and
contains more pores due to bleeding and inefficient packing around the fiber surface. The
structure of the ITZ is governed by various factors including type of fiber and nature of the
matrix. 1TZs affect FRCC behavior in different ways by controlling fiber-matrix bond and

debonding processes.

2.2.2 Fiber-Cement Interactions

The performance of fibers in a brittle cementitious matrix is highly dependent on the interactions

between fiber and matrix. Three main interactions can be recognized:

In the

Physical and chemical adhesion
Friction

Mechanical anchorage

case of cementitious composites with added microfibers, friction and adhesion make

significant contributions to bond development between fiber and cement. In conventional fiber

reinforced composites, where fibers with bigger diameter and lower surface area are employed,

the contribution of adhesive and frictional bonding is not enough, thus, mechanical anchoring is

required.

In cementitious composites, fiber-cement interactions and stress-transfer effects must be addressed

separately at pre-cracking and post-cracking stages. In the pre-cracking stage, elastic shear stress
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transfer is the main contributing mechanism and displacements of the fiber and matrix at the
interface are geometrically compatible [Bentur and Mindess, 2007]. Further loading causes
debonding across the interface. At this stage, frictional slip controls the process of stress transfer.
This shear frictional stress is assumed to be uniformly distributed along the ITZ. This process is
most important for post-cracking behavior of the composite and affects its ultimate strength and
strain capacity as well as mode of failure. The transition between adhesive and frictional stress

transfer occurs when the interfacial shear stresses exceed the fiber-matrix shear strength, or the

adhesive shear bond strength (zay). The maximum frictional shear strength during pull-out process

is called 7. In practice, sy may have slip softening or slip hardening behavior based on the nature

of the interaction. Figure 2.7 shows a view of a partially debonded fiber and the ideal interfacial

shear stress-displacement curve.
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Figure 2.7: Partially debonded fiber configuration and the ideal interfacial shear stress-displacement
curve [Bentur and Mindess, 2007]

The sequence of debonding and matrix cracking is controlled by the adhesive shear bond strength

between fiber and matrix, and tensile strength of the matrix. If debonding occurs before cracking,
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the shear stress distribution will be of a combined mode, with frictional shear close to the crack tip
and elastic shear elsewhere. If cracking happens before debonding, the stress distribution will be

elastic followed by shear lag (Figure 2.8).
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Figure 2.8: Interfacial shear stress distribution along a fiber a) debonding prior to cracking b)
cracking before debonding [Bentur and Mindess, 2007]

2.2.3 Governing Factors for Overall Response FRCC

Overall response of FRCC to load can be characterized by the curve of the stress across a crack
(o) versus crack opening (J). This stress-strain response is dependent on various factors including
matrix composition, fiber content, type of fiber, bond-slip parameters, fiber geometry, proper
mixing and homogenous spread of fibers, etc. It is quite important to understand the way these
factors affect overall behavior of FRCC. In this section, some of the most important governing

factors are discussed.
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2.2.3 (a) Fiber Type

In terms of fiber material, carbon, glass, polymeric (synthetic), natural, and steel are among the
most commonly used in FRCC, as mentioned above. These types of fibers have different elastic
modulus, tensile strength, surface texture, strain capacity, and wettability values. These properties
can affect the bond between fibers and the matrix, their ability to restrain cracks, and the overall

response of FRCC [Li, 2011].

Steel fiber is the most common fiber used in FRCC with high elastic modulus and high tensile
strength. Its high specific gravity, however, can induce extra dead load. Glass fiber is also
commonly employed in FRCC, it has high tensile strength but low modulus of elasticity. Some
glass fibers suffer from low durability due to their high vulnerability in alkaline environments.
Their other shortcomings include low resistance to moisture, sustained and cyclic loads [Li, 2011].
Another popular fiber for FRCC is carbon fiber. Their high strength and high stiffness are some of
the main advantages of carbon fibers, however they have low impact resistance, low ultimate
strength and they are also expensive. Polymer fibers are increasingly used for the reinforcement
of cementitious materials. The properties of synthetic fibers vary widely based on the strength and
modulus of elasticity. Generally, they can be divided into low modulus and high modulus fibers.
However, fibers in the same family can exhibit different characteristics such as ease of dispersion
and alkali resistivity. Finally, natural fibers are the most widely available type of fibers in the
world. They are inexpensive compared to other fibers, but they are sensitive to moisture. Such
sensitivity to moisture can cause extra strain, affect the matrix-fiber bond, and influence
mechanical properties. The hygroscopic nature of natural fibers can also have negative effect on
their durability and long-term performance. Nevertheless, they are a good option for the production

of low-cost cement composites and low-cost housing applications [Bentur and Mindess, 2007].
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2.2.3 (b) Fiber Volume Fraction (Vs)

The volume fraction of fiber in FRCC has a remarkable effect on its mechanical properties, crack
mitigation, and failure mode. FRCC can be classified based on their fiber volume fractions (Figure
2.9). Mix designs with low fiber volume fractions (Vi < 1%), where fibers contribute to reducing
cracks and improving mechanical properties to some extent. FRCC with moderate fiber volume
fractions (1% < Vf < 2%), which exhibit more significant enhancement of mechanical properties
and crack width control. A third group, known as high performance fibre reinforced concrete
(HPFRC), has high volume fiber content (2% < Vf). HPFRC is known for its apparent strain-
hardening behavior, as well as very high cracking strength. However, it suffers from higher

brittleness and lower ultimate strain capacity [Balagaru and Shah, 1992].

(c) High performance FRC

Tensile stress

(b) Conventional FRC

(a) Plain concrete matrix

Tensile strain

Figure 2.9: Typical stress-strain curve for plain concrete, FRC, and HPFRC [Bentur and Mindess,
2007]

The other important concept regarding fiber volume fraction, is the critical fiber content (Vs critical).
The overall contribution of fibers is assumed to be the integration of the contribution of all the
fibers. However, the crack propagation mechanism will change as all fibers act together. Higher

fiber contents might adversely affect homogenous dispersion of fibers in concrete. Hence, the
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concept of critical fiber content is necessary to classify the behaviour of fiber reinforced

cementitious composites. The following categories have been identified:

1. Vi< Vicritical — Brittle Behaviour

Due to small amount of fibers, failure is still governed by a single crack propagation in which load-
displacement curve exhibits strain-softening behavior. Figure 2.8 b demonstrates stress-strain
curve of cementitious composite with Vs < Vicritical. Hence, the overall strength and strain capacity
are governed by the elastic behavior corresponding to pre-crack region [Bentur and Mindess,

2007].

2. Vicritical < Vi << Vtuiimate — Tension Softening Behaviour

In this case, fiber content is more than the critical value but much less than ultimate one (Vt.uitimate).
Viutimate Can be considered as a representative value showing maximum amount of fiber content
beyond which dispersion problems arise. Added fibers will noticeably contribute to strength
improvement. They also help improve post-cracking toughness. This toughness is due to post-
cracking deformations and multiple cracking, which is governed by various factors including type
of fiber, fiber geometry, etc. The fracture mode occurring in this range of fiber volume can be
characterized by the formation of multiple cracks. After crack nucleation, large volumes of fibers
act as load carrying elements. This additional loading capacity leads to further cracking of the
matrix, which still does not lead to failure of the system (Figure 2.10 a). The result is multiple

crack failure rather than single crack failure as in case 1.
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Figure 2.10: Schematic representation of the stress versus strain curves for Vi more and less then
Vieriticar [Bentur and Mindess, 2007]
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3. Vicritical << V¢ < Vtruitimate — Strain Hardening Behaviour

In this case, fiber content is still between critical and ultimate values, however, it is much closer
to the ultimate value rather than the critical value (case 2). This type of fiber reinforced concrete
tends to exhibit strain hardening behavior. It also has higher ultimate strength, energy absorption,
toughness, and ductility. In this case, as fiber fracture does not occur, a great amount of energy
will be consumed through fiber debonding and pullout. Figure 2.11 compares stress-strain curves
of tension softening (case 1) versus strain hardening (case 2) composites. While in conventional
FRC (case 1) post-cracking load bearing capacity dwindles, higher performance fiber reinforced
concrete (HPFRC) demonstrates an increasing trend of post-cracking. This might be a result of
microcracks stabilizing due to the interaction between the matrix and fibers which can postpone
the formation of the first major crack in the matrix [Li, 2011]. This can also change the failure

mode of FRC from quasi-brittle to ductile.
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Figure 2.11: Schematic representation of the stress versus strain curves for FRC and HPFRC [Li,
2007]

4. Viuimate < Vi — unworkable mix design with lack of homogenous fiber dispersion

Increasing fiber content is not always beneficial. Very high fiber content causes dispersion
problems. It can also dramatically decrease workability of the fiber matrix mix. The maximum
fiber content depends on the properties of mix design (such as gradation of aggregates and
water/cement ratio) and the characteristics of fibers including geometry and water absorption
capacity. Such an increase in fiber content not only adversely affects properties of wet concrete,

but also worsens the mechanical properties of hardened concrete. [Bentur and Mindess, 2007].

2.2.3 (c) Fiber Length

The impact of fiber length on properties can be evaluated in terms of stress transfer mechanisms.
The critical length, L, is the minimum fiber length required for formation of stress equal to its
failure load. The value for critical length depends on stress transfer mechanisms. For L < L, the
embedded length of the fiber is not sufficient to build-up a stress equal to the fiber strength, so
fiber is not utilized efficiently (Figure 2.12). For the fiber to reach its tensile strength along a

greater portion of its length, the length should exceed L.
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Figure 2.12: Stress distribution along the fiber [Bentur and Mindess, 2007]

2.2.3 (d) Fiber Orientation

In most of cases, fibers are not perpendicularly aligned to the crack surface. Two scenarios might
occur in this case: 1. Fibers which are uniform along their length, and 2. Fibers with local bending
at the crack surface (Figure 2.13). Case 1 mostly corresponds to the pre-cracking stage, while case
2 occurs post-cracking. Various studies show that efficiency and load bearing capacity of obliquely
oriented fibers relative to a similar volume of perpendicular fibers are much lower in both pre-

cracking and post-cracking stages [Krenchel, 1964].

Moreover, the local bending in the fiber around the crack (case 2) creates flexural stresses in the
fiber and compressive stresses in the matrix. In the case of ductile fibers with low modulus, they
will easily bend, and dowel action helps with additional pull-out resistance. In the case of brittle
fibers with higher modulus, however, extra local flexural stresses are induced in the fiber, that are
superimposed on the axial tensile stress. This can cause premature failure of the fiber and lower

efficiency [Leung and Chi, 1995].
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(a)

Figure 2.13: Fiber-crack intersection a) constant fiber orientation b) fiber with local bending [Bentur

and Mindess, 2007]

2.2.3 (e) Fiber Coating and Surface Modification

Surface coatings can be employed to modify fiber-cement interaction and bond-slip behavior.

Various studies have been carried out on the effects of coatings on pull-out behavior of fibers.

Figure 2.14 demonstrates the effect of applying surface coating on Polyvinyl-alcohol (PVA) fibers

in engineered cementitious composite (ECC). While untreated hydrophilic PVA fiber

demonstrates high chemical and frictional bond with cementitious material, using a surface coating

allows slippage to occur and improved tensile strain hardening response can be achieved [Li,

2003].

(a)

fﬂﬂ
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Figure 2.14: Effect of surface coating on tensile response of ECC [Li, 2003]
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2.2.3 (f) Bulk Cementitious Matrix

The properties of the cementitious matrix can also influence the fiber-matrix ITZ and fiber bond-
slip behavior. For example, aggregate properties such as angularity and gradation, chemical
composition, and supplementary cementing materials (SCMs) affect the bond interface properties
between fibers and matrix [Soleimani-Dashtaki, 2018]. Silica fume, a commonly used SCM, reacts
with calcium hydroxide (CH) to convert it into calcium silicate hydrate (CSH). This leads to
reduced average pore size and thinner interfacial transition zone, which improves the bond-slip
behavior of the fibers. Silica fume can also act as a filler material and densifies cementitious binder.
Fly ash, which is another highly used SCM, has high pozzolanic capacity and can improve matrix
and ITZ properties. Due it its spherical shaped particles, fly ash also improves workability of the
material helping with homogenous dispersion of fibers within bulk matrix leading to improved

overall behavior of FRCC [Mindess et al., 2003].

2.2.4 FRCC as a Repair Material

Interfacial properties are critical to achieving strong and durable repairs. Interfacial bond strength
IS a property quantifying short-term behavior and strength of the material. Interfacial fracture
toughness, on the other hand, is an interface property able to predict cracking and long-term
behavior of repaired systems. The effect of adding fiber to the repair material on the overall
behavior of repaired cementitious composites has been the subject of various research studies
[Banthia and Dubeau, 1994; Wagner et al. 2013]. It has been shown that FRCC can be a promising
repair option [Zanotti et al., 2018]. In repaired structures with FRCC repair layers, the extent of

interfacial damage due to poor compatibility between two layers is reduced [Banthia and Gupta,
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2006]. Moreover, fiber reinforcement can be helpful in improving the interfacial bond between

substrate and repair layers, and with interfacial fracture behavior.

The quality of concrete-FRC bond depends on frictional/interlocking forces and cohesive/adhesive
bonding [Zanotti and Randl, 2018]. In the case of tensile loading regime, cohesive/adhesive
bonding plays the major role in the overall mechanical response of the material. Using FRC as
repair material help to improve interfacial bonding by enhancing quality of the interfacial transition
zone [Banthia and Dubeau, 1994; Lim and Li, 1997] . Fibers are able to decrease relative
movements, mitigate ITZ damage prior and during loading, and to provide further interfacial
bonding mechanisms which help with the enhancement of interfacial bond and crack growth

resistance [Wagner et al., 2013; Zanotti et al., 2018].

The other governing factor of an effective and durable concrete repair is compatibility of repair
and substrate. Repair of any concrete structure results in formation of a complex two-component
system. Compatibility is considered as a basic requirement for a repair material [Garbacz et al.,
2014]. Having very incompatible repair and substrate layers, increases vulnerability of composite
structure to interfacial stress concentration and failure. One of the major benefits of using FRC as
repair material, is improving compatibility or, at least, decreasing the intensity of incompatibility-

induced damages [Banthia et al., 2014].

Two failure modes in composite structures can be identified in repaired composites, namely
adhesive (delamination) and cohesive-adhesive modes. In the former case, the failure plane passes
through the bond plane and interfacial cracks do not enter the substrate or the repair layer. In the

latter case, however, some microcracks might kink-out and get diverted into the repair layer
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activating fiber-related toughening and strengthening mechanisms. This is called the trapping

mechanism. This significantly increases the effectiveness of FRCC as a repair layer.

2.2.4.1 Trapping Mechanism in Repaired Cementitious Composites

Any rehabilitated system consists of an old layer (substrate), a new repair layer, and an interface
between these two layers. Early nucleation of cracks can occur anywhere in this bi-material system,
however, occurrence of cracks at the interface is usually due to the weakness of the bond plane
compared to other parts of the system. Hence, a crack can either extend along the interface or kink
into one of the adjoining materials. This competition is governed by the relatedness of the ratio of
the energy release rate of the interface cracking (G) to kinked cracking (G') versus ratio of the
interface toughness (I') to the toughness of repair/substrate layers (I'c) [He et al., 1991]. If the
relative toughness of a system is greater than the relative driving force, interface cracks kink out
from the interface. If the relative toughness is less than the relative driving force, no kinking can

occur. The interface crack condition is as follows:
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Interfacial crack propagation causes more brittle failure as there is no bridging interlocking along
the interface. However, when cracks kink out from the interface, two different cracking behaviors
can occur. If the repair material is brittle, a crack will not be stopped in the repair layer and surface
spalling occurs. If the repair material exhibits rising fracture resistance, however, the kinked crack

will be trapped (Figure 2.15).
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Figure 2.15: Fiber bridging and trapping mechanism for a kinked crack [Lim and Li, 1997]

After trapping the first kinked crack, further loading fosters the mother crack to propagate along
the interface. Escaping from the first damage zone, relative toughness increases once again and
the crack kinks out from the interface. This sequence of kinking, damaging, trapping, and
interfacial propagation is responsible for a large amount of energy absorption and will continue up
to failure [Lim and Li, 1997]. Figure 2.16 represents the conceptual trapping mechanism with load-

displacement curve of repaired system.
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Figure 2.16: The conceptual trapping mechanism and load-displacement curve of a repaired system
[Kamada and Li, 2000]

2.3 Introduction to Fracture Mechanics of Concrete

Fracture mechanics is a division of solid mechanics dealing with the behavior of a material and
the quality of the region close to the crack and at the crack tip. It is concerned with the study of
stress and displacement fields in the material adjacent to a crack. As there are many sources of
microcracking within cement-based materials, the stress-strain behavior and the failure mode are
governed by microcrack propagation. As a result, it is vital to understand fracture mechanisms to

predict concrete behavior.

The study of fracture mechanics was triggered by the difference between the theoretical prediction
of a material’s strength, and its performance in the real world [Maiti, 2015]. This inequality is

attributed to the pre-existing flaws inside a material capable of inducing stress concentrations and
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nonhomogeneous stress distributions. This stress concentration causes intensified stresses leading

to local failure prior to reaching theoretical strength.

In fracture mechanics, materials are divided into brittle materials, quasi-brittle materials, and
ductile materials, as is seen in the relevant tensile stress-strain curves. Brittle materials exhibit a
sudden failure as soon as reaching the maximum stress. Quasi-brittle materials show a strain-
softening behavior where stress diminishes with stress increase. Finally, ductile materials have a

long, plastic plateau after failure (Figure 2.17).

Strain Softening
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(a) Brittle (b} Quasi-brittle (c) Ductile
Figure 2.17: Three failure modes of materials [Li, 2011]
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Linear elastic fracture mechanics (LEFM) theory was developed in 1920 by Griffith [1920].
Griffith observed a difference between the impacts of tiny imperfections versus large flaws on
material properties. He suggested a novel energy-based criterion based on crack size. Using a
compliance concept, Griffith showed that an instability criterion for cracks in brittle materials
could be achieved by the variation of potential energy of the material. Griffith’s theory was mainly

applicable to highly brittle materials, specifically glasses and ceramics.

The other LEFM approach, known as stress based LEFM, was introduced by Inglis [1913]. Later,
Irwin proposed the concept of the stress intensity factor and the critical stress intensity factor (Kic).
The idea behind LEFM is that crack propagation can be identified with only the value of the stress

intensity factor (SIF) adjacent to the crack tip. However, cementitious materials, rocks, and fiber
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reinforced composites, known as quasi-brittle materials, need a different approach in fracture

mechanics approach to model their fracture behavior.

In LEFM, stress values close to the crack tip are determined as a function of stress intensity factor
(SIF) and can reach infinity. As this is not plausible in a real material, researchers suggested
modelling an inelastic zone close to the crack tip. This idea led to the concept of nonlinear fracture
mechanics, which mainly focuses on the determination of the size of the plastic zone adjacent to a
crack tip. Some early research measured the size of the plastic zone and plastic zone correction
[Irwin 1958, 1960], cohesive zone model [Dugdale 1960], and J-integral method [Rice 1968]. The
results of these studies showed that there is a plastic zone in front of a crack tip. In materials with

small plastic zones, LEFM remains applicable.

Concrete consists of various ingredients such as cement, fine and coarse aggregates, water, and
admixtures. In addition, there are many voids inside the matrix including pores in hydrated cement
and cracks at matrix-aggregate interface. These defects have a significant impact on the behavior
of concrete. They aid the nucleation of microcracks close to the tip of a macro-crack, followed by
a progressive failure due to further propagation of cracks. Concrete shows sub-critical crack
growth prior to unstable crack propagation which is known as the slow crack growth region.
Various experimental and numerical studies have shown that due to the large fracture process zone,
the classical form of linear elastic fracture mechanics is not applicable to normal size concrete

members.

Fracture mechanics was first applied to concrete by Kaplan [1961]. He tried to determine the
applicability of Griffith crack theory to rapid crack growth and fracture of concrete. Due to the

large fracture process zone in concrete, Kaplan [1961] concluded that LEFM could not be directly
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applied to concrete. In other words, in order to understand the fracture behavior of concrete,

modified fracture mechanics approaches were required.

Hillerborg et al. [1976] proposed a fictitious crack model based on the cohesive crack model
[Dugdale 1960, Barenblatt 1962]. Some other nonlinear approaches are the crack band model,
based on the concept of strain softening [Bazant and Oh 1983], the two-parameter fracture model
I.e. critical stress intensity factor at the tip of the effective crack and the elastic critical opening
displacement [Jeng and Shah 1985], the size-effect model [Bazant 1984, Bazant et al. 1986], the
effective crack model [Nallathambi and Karihaloo 1986], the Kr-curve method based on cohesive
force [Xu and Reinhardt 1998, 1990], the double-K fracture model [Xu and Reinhardt 1999], and

the double-G fracture model [Xu and Zhang 2008].

The science of concrete structure design has already gone through two main phases. The first one
was based on elastic no-tension analysis and the second one was concerned with the plastic limit
theory. Many researchers now believe that the third phase of this evolution might be based on the

design of concrete structures governed by fracture mechanics parameters [Kumar and Barai 2011].

2.3.1 Linear Elastic Fracture Mechanics (LEFM)

The aim of linear elastic fracture mechanics is to investigate the stress and deformation
distributions close to the crack tip of brittle materials by means of a single fracture parameter.
There are two different approaches in LEFM: Stress-based and energy-based. In the former,
fracture is determined by the stress intensity factor while in the energy-based approach, the surface

energy release rate is the index of fracture.
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Stress-based LEFM

Stress concentration factor

Defects influence stress distribution in materials and alter their mechanical properties. The
presence of a crack in the plate changes the stress distribution in the adjacent area and favors a
maximum stress (omax) formed at the edge of the hole (Figure 2.18). omax is significantly greater

than the normal stress on. This is known as the stress concentration.
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Figure 2.18: A specimen with an elliptical hole under tensile loading [Li, 2011]

The stress concentration factor, K;, is a function of the shape of the hole and the loading pattern.
In case of a very narrow ellipse or a sharp crack, K: approaches infinity. Considering that this is
not possible in the real world, the concentration factor is not applicable to a material containing a

sharp crack. In this case, fracture mechanics needs to be considered.

K= Zmax — 1 4 22 2.2
oN c

where a and c are the long and short radii of the ellipse.
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Stress intensity factor
In fracture mechanics, cracks can be divided into three different modes, i.e. mode | (opening
mode), mode Il (sliding mode), and mode Il (tearing mode). Figure 2.19 represents various

cracking modes. Stress intensity factor, K, is based on specimen geometry and loading pattern.

Ki=o /Haf(%) 2.3

where o is the normal stress on the structure, a the crack length, b the size of the structure, and f

(a/b) the geometry factor.

(b) the predominant (c) the predominant stress is
stress is T,, Ty

(a) the predominant
stress is G,,
Figure 2.19: Cracking modes: a) mode I (opening mode), b) mode Il (sliding mode), ¢) mode Il
(tearing mode) [Kumar and Barai 2011]

Both stress concentration factor, Ky, and stress intensity factor, K, can be used to determine the
increase of stresses resulting from the presence of a defect. In the case of a sharp crack, K| has a
limiting value while K; reaches infinity. The value of K, represents the singularity of the stress field
in the crack tip, which is governed by geometry, loading patterns, size, boundary conditions, and

crack length.

Linear elastic fracture mechanics uses the stress intensity factor at the crack tip to determine crack

behavior. The stress intensity factor, also called fracture toughness, is a very important concept in
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fracture mechanics. A crack propagates as soon as the critical fracture toughness of the material is

reached.

Ki=Kie 2.4

where Kic is the critical stress intensity factor. Kic is the material fracture parameter in linear elastic

fracture mechanics.

Energy-based LEFM
Crack development can also be explained by an energy-based criterion that was first developed by
Griffith [1921]. This energy-based fracture criterion is based on an equilibrium state of a cracked

structure. The total potential energy in the structure is as follows:

M=U-F+W 2.5

where U is the strain energy of the structure, which is governed by crack length and strain, F is the
work done by the external load, and W is the energy for crack nucleation. To maintain equilibrium
state, the first-order derivative of total potential energy needs to equal zero during small crack
extension. The strain energy release rate, G, for the propagation of a unit length of a crack in a

structure with unit thickness is defined as:

| =

G= (F-U) 2.6

|~
[e9]

a

Since G provides the energy for a crack growth, it is also known as the crack-driving force. The
value of G can be determined using a load-displacement curve. F is a function of the applied load,
structural geometry, and boundary conditions. As soon as G reaches the critical strain energy
release rate, Ge, the initial crack propagates and causes failure of a linear elastic material. The

critical strain energy release rate, Gc. is a material constant for linearly elastic materials.
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There exists a relationship between G and K for a linearly elastic material as follows [Maiti, 2015]:

2
Gi=X (plane stress condition) 2.7
E
_ K} . .
G = a5 (plane strain condition) 2.8

where G is strain energy release rate (J/m?), K; is stress intensity factor (MPa.mm®%), E is elastic

modulus (GPa), and v is Poisson’s ratio (-).

2.3.2 Nonlinear Fracture Mechanics

Fracture behavior of concrete is strongly governed by the fracture process zone. LEFM is not
directly applicable to concrete due to its large fracture process zone, aggregate bridging, and crack
deviation. The nonlinear fracture models are based on two different approaches:

1. Using finite element or boundary element method: fictitious, cohesive, and crack band models
fall within this group.

2. Using adaptations of LEFM concept: examples are the two-parameter fracture model, size-effect
model, and effective crack model.

Cohesive Crack Model (CCM) or Fictitious Crack Model (FCM)

The cohesive crack model was first introduced by Barenblatt [1962] and Dugdale [1960].
Barenblatt applied CCM to brittle materials while Dugdale used it to model ductile fracture
behavior. Hillerborg et al. [1976] applied the cohesive crack method (or fictitious crack model) to
study the fracture of concrete structures. Later, FCM was also extended to fiber reinforced concrete

[Hillerborg et al. 1980].
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Fictitious crack model was based on the assumption of strain localization and the softening curve
of the cohesive stress vs. crack width. In this model, the elastic section of the stress — deformation
curve is disregarded, and the post-peak response is identified by a stress — deformation curve.
Three material properties including specific fracture energy Gr, uniaxial tensile strength f;, and the
shape of o (w) are required for the fictitious crack model. Gr is the amount of energy required for

creating one unit of crack length.

Determination of the ¢ (w) relationship
In order to describe the fictitious crack model, a unique o (w) curve is needed. ¢ (w) function
affects the structural response, the energy dissipation, and local fracture behavior. This relationship

can follow a linear, bilinear, trilinear, exponential, or power function (Figure 2.20).
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Figure 2.20: 6 (w) curve modelling: a) Bilinear curve, b) Trilinear curve, c) Exponential curve, d)
Power curve [Li 2011]
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Determination of GF
Hillerborg [1985] suggested the use of a three-point bending beam test to measure Gg. Using this
test, the area below the load — displacement curve is first quantified followed by a correction

corresponding to the self-weight of the specimen.

_ Wo+2Wsé,

Gr 2.9

Alig

where Wy is the area below load —displacement curve, Ws is self weight of the beam, d, is the

deformation at final failure, and Aiig area of the beam section.

Two-Parameter Fracture Model (TPFM)

The two-parameter fracture model proposed by Jeng and Shah [1985], uses the three-point bending
test with notched-beams and is based on the concept of the effective elastic crack. The fracture
properties of concrete are described by 1. Crack-tip opening displacement (CTOD) and 2. The
critical stress intensity factor at the tip of the equivalent crack length at peak load (Kic) (Figure

2.21).

o} =) EO N —
| S =4b | t
L

Figure 2.21: Three-point bending test setup for the two-parameter model [Li 2011]

The effective crack length is quantified by compliance measurements. By determining the initial
compliance corresponding to the initial crack length (notch length), one can calculate the effective

modulus of elasticity of the material. Using the effective modulus of elasticity and compliance at
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maximum load, the effective crack length can be obtained followed by determination of the critical
stress intensity factor. It can be observed that after unloading from peak stress to zero stress,
CMOD does not return to zero, showing that CMOD contains plastic deformation (Figure 2.22).
However, when determining Kic and CTOD parameters, the effective-elastic crack shows a
compliance equal to the unloading compliance, which means that the plastic part of the total
CMOD is disregarded and the critical fracture state is based on its elastic response; this may lead
to an underestimation of effective crack length followed by overestimation of fracture toughness

and material strength.

P= Pu K;= K;CS
[T CTOD = CTOD,

CMOD, >

|‘ > CMOD

Figure 2.22: Typical load versus CMOD curve for TPFM [Kumar and Barai, 2011]

It was shown by Jenq and Shah [1985] that Kic and CTOD¢. are constant for beams with different
sizes made of the same material. Hence, they are material properties and can be used to predict the
maximum load for a structure. The two-parameter fracture model has been extended to fiber
reinforced concrete [Jenq and Shah, 1986]; the only difference is that load-slip relationship of

fibers is required which can be obtained from pull-out tests on single fibers.
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R-Curve Method

R-curve approach was first proposed in early 1960s based on energy balance [Krafft et al. 1961].
According to the concept of R-curve, crack propagation occurs when strain energy release rate (G)
is equal to a material’s resistance to crack extension (R). R-curves can be expressed in terms of

either strain energy release rate (G), or stress intensity factor (K), vs. the corresponding crack

extension, 4a.

Brittle and quasi-brittle materials exhibit different R-curve behaviors. Highly brittle materials have
a flat R-curve where a single crack causes rapid failure. On the other hand, quasi-brittle materials
have rising R curves as cracks go through slow stable extension (Figure 2.23). Ascending R-curve
favors formation of several tiny cracks. In the case of cementitious materials, the crack initially

grows, but will be hindered by the toughening mechanisms; this causes an increase in the required

energy for crack extension.
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Figure 2.23: R-curves for different types of materials a) Brittle, b) Quasi-brittle [Kumar and Barai,
2011]
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The R-curve for quasi-brittle materials represents the stable development of a process zone prior
to critical state, known as the pre-critical or subcritical crack growth. Hence, linear elastic fracture

mechanics (LEFM) is not applicable, except in the case of very small process zones.

Size Effect Model (SEM)

Nonlinear fracture of concrete and its nominal strength are affected by structural size. This might
be due to the large and variable lengths of the fracture process zone (FPZ) at the crack tip. Strength
criteria and LEFM size effect are at two extremes with respect to the size-effect law. The former
disregards the size effect, while for the latter, nominal strength is inversely proportional to the

square root of structural dimensions (Figure 2.24).

The size-effect law was proposed by Bazant [1984] to investigate fracture of quasi-brittle
materials. In this approach, fracture behavior of any material is described by two parameters: the
fracture energy (G) and the critical effective crack length (ac) for an infinitely large test specimen.
The fracture parameters are measured for geometrically similar notched specimens of various
sizes. In the size effect model, the fracture energy is expected to be independent of specimen size
and shape. This is due to the small size of the fracture process zone compared to specimen
dimensions. The size-effect method is quite simple as the only required information for
geometrically similar specimens is the maximum load values. Furthermore, there is no need for

the post-peak softening response, crack length, and the use of a closed-loop test set-up.
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Figure 2.24: The size effect law versus the strength criterion and LEFM [Kumar and Barai, 2011]

Crack Band Model (CBM)

The crack band model (CBM) was developed by Bazant and Oh [1983]. Using this method, the
fracture process zone is simulated as a system of parallel cracks that are continuously distributed
(smeared) in the finite element (Figure 2.25). The width of the fracture process zone (hc) is
assumed to be constant. The behavior of the material is determined by the constitutive stress-strain
relationship. The crack is modeled by modifying the isotropic elastic moduli to an orthotropic one

where the stiffness in the direction normal to the cracking plane is reduced.

1

hcg > X

“Y" axis perpendicular to plane
Figure 2.25: Crack band model in Cartesian coordinate system [Kumar and Barai, 2011]
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The main drawbacks of CBM are as follows: 1. Special mathematical considerations are needed
to investigate tortuous crack propagation; 2. Changes to cracking width and fracture energy cannot

be addressed.

Effective Crack Model (ECM)

Effective crack model was introduced by Nallathambi and Karihaloo [1986] to assess critical crack
extension. Using this method, the initial crack is substituted with a larger crack, known as the
effective crack, in order to account for the impact of fracture process zone. In the effective crack
model, fracture occurs when the stress intensity factor becomes critical, which happens at the
critical crack extension. The effective crack extension can be determined by obtaining the midspan

deflection from a standard three-point bending test using secant compliance.
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Figure 2.26: Representation of effective crack vs. initial crack [Li, 2011]
J-Integral Method
Rice [1968] proposed the concept of J-integral for investigating crack extension. The value of J-
Integral is equal to the energy release rate in a nonlinear elastic cracked body. The critical value

(Jc), which is considered as a material fracture parameter, indicates the initiation of a crack.
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2.4 Modelling Interfacial Behavior of Cementitious Composite Systems

Different researchers have employed various approaches for modelling interfacial behavior of
composite cementitious materials. These include algorithms to develop numerical models,
employing specific theories to come up with analytical solutions, and running experimental tests
to derive empirical expressions. Sometimes, two or three different approaches are used in a same
study. In some cases, however, experimental and non-experimental results are not quite
comparable due to various measuring errors occurring during the experiments, and lack of proper
assumptions in numerical and analytical studies. This section reviews previous research on

modelling interfacial behavior of cementitious composite systems under different loading regimes.

2.4.1 Numerical Models

Among numerical research studies, Qiao and Chen [2008] employed numerical simulation to
evaluate cohesive fracture of fiber reinforced polymer (FRP)—concrete bonded interfaces. The
interface cohesive process damage model was suggested as simulating the adhesive—concrete
debonding, and tensile plastic damage model was used for cohesive cracking of concrete near the
bond line. Concrete and FRP materials were simulated by plane stress elements and the interfaces
were modelled by 2D cohesive elements. Moreover, the impact of various parameters including
the interface cohesive strength, tensile strength of concrete, critical interfacial energy, and concrete
fracture energy, on the modes of interfacial failure and load-bearing capacity was evaluated by
means of parametric numerical finite element study [Qiao and Chen, 2008]. The behavior of
concrete elements strengthened by sheets of carbon fiber reinforced polymer (CFRP) was
investigated by Neto et al. [2004] employing the finite element (FE) method. The FE analysis was

based on nonlinear fracture mechanics and discrete crack approach. The interface was modelled
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using linear elements with zero initial thickness. Required properties for numerical modelling were
obtained through a parametric study on experimental data of pullout tests. The final numerical
results fitted well with the experimental data.

Dias-Da-Costa and Julio [2012] developed a numerical model for the shear strength between two
concrete layers. Various ratios of fiber reinforcement as well as the effect of elastic shear stiffness,
internal friction angle, dilatancy angle, fracture energy, and bond-slip shape were investigated.
Zero-thickness linear elements were inserted at the interface. Results from push-off tests were used
for calibration purposes. Lampropoulos et al. [2016] used three-dimensional (3D) FE method for
modelling the interfacial bond of ultra-high-performance concrete (UHPC)-concrete members
with a well-roughened substrate under flexural loading. Special two-dimensional elements were
employed to represent the rough interface between the original beam and the UHPC layer. The
reliability of the proposed model was validated by experimentation. Another numerical study was
done by Safdar et al. [2016]. They investigated the impact of tensile properties of ultra high-
performance fiber reinforced concrete (UHPFRC) repair layer and yield strength of tension steel
on the flexural response of repaired beams. Nonlinear FE method and 3D solid elements were
employed. It was assumed that perfect bond develops at the interface of two layers. The assumption
of a perfect bond was justified by applying a water jet to expose the aggregate in the concrete
substrate which improved surface roughness and resulted in good bond strength between two
layers. Post-cracking behavior of concrete substrate was modelled using discrete crack behavior,
while for post-cracking behavior of UHPFRC, a fictitious crack model was employed. The results
indicated that UHPFRC was able to improve stiffness and delay crack formation.

Sadouki et al. [2017] ran a two-dimensional (2D) FE simulation of composite UHPC—concrete

beams and proposed a model for design prediction purposes for real repaired concrete
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infrastructure. The complicated cracking pattern of the composite system was numerically
modelled using the nonlinear materials law and the smeared crack model in order to obtain more
accurate prediction of the mechanical behavior. Their results were compatible with experimental
data.

Al-Osta et al. [2017] employed nonlinear finite element and analytical models to predict the
flexural behavior of reinforced concrete beams strengthened with ultra-high-performance fiber
reinforced concrete. FE simulations were conducted assuming a perfect bond at the normal
strength concrete (NSC)-UHPFRC interface which might result in the overestimation of failure
load. A 3D finite element model of the beam specimens was employed and the nonlinear behavior
of both concrete substrate and UHPFRC was modelled based on the Concrete Damage Plasticity
Model (CDPM). Their results were in general agreement with experimental results and were able
to anticipate the response of the composite beams with good accuracy. However, it was found that
by increasing the volume of UHPFRC layer the accuracy of the FEM prediction decreased, which
was attributed to the fibers’ orientation and concentration.

Yin et al. [2019] used an improved finite element model to predict the structural behavior of
reinforced concrete members with ultra high-performance concrete as a repair layer. The model
was based on using equivalent beam elements at the interface between UHPC repair layer and
NSC substrate. The model effectively and efficiently predicted the structural response of

composite UHPC-NSC members.

2.4.2 Analytical Models

The other common approach for modelling interfacial behavior of composite systems is to use

analytical models. Wu and Yoshizawa [1999] conducted analytical/experimental research on the
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behavior of composite reinforced concrete members strengthened with carbon fiber sheets. The
impact of concrete strength, thickness of concrete layer, and various carbon FRP materials was
studied. An analytical approach, based on fracture mechanics, was used to predict cracking
deformation, and failure behavior of reinforced concrete—FRP composite systems and was adopted
to predict behavior of carbon fiber sheet-reinforced concrete elements. The applicability of the
proposed analytical method was compared with experimental data. Dai et al. [2006] published
work on a unified analytical approach for determining shear bond characteristics of FRP-concrete
interfaces based on pullout tests. A new nonlinear bond stress-slip model for analyzing shear bond
distributions at the interface was developed. One of the main advantages of their proposed model
was the incorporation of interfacial fracture energy and development of an interface ductility
index, which could be obtained from pullout tests.

Building on the previous study, Zhou et al. [2010] developed a modified analytical model for the
bond-slip relationship at concrete-FRP interfaces for adhesively-bonded joints. Their model is
applicable to any externally bonded joint including joints externally bonded with steel mesh or
plate and FRP. In their analytical model, the bond-slip relationship was derived from strain-slip
responses that were measured at the loaded end from a pull-off test. Both finite and infinite bond
lengths were evaluated. This stated that their analytical solution for concrete-FRC joints with an
infinite bond length is not directly applicable to joints with a limited bond length. Shrestha et al.
[2017] proposed bond-slip models for concrete-FRP interfaces under moisture exposure based on
the analytical expression developed by Dai et al. [2006]. Various concrete-FRP systems were
investigated, and the predicted ultimate loads were compared with experimental results.

Espeche and Leon [2011] estimated bond strength envelopes for old-to-new concrete interfaces

employing an analytical approach and experimental pull-off and splitting tests. The proposed
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Carol-type failure envelope is based on plasticity theory and assuming that concrete acts as a
modified Coulomb material having three main parameters for tensile strength (f;), cohesion (c),
and friction angle (p). It is assumed that the failure mechanism of the interface between two layers
happens under a plane deformation field and a crack nucleates when the normal and tangential
stresses reach the cracking failure envelope. Two different failure envelopes were proposed for
cracking and post-cracking interfaces and are validated using experimental data.

Other research has been done by D’ Ambirisi et al. [2012] where the bond between fiber reinforced
cementitious matrix (FRCM) repair layer containing a poliparafenilenbenzobisoxazole (PBO) net
and the concrete substrate was analytically analyzed in the context of an approach usually used for
FRP materials, that is, based on the local-bond slip relation. Their results were calibrated based on
the experimental results of double shear tests. Chalioris et al. [2014] studied the behavior of
retrofitted reinforced concrete beams with self-compacting concrete jacketing and proposed an
analytical model to study the full response of the jacketed members. The response curve of the
rehabilitated specimens was estimated using dual section analysis procedure. Analytical evidence
showed the applicability and effectiveness of thin reinforced concrete jacketing for repairing
lightly reinforced concrete members.

Al-Osta et al [2017] investigated the response of strengthened reinforced concrete beams with
UHPFRC under flexural stresses. Their analysis was based on the sectional stress-strain
distribution and was used to calculate internal forces and to compute the predicted moment
capacity. Bilinear stress-strain curves were used for UHPFRC in tension as well as steel reinforcing
bars. Predicted results were presented and compared with the experimental results which show ed

good agreement with differences of 10% or less.
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An analytical solution was developed for determining the bond-slip model of FRCM-—concrete
joints based on longitudinal fiber strains [Zou et al., 2019]. This study was based on previous
research by D’Antino et al. [2014]. The strain profile proposed by D’Antino et al. was used to
calculate shear stress, however, it did not account for interfacial slip in a closed-form solution. In
order to address strain profile and the bond-slip relationship, Zoe et al. fitted discrete strain profiles
with a continuous function. Then the slip and shear stress along the bonded interface was calculated
by integration and derivation of the strain profile. The debonding load and peak load from direct
shear specimens were obtained. Finally, a continuous bond-slip relationship was derived based on

the maximum shear stress and corresponding slip.

2.4.3 Experimental Models

Much research has been published over the last 60 years on empirical modelling of concrete
interfaces. Although this research was focused on interfacial shear bonding, the modelling
approaches and governing parameters are still relevant to the process and investigated properties
of this study. As a result, a chronological literature review of experimental modelling of shear
bonds is informative. Since the 60’s, various milestones were achieved, and design philosophy has
been dramatically improved. Such advances are embedded in various design codes. The resulting
empirical models can be used not only for the interface between an existing substrate and a repair
layer but also for the interface between a precast element and a cast-in-place part, the interface
between two parts of an element cast at various times, and the interface between an element and a
support.

One of the first design expressions to predict shear strength of cementitious interfaces was

proposed by Anderson [1960]. Their expression (Equation 2.10) is based on two parameters
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derived from push-off tests (vo and k) and the reinforcement ratio (p). The proposed equation was
calibrated for concretes of two different classes, with lower and higher compressive strengths.
Vu=Vo+kp 2.10

where vy is the ultimate shear stress at the interface. Later, this equation was calibrated for rough
interfaces presenting different coefficients than those applicable to smooth interfaces.
The first linear expression for interfacial shear strength in cementitious composite systems was
proposed by Birkeland and Birkeland [1966]. Their expression (Equation 2.11) is applicable to
smooth and rough surfaces. The effect of surface preparation is accounted for by an empirically
determined friction coefficient. Although the proposed equation has several advantages, including
accuracy of results and simplicity, it is limited in terms of reinforcement ratio and compressive
strength of concrete.

vy = p.fy.tangp = p.fy.4 2.11
where fy is yield strength of reinforcement and ¢ is internal friction angle.
The earliest nonlinear expression for predicting ultimate shear strength at the interface between
concrete elements was developed by Birkeland [1968]. A parabolic function was employed to

model experimental data from a previous study (Equation 2.12).

vu=2.78,/pf, 2.12

Mattock [1974] developed a new expression for shear bond by taking the normal stress at the

interface (Equation 2.13) and orientation of the reinforcement (Equation 2.14) into consideration.
This equation was limited in terms of maximum ultimate shear strength.

Vu = 2.76 + 0.8 (pfy + on) 2.13

Vu = 2.76 sin%0 + pf; (0.8sin%0 — 0.5 sin(20)) 2.14
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where on is the normal stress at the interface, 6 is the angle between the reinforcement and the
shear plane, and fs is experimentally determined for different reinforcement orientations. These
expressions were later modified by adding a reduction factor to be used in cyclic loading regimes.
For the first time, concrete density was included in a design expression (Equation 2.15) in Raths’
research [Raths,1976]. By including the effect of concrete density in design expression, they could
differentiate between normal and lightweight concrete and assign different density-related impact

factors to them.

Vy = CsSll,/pfy 2.15
where Cs is a constant value related to the concrete density.
The first researcher who explicitly included concrete strength in his model was Loov [1978] who

proposed a non-dimensional expression to predict interfacial shear bond strength (Equation 2.16).

Vy — K pfy""’n
fe fe

2.16

where f; is the compressive strength of concrete.
Later, Walraven et al. [1987] developed a power function for interfacial shear strength including
the reinforcement ratio, the yield strength of the reinforcement, and the concrete compressive

strength (Equation 2.17-2.19).

vu = Gy (pfy) 2.17
C1=0.822 f,0406 2.18
C2=0.159 f,0303 2.19

This design equation is based on considering the interface as the weakest zone and the site of crack

nucleation.
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Randl [1997] also made progress in developing design expressions. he explicitly addressed the
contribution of cohesion, friction, and dowel action (Equation 2.20). Cohesion is due to
interlocking between aggregates; friction is the result of relative slip between two concrete layers;
and dowel action is caused by the flexural resistance of reinforcement crossing the interface. While
cohesion and friction are related to the Coulomb shear friction criteria, dowel action results shear
reinforcement deformation.

Vu = Teoh + 1On + ap\/Tfy 2.20
where 7con IS the concrete cohesion as a result of aggregate interlock, p is friction coefficient, and
a is a coefficient representing the flexural resistance of reinforcement. Surface preparation is
addressed by assigning different coefficients of friction and cohesion to smooth versus rough

surfaces (Table 2.1).

Table 2.1: Constant values for coefficient of cohesion and friction proposed by Randl [1997]

Surface roughness R Coefficient of cohesion ¢ Coefficient of friction ()
Surface preparation
(mm) ) (fac>20 MPa) | (fo < 35 MPa)
High-pressure >0.3 04 0.8 1.0
water-blasting
Sandblasting >0.5 0.0 0.7 0.7
Smooth - 0.0 0.5 0.5

Papanicolau and Triantafillou [2002] developed an experimental expression to study interfacial
shear transfer capacity in composite concrete systems. The novelty of this work was including

interface size effect in the expression. In addition to interface length, compressive/tensile strength
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of concrete, density of concrete, ratio of shear reinforcement, surface preparation, lateral
confinement, and loading rate were addressed as well (Equation 2.21).
Vu=p (pfy +on)?+C 2.21

where C is a generalized cohesion term which takes into account the interface size effect (table

2.2).
Table 2.2: Coefficient of cohesion and friction proposed by Papanicolau and Triantafillou
[2002]
Size — surface preparation (b~ 1; d = 0.5) Coefficient of friction p Coefficient cohesion ¢
Small — smooth 0.33 3.63
Small — rough 0.45 2.97
Large — smooth 0.33 2.33
Large — rough 0.45 1.90

Although many studies indirectly address the impact of surface preparation, Gohnert [2003]
considered the actual value for surface roughness and explicitly included it in his design equation.
Various degrees of surface roughness, geometries, and concrete compressive strengths were
included in his study. Results indicated that ultimate shear strength at the interface had a stronger
correlation with surface preparation rather than concrete compressive strength, thus, the proposed
model was based on a roughness parameter (Equation 2.22). Surface preparation was represented
by the roughness parameter Rz defined as the difference between the average height of peaks and
the average height of the valleys from an arbitrary baseline.

Vu = 0.209Rz + 0.7719 2.22
Although Equation 2.22 includes surface roughness, it does not provide an explicit relationship

between cohesion, friction, and surface preparation. To separately investigate the impact of surface
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texture on cohesion and friction, Santos and Julio [2011] developed empirical power functions
encompassing five different surface conditions ranging from left as-cast to hand scrubbing
(Equations 2.23 & 2.24).

1.062R0:145
Cq=—"—"""— 2.23
Ycon

1.366R0;041
Mg = y—""‘ 2.24
fr

where cq is the design coefficient of cohesion, [ is the design coefficient of friction, Rvm is the
mean valley depth, ycon is the safety factor for the coefficient of cohesion, and y is the safety factor
for coefficient of friction. They also assessed and provided recommendations for the effect of
curing conditions, age difference between two layers, and compatibility in terms of shrinkage and
stiffness.

Most of the empirical models for interfacial bonds in cementitious materials are devoted to mode
Il or shear failure. There are some studies focused on tensile behavior of composite systems where
concrete is bonded to other materials, however, there is no research study applicable to an
experimental model for FRC-concrete behavior under mode I, or tensile stresses.

Tudjono et al. [2017] investigated the impact of surface preparation on interfacial tensile bond
strength between concrete and synthetic wraps. Various surface preparation methods were
explored, and pull-off tests were performed to evaluate tensile bond strengths. Results showed that
in comparison to shear bond, tensile bond was less sensitive to surface preparation. Tamulenas et
al. [2017] tested tensile concrete members bonded to carbon fiber reinforced polymer sheets
(CFRP). Direct tensile tests were performed on two composite systems with two different CFRP

sheets and their deformation and crack patterns were compared.
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Wang and Petru [2019] investigated mode I fracture of CFRP-concrete interfaces under aggressive
environmental conditions. Long-term durability of CFRP-concrete interfaces exposed to freeze-
thaw cycles, acid attack, and alkali attack were investigated. The wedge driving test (WDT)
method was used to quantify fracture energy release rate of composite specimens. They noted that
environmental conditions had a strong adverse affect on bond properties of FRP-concrete
specimens. More freeze-thaw cycles and longer soaking times led to lower fracture energy [Wang
and Petru, 2019]. Moreover, environmental exposure changed the failure mode from slower
cohesive-adhesive failure to rapid pure adhesive failure along the interface. Additionally, test
results showed the effectiveness of a silane coupling agent at mitigating adverse effects of
environmental exposure. Specimens treated with coupling agent exhibited higher fracture energy
and greater tendency towards cohesive failure compared to untreated specimens. Finally, Zanotti
et al. [2014] and Kabiri Far and Zanotti [2019] performed multiple CDCB tests on FRC-concrete
interfaces to investigate the effect of different fiber classes and contents on mode | fracture of
cementitious interfaces. Although the beneficial effects of fibers on tensile bond and mode-I

fracture were confirmed, none of the studies arrived at a design equation.

2.5 Cementitious Interfaces at the Microscale

Concrete and other cementitious materials have a complex structure. In order to gain a
comprehensive knowledge of the behavior of these complex systems, investigation at various
length scales are required. In other words, cementitious materials cannot be studied at a single
level of scale. The structure of concrete and cementitious interfaces is multiscale in nature, ranging
from nanometer scale, to the micrometer scale, and the millimeter scale. The traditional term
“microstructure” is used for the microscopically magnified portion of a macrostructure [Li, 2011].

The microstructure of a material is a descriptor to define its properties. Therefore, any change of

63



the microstructure affects material’s response at various levels. Understanding the cause of a
change and its effects helps us determine the suitability of any specific alteration of materials’
properties and control for it. For example, it has been demonstrated through microscopy of
concrete that lower w/c ratio will lead to less capillary porosity [Christensen et al., 1979]. Table

2.3 shows different levels of the structure of concrete and their corresponding magnification range.

Table 2.3: Different levels of cementitious structure [Diamond, 1993]

Optimal Magnification Usual Method of Structures to be
Level Range Observation Revealed
Visual Ix—10x Unaided eye or hand  Details of coarse aggregate
lens and air voids
Petrographic 25x-250x Optical microscope Fine aggregates, air voids,

some paste details, and
some cracks

Intermediate SEM 250x—2000x SEM backscatter Arrangement and
mode on plane juxtaposition of cement
polished surfaces paste particles, sand,
capillary voids
High-magnification 2000x —20,000x SEM secondary Details of the internal
SEM electron mode on structure of individual
fractured surfaces cement particles and masses
Nanostructure 1,000,000 x AFM, TEM Some details of C-S-H

At the millimeter scale, or visual level, concrete is considered a homogenous two-phase material
consisting of coarse aggregate and cement paste bonded together. At higher magnifications,
however, the cementitious structure is clearly not homogeneous, and the hydration products also
exhibit a heterogeneous structure. The complex heterogeneous nature of cementitious materials
was the subject of various microscopic studies by means of scanning electron microscopy (SEM),
transmission electron microscopy (TEM), image analysis etc. [Diamond, 2004; Richardson, 1999].

These variations in microstructure of cementitious materials depend on various factors including:

1. Type of cementitious material

2. Particle size distribution
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Mix proportion
Curing condition (temperature, humidity, and age)

Admixtures

o g~ w

Degradation mechanisms

These factors define the microstructure of the solid and porous phases which in turn control the

general properties of cementitious material.

Figure 2.27 shows the structure of concrete at different levels of magnification. The properties at

microlevel can be averaged and used as a homogeneous single value representing the macroscale

properties of cementitious materials.
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Figure 2.27: Concrete at different levels of magnification from visual to nanostructure level showing
heterogenous nature of concrete structure and cement hydration products [Li, 2011]

2.5.1 Hydration Process and Microstructural Development

The hydration process of cementitious materials has been investigated extensively for many years
[Lea, 1970; Taylor, 1964]. Hydration is a process during which the water-cement mixture
transforms into a stone-like material which serves as the matrix phase. This process occurs through
various chemical and physical reactions leading to phase change and spatial distribution of
hydration products. The final hydration product is a porous material governing mechanical

properties and durability of the system [Ye, 2003].
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2.5.1.1 The Clinker of Portland Cement

The clinker of Portland cement mainly contains calcium, silicon, and oxygen. The dominant oxides
in clinker are CaO, SiO2, Al203, and Fe>0s. The four principal constituents in the sintered clinker
are tricalcium silicate 3Ca0.SiO2 (CsS), dicalcium silicate 2CaP.SiO; (CzS), tricalcium aluminate
3Ca0.Al;03 (C3A), and calcium ferro aluminate 4CaO, Al,03.Fe.O3 (C4AF). Moreover, gypsum
CaS04.2H,0 (CSH>) is added as a reaction controller agent. X-ray diffraction (XRD) or energy
dispersive spectroscopy (EDS) techniques can be employed to quantify the amount of oxides in

the composition [Struble, 1991; Lin et al., 1997].

2.5.1.2 Development of Solid Phases

The development of concrete microstructure comes from the hydration products, that is solid
phase, and a network of pores distributed throughout the solid phase. The main hydration products
are calcium silicate hydrates (CSH), calcium hydroxide (CH), and ettringite (AFt), in addition to

several other minor products (Figure 2.28).
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Figure 2.28: Development of cement hydration products [Locher et al., 1976]

66



In the first stage, C3A is the most active phase and cement particles are covered with an aluminate-
rich gel and short ettringite rods. During second stage, CsS begins to react causing the formation
of CSH on the ettringite rods. This is followed by secondary C3A hydration which generates long
ettringite rods and initiation of inner CSH formation [Scrivener, 1988]. VVarious morphologies have
been reported for CSH gel including acicular, honeycomb, small disks, spheres, and long fibers
[Locher, 1976]. CH also precipitates form the solution and crystallizes in empty pores with
hexagonal plate-like shape [Figure 2.29]. Ettringite is usually observed as thin needles. Ettringite

needles, unlike CSH, do not have branches.

~CalciumESilitate j'lyq;g 5

N i _ £ZZECalcium HvdroXide; T
B A i T

. & i VN

Figure 2.29: Morphology of CH , CSH, and ettringite [Stutzman, 2001]

Figure 2.30 represents evolution of hydration products and pore structure. Upon mixing
cementitious material with water, the cement particles separate. With the initiation of the hydration
process, calcium hydroxide forms from solution into the pores, and the CSH fibers develop on the
surface of cement grains connecting cement grains to each other. Further formation of CSH and
crystallization of CH leads to the solid phase. Eventually, all hydration products are connected to

each other. This stage can be considered as an indicator of the hardening state.
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Figure 2.30: Evolution of hydration products and pore structure in cement showing gradual formation of
CH and CSH particles, which lead to formation of the solid phase [Ye, 2003]

2.5.1.3 Pore Structure

Hardening cement paste is a permeable material. Development of pore structure is mainly
governed by the hydration process and w/c ratio. Pores can be classified into gel pores, capillary
pores, and air voids. Table 4.2 classifies pores based on their dimensions. It must be taken into
consideration that the size division between capillary and gel pores is quite arbitrary due to
continuous spectrum of pore sizes. However, capillary pores are mainly responsible for water

absorption [Mindess and Young, 1981].

Table 2.4: Classification of pores in hydrated cement paste [Mindess and Young, 1981]

designation diameter description affected
Capillary pores 50 nm to 0.5 pm Large capillaries Strength, permeability

10 to 50 nin Medium capillary Strength, permeability, shrinkage

at high humidities

Gel pores 2.5 to 10 nm Small capillaries Shrinkage to 50% RH

0.5to 2.5 nm Micropores Shrinkage, creep

<0.5 nm Micropores Shrinkage, creep

(interlayer)
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2.5.1.3.1 Gel Pores
These are very small pores which are an intrinsic part of the CSH and cannot be easily observed
by scanning electron microscopy (SEM). Large gel pores (diameter = 5 nm) exist in the outer CSH

gel, while small gel pores (d < 0.5 nm) exist in the inner CSH gel [Bonen Diamond, 1992].

2.5.1.3.2 Capillary Pores

Capillary pores form due to the inability of hydration products to fill all spaces. These pores tend
to be larger than gel pores, hence, they can get detected by SEM more easily than gel pores. They
are governed by degree of hydration and w/c ratio. Higher w/c ratio gives more and larger capillary
pores, as mentioned above. As the hydration reaction continues, the amount and size of these pores
decreases. Figure 2.31 shows SEM photographs of pores in hardened cement paste (left) and

schematically (right)

large capillaries
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Figure 2.31: Pores in hardened cement paste [Ye, 2003]

Pore volume fraction and pore size distribution can be used to characterize pores in concrete. These
parameters are useful for deriving a relationship between porosity and strength, as well as porosity

and transport properties of concrete.
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2.5.1.4 Microstructure of the Interfacial Transition Zone

Modern concretes have various interfaces, including the one between aggregates and bulk material,
fibers and bulk materials in FRCCs, and the one between old and new layers in composite systems.
In monolithic systems, microcracks tend to nucleate at the interface between aggregate and matrix.
There are two major components of the microstructure in this transition zone. First, there is a thin
layer of hydration products (a micron or so) on the aggregate surface. Around this, there is a region
of paste with lower density where the packing of cement grains is affected by the presence of
aggregates (around 50 microns). The significant variations from the bulk material occurs within
the first 20 microns and very often the weakest part lies within 5 to 10 microns of the aggregates
and not immediately at the interface [RILEM, 1996]. The space around the aggregate is less
effectively filled with hydration products and it contains more CH and ettringite and less CSH. In
this interfacial zone, the connectivity of pore structure increases which can govern transport
properties and durability of concrete. Thus, microcracks tend to build at the aggregate interface
due to insufficient packing, porous media, and effects of bleeding and segregation [Hemalatha et
al. 2013]. As aresult, interfacial transition zone between aggregates and matrix is the weakest zone

and the most vulnerable element to cracking.

In fiber reinforced cementitious materials, the micromechanical properties of fiber-bulk material
have a critical role in determining the mechanical properties of the matrix. This fiber-bulk
interfacial zone is very similar to the interfacial zone around the aggregates. It contains large
amount of CH close to fibers and is more porous than the bulk material. Figure 2.32 schematically

represents the microstructure of the interfacial zone around steel fiber.
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Figure 2.32: Schematic representation of the microstructure of the interface between steel fiber and bulk
material [Bentur et al., 1986]

Although many studies have focused on the microstructure of the interfacial zone in monolithic
specimens, there has been little research on the microstructural characterization of interfacial
transition zone in repaired specimens. In composite systems, the transition zone between two
layers serves as a bridge between repair and substrate materials. This region has a different
microstructure and chemical composition than the bulk material. Although the volume of the
interfacial transition zone is only a few percent of the total, its influence on repaired system is
significant and exerts a strength-limiting effect. Higher porosity, less CSH, more CH, lower
stiffness, and lower strength are some of the generally accepted features of the interfacial transition
zone [Trtik and Bartos, 1999]. As a result, the mechanical properties of cementitious composites
are considered to be a function of properties of repair-substrate interface, the weakest link in the

system.

Moreover, the pore structure, which is recognized as the key to a wide range of various mechanical
properties such as strength, fracture energy, toughness, and elastic properties, exhibits different
pattern at the interface. Higher porosity at the interface causes strain localization, leading to further

cracking. Higher stress levels lead to gradual spread of localized cracks and failure. This transition
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zone also affects long-term behavior and durability of repaired system. The existence of voids and
microcracks at the interface makes concrete more vulnerable to aggressive environmental effects
[Lukovic et al., 2012]. Various harmful materials, as well as moisture, can penetrate microcracks
and adversely affect the whole system. There are different methods to improve microstructure of
the interface, including lower wi/c ratio which helps create a denser microstructure and mechanical
behavior, incorporating chemical admixtures to help with the dispersion of cement particles, using
supplementary cementing materials such as silica fume to improve packing efficiency, and
introducing microfibers to the repair layer to mitigate early-age interfacial cracking. All these

modifications can be used to create a microstructural system with desirable characteristics.

Additionally, as pointed out in Chapter 1, the durability of concrete structures has recently become
of pressing concern. The increasing focus on the durability of structures and materials requires a
more comprehensive understanding of the microstructure formation of cementitious materials. In
line with this, repair of concrete infrastructure needs to meet specific details set out in various
standards. For example, European standard EN 1504 [2010] asks for the nature and causes of
defects to be identified and the extent and rate of increase of defects to be assessed in order to
estimate when the affected element will no longer perform without repair measures or with a new
repair layer. Thus, microstructural analysis may have a more central role as diagnostic method for

new, damaged, and retrofitted concrete structures.

Better knowledge of the microstructural properties of cementitious composite interfaces is required
in order to understand the composite’s behavior at higher scale levels. Microstructural analysis can
be employed as a tool for quality control of repair works as well (Figure 2.33). It can provide

useful qualitative and quantitative information on the initial quality of concrete and repairs, the
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cause of deterioration, and the degree of deterioration. With such investigations, it is feasible to

develop up-scaled predictors of macro-mechanical properties.

Repair-

mortar N
1
(2]
3

Concrete

Figure 2.33: Fluorescein impregnated section of a core taken from the exterior part of a reservoir wall in
a water tower. A crack at the surface can be followed to a corroded reinforcement bar [Hansen and
Frederiksen, 2012]

However, due to small size and heterogeneous nature of the interfacial zone, interpretation of these
structures is quite challenging and requires advanced equipment. In addition, considering the
limited volume of samples and variation of the concrete from one area to another, the sampling
and the subsequent investigation must be done properly to provide representative results and to

create a solid basis for correct conclusions.

2.5.2 Evaluation Techniques

Various testing methods can be employed for microstructural investigation of cementitious
materials. These tests can be used for different purposes including investigation of microstructural
constituents, pore structure, and mechanical properties. Scanning electron microscopy can be used
for 2D material and pore characterization. CT-scanning is helpful for 3D evaluation of the
specimen. Mercury Intrusion Porosimetry (MIP), magnetic resonance relaxation analysis

(MRRA), and complex impedance spectroscopy give detailed information on pore structure. Micro
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and nano indentation techniques are used for studying mechanical properties at the microscale. X-
ray diffraction is useful for material characterisation. Electron spectroscopy for chemical analysis
(ESCA) and secondary ion mass spectrometry (SIMS) are among other surface analysis methods

[RILEM, 1996]. In this section, the principles of the methods used in this study are explained.

2.5.2.1 X-ray Micro-computed Tomography (CT-scanning)

CT-scanning can be used to investigate the void content and pore connectivity along the interface
and inside the repair layer. This technique makes it possible to observe the internal structure at a
relatively high resolution. It also facilitates the characterization and measurement of internal
features such as cracks and pores. CT images are maps of X-ray beam absorption in a material.
When a concrete specimen is irradiated with X-rays, the X-rays are attenuated as a result of the
interaction with a material. This attenuation can be due to the scattering of X-ray beam and
absorption by material [Lukovic, 2016]. This attenuation behavior can be quantified by the Beer-

Lambert law [Landis and Bolander, 2009]:
I = log™¢ 2.25

Where [ is the attenuation coefficient, d is the thickness of the specimen and lg is the incident
intensity. Attenuation causes a transmitted intensity of I. A detector visualizes intensity levels as
grey scale values (GSV) which can be later used for the thresholding of images [Roels and
Carmeliet, 2006]. During each scan, multiple x-ray images of a sample are taken. By aligning all
of these slices on top of each other, 3D images of the internal structure of a specimen can be
constructed. By thresholding dark pixels, which represent voids, in the original image, the image

with only pores in the system can be obtained. CT techniques have been previously used for
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concrete characterization by many researchers [Kaufmann et al., 2014] [Trainor et al., 2013]

[Landis and Bonaldo, 2009].

Lukovic [2016] used CT-scanning to evaluate the effects of moisture exchange on the
microstructure of the repair system. Suzuki et al. [2017] employed CT-scanning for evaluating
cracking damage in freeze-thawed concrete. They used both acoustic emission and X-ray CT
parameters and correlated results of these two methods. Trainor et al. [2013] used CT-scanning
for the measurement of energy dissipation in the fracture of fiber-reinforced ultra-high-strength
cement-based composites. They identified fracture surfaces, fiber volume fraction, fiber
orientation, fiber debonding, and pullout and crack area. These results were correlated with energy
dissipation mechanisms. Cui et al. [2017] used dual CT-scans for the porosity characterization of
aggregate-bulk hydrated cement interfacial transition zone. A novel method was proposed to
calculate the width and the average porosity of the interface based on computer tomography (CT).

they concluded that the dual-scan method can mitigate the shortcomings of the traditional CT scan.

2.5.2.2 Gravimetric Water Absorption Test

In composite cementitious systems, the overall durability of the repair material and the interface
between substrate and repair layers is significantly influenced by the water absorption of the
system. If too much water is absorbed by the substrate and passes through the interface, the
durability of the repaired system can be compromised. Thus, for a repaired system to have
acceptable long-term performance, better understanding of moisture exchange between the repair
and substrate layers is needed. In order to evaluate and compare the water absorption of different
repaired systems, gravimetric water absorption test have been performed according to NEN-EN
480-5 [2005]. This test is based on the increase in the mass of a specimen due to water absorption
over time. The substrate is immersed in water up to 5 mm below the interface between the substrate
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and repair layer. Capillarity causes water to enter the repair layer and increase the mass of

specimen.
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Figure 2.34: Schematic diagram of the gravimetric capillary absorption test for single layer concrete
[Bogas et al., 2015]

The gravimetric test has been employed in many studies. Bogas et al. [2015] used this absorption
test for an investigation of capillary absorption of lightweight aggregate concrete. Specimens were
monitored for 72 hours and the influence of various parameters including the volume and initial
water content of light weight aggregate were measured. This method has also been used for
modelling water penetration into concrete [Wang and Ueda, 2011], capillary transport of water
through textile-reinforced concrete [Lieboldt and Mechtcheine, 2013], non-invasive estimation of
moisture content of bricks [Agliata et al., 2018], and capillary water absorption in cracked and

uncracked mortar [Van Belleghem et al., 2016].

The gravimetric water absorption test provides values for cumulative water absorption, penetration
depth of waterfront, and water absorption rate of repaired systems. The test is used in this chapter
to examine the influence of different fibers, volume fraction of fiber, and curing condition are on
water absorption. Moisture transport between the repair material and concrete at an early stage has
already been investigated in previous studies [Lukovic., 2016] [Faure et al., 2005] [Kazemi et al.,

2012] [Brocken et al, 1998]. Hence, this area is not addressed in this study.
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2.5.2.3 Micro-indentation Test

Having comprehensive knowledge on micromechanical properties of interfaces is crucial,
however, there is still a lack of information in this area, which can be attributed to limited
availability of appropriate testing techniques. The micro-indentation test is particularly useful for
evaluating the local mechanical properties of concrete at the microscale. Hardness and modulus of
elasticity can be obtained based on the indentation load and displacement measurements. This test
method has been used in various research studies. Moser et al. [2013] employed a nano-indentation
technique to characterize impact damage in ultra-high-performance concrete, and Guruprasad and
Ramaswamy [2018] used micro-indentation for the micromechanical analysis of concrete and
reinforcing steel after the material was exposed to high temperature. Research was also performed
by Shah and Kishen [2010] on nonlinear fracture properties of concrete-concrete interfaces using
micro-indentation and scanning electron microscopy. Sakulich and Li [2011] employed a micro-
indentation technique to evaluate the mechanical properties of the matrix-fiber interface. This
technique has also been used to measure the properties of the interface in glass fiber reinforced
cement [Zhu and Bartos, 1997], interfacial characterisation of steel fiber reinforced mortar [Wang
et al. 2009], and evaluation of interfacial transition zones in recycled aggregate concrete [Xiao et

al., 2013].

Although the micro-indentation test has some limitations due to its high sensitivity to surface
preparation methods [Sakulich and Li, 2011] [Trtik et al., 2009], it is one of the few techniques
which provides local micromechanical properties of the interface zone. As a result, this technique
is employed in this chapter to investigate the interfacial properties of concrete-FRC composite

systems. The local mechanical characteristics of the indented points can be obtained from the
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indentation load and displacement [Oliver and Pharr., 2004]. Hardness (H) can be determined from

the following equation:

H= 2.26

where Prmax is the peak indentation load [gf] and A is the contact area [um?]. The reduced modulus
of elasticity (Er) can be calculated from the load-displacement slope and can be correlated to the

elastic modulus of the sample (Es) using equation (2.27):

2.27

1 (1-vs)? (1-vb)?
Er. Es ' Et

where vs is the Poisson’s ratio of the sample, vt is the Poisson’s ratio of the diamond tip and E: is
the modulus of elasticity of the diamond tip. A series of indents were used here on randomly

selected areas at the interface, substrate layer, and repair layer of concrete-FRC composite systems.

2.5.2.4 Scanning Electron Microscopy (SEM)

In order to characterize porosity, authentic images of pores need to be produced and analyzed.
SEM has two common modes of operation: secondary electron (SE) and backscattered electron
(BSE). While former mode allows for the observation of individual particles and pore structure,
latter provides more information on composition of hydrated material. To properly employ SEM
techniques for characterization of pore structure, sample preparation, image acquisition, and data

interpretation need to be done with care.

In SEM, the emitted electrons are accelerated by an electric field at energies of 1 — 30 kV. The
beam is focused at the surface of the sample by aid of electromagnetic lenses. Deflecting coils

empower the electron beam to look over a specific part of the surface.
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Scanning electron microscopy is a very common technique used in various fields of study for
material characterization at the microscale. It has been employed in many research works on
concrete, FRC, and cementitious composite systems. Diamond and Huang [2001] employed SEM
to investigate the interfacial transition zone between bulk hydrated cement and aggregates. Wang
et al. [2005] used SEM to characterize the microcracks in concrete at different temperatures. It has
been widely used in conjunction with the indentation method to characterize materials. Moser at
al. [2013] used SEM and nano-indentation tests to characterize impact damage in ultra-high-
performance concrete. Hrbek et al. [2017] used SEM and indentation tests to evaluate the
micromechanical performance recycled cementitious composite. Lukovic [2016] employed both
techniques to investigate the influence of the addition of blast furnace slag (BFS) on the interface
and the bulk material microstructure, as well as on the fracture properties of cementitious

composite systems.
SEM suffers form some problems and limitations including:

1. SEM only provide two-dimensional images for a three-dimensional specimen. Thus,
information on pore paths will be missing.

2. The resolution of pores’ images is restricted by depth of field and magnification issues.
Higher magnification levels lead to a smaller field of observation and larger number of
fields must be evaluated.

3. The high energy of electron beams can damage the microstructure of specimen [Lukovic,
2016]. In addition, samples are highly vulnerable to microstructural damage during sample

preparation.
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Chapter 3: Interface Performance under Mode-I Loading

In order to extend the service life of deteriorating reinforced concrete structures, and to ensure
safety in the case of increased loading demand, interventions of repair and rehabilitation have
become of frequent practice worldwide [Guide to concrete repair, 2015]. Nevertheless, poor
compatibility and debonding of the repair material can jeopardize these interventions. In a repaired
system, the interface between the concrete substrate and the new repair layer is typically weaker
than the materials on either side. Due to this weakness, combined with stress concentrations
(emphasized in case of poor substrate repair compatibility), the interface is much more vulnerable
to cracking and failure. As a result, the performance of repaired systems and, thus, their safety and
durability, are highly dependent on the properties of the interface [Sadowski, 2017]. Fiber
reinforced concrete (FRC) is recognized as a promising option for improving concrete durability.
These benefits become even more relevant in repaired structures, where fibers can help improve
compatibility with the substrate or, at least, reduce the extent of damage arising from poor
compatibility [Banthia et al., 2014].

It has been shown that fiber reinforcement can improve the bond of a repair concrete layer to an
existing substrate, though this is highly dependent on several factors including substrate
preparation and roughness, fiber bonding, size, aspect ratio, and stiffness, type of stress applied at
the interface, etc. Lim and Li [1997] investigated the bond strength, failure mode, and cracking
behavior of Engineered Cementitious Composites (ECC) and introduced the concept of interface
crack trapping. Their test results indicate that the ECC repair system has higher strength, more
ductile behavior, and better crack width control [Li, 2003]. Wagner et al. [2013] studied the
interface between strain hardening cementitious repair layers and concrete substrate. The

researchers concluded that bond strength was highly affected by surface roughness, and added the
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qualitative observation that the beneficial effect of fiber reinforcement was impacted by the
amount of repair material that remained attached to the substrate after failure (in other words, by
the deviation between failure and bond plane). Slowik et al. [2017] characterized the behavior of
strain-hardening cement-based composite systems aimed at enhancing the overall durability of
structural retrofits, by addressing both interfacial behavior and drying shrinkage. Zanotti et al.
[2014a; 2014b] studied the interface behavior under both tensile and shear loading. Their results
showed the effectiveness of fibers at enhancing the quality of the interface both in tension and in
shear. Further studies investigated the effect of fiber properties and surface preparation on the
shear bond strength of substrate-repair interfaces in mixed modes of fracture [Zanotti et al., 2018].
It was found that surface preparation has a strong effect on crack deviation from the interface
followed by fiber activation and gradual cracking before failure. A study by Banthia et al. [1994]
explored the suitability of fiber reinforced cementitious composites with high volume fractions of
microfibers for thin repair applications. Results of tensile tests indicated a significant enhancement

of the repair bond strength from the introduction of micro-fibers to repair layer.

Although various studies indicated the potential effectiveness of fiber reinforcement in improving
interface performance, the exact governing mechanisms are neither well understood nor quantified
for the different concurring contributing factors, so accounting for these effects in the design and
analysis of a repair application can be challenging. For instance, knowledge gaps pertaining to the
collaborative effect of surface preparation/roughness and fiber reinforcement for different fiber
types need to be addressed, as does the distinction between the impact of fibers on interfacial
transition zone (ITZ) quality (early-age damage prevention such as drying shrinkage [Slowik et al.
2017]) and the contribution to fracture mechanisms such as crack deviation, kinking, or trapping

[Zanotti et al., 2018] [Zanotti et al., 2014b] [Wagner et al. 2013] [Lim and Li, 1997].
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The main objective of the work presented in this chapter is to provide a contribution towards the
understanding of complex mechanisms involved with the interfacial cracking in cement-based bi-
material systems. The study is focused on testing and characterization of fracture in Mode-I for
steel and PVA fiber reinforced concretes (the repair materials) and, especially, their bond to an
older, unreinforced concrete (the substrate). Beyond the plain, unreinforced control condition,
volume fractions of 0.5% and 1% with three types of fibers were considered for the repair material,
namely: (i) 8 mm long Poly-Vinyl-Alcohol (PVA) fibers, (ii) 12 mm long PVA fibers (to compare
the effects of different fiber lengths), and (iii) 13 mm long steel fibers (to compare fibers with
similar lengths but different materials, matrix bonding, and stiffness). Both PVA and steel fibers
were selected because these reinforcements can be very effective at enhancing the mechanical
performance of concrete and especially its fracture toughness and have potential for strain
hardening behavior in tension [Zanotti et al. 2014; Banthia and Nandakumar, 2003]. In addition,
both PVA and steel fibers can be very good at preventing or mitigating cracking related to volume
changes such as shrinkage, a crucial property in repair applications where optimum compatibility
between old and new concrete needs to be achieved to prevent damage acceleration. Previous
studies have shown that both PV A and steel fibers can enhance concrete-concrete bond [Zanotti et
al. 2018] [Slowik et al. 2017] [Zanotti et al. 2014a] [Lim and Li, 2003], although most of the
information available is focused on shear bond and very limited information is available on
progressive debonding in Mode I. Studies also indicate that steel fibers can be more effective than
PVA fibers at lower volume fractions while, conversely, PVA fibers can be more effective at
higher volume fractions. PVA has also proven more effective than steel fibers in shear bond tests
with minimum interfacial roughness (i.e. smooth interface, no sandblasting) [Zanotti et al., 2018].

In this study, Mode-1 crack propagation was investigated through Contoured Double Cantilever
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Beam (CDCB) tests [Zanotti et al., 2014a], supported by imaging techniques for stress-strain
analysis. Fracture parameters were computed based on a classic Modified Linear Elastic Fracture
Mechanics (MLEFM) approach. No bonding agent was applied but the substrates were sandblasted
to enhance interfacial roughness before applying the repairs. Interfacial roughness and crack
deviation were quantified through laser scanning; correlations between surface topography and

fracture parameters were analyzed.

3.1 Methodology

3.1.1 Materials and Specimen Preparation

The mix proportions of substrate and repair materials are shown in Table 3.1. General use
hydraulic cement and class F fly ash were used. The employed cement complied with ASTM C150
type | and included Portland cement clinker, calcium sulfate, limestone, inorganic and organic
processing additions based on the recommended proportions in ASTM C150. The fine aggregate
was a natural sand and the coarse aggregate was crushed limestone rock with maximum size of 10
mm. Particle size distribution of cement and aggregates can be found in Figure 3.1. For the repair
materials, beyond the plain control condition without fibers, three types of fibers with volume
fractions Vs = 0.5% and 1% were considered, namely: (i) 8 mm long Poly-Vinyl-Alcohol (PVA)
fibers, (ii) 12 mm long PVA fibers (to compare the effects of different fiber lengths), and (iii) 13
mm long steel fibers (to compare fibers with similar lengths but very different materials, matrix
bonding, and stiffness). As described above and discussed in the introduction, short fibers can be
more effective than longer fibers with respect to bonding especially because their effectiveness
depends upon the relative size of the fiber compared to the interface roughness. The technical

information on the fibers is shown below in Table 3.2.
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Table 3.1: Mix proportions of substrate and repair layers adopted (from suppliers)

Cement | Fly Ash | Sand 10mm Aggregate Water | Fibre Volume Fraction
Substrate 1 0.25 2 0.48 0.5
Repair 1 0.25 2 0.5 0%, 0.5% & 1%

Table 3.2: Technical information about PVA and steel fibers adopted (from suppliers)

. Tensile R -
Type of fiber Diameter Cut Length [mm] Strength Young’s Modulus SpeCI_fIC
[mm] [MPa] (GPa) gravity
8 mm PVA 0.04 8+0.1 1600 40 1.3
12 mm PVA 0.10 12+£0.2 1100 28 1.3
13 mm Steel 0.20 13+04 2750 210 7.85
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Figure 3.1: Particle size distribution of general use (GU) cement and aggregates adopted (from suppliers)

84




For the composite substrate-repair samples, concrete substrates were cast in pre-formed moulds
designed to cast only half of the final specimen. Substrates were covered with plastic sheets
immediately after casting, demoulded after 24 hours, and cured at a standard temperature of 20°+2°
and humidity 95+5% [ACI 308]. After 28-day curing, the substrates were sandblasted. Afterwards,
concrete substrates were put back into the moulds in optimum Saturated Surface Dry (SSD)
condition [Momayez et al., 2005], and the repair mortar was poured against the substrates. It is
important to mention that in this work, unlike in other studies, the mortar was cast parallel to the
substrate. Although the mortar was well vibrated and compacted, this casting direction could
reduce compaction at the interfacial transition zone with the substrate and affect fiber orientation
near the bond plane (especially for steel fibers, which are stiffer). The repaired specimens were
cured using procedure described above. When casting the substrate and repair components for
specimens used for bond testing, monolithic specimens of the repair materials were cast in similar
CDCB molds and cured together with the bond samples, in order to characterize fracture properties
of the repair materials as well. Three replicates were tested for each of the seven repair materials

and each of the seven corresponding concrete-repair interfaces.

3.1.2 Experimental Methods and Testing Set-up

Contoured Double Cantilever Beam (CDCB) tests were conducted to analyze Mode-I substrate-
repair debonding and to assess crack growth resistance of the repair materials. 3D surface scans
were conducted to obtain substrate roughness profiles. Modified Linear Elastic Fracture
Mechanics (MLEFM) theory was employed investigating fracture toughness vs effective crack

length response curves. In addition, an imaging technique for displacement analysis was employed
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with the purpose of visualizing crack and displacements during the test. This is further explained

in Section 3.1.2.1.

3.1.2.1 Contoured Double Cantilever Beam (CDCB) test

In general, tensile bond tests can be subdivided into direct and indirect methods. The main flaw of
direct tensile tests is their high sensitivity to the specimen anchoring system and to slight
eccentricities, which might lead to bending effects at the interface or premature material failure
rather than bond failure [Austin et al., 1995]. Indirect tensile tests, such as flexural and splitting
methods, on the other hand, can help overcome some of these issues, although the indirect nature
of the stresses applied may introduce some computational challenges. There is a long tradition of
splitting fracture tests to determine the fundamental mechanical behavior of materials and of bi-
material systems [Wagner et al. 2013] [Momayez et al., 2005]. The technique using a Double
Cantilever Beam (DCB) specimen was first developed for structural adhesives and eventually
adapted to studying fracture properties of monolithic materials [Genois., 1995] as well as interfaces
in cement-based bi-material systems [Zanotti et al., 2014a]. The DCB test consists of applying a
splitting load to propagate a crack in a pre-notched specimen while recording the applied load and
the opening displacement of the crack faces, with the major benefit that several fracture parameters
can be investigated. In addition, more reliable compliance measurements are possible (as described
in the following sections) as the test geometry promotes application of smaller splitting loads and
larger displacements compared to other test setups [Genois, 1995]. Further studies suggested
tapering the samples in order to make the rate of strain release theoretically independent of the
crack length, hence leading to a more stable crack propagation [Mostovy et al., 1967]. This specific
condition can be achieved by shaping the sample so that the rate of change of the compliance is

theoretically constant during the crack growth (as detailed in the following sections). The resulting
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geometry was re-named Contoured DCB (CDCB) test (Figure 3.2), also known as the linear

compliance test [Genois, 1995].

Geometrical proportions and size of the specimen tested are shown in Figure 3.2 and accord with
those described by [Zanotti et al., 2014a]. A side groove along the desired crack plane promotes
crack growth and hinders any unfavorable crack deviation in monolithic specimens (Figure 3.2 a).
In this study, however, the test was also adapted to allow fracture analysis of interfaces, with the
specimen subdivided into two symmetrical parts, that is, the concrete substrate on one side, the
repair material on the other side, and the bond plane in between, running exactly along the CDCB
middle section (Figure 3.2 b). For these bi-material tests, the interface represents a plane of
weakness by itself, and to avoid excessive damage during handling, the side groove was removed

from the middle line (Figure 3.2 b). This aspect is computed in the back-calculations described

below.
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Figure 3.2: (a) CDCB specimen geometry and (b) adaptation for testing of bi-material systems, (c)
parameters for crack growth resistance analysis [Zanotti et al., 2014a], (d) calculation of forces applied
[Zanotti et al., 20144], and (e) test set-up
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Tests were performed using a servo-hydraulic Instron universal testing machine (Figure 3.2 e).
Specimens were supported by a hinge fixed to the lower plate of the testing machine, while the
upper part was supported by a steel profile with two identical wedges, which was used to apply
the splitting load. Each wedge was positioned between two low-friction bearings mounted on both
sides of the CDCB sample using steel rods passing through the section (and placed above the crack
so that this would not be affected, Figure 3.2 d). The steel profile was connected to a load cell,
which was connected to the cross-head of the machine. Although each specimen was subjected to
a vertical load in addition to the horizontal splitting load (SL), the vertical component can be
ignored by keeping the angle of the wedge, a = 15° (Figure 3.2 d), small and by employing low
friction needle bearings so that the coefficient of friction, x, between wedge and bearings can be
reasonably neglected. Displacement rate was 0.02 mm/min, to promote more stable crack

propagation.

During the test, load and Crack Mouth Opening Displacement (CMOD) were recorded
continuously. The CMOD (Figure 3.2 c) was measured with a gauge transducer that recorded
relative displacement near the base of the notch and was also monitored by means of 2D Digital
Image Correlation (DIC) technique (Figure 3.3) [Dai et al., 2019] [Tekieli et al., 2017]. The values
obtained with the sensor and with DIC were consistent. For the data acquisition using DIC, a high-
speed 9-megapixel mvBlueFox camera in combination with the GOM SNAP software were used;
the collected data was processed using GOM Correlate software. The camera was placed at a
distance of 1.7 m from the specimen. Beforehand, a speckle pattern of black dots over a white
background was applied on the surface of specimens by using a can of black spray paint. Various
patters were applied on trial specimens and the best pattern was adopted for the tests. The light

was adjusted for each test to guarantee even illumination of the specimen and to avoid over-
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exposure. Because crack propagation tests need to be performed at slow displacement rate to allow

stable crack propagation, the maximum acquisition frequency was set to 0.5 Hz.

2
8"

4 . f"
by, , (b,,_
Figure 3.3: (a) Camera setup (b) Representative black dot pattern, with location of the region of

interest (ROI) around the interface for Digital Image Correlation

3.1.2.2 Roughness profiles and quantification of crack deviation

Surface roughness analysis was performed for two reasons, namely: (i) to assess crack tortuosity
of monolithic material samples after failure; and (ii) to assess the roughness of the substrates after
sandblasting (prior to casting the repair material) the composite samples for interfacial bond

studies.

The topography of the sandblasted substrates was quantified using a 3D laser scanner (Figure 3.4
a). This system consisted of a Nikon — 3D Cross Scanner with an accuracy of 8 pum and
inspection/scan software (Focus 10.0). Full topography curves were obtained (Figure 3.4 b), and
several parameters have been used to quantify surface roughness [Santos and Julio, 2013]. In this
study, the mean peak height (Spm) and the average roughness (Sa) parameters were selected
[CAN/CSA A23.3, 2004] [Eurocode 2, 2004] [ISO 4287, 1997]. These parameters have been
suggested as reliable roughness parameters [Mohamad and Ibrahim, 2015] [Santos and Julio,
2014]. Spm was calculated as the average of the maximum peak height (pi) for each sampling length
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where sampling length is equal to 1/5 of the total length, while S, was calculated using arithmetic

mean of the absolute values Z(x,y) within sampling length (1) and sampling width (b).

Spm = %5, pi 3.1
Sa = iflfblZ(x y)| dxdy 3.2
ip70Jo ’ '

In order to quantify crack deviation in the materials tests (monolithic specimens) and to reduce the
computational load, 2D image analysis of the crack profiles was performed. To this end, 2D images
of the crack profiles were taken after the failure and processed with a commercial image processing
software (Web Plot Digitizer) with accuracy of 70 um to calculate the area below the deviated

crack with respect to the mid-line. This area represents a quantification of crack deviation.

d 3 20 10 0 b

Figure 3.4: (a) Representative 3D topography of a substrate profile after sandblasting and prior to the
repair application and (b) surface roughness profile [dimensions in mm]

3.1.2.3 Calculation of Fracture Parameters

Ideally, brittle materials are ones that can be characterized by the propagation of a single crack
with the elastic zones near the crack. For fracture analysis of such materials, linear elastic fracture
mechanics (LEFM) theory can be applied. LEFM indicates that the fracture instability of brittle
materials in Mode-I or opening mode can be defined by only one parameter, i.e., the critical stress
intensity factor (Kic) or the specific fracture energy (Gr) [Zanotti et al., 2014a].
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Back to Griffith [1920], a crack propagates unstably when the rate of change in the elastic energy
released by the system for a unit crack extension (U), is equal or higher than the energy required

for the crack to propagate within the material, for a unit crack extension (W):

ou ow
G = — = — =
Ic da da

R 3.3
where Gic = Mode-I critical strain energy release (or specific fracture energy Gs), a = crack length
and R = crack growth resistance. The stress intensity factor, K, that defines the elastic stress field
intensity ahead of the crack is then sufficient to characterize the whole stress field around the crack.

Ki reaches Kic (critical value) when enough energy is supplied to the system and unstable crack

propagation occurs.

The LEFM theory is applicable to materials when the zone around the crack that undergoes
inelastic deformations remains small and is therefore neglected. However, in the case of cement-
based materials (typically referred to as quasi-brittle materials), a large zone of damaged material,
known as fracture process zone (FPZ), subject to high stress concentration, develops around the
crack tip. Micro-cracking along the FPZ improves the energy absorption capability of the system
because it causes less energy flux released into the crack tip and increased area of cracking surface
[Bazant, 1992]. The extension of FPZ affects toughness of quasi-brittle materials as well as
tortuosity and bridging effects of aggregate and unbroken ligaments [Mindess, 1991] [Van Mier,

1991].

There are various, well-calibrated classic methods for analysing the behavior of the FPZ, including
fracture models proposed by Bazant and Cedolin [1979], Hilleborg [1980], de Borst [1984], Rots
[1988], Rots and Blaauwendraad [1989], Bazant [1992], and Reinhardt and Cornellisen [1994]. In

the analysis of the CDCB test, a methodology was developed [Zanotti et al., 2014a] [Genois, 1995]
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[Sorelli et al., 2014] for the computation of crack growth resistance curves based on the effective
crack model. With this approach, the effect of the FPZ is accounted for by treating the quasi-brittle
material as a brittle material with an increased, fictitious crack length, called effective crack length
(aefr). By treating the material as brittle, Modified Linear Elastic Fracture Mechanics (MLEFM)
equations based on adaptation of LEFM [Van Mier, 1991] can be still utilized. The typical crack-
growth-resistance curves of brittle and quasi-brittle materials (or interfaces, in case of bi-material
systems) are represented in Figure 3.5 a. In brittle systems, the crack propagates unstably since
formation and, hence, its resistance to propagation (here represented by the stress intensity factor)
is a straight, horizontal line, unrelated to crack extension. In the case of quasi-brittle systems, the
toughening mechanisms occurring after crack nucleation allow for a stage of stable (nonlinear)
crack growth, represented by an initial rising trend (BOP-B), followed by a flat branch of unstable

propagation after critical crack length and critical stress intensity factor are reached, point B of

Figure 3.5 a.
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Ki crack growrh propagation crack growth g
B /‘ SL";;;-...-..? ......
~*"7 quasi-bnttle
/ matlerial
| s, s g, ittt s,
perfectly bnttle material
Ci
> A CMOE
a Qeff b S
) ¢ ) CMODe

Figure 3.5 (a) Typical crack-growth-resistance curves of brittle and quasi-brittle materials and (b)
typical response of quasi-brittle materials under CDCB test [Zanotti et al., 2014a]
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A typical Splitting Load (SL)-Crack Mouth Opening Displacement (CMOD) response curve
obtained from CDCB test of quasi-brittle materials or bi-material interfaces (for bond tests) is
represented in Figure 3.5 b. Three main stages can be identified, namely: (i) initial linear elastic
behavior (A-BOP), (ii) stable, subcritical crack growth (BOP-B) upon crack formation, here
identified at the curve Bend Over Point (BOP), and (iii) unstable crack propagation (after the
critical crack length is achieved at point B). These stages are related to the aforementioned stages
depicted in Figure 3.4 a. In order to compute the crack growth resistance curves (Figure 3.4 a)
from the experimental curves (Figure 3.4b), a procedure based on experimental and theoretical
compliances [Visalvanich and Naaman, 1981] was employed. Compliance (C) is defined as the
ratio between the elastic component of the CMOD (CMODe, Figure 3.4 b) and the corresponding

splitting load (SL):

__ CMOD,
T osL

C 3.4

To calculate the experimental compliance based on experimental CMOD and SL data, it is possible
to neglect the permanent deformation during the subcritical crack growth (CMOD. = CMOD,

Figure 3.5 b), by assuming a return to the origin upon unloading.

Considering MLEFM, each specimen arm at one of the crack sides can be considered as a simple
cantilever beam made of a perfectly elastic material. With reference to the strength-of-materials
approach, the theoretical compliance can be calculated as follows by considering bending and

shear deformations of the beam:

SL SL  EB J0 H3 E

2A _ CMOD _ 24 rax? 6(1+v) fa 1
B 70O H
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where E = Young’s Modules, 4 = arm displacement, B = beam width (specimen depth), v =
Poisson’s ratio and a = crack length. Since the beam height is variable, a constant equivalent height

equal to the mean height is considered:

Hy+ Hg

H, = >

= Hﬁ% 3.6

where Ho is the width of the top of the beam and Ha is the beam height at distance a from the

loading point.

Equation 3.5 was written based on the assumption that the end of the cantilever beam is fixed.
However, the actual rotation of the bottom edge around the supporting hinge (Figure 3.2) needs to
be considered. Based on the findings by [Mostovy et al., 1967], this can be accommodated by
increasing the beam length by adopting an equivalent, increased crack length equal to a + 0.6Hc.

As a result, Equation 3.7 can be re-written as follows:

_ 24 [a+0.6H.(a)]® 0.3a
Cen(a) = EB { 3H3(a) + Hc(a)} 3.7

By equating the initial experimental compliance to the initial theoretical compliance prior to BOP
(Figure 3.5 b), the effective modulus of elasticity (Eeff) is determined. The initial experimental
compliance (Cexp,i) is calculated at the BOP, that is the first point of nonlinearity. Considering that
the crack length before the BOP is equal to the length of the notch (ao), the initial theoretical

compliance is given by:
Ctni = Cen (ao) 3.8

Once Eesr iIs known, the effective crack length (aer) is calculated be equating the experimental
compliance to the theoretical one at each point of the SL-CMOD curve. Hence, the Mode-I SIF

(Ki) for a CDCB sample is determined from:
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K? = n?SL?B~2H;%(a? + 1.4aH, + 0.5H2) 3.9
where 7 is a function of the slope and here is equal to 3.1for m = 0.222 [Mostovy et al., 1967].

Considering that one B parameter in B stands for beam depth and one for crack depth, when crack
depth and beam depth are not equal to each other (in case of monolithic specimens, Figure 3.2 a)
one of the B parameters has to be changed to b (crack depth, Figure 3.2 a). Hence, equation 2.18

is re-written as follows for monolithic specimens with side-groove:
K? = n?SL>(Bb) *H;3(a® + 1.4aH, + 0.5H2) 3.10

Based on this approach, crack growth resistance curves of repair materials and substrate-repair

interface bond were computed using the software Matlab.

3.1.2.4 Sandblasting and Surface Preparation
Sandblasting was done by a Xstream pressure washer at 4000 PSI (27.6 MPa) using a
commercially available glass abrasive product. The size of the particles ranges from 0.150 to 2

mm. The chemical composition of the abrasive product can be found in Table 3.3.
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Table 3.3: Chemical composition of the abrasive product

Chemical Oxide Weight (%0)
Silica 93.2-93.6
Alumina 3.6-4.6
Iron 0.30-0.35
Calcium 0.25-0.65
Magnesium 0.08-0.15
Sodium 0.75-0.85

Titanium 0.1 maximum

The nozzle was kept at a distance of 10-20 cm from substrate surface up to the point the aggregate
was visible on the substrate surface and desired roughness was obtained. Figure 3.6 demonstrates

the surface roughness as a function of sandblasting time over the area of 25 cm?.
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Figure 3.6: Relationship between average roughness (Ra.) versus the duration of sandblasting
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3.2 Results and Discussion

3.2.1 Mode-I Crack Growth Resistance of the Repair Materials

As anticipated, plain mortar specimens exhibited brittle, abrupt failure soon after initial crack
nucleation, while more controlled, steady crack propagation was observed in the fiber reinforced
mortars overall at both pre-peak crack nucleation and post-peak crack propagation. Failure

occurred along the groove at the mid section as desired.

Experimental Splitting Load (SL) versus crack mouth opening displacement (CMOD) curves
obtained with 8 mm PVA fibers are shown in Figure 3.7 a, where the curve of the plain repair
material is also plotted for comparison. Only one type of fiber is shown here for sake of
conciseness. The allowable maximum crack width for durability of FRC structures ranges from
150 to 300 wm, with the most stringent requirements specified by American Concrete Institute
(ACI) 224R [2001]. According to ACI 224R the maximum crack width at the tensile face of
reinforced concrete structures is specified as 150 um for exposure to seawater, seawater spray,
wetting, and drying, and 180 wm for deicing chemical exposure. The FRCs here achieve these
crack opening values within the stable stage of subcritical crack growth prior to achieving the peak
of the response curve and the unstable crack propagation in most cases, or otherwise exhibit

significant residual stresses (Figure 3.7 a).

Average values for the peak splitting loads of the different repair materials (representing the onset
of unstable crack propagation, point B of Figure 3.5) are plotted as a function of fiber type and
content (V) in Figure 3.8 a. As expected, a consistent increase of the peak SL is observed for
increasing fiber contents, with steel fibers reaching the highest values. With Vi = 1% of the steel

fiber, SL is increased from 0.8 kN to 2.8 kN (around 250%). Similar contents of 8 mm and 12 mm
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long PVA fibers provide 175% and 87.5% SL increments, respectively. With a lower Vi, the SL
increment is 75%, 62.5%, and 50% with steel, 8 mm PVA, and 12 mm PVA fibers. Therefore, the

incremental benefit from 0.5% to 1% Vtis much higher than the one from 0% to 0.5% V.
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Figure 3.7: (a) Splitting load (SL) vs. crack mouth opening displacement (CMOD) curves of 8 mm PVA
FRC and (b) crack growth resistance curves (in terms of SIFs, KI, vs. effective crack length, ac«) of 8 mm
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Figure 3.8: (a) Peak splitting loads (SL) and (b) and critical stress intensity factors (K;) obtained for
various fiber types and volume fractions

Crack growth resistance curves in terms of stress intensity factor (K;) and effective crack length
(aefr) were calculated following the procedure described in Section 3.1. Also in this case, only one
representative fiber type is shown in Figure 3.7 b and compared to the plain repair mortar, while

the full curves for the other fiber types are available in the Appendix. Compared to the plain repair
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material, fiber reinforced concretes exhibited greater subcritical crack growth branch (BOP-B,
Figure 3.5) before the onset of unstable propagation. The critical stress intensity factors (Kic),
which represent the initiation of unstable crack propagation, are plotted in Figure 3.8 b for different
fiber types and contents. Consistently with the trends observed for the peak SL, Kic increased for

increasing fiber contents and highest increment were obtained with 1% V steel fibers.

Microcracks encounter greater crack growth resistance and increased toughness in the presence of
fibers. Some fibers develop chemical bond with the cementitious matrix that causes stress
redistribution around crack tips, promotes crack blunting, and bridges the cracks. This favors the
tortuosity of the crack and causes directional deviations. It is expected that larger crack deviation

leads to greater crack growth resistance [Zanotti et al., 2014a].

Quantitative correlations between crack deviation, shown in Figure 3.3 b (Section 3.1), and peak
splitting load is examined (Figure 3.9 a). It can be observed that higher values for splitting load
correspond to greater crack deviation. This is due to the ability of fibers to blunt cracks and cause
them to deviate. In this way, more energy is dissipated and higher of splitting loads can be obtained.
As crack deviation increases, the enhancement of splitting load becomes more significant. Figure
3.9 b shows dissipated energy (G) versus crack deviation. G corresponds to the area under SL-
CMOD curve beyond the peak splitting load up to the crack width of 1 mm. While Figure 3.9 a
represents the ability of fibers to mitigate subcritical crack growth, Figure 3.9 b demonstrates the
effectiveness of fibers in controlling unstable crack propagation beyond the peak splitting load.
For example, plain mortar shows slight subcritical crack growth resistance, however, it cannot
hinder unstable crack propagation beyond the peak splitting load. By comparing Figure 3.9 a with
Figure 3.9 b, one can also observe at which stage of crack propagation each solution is more

effective. For instance, increasing the 8 mm PVA fiber content from 0.5% up to 1% affects the
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subcritical crack growth (peak SL, Figure 3.9 b), but the post-peak behavior remains unchanged

as similar G values are obtained for the two Vr values (0.5% and 1%).
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Figure 3.9: (a) Peak splitting load and (b) post-peak fracture energy vs. crack deviation with respect
to the midline

3.2.2 Mode-I Crack Growth Resistance of the Substrate-Repair Interfaces (bi-material
systems)

The bi-material specimens failed at the interface as expected, with the failure plane passing through
and nearby the bond plane. Given the interfacial tortuosity achieved through substrate roughness
treatment (sandblasting), some slight deviation of the failure plane from the bond plane was
expected and, in fact, desired, as this is a known toughening mechanism in interfacial cracking [Li,
2003] [Zanotti et al., 2014a]. Similar to the material result discussion, the experimental response
curves (SL-CMOD) obtained for only one representative type of fibers (8 mm PVA) are shown in
Figure 3.10 a, while the bond response curves obtained with other fibers are available in Appendix.
Some of the crack growth resistance curves obtained using the MLEFM approach described in
Section 3.1 are shown in Figure 3.10 b for 8 mm PVA fibers. Similar to the FRC materials
discussed above, although for smaller values of Splitting Load and Crack Mouth Opening
Displacement, concrete substrate-FRC repair interfaces still exhibited stable, subcritical crack

growth (Figure 3.10).
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Figure 3.10: (a) Splitting load (SL) vs. crack mouth opening displacement (CMOD) curves of concrete-
FRC interfaces and (b) Crack growth resistance curves in terms of stress intensity factor, K, vs. effective
crack length, aes.

Crack propagation after peak splitting load, however, was quite different. Two main types of post-
peak crack propagation were identified, namely: (i) Quick failure along the interface followed by
sample split-up in two parts along the concrete — concrete interfaces (Figure 3.11 a), and (ii) micro-
crack deviations from the interface followed by slower failure and slight residual splitting load

(Figure 3.11 b).

Figure 3.11: Representative failures of the interface for (a) lower crack deviation (plain repair) (b)
higher crack deviation (PVA fiber repair)
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Figure 3.12 a reports average Mode-I strength values and corresponding fiber volume fractions for
three different types of fiber reinforcement. Mode-I bond strength of repair mortars reinforced with
8 mm long PVA fibers ranges from 1.1 to 1.5 kN. It ranges from 0.8 to 1.1 kN for 12 mm long PVA
fibers and from 1.2 to 1.4 kN for steel fibers. Although most of the samples exhibited bond failure,

in some specimens, partial material and bond failure was observed.
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Figure 3.12: a) Peak splitting load (SL) and b) critical stress intensity factor (K,) of substrate-repair
interfaces for various fiber types and volume fractions

3.2.3 Substrate-repair interface cracking: comparison and discussion

Peak values for bond splitting load and the critical stress intensity factor, corresponding to the
stress intensity factor at the crack tip prior to the start of unstable cracking, are plotted in Figure
3.12 as a function of fiber type and content. A steady increase was observed as the fiber content
(Vs) was increased. With Vi= 1%, peak splitting load and critical stress intensity factor are twice
as high as those of the plain concrete. However, while steel fibers outperformed PVA fibers in the
material fracture tests (Figure 3.8), quantitative differences between steel and 8 mm PVA fibers
are negligible when it comes to concrete-FRC interfaces (Figure 3.12). This may be due to the

different mechanisms involved in the failure of the material versus the failure of the interface.
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In the case of concrete-FRC bond, the beneficial effects of fibers can be classified into two main

categories as follows:

1. Fibers reduce interfacial damage, help compatibility, reduce shrinkage and bleeding
[Banthia et al., 2014] [Zanotti et al., 2014b] [Banthia and Gupta, 2006];

2. Fibers can provide additional toughening mechanisms for the interface. This is highly
dependent on mode of fracture, fiber bonding, size relative to the interface roughness,
stiffness, and orientation with respect to the bond plane, and overall deviation of the failure
plane from the bond plane [Zanotti et al., 2018] [Li, 2003] [Lim and Li, 1997].

With respect to point 2., it is informative to investigate how many fibers were intersected by the
failure plane during crack propagation. An optical microscope was used to measure the number of
fibers along the interface. This information is plotted against the peak Splitting Load in Figure
3.13 for the different fibers considered. One can observe that there is a consistent trend between
the number of PVA fibers that remained attached to the substrate and were crossed by the failure
plane (mixed adhesive-cohesive interfacial failure). No significant correlation was found for the
number of steel fibers. This may be due to different fiber sizes, stiffness, and bonding of the two
fiber types. Nevertheless, steel fibers had a favorable contribution to bond, comparable or superior
to that of PVA fibers, thus confirming that, for different fibers, different mechanisms are involved.
For PVA fibers, instead (due to their smaller size and different bonding), the number of fibers
crossed at failure can be interpreted as an indication of the amount of cohesive rather than purely

adhesive splitting occurring close to the interfacial area.
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Figure 3.13: Peak splitting load vs. number of fibers along the failure plane after substrate-repair
splitting

Because of the good correlation found in Figure 3.13 for PVA fibers, the analysis is extended to
investigate possible correlations between the number of fibers crossed by the failure plane and the
roughness of the interface. Although sandblasting was performed in the same manner for all the
specimens, differences in the roughness parameters obtained (especially when calculated on a
relatively small interface area) are inevitable. Based on the 3D surface scanning procedure and
analysis described in Section 3.1, roughness quantification parameters were obtained. To author’s
knowledge, there is no other work that investigates the correlation between quantitative roughness
parameters and concrete-FRC bond parameters under Mode-I fracture tests. Hence, the correlation
between quantitative roughness parameters and Mode-1 crack growth resistance parameters were
investigated. The average roughness (Sa) exhibited the best correlation with the splitting load
(Figure 3.14 a). However, this finding cannot be generalized and other bond strength/cracking
parameters (e.g., in Mode I1) may be better correlated to other roughness parameters. Interestingly,
the peak splitting laod-Sa trends are not as clear as the ones depicted in Figure 3.13 for peak
splitting load vs number of PVA fibers attached to the failure plane. While peak SL was best

correlated to Sa, the number of PVA fibers crossed by the failure plane was found to be best
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correlated to Spm, a parameter that depicts the maximum topographical gaps in the roughness

profile (Figure 3.14 b).
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3.3 Conclusion Remarks
In this chapter, the effects of different fiber reinforcements and surface treatment on substrate-

repair debonding in Mode-I were examined. The main results can be summarized as follows:

1. Significant enhancement of Mode-I crack growth resistance was observed in the repair
materials and in the substrate-repair bond after introducing steel and PVA fiber
reinforcement to the repair.

2. In the repair materials, a significant enhancement of the overall crack growth resistance
curves, peak splitting load, and critical stress intensity factors were observed for increased
fiber contents, as anticipated. For example, peak splitting load increments of 50-75% & 87-
250% were achieved at 0.5% & 1% Vs, respectively, with steel fibers providing the highest
increases. Consistent correlations were found between the Mode-1 crack growth resistance

of the repair materials and quantified crack deviation, confirming the ability of fibers to
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promote crack tortuosity as one of their different contributing mechanisms to crack growth
resistance.

. For the concrete-FRC interfaces, 8 mm PVA fibers exhibited the best performance at V¢ =
1%, while, in case of Vs =0.5%, 13 mm steel fibers reached the highest fracture load values.
This finding may be due to a number of contributing factors, including the stiffness and
size of the fibers with respect to the roughness of the interface (as far as failure mechanisms
are concerned), the bonding of the fiber to the matrix, as well as the effect of fibers on
compaction near and at the interfacial transition zone, the different ability of the various
fiber types and contents to mitigate or prevent shrinkage/thermal cracking and bleeding.
Some of these aspects are further investigated in Chapter 4.

. Substrate roughness and interfacial tortuosity had a significant effect on Mode-1 crack
growth resistance. Minor changes, within the investigated range, in quantified substrate
roughness parameters affected fracture parameters (such as the peak splitting load) and, for
PVA fibers, also affected the amount of fibers intersected by the failure plane during
splitting.

. For PVA fibers, a correlation was also found between fracture parameters and number of
fibers intersected by the failure plane. This was not the case for steel fibers, possibly due
to their different stiffness and diameter. Regardless, the beneficial effect of steel fibers on
concrete-concrete interfacial crack growth in Mode-1 confirms that other bond enhancing
mechanisms are in place.

. The aim of this study was to provide a better understanding of complex mechanisms
involved with the interfacial cracking in concrete-FRC composite systems. This

information can be used to help the design of repairs and retrofits with fiber reinforced
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concrete while striving to optimize stress transfer and durability along the substrate-repair
bond, a parameter that is essential to the effectiveness and durability of the retrofitted
structure. Finally, the investigation of the failure mechanisms provides information for

subsequent modeling of concrete-FRC debonding in Mode I.

Based on these results, the following conclusions can be drawn:

1. Steel and PVA fiber reinforcement can improve mechanical behavior of concrete-FRC
interfaces (within the investigated fiber content), and it should be considered as an effective
repair material for deteriorated concrete structures.

2. Further toughening effects can be provided by increasing steel and PVA fiber content
(within the investigated fiber volume fractions). This can improve load bearing capacity
and crack resistance of the concrete-FRC interfaces.

3. Steel and PVA fibers differently affect the behavior of composite systems. Hence, same
contents of two different fibers cause different responses.

4. In repair of concrete structures, surface preparation should be done prior to applying repair
material. Surface roughness quantification can be done using mean surface roughness and
the average of the maximum peak height parameters.

5. Considering surface roughness and fiber reinforcement together is highly recommended
for repair of concrete elements. This can provide further toughening mechanisms and cause

further improvement of the repaired structures.
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Chapter 4: Modelling Tensile Failure of FRC-Concrete Interfaces

As the number of failing concrete infrastructure rapidly increases all around the world, there is an
urgent need for durable repair and retrofit techniques. Considering the larger investment required
for the maintenance and rehabilitation of failing structures, the effectiveness of these interventions
is of vital importance. As mentioned previously, one of the most common techniques for repairing
concrete structures is to apply a Fiber Reinforced Concrete (FRC) layer on cracked concrete
surfaces. The suitability of employing FRC in repair projects can be mainly attributed to their
ability to decrease bleeding, bridge microcracks, improve crack growth resistance, and reduce the
extent of damage arising from poor compatibility. Zanotti et al. [2014a] and Kabiri Far and Zanotti
[2019] studied the interface behavior of repaired systems under tensile and shear loading.
Suitability of using FRC as repair material to improve the quality of the interface in both modes
has been demonstrated. Another study by Banthia et al. [1994] investigated the effectiveness of
fiber reinforced cementitious composites containing high volume fractions of micro-fibers for thin
repair layers. Their results indicate a remarkable improvement of the repair bond strength due to
the use of micro-fibers in the repair layer. The overall performance of repaired composite systems
is governed by quality of interfacial transition zone , known as the weakest part of the composite
system. Among the various factors affecting the interfacial behavior of repaired composite
systems, surface roughness, strength of repair material, and compatibility of two adjacent layers

play crucial roles.

The first efforts to model concrete-concrete interface behavior go back to the 1960s. Various
milestones were reached over six decades of modelling cementitious interfaces. Birkeland and
Birkeland [1966] were the first researchers who proposed a linear design expression to assess the
ultimate shear stress of concrete interfaces. Mattock and Hawkins [1972] and Loov [1978] were
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the first researchers to consider compressive strength of concrete as a factor affecting interface
strength. Walraven et al. [1987] proposed a non-linear function comprising the effect of
reinforcement ratio, the yield strength of the reinforcement, and the concrete compressive strength.
Tsoukantas and Tassion [1989] considered the effect of surface preparation and proposed different
expressions for smooth and rough surfaces. Randl [1997] presented a design expression which
explicitly included the contribution of cohesion, friction and dowel action. Finally, Santos and
Julio [2011, 2010] performed a quantitative evaluation of surface roughness and explicitly

included a roughness value in their proposed design expression.

As far as the influence of surface roughness on the interfacial behaviour is concerned, a number
of research papers have been published. Santos and Julio [2014, 2011] investigated the effect of
surface preparation on longitudinal shear strength between concrete layers cast at different times.
Various surface preparation methods were employed, and a non-destructive in-situ method was
developed to perform a quantitative assessment of roughness of a concrete surface [Santos and
Julio, 2011]. The results indicate that the roughness of the concrete substrate has a significant
influence on the bond strength of substrate-repair interfaces. The bond strength of the interface
increased with increasing roughness. Another study was done by Lukovic et al. [2014, 2013] where
various surface profiles were used in numerical experiments. Extensive debonding occurred in the
case of smooth interfaces. However, rough interfaces encouraged distributed cracking and a trend
towards cohesive failure. The other important point highlighted in the literature is that there is a
certain threshold value for the roughness of interfaces beyond which, a further increase in

roughness will no longer improve bond strength [Wagner et al., 2013] [ Silfwerbrand et al., 2011].

The other governing factor of the composite system is the strength of the repair material. Hofbeck

et al. [1969] and Mattock and Hawkins [1972] were among the first researchers to investigate the
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role of repair material strength on concrete-concrete interface strength. Their results indicated that
there is a limit below which concrete strength does not affect interface strength. Above this limit,
however, stress transfer is affected, and interface strength is increased by increasing concrete
strength. Loov [1978] was the first researcher who explicitly included the concrete strength in an
expression to predict interface strength. His non-dimensional expression for a concrete with a
compressive strength equal to 30.9 MPa accords with other research works where concrete
strength was not considered. For other types of concrete, however, the outcomes were different.
Later, more general non-linear functions for predicting the shear interface strength were proposed,
which considered concrete strength as an input [Walraven et al., 1987] [Mattock, 1987]. In another
paper, Lin and Chen [1989] mentioned that previously proposed expressions are not valid for
concretes with low compressive strength. As a result, a new design expression was proposed for
concretes with high compressive strength. Finally, Mattock [2001] and Mansur et al. [2008]
proposed design expressions applicable to concrete with different strengths, from low to high

strength.

The other governing factor for composite behavior in repaired systems is the compatibility (e.g.
thermal and mechanical) between old and new layers [Emmons, 1994]. Unlike surface texture and
strength of the repair layer, compatibility is not well-addressed in previous studies. In most of
studies to-date, the issue of compatibility is limited to employing repair layer which is more
compatible with the substrate rather than using various compatible/incompatible repair materials
and comparing outcomes. Compatibility can be defined in terms of mechanical behavior,
dimension, and thermal response. Highly incompatible materials might not work properly together.

The incompatibility can cause additional stress concentration leading to failure of the system.
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Good quality repaired systems need to be able to withstand the effects of environmental conditions,
applied loads, as well as maintain their level of performance during their service life. In this
context, substrate-repair bond and fracture properties of composite systems are both of critical
importance. A composite system with higher critical stress intensity factor exhibits higher
resistance to crack propagation under certain load, less exposure to severe environmental
conditions during the service life, and higher durability. Also, the maximum load bearing capacity
of composite systems is important for both short-term and long-term responses of repaired
systems. The higher the bond strength, the lower probability of nucleation of microcracks and

failure of the composite system.

Although there are various proposed models for predicting interfacial behavior of concrete-
concrete composite systems, most of them are focused on ultimate shear strength of the interface.
To the best of author’s knowledge, research on modelling failure behavior of concrete-FRC
interfaces under tensile stresses taking into account the impact of repair layer strength, surface
roughness, and ductility is not adequately addressed in the literature. This chapter aims to develop
a design expression, based on experimentation, to predict mechanical response of concrete-FRC
interfaces under Mode-I loading. This design expression model is not only capable of predicting
maximum load bearing capacity of composite systems but also gives a predictive model for crack

growth resistance curve which is relevant to the durability of the system.

4.1 Methodology
Various concrete-FRC interfaces are evaluated using contoured double cantilever beam tests.
Load-displacement response curves and crack growth resistance curves are obtained from

collected experimental data. In order to study the impact of surface preparation, all substrates are
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scanned prior to casting repair layers. Predictive models are developed based on semi empirical
crack growth resistance curves and load-displacement response curves for different
repair/substrate layers and surface preparation. Some data was obtained from a previous study
[Kabiri Far and Zanotti, 2019]. Additional experiments using the same methodology were
performed, including additional materials and roughness levels, so as to attain a comprehensive

dataset.

4.1.1 Contoured Double Cantilever Beam Test

CDCB test is thoroughly explained in Chapter 3. It is a splitting fracture test used to quantify
mechanical properties of materials and bi-material systems under tensile stresses. This technique
was first employed for structural adhesives and later adapted for evaluation of fracture properties
of monolithic materials and cement-based interfaces. The test is based on applying a splitting load
to propagate a crack in a pre-notched specimen. The applied load and the opening displacement of
the crack faces are monitored during the test which can be used for determination of fracture
properties. Due to specific geometry of the specimens, which allows application of smaller
splitting loads and larger displacements, more reliable compliance measurements are feasible.
Tapering the samples helps to make the rate of strain release theoretically independent of crack

length and more stable crack propagation.

For monolithic specimens, a side groove was placed along the desired crack plane to foster desired
crack growth and avoid any adverse crack deviation. In the case of composite specimens, where
each specimen was subdivided into two symmetrical parts with the concrete substrate on one side,
the repair layer on the other side, and the interface in between, the interface represents a plane of

weakness. Hence, to reduce damages during handling, the side groove was removed. This
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difference between monolithic and composite specimens is accounted for in the back-calculations

of fracture analysis.

These tests employed a servo-hydraulic Instron universal testing machine, using the method
described in Section 3.1.2.1. To obtain fracture parameters and the crack growth resistance curves,
a procedure based on Modified Linear Elastic Fracture Mechanics (MLEFM) was employed.

Details of MLEFM and back-calculations can be found in Section 3.1.2.3.

4.1.2 Materials Selection

Table 4.1 presents the mix proportion of substrate and repair layers. Two different types of
specimen were employed: monolithic and composite. While the first type was used for material
characterization of the repair layer, the second type was used for evaluation of interfacial behavior
of FRC-concrete composite specimens. For the repair materials, in addition to plain concrete
condition without fibers, two types of fiber with volume fractions Vs = 0.5% and 1% were used
including: (1) 8 mm long Poly-Vinyl-Alcohol (PVA) fibers and (2) 12 mm long PVA fibers. In
order to address the effect of ductility, two different substrates were investigated where substrate

A had higher modulus of elasticity and more brittle behavior compared to substrate B.

To prepare composite specimens, concrete substrates were cast, covered by plastic sheets after
casting, demoulded after 24 hours, and finally cured at a standard temperature of 20 + 2°C and
relative humidity 95 + 5% for 28 days. Before casting repair layers, the substrates were
sandblasted, using the method described in Chapter 3. Sandblasted surfaces were scanned, as
above, for roughness quantification prior to casting repair layers. Afterwards, substrates were put
back into the moulds under an optimum Saturated Surface Dry (SSD) condition [Momayez et al.,

2005] and the repair layer was cast against the substrate. The composite specimens were cured for
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another 28 days under the same condition. Monolithic specimens were also cast at the same time
as of casting of repair layers and cured for 28 days in a curing room. Further details of sample

preparation can be found in Kabiri Far and Zanotti [2019].

Table 4.1: Mix proportions of substrate and repair layers

Cement | Fly Ash | Sand 10mm Aggregate | Water Fiblzrfa\clt?(l)lﬁ]me
Substrate A 1 0.25 2 0.48 0.5
Substrate B 1 2.5 1.7 0.42
Repair 1 0.25 2 0.5 0%, 0.5% & 1%

4.1.3 Roughness Quantification

In order to assess the impact of surface preparation on mechanical properties of FRC-concrete
interfaces, roughness evaluation is required. In this chapter, the topography of sandblasted
substrates was assessed following a similar procedure to that described in Chapter 3. However,
unlike in Chapter 3, a 2D profilometer was employed. In order to minimize the errors induced by
limited variability range of a 2D scanner (compared to the 3D scanning technique), several linear

profiles in different regions of the surface were collected and examined for each specimen.

4.1.4 Materials Characterization

Compressive strength of repair and substrate layers were investigated based on ASTM C39
standard using a Forney machine. At least three specimens with height of 20 cm and diameter of
10 cm were cast and cured for 28 days in curing room (temperature of 20 £ 2°C and relative

humidity 95 + 5%) and tested for each mix design. In order to obtain splitting tensile strength of
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repair and substrate layers, splitting tests were performed according to ASTM C496. Cylinders

with a length of 20 cm and diameter of 10 cm were cast and cured for 28 days in curing room.

4.2 Results and Discussion

4.2.1 Materials Properties

Figure 4.1 shows compressive strength, splitting tensile strength and calculated elastic modulus of
two substrates compared with the average for the repair materials used in this study. Compressive
strength varies from 44 to 66 MPa, splitting tensile strength varies from 3.7 to 5.8 MPa, and the
modulus of elasticity varies from 30 to 38 GPa. As expected, repair materials and substrate A
exhibit similar average mechanical properties; however, substrate B has lower compressive and
tensile strength as well as a lower elastic modulus. While substrates A and B as well as plain mortar
tend to exhibit a brittle failure in compression and splitting tests, the failure mode of fiber
reinforced repair materials was slower and more controlled. In addition, substrate B exhibits lower
stiffness compared to substrate A and repair materials. This difference can affect the ductility of
the system and provides us with an opportunity to study the effects of ductility on the overall

response of the composite system.

Indirect tensile strength is quantified based on the following equation:

2P

and modulus of elasticity is quantified experimentally and also calculated from compressive
strength using equation suggested by ACI 318-08:

E, = 4700,/f 4.2

Figure 4.2 compares experimental and calculated elastic moduli. Calculated E values are employed
in the following sections due to their lower variability.
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4.2.2 Interfacial behavior in Mode-I: effect of materials’ properties and surface roughness

In this section, semi-empirical models are provided based on experimental results and mechanical

behavior of concrete-FRC interfaces. A concise summary of the primary governing factors - based

on the experimental study presented in Chapter 3 and the literature reviews presented in Chapter

2 - is provided hereafter:

1.

Interface roughness: Improved interface roughness can help with better mechanical
response as a result of increased contact area and crack deviation. This has been
demonstrated in Figures 3.11 and 3.12 as well. However, extra surface treatment will lead
to interfacial microcracks and damages which explains the saturating behavior of
mechanical response-surface roughness which can be observed in previous research works
[Silfwerbrand et al., 2011] as well as results of this study.

Material strength and role of fibers: Having a repair material with higher strength can help
with improved ITZ and composite behavior of the system. Furthermore, introducing fibers
to the repair material can enhance interfacial response through increasing stability of the
interfacial transition zone, avoiding pre-loading damages (both aspects will be further
explored in Chapter 5), and providing further micromechanical mechanisms, such as crack
bridging and crack blunting, to increase load-bearing capacity of the system. This has been
demonstrated in Figure 3.10. On the other hand, a very strong repair material may increase
brittleness of the system and decrease maximum strain capacity of the interface, which
justifies a saturating trend of interfacial mechanical response versus material strength. This
trend is further explained in this chapter and is compatible with previous research studies

[Mattock and Hawkins, 1972].
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3. Ductility of the composite system: To have a durable and long-lasting repaired structure, it
is quite vital to consider ductility of new and old layers. Very brittle layers are not able to
endure high strains. This would negatively affect the performance of the interface and
increase likelihood of debonding. A very strong material increases the brittleness of the
structure, while on the other hand, a weak material decreases the maximum stress capacity
of the interface. As a result, ductility needs to be addressed very carefully. The results of
this study, as well as previous research works, suggest that having a repaired element with
slightly higher ductility may improve the overall response of the repaired element.

4. Synergistic effects of surface treatment and repair material: surface roughness and fibers
within the repair matrix can intensify or decrease the effectiveness of each other. As
presented earlier in Figure 3.12, higher surface roughness can get more fibers involved in
the interfacial failure process. This can help with activating further micro-mechanisms,
provided by fibers, and enhancing interfacial response. These mutual effects are thoroughly

analyzed in Chapter 3.

In order to obtain an expression representing the relationship between maximum interfacial
splitting load, surface roughness, and mechanical properties of repair and substrate layers, the
relationship between interfacial tensile strength and tensile strength of repair layer and also the
relationship between interfacial tensile strength and surface roughness are investigated separately.
In this chapter, the same substrate (substrate A) is used for all specimens to remove the effects of
substrate properties and compatibility variations on composite response, and to study the impacts

of roughness and mechanical properties of repair layer.

Figure 4.3 shows interfacial tensile bond strength plotted against surface roughness. It is well

known that interfacial behavior of composite systems is highly affected by surface preparation
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[Kabiri Far and Zanotti, 2019; Santos and Julio, 2011]. One can observe that the trendline follows
a similar saturating behavior for different types of repair material. The difference between curves
is related to mutual effect of material properties and roughness values on the behavior of composite
systems. This mutual behavior is shown in the following graphs. Increasing roughness results in
better interfacial bond up to a certain point, beyond which further increase of roughness does not
contribute to improvement in bond strength. This behavior is governed by the type of repair
material. In other words, different types of repair material result in different rate loss, and
accordingly, different level of improvement of interfacial bond. This trend accords with previous
research. Silfwerbrand et al. [2011] mentioned that a specific threshold value exists for the
roughness of the interface between substrate and repair layers. Beyond this threshold value, further
increases in roughness do not enhance the bond strength. Work by Santos and Julio [Santos and
Julio, 2010 & 2011] also examined the relationship between surface roughness, cohesion, and
friction. Their expressions for cohesion and friction contain saturating power function for
roughness. Further increase in roughness of the substrate surface, can increase damage at the
interface. This damage can be in form of microcracks which can later coalesce creating
macrocracks, which lead to failure. Such damage may explain the saturating behavior of the
trendline between interfacial tensile bond strength and surface roughness. One must notice that the
ascending fitted curve in Figure 4.3 has a low R? value. To address this issue, the mutual effect of

repair material properties and roughness are investigated in Figures 4.4 and 4.5.
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Figure 4.3 Interfacial tensile bond strength versus average surface roughness

In Figure 4.4, data points are categorized based on their level of roughness, where 0 <Ra < 0.5 is
considered as low roughness; 0.5 < Ra < 1 as medium roughness; and 1 < Ra < 1.5 as high
roughness . Categorizing dataset based on a secondary variable (surface roughness) has a positive
effect on fitting outcome and confidence level leading to higher R? values. It can be observed that
employing stronger FRC repair layers (higher fiber volume fraction) improves interfacial tensile
bond strength. Considering fracture mechanics, higher material strength corresponds to greater
volume fraction of fibers; the enhancement of interfacial crack growth resistance can be explained
by the beneficial effects of the addition of fibers. Fibers mitigate interfacial damage, shrinkage and
bleeding [Banthia et al., 2014; Zanotti et al., 2014b]. Furthermore, they can provide additional
toughening mechanisms by the interface [Lim and Li, 1991; Momayez et al, 2005]. The rate of
this enhancement, however, is not constant and decreases as the strength of repair concrete
increases. This behavior accords with results of previous research. For example, Mattock and

Hawkins [1972] investigated the effect of concrete strength on the shear strength of concrete-
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concrete interfaces and obtained a similar saturating curve. Also, Walraven et al. [1987] studied
the shear friction capacity of concrete-concrete interfaces taking into account the compressive
strength of concrete. Their proposed expression included a saturating power function between
interfacial splitting strength and material strength. This behavior can be explained as a result of
incompatibility between substrate and repair layers. As tensile strength of repair layer increases
beyond a certain point, the incompatibility between two layers becomes more exaggerated and the

mutual behavior of these layers in a composite system is adversely affected.
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Figure 4.4 Interfacial tensile bond strength versus tensile strength of repair material for different
roughness categories

The same approach was employed in Figure 4.5 where data points are separated based on their
associated repair material. Once again, considering a second variable (type of repair material) leads
to clearer final results with more consistent curves and higher confidence level. After comparing
Figures 4.4 and 4.5 one can observe that the roughness-based model is giving more reliable

outcome. One source of error in a repair material-based model is that since material properties and
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composite strength are derived from tests on different types of specimen, it is difficult to correlate
data points one-by-one to each other. Any solution including averaging repair material strengths
can introduce further errors in the model. As a result, it seems reasonable to consider roughness as
the primary variable for a model while overlay tensile strength can be considered a secondary

variable, which can be addressed later by applying a correction factor to the main model.
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Figure 4.5 Interfacial tensile bond strength versus surface roughness for different repair materials

4.2.3 Proposed Expression for Load Bearing Capacity of Concrete-Concrete Interfaces
under Tension

There are various factors that affect the behavior of composite repair systems including properties
of repair material, characteristics of substrate layer, topography of the surface, adhesive materials
applied on the substrate, curing condition, saturation level of substrate before applying repair layer,
compatibility etc. (as described above). Considering that including all abovementioned factors in
a single study is a formidable task and requires extensive experimental work, and that some of

these factors have already been investigated in other research works [Lukovic, 2016], the focus of
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this study is on the three most dominant factors affecting the composite behavior, namely
properties of repair and substrate materials, topography of the substrate surface, and ductility of
two layers. These three factors have higher priority not only because of their direct effect on the
final response of the system, but also because in practice, these three factors are easy to modify.
This study can be divided into two parts where the effects of substrate properties and surface

preparation are addressed first, and the ductility issue is then examined.

In order to obtain an expression representing the relation between interfacial properties (in terms
of maximum tensile strength (fi)), surface roughness, strength of repair material, and ductility
criteria, experimental data are analyzed using Matlab’s regression module. Regression used the
least square method. This is a standard regression analysis approach where the sum of squares of
the residuals corresponding to the results of every single equation is minimized in the overall

solution.

ri=yi—f X, p) 4.3

SEDNY 4.4

In these functions, ri is the residual, y; is a dependent variable, xi is an independent variable, and f
(x, B) is the model function. Various regression models are employed and compared with one
another, including tangent hyperbolic, power, exponential, and logarithmic functions. Based on
the results, the nature of the problem, and relevant research works available in the literature [Santos
and Julio, 2014] [Mattock and Hawkins, 1972], the saturating exponential function is considered

as the main model function.

y =ar (1-e%%) 45
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Figure 4.6 compares these models. Generally, these models can be categorized based on their
saturating (Figure 4.6 a & d) or non-saturating behavior (Figure 4.6 b & c) as well as their
intercepts. Figure 4.6 a represents tangent hyperbolic regression model with non-zero intercept.
Although the saturating behavior is aligned with findings in the literature, the non-zero intercept
overestimates bond strength of smooth surfaces. Figures 4.6 b & ¢ represent power and logarithmic
regression functions; however, both suffer from sharp ascending curves even beyond high
roughness level which does not accord with previous research findings. Figure 4.6 b contains an
exponential regression function which seems to be the best model due to it saturating behavior,
zero y-intercept, and acceptable R? values. It should be acknowledged that bond strength of smooth
surfaces is not quite zero, but due to its small value it can be conservatively considered to be zero
[Santos and Julio, 2014]. Based on fracture mechanics, increased interfacial tortuosity achieved
through the substrate surface treatment (sandblasting), which can promote slight deviation of the
failure plane from the bond plane causing further toughness increases [Li, 2003]. Higher roughness
values promote greater subcritical crack growth as well as more stable crack propagation. In the
case of FRC as repair material, crack deviation and cohesive failure can activate toughening
mechanisms provided by fibers in the repair material. The concept has been described more fully
in Chapter 3. However, extensive surface treatment might not be beneficial. This saturating
behavior is attributed to possibility of inducing microcracks at the interface as a result of extensive
sandblasting which results in higher surface roughness. This behavior is well-supported by other

studies in the literature as explained in Section 4.2.3.
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Figure 4.6 Different regression functions to model tensile bond strength as a function of surface
roughness and mechanical properties of repair material a) Tangent hyperbolic, b) power, ¢) logarithmic,
d) exponential regression models

Hence, following exponential function can be considered as the main model to predict behavior of
composite system with plain repair material.

f,o = 1.32 (1 — e~205Ra) 45

where fic is tensile bond strength of composite systems in MPa and Ra is average roughness in mm.

Table 4.2 shows correction factors for four other types of repair material and R? values for each
material. The confidence level of the proposed design equations is 95%. In general, adding fiber
to repair material avoids nucleation of microcracks during curing and prior to loading stage, and

also provides further toughening during loading via crack blunting and crack bridging. These
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positive impacts are amplified with higher fiber content which explains why the repair material
with 1% fiber ratio exhibited better bond strength compared to the material with 0.5% fiber ratio
or the plain repair material. Some of these positive impacts, however, are also influenced by
surface texture. In other words, some toughening mechanisms will be activated only if minimum
surface roughness is provided. That is why bond strengths of different repair materials at very low

surface roughness were almost similar. All these aspects are more fully explained in Chapter 3.

This model can predict the behavior of composite systems with similar, but not identical, materials
within specified range of surface roughness and material strength, which are common values

relevant to practical use of repair materials.

Table 4.2 Model correction factors for different types of repair material

f(y) =1.32a (1 — e 205b%) a b R?
Plain Repair 1 1 0.80

PVA 12mm 0.5% 1.12 1.21 0.81

PVA 8mm 0.5% 1.01 1.97 0.84

PVA 12mm 1% 1.4 0.76 0.82

PVA 8mm 1% 1.45 0.89 0.83

4.2.4 Effect of Ductility on the Composite System

While the previous section was concerned with concrete-FRC interfaces where repair and substrate
layers are exhibiting same elastic modulus, the focus of this section is on concrete-FRC systems
with a softer substrate. Employing a softer material can affect bond strength and crack growth

resistance, as well as maximum strain capacity and overall ductility of the system. A new set of
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specimens were prepared using a new mixture design for the substrate layer (substrate B) and
keeping the same repair layers used in the previous investigations reinforced (12 mm PVA fibers
at Vs = 1% were selected). To quantify ductility of two adjacent layers, elastic modulus ratio is
employed as the ratio of overlay elastic modulus to that of the substrate. Elastic modulus ration of
1 indicates that both substrate and repair layers exhibit same level of ductility. Higher values than
1, where elastic modulus of the substrate decreases, indicate softer and more ductile composite
systems. However, higher values than 1 where elastic modulus of the overlay is increased, indicate

stiffer composite systems.

: . E
Elastic Modulus Ratio = E—O 4.6
S

where Eg is the elastic modulus of the overlay and Es is the elastic modulus of the substrate. The
average elastic modulus ratio for concrete-FRC interfaces with substrate A, addressed in Section
4.2.3, is around 1.05 and for the new concrete-FRC interfaces with substrate B it increased to 1.25

indicating that newly introduced concrete-FRC system is more ductile compared to previous ones.

The new set of specimens were tested and their associated regression model was compared to the
regression model of previously tested specimens (Figure 4.7), which was already presented in
Section 4.2.3, where same repair material (FRC with PVA 12 mm 1%) was employed for both
specimens with two different substrates (substrate A & B). The same exponential regression model
is employed as in Section 4.2.3. It can be observed that although the second set of specimens,
where substrate B is employed, has a higher elastic modulus ratio, it has stronger tensile bonds
between two adjacent layers. This suggests that the issue of ductility between two adjoining
cementitious materials is more complicated than was previously thought. Although significant

differences between properties of two layers is not suggested by previous researchers, small
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differences within a specific range may have positive effects. In the other research works, the same
improvements are reported, provided that repair layer is stronger than the substrate. However, for
the other cases where repair material is weaker than the substrate, load transfer is not adequate,
and the two materials are considered as incompatible [Pattnaik and Rangaraju, 2007]. In other
words, with a softer substrate, the composite system can exhibit higher ductility and improved
mechanical performance. . This might be explained by the fact that a substrate with lower stiffness,
here substrate B, exhibits more ductile behavior in comparison to the stiffer substrate here,
substrate A. A more ductile substrate not only helps with increasing ductility of the whole system,
but also may positively affect stress distribution among two layers, which can enhance load
transfer to the repair layer. It also helps by taking advantage of ductile behavior of the repair
material and increased cohesiveness of the failure. A low-modulus substrate material has higher
deformation capacity [Pattnaik and Rangaraju, 2007] [Liu et al., 2016]. This helps with avoiding
debonding due to thermal deformations where repair layer has high deformation capacity.
Substrate materials that have limited deforming capacity can adversely affect mechanisms of load
transfer as well as overall composite response. Further cohesive failure of repair material in the
second type of specimens is represented in Figure 4.8. While repair material can be seen in various

parts of substrate B, substrate A shows more adhesive failure.

Table 4.3 shows model variables for two classes of concrete-FRC interfaces. In Sections 4.2.3 and
4.2.4, various types of repair materials in addition to two different substrate layers are investigated.
Based on fundamental similarities in mechanical behavior among different cementitious materials
and considering the scale of this experimental study and number of tested specimens, one can
suggest that similar model function would work for other repaired systems provided that

appropriate calibration is applied. Two different approaches for calibration can be suggested.
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General calibration, which is easier to do but less accurate than precise calibration, is based on
strength class of repair materials. By having maximum tensile strength of repair material, one can
come up with appropriate correction factors for a specific material based on models provided here.
The shortcoming of this quick calibration method is that the way different fibers (or other agents
like nanomaterials) affect fracture of the interface has not been addressed, but only final tensile
strength of repair material is used for calibration. To consider the effect of different fibers (or other
strengthening agents) on cracking behavior, which leads to slightly different correction factors for
materials which exhibit same strength class by employing different fibers, at least two tensile tests
on composite specimens need to be performed including both low roughness and high roughness
substrates. This can help with obtaining quite accurate calibration factors based on model function

suggested here.
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Figure 4.8 Failure surface of substrate A (a-c); failure surface of substrate B (d-g)

Table 4.3 Correction factors for two classes of composite systems with same repair material but different
substrates and ductility

f(y) = 1.32a (1 — e~ 205b%) a b R?
Substrate A - PVA 12mm 1% 1.24 0.76 0.82
Substrate B - PVA 12mm 1% 2.59 0.75 0.87

4.2.5 Modelling R-curve under tensile loading regime

This section is focused on modelling long-term behavior of concrete-FRC interfaces subjected to
tensile stresses. R-curve is not only a common way to evaluate durability of materials and their
vulnerability to the penetration of dangerous substances but also provides further information on
structural behavior of repaired system. A higher initial stress intensity factor indicates greater crack

nucleation resistance, while the maximum stress intensity factor at the plateau of a material’s or
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an interface’s R-curve represents the material’s resistance to crack propagation. In other words,
beyond the maximum stress intensity factor, rapid, unstable development of macrocracks occur

leading to the system’s failure as explained in Chapter 3.

R-curves corresponding to different tested repaired systems are modelled using experimental data
for CDCB tests and based on a saturating exponential function (Figure 4.9). Different models are
proposed for different repair materials. In addition, roughness level (i.e. Low roughness: R < 1
mm, High roughness: R > 1 mm) and compatibility criteria (corresponding to substrate B) are

addressed following previous discussions.
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Figure 4.9 Comparison of proposed R-curve model vs. experimental data for various composite
systems categorized based on level of surface roughness, type of repair material, and incompatibility

criterion

The following exponential function can be considered as the main model to predict the behavior

of composite system with plain repair material.
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K; = 11.1 (1 — e~ %0(2err=47)) 4 4 4.7

where K is stress intensity factor of composite systems in MPa.mm?® and aer is the effective crack
length in mm. The value of 47 is a constant depending on the shape of the specimens and test setup.
Figure 4.10 shows stress distribution at the crack tip and R-curve expression parameters including

stress intensity (K) and crack length (a).

CMOD

Figure 4.10 Parameters of crack growth resistance model expression, K and a

In order to thoroughly address the impact of repair material, surface preparation, and ductility, one
should study changes in crack nucleation resistance (initial stress intensity factor, c), as well as
maximum crack growth resistance (sum of a and c factors). Experimental and model results
indicate that increasing surface roughness as well as volume fraction of fibers improves crack
nucleation resistance. Moreover, maximum crack growth resistance tends to exhibit same trend
where introducing fiber to repair material and further surface preparation increases maximum
stress intensity factor. Considering overall crack growth resistance curves, composite systems with

1% fiber ratio in repair material and high roughness exhibit the best R-curves among tested

133



specimens where compatibility criteria has not been changed. This is attributed to the ability of
fibers to provide further resisting mechanisms both prior to and during loading including crack
bridging, crack blunting, etc. Furthermore, higher roughness helps with further positive
enhancement of these mechanisms specifically the ones activated during loading stage.
Comparison between composite systems with different class of substrates (namely A and B)
indicate that slightly different materials, in terms of modulus of elasticity, exhibit more resistance
to crack nucleation and propagation. Suggested causes of this behavior have already been
described in Section 4.2.4. These results can also be interpreted in terms of energy-based fracture
mechanics. However, the trends would be the same considering the correlation between energy
approach and stress intensity approach (Section 2.1.3). As a result, all the expressions here are
only developed in terms of stress intensity factor. Correction factors for each case can be found in
Table 4.4. The proposed equations have a confidence level of 95% based on T-test statistical

approach.
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Table 4.4 Proposed equations for R-curve models

f(y) =11.1a (1 — e7 00447 4 4¢ a b C R?
Plain Repair — Low roughness 1 1 1 0.88
Plain Repair — High roughness 1.11 1.25 3 0.87

PVA 8mm 0.5% - Low roughness 0.97 0.75 1.65 0.78
PVA 8mm 0.5% - High roughness 0.96 3.25 2.9 0.73
PVA 8mm 1% - Low roughness 1.71 0.5 2.2 0.95
PVA 8mm 1% - High roughness 1.8 1.25 2.3 0.85
PVA 12mm 0.5% - Low roughness 0.84 1 1.05 0.76
PVA 12mm 0.5% - High roughness 1.43 3 1.26 0.74
PVA 12mm 1% - Low roughness 14 15 1 0.89
PVA 12mm 1% - High roughness 1.89 4.5 2.12 0.82
Substrate B — Low roughness 2.16 2.25 242 0.91
Substrate B — High roughness 291 2 3.33 0.84

Comparing the results of Sections 4.2.3-4.2.5, various similarities can be found among R-curve
and tensile strength models. First, in both cases, higher surface roughness improves the response
of composite systems. Rough substrates exhibit higher tensile load bearing capacity as well as
improved R-curves. This suggests that surface preparation can directly and indirectly (through
activating fiber-related mechanisms) enhance load bearing capacity, crack nucleation, and crack
propagation resistance. Moreover, introducing fibers (especially at higher volume fractions), has

positive impact on both models. These strengthening and toughening mechanisms have been
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described earlier. Surface preparation and fiber addition work strongly together in a way that rough
surfaces with more fiber exhibit the best results while a smooth surface with plain repair material
has the weakest interface. In addition, softer substrate helps with having a more ductile system and
better stress transfer between two layers as discussed in Section 4.2.4. This not only improves
overall strength of the system, but also leads to higher crack nucleation and propagation resistance.
The R-curve models provided here can be used for other cementitious materials following the same

calibration method explained in Section 4.2.4.

Section 4.2.3 — 4.2.5 provide semi-experimental models on progressive failure of concrete-FRC
interfaces in Mode-1. Proposed models are given for tensile strength and crack growth resistance
curves of concrete-FRC interfaces. These can be employed for practical design purposes
considering both long-term and short-term behavior of the repaired systems. In addition, stress
distribution at the interface can be characterized using stress intensity factors and effective crack
lengths. This information can be used for numerical simulations of concrete-FRC interfaces in

future works.

4.2.6 Comparison with existing research studies

Interfacial properties of concrete-FRC interfaces in Mode-I are investigated in various studies,
however, none of them are comprehensive enough to yield a model which can be used for
designing composite structures. In this section, results of these research studies are compared with
the predictive models provided in this thesis. The main objective of this section is to verify the
model equations proposed in Sections 4.2.3 — 4.2.5. The model equations which are developed in

this thesis are employed and relevant variables are plugged in from the other research studies.
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Predicted values are compared with the experimental values and the applicability of the proposed

model equations is validated for different materials, surface treatments, and testing methods.

Zanotti et al. [2014] employed the same substrate (substrate A) and repair material (PVA 8 mm
1%) used in this work and described in Chapter 3; the authors investigated both tensile strength
and crack growth resistance of substrate-repair interfaces. Figure 4.11 represents R-curves and
tensile strength values obtained from their experimental tests and the results obtained by applying
the model proposed in this work. For the R-curve, crack length values are taken from Zanotti et al.
[2014] and plugged in the model equation for PVA 8 mm-high roughness (Table 4.4, Model
equation for PVA 8 mm 1% - High roughness). Also, for tensile strength, since roughness data is
not available, an average roughness of 1.5 mm is assumed, based on the R-curves which belong to
the higher part of roughness spectrum (Table 4.2, Model equation for PVA 8 mm 1%). The slight
discrepancy between the results may be explained by higher values of roughness employed in the
study done by Zanotti et al. [2014]. However, the predictive curve and tensile strength are still

close enough to be used as a fast tool for design purposes.

Table 4.5 Variables for verifying the predictive model versus the results of Zanotti et al. [2014]

Type of Material PVA 8 mm Vi = 1% (Provided by Zanotti et al.
[2014])
Surface Roughness High Roughness, 1.5 mm (The value is based on
the explanations and the results presented in the
paper)
Effective Crack Lengths Provided by Zanotti et al. [2014]
R-curve Model Equation PVA 8 mm 1% - High roughness from Table 4.4
Tensile Strength Model Equation PVA 8 mm 1% from Table 4.2
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Figure 4.11 Comparison of results obtained by Zanotti et al. [2014] and predictive models

Zanotti and Randl [2019] conducted a study on comparability of different bond tests. The substrate
adopted in this work is identical to substrate B adopted in this study (and described in Section
4.1.2). However, their repair materials are different, hence, this comparison can assess the
suggested predictive models for different types of repair materials, as well as test setups. Figure
4.13 shows average tensile strengths obtained by different test setups and compares them with the
predicted values. In this case, a roughness value of 1.35 mm is used, which is the value reported
by Zanotti and Randl [2019], along with the model equation obtained for substrate B in Section
4.2.4 (Table 4.3, Model equation for Substrate B — PVA 12 mm 1%). As it was expected and is
thoroughly discussed by Zanotti and Randl [2018] in their work, adopting different tensile test
setups leads to different tensile strength values. The tensile strength predicted with our model is
close to the average value of the different test methods (Figure 4.12). This suggests that model

equations provided here might be extended to the results from different test setups and materials.
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Table 4.6 Variables for verifying the predictive model versus the results of Zanotti and Randl [2019]

Type of Material Substrate B (Provided by Randl and Zanotti [2019])

Surface Roughness 1.35 mm (Provided by Randl and Zanotti [2019])
Tensile Strength Model Equation Substrate B from Table 4.2
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Figure 4.12 Comparison of results obtained by Zanotti and Randl [2019] and predictive model

Shah and Kishen [2010] studied maximum stress intensity factors in Mode-lI of various
cementitious interfaces using concrete mix designs with compressive strengths of 34 — 66 MPa.
The mix designs and test setups are different from the ones employed in this thesis. Substrates
were roughened but the roughness values are not provided. Due to the difference between the
repair materials studied here and the ones in the paper, experimental results obtained by Shah and
Kishen [2010] are compared with: (1) The model equation corresponding to plain concrete, which
is the most similar material studied here to the one employed in the paper and (2) The average
value obtained from R-curve equations in Table 4.4. The maximum limit of R-curve equation

represents the critical stress intensity factor which is compared to the critical stress intensity factors
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reported by Shah and Kishen [2010]. Figure 4.13 depicts that the predicted stress intensity factors
from proposed model are slightly less than the average critical stress intensity factor obtained by
Shah and Kishen [2010]. In other words, the predictive values are slightly conservative yet

applicable to the other test setups and mix designs.

Table 4.7 Variables for verifying the predictive model versus the results of Shah and Kishen [2010]

Plain concrete with different compressive strengths

Type of Material
ype of Matena (Provided by Shah and Kishen [2010])

Average value from R-curve equations (Table 4.4)
and
Plain concrete with rough surface from Table 4.4

R-curve Model Equation
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Figure 4.13 Comparison of stress intensity factors obtained by Shah and Kishen [2010] and predictive
models

Wagner et al. derived tensile strengths of cementitious interfaces with various levels of roughness
using slant shear tests with variable angles [2014] and wedge splitting tests [2013]. They have also
compared their results with Mohr-Coulomb and Carol [1997] models. Figure 4.14 compares
predicted values versus their experimental tensile strengths. The average roughness value of 0.45
mm is employed according to the values reported by Wagner et al. [2013]. The employed repair

material is 8 mm PVA FRC with fiber volume fraction of 2% and compressive strength of 86 MPa.
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Due to the difference between the mix designs used by Wagner et al. [2013, 2014] and the ones
used in this thesis, experimental results obtained by Wagner et al. [2013, 2014] are compared to:
(1) the model equation corresponding to the most similar material studied here to the one employed
in their paper, which is PVA 8 mm with Vs = 1%, and (2) to the average predicted value from the

tensile strength equations.

Table 4.8 Variables for verifying the predictive model versus the results of Wagner et al. [2013, 2014]
PVA 8 mm V¢=2% with compressive strength of 86 MPa
(Provided by Wagner et al. [2013, 2014])

Type of Material

Surface Roughness 0.45 mm (Provided by Wagner et al. [2013, 2014])

Average value from tensile strength equations (Table 4.1)

Tensile Strength Model Equation and
PVA 8 mm Vi = 1% from Table 4.1

The values obtained from the predictive models are slightly conservative compared to the
experimental results. The difference can be attributed to the size effect and different interfacial
lengths, as well as, different roughness evaluation techniques and different compatibility criteria
among the experimental work done in this thesis and by Wagner et al. [2013, 2014]. In spite of

that, predicted tensile strengths are close enough to the experimental values.
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Figure 4.14 Comparison of tensile strengths obtained by Wagner et al. a) slant shear tests [2014] and b)
wedge splitting tests [2013] with values from the predictive model

The other investigation is performed by Silfwerbrand [2003] on tensile bond strengths of
cementitious composite systems using pull-off tests. His results are compared with the predicted
values in Figure 4.15. Roughness values are not provided in the paper, however, due to employing
various roughening technigues which can result in high roughness values, an average value of 1
mm is assumed. The repair material is cast-in-place concrete. Since the materials investigated in
the paper are not identical to the ones studied in this thesis, experimental results obtained by
Silfwerbrand [2003] are compared to: (1) the results of the model equation corresponding to the
most similar material studied here to the one employed in their paper, which is plain concrete, and

(2) the average predicted value from tensile strength equations in Table 4.2.

Table 4.9 Variables for verifying the predictive model versus the results of Silfwerbrand [2003]

Type of Material Plain Concrete (Provided by Silfwerbrand [2003])

Assumed 1 mm based on surface treatment techniques

Surface Rough
urface Roughness employed in the paper

Average value from tensile strength equations (Table 4.2)
Tensile Strength Model Equation and

plain concrete from Table 4.2
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It can be seen that the experimental and predicted values are quite close to each other. As it can be

observed, the models provided in this thesis can be used for the other testing methods as well.
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1 ® Kabirifar - Plain Concrete
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0.8 B Silfwerbrand [2003]
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Figure 4.15 Comparison of tensile strengths from experimental work done by Silfwerbrand [2003] and
model equations

As demonstrated in this section, the suggestive model is applicable to other cementitious repair
materials and different test setups. In other words, these model equations are not limited to the
materials and testing techniques which are used in this study. Nevertheless, it is not surprising that
employing different materials, surface treatments, and evaluation techniques might result in
slightly different outcomes. Although this difference is not significant in most of the cases,
whenever higher accuracy is required, it is recommended to develop correction factors

corresponding to the specific testing methods and materials.

The model provided here is a semi-empirical model which is based on a vast experimental
investigation beside a profound study of the effects of every single variable, comparing various
functions and choosing the best one aligned with the nature of the problem. The main strengths of

this model are 1. Unlike all other previous works which deal with shear behavior, it is fully focused
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on Mode-1 behavior, 2. Unlike many other models/codes which qualitatively address surface
roughness, it has been quantitatively implemented in this model, 3. It does not require many
different parameters as inputs unlike many other models and it makes it much more convenient to
work with, 4. It does not only provide tensile strengths, but also fracture parameters in Mode-I
which is a very new aspect not only for interfaces in tension but also compared to the studies on

interfaces in shear.

4.3 Concluding Remarks
In this chapter, the mechanical behavior of concrete-concrete interfaces under Mode-I loading is
investigated and a model is based on experimental data. The main results can be summarized as

follows:

1. The main goal of this study was to obtain a convenient and comprehensive expression
which can be used to estimate and model the failure progression of composite concrete-
FRC repaired systems including high performance and fiber reinforced concrete. To the
best of author’s knowledge, this has not been comprehensively addressed in any other
study. The proposed expression is based on the most important factors, including surface
roughness, material characteristics of the repair layer, and material elastic modulus

mismatch — a property that can be easily adjusted in practical applications and projects.

2. Interfacial bond of concrete-FRC specimens under Mode-I is directly affected by the
surface preparation and material characteristics. Below certain thresholds, higher
roughness values and stronger repair materials lead to enhanced interfacial bond. The rate
of this enhancement, however, decreases as higher roughness values and stronger repair

materials are employed.
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3. The curve representing interfacial bond-roughness and interfacial bond-strength of repair
material exhibits a saturating trend. This suggests that excessive surface preparation and
employing very strong repair materials, which are less compatible with the substrate layer,

does not contribute to further remarkable improvement of interfacial bond.

4. Comparing roughness-based models with the models based on material properties, the
impact of surface texture gives much more clear and consistent results. This suggests that
surface topography has to be considered as the main variable, while material’s mechanical
properties can be addressed as a secondary variable by introducing correction factors

corresponding to different repair materials.

5. The effect of elastic modulus mismatch has been investigated as well. Results suggest that
within the investigated range of data, as long as the repair material has slightly stronger
mechanical properties compared to the substrate layer, slightly lower elastic modulus of
the substrate might help with the overall ductility and response due to higher deformation

capacity and improved load transfer.

6. Suggestive models are provided for the full, progressive debonding response in Mode-I
(crack growth resistance curves) considering different repair materials, surface roughness,
and elastic modulus mismatch. Results indicate that higher roughness along with higher
volume fraction of fibers can positively affect resistance to crack nucleation and crack
propagation within the investigated range of material properties. Moreover, employing
repair and substrate layers with slightly different elastic modulus might decrease

vulnerability of composite repair systems to both crack nucleation and propagation.
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Based on these results, following conclusions can be drawn:

1. The resulting model can be easily implemented in analytical and numerical design
approaches. This expression is applicable to repaired systems where substrate concrete has

the mechanical properties of a commonly used concrete in practical projects.

2. In repair of concrete structures, extensive surface roughening and repair layers with very
large fiber contents should be avoided as they may negatively affect the behavior of

composite structure.

3. Although mix design of repair material affects the composite response, the effect of surface
preparation comes first. Hence, in designing repair for concrete structures, extra attention

needs to be paid to surface treatment.
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Chapter 5: Quantifying Material and Interface Properties at the Microscale

The complexity of concrete’s microstructure comes from both the binder phase, the aggregate-
binder interfaces, and the presence of voids. In the case of repaired systems, the interface between
substrate and repair layers further contributes to the complexity of the system. This interfacial
transition zone is the weakest part of the composite system and is the location of nucleation of
microcracks due to a complex stress and strain state caused by the incompatibility between the
substrate and repair layers, in addition to the inherent ITZ weakness. As a result, the overall

performance of the composite system depends to a high degree on the properties of the interface.

Due to the limitations of available test techniques and the difficulty of quantifying parameters of
the interface, there is still a knowledge gap in this area [Lukovic, 2016] [Zhou, 2011]. Most of the
common test methods for the evaluation of interface properties are meso/macroscale bond strength
tests. These meso/macroscale tests, however, do not provide detailed information on the failure
mechanism. Moreover, failure can also occur in repair or substrate layers in which case the bond
strength cannot be attributed solely to the interface. Considering these bond strength test
shortcomings, further investigations are necessary to gain a better understanding of the failure
process in concrete-FRC interfaces. Micro-computed X-ray Tomography (CT-scanning), micro-
indentation, and Scanning Electron Microscopy (SEM) are some of the microscale methods that
can be employed to investigate the microstructure and micromechanical properties of concrete-
FRC interfaces. CT-scans provide 3D images of the repaired system which can be used for porosity
evaluation and durability characterization. Micro-indentation and SEM results are also useful for

characterizing the micro-properties of the interface and the bulk material.
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Limited but useful information is available from previous studies of the state of the art [Sadowski,
2019] [Lukovic, 2016] [Moser et al., 2013] [Landis, 2009]. For the purpose of this work, some
informative and relevant information was found in [Lukovic, 2016], where the influence of the
following parameters on micromechanical properties of cementitious interfaces was investigated:
wi/c of repair material, saturation level of the substrate, duration of sealed curing and application
of primer between substrate and repair layers. In this chapter, composite systems are evaluated at
the microscale and the influence of adding steel and PVA fibers to the repair material on the
micromechanical properties of the interface is investigated. Moreover, the ability of steel and PVA

fibers to mitigate damages under harsh environmental condition is assessed.

5.1 Methodology

5.1.1 Materials and Specimen Preparation

The microscale properties of concrete-FRC interfaces are investigated in this chapter. The mix
design of the substrate layer is the same as the one used in Chapter 3. For the repair layer, based
on preliminary results, three mix designs were used (12 mm PVA and 13 mm steel fiber with and
without superplasticizer, Vi = 1%); these mixes were found to have the best performance in
composite systems. In addition, a control without fibers (plain repair material) were examined.
Small cubic substrates (100 x 50 x 50 mm?) were cast, placed in the curing room for 28 days, and
sandblasted afterwards. They were cut into smaller pieces (50 x 35 x 25 mm?® and 100 x 35 x 25
mm?®) before casting repair layers. The average roughness value of substrate surfaces were
consistent with those of Chapter 4. After sandblasting, a repair layer (50 x 35 x 25 mm? and 100 x
35 x 25 mm?®) was applied on the rough surface of the substrate. The moisture condition of the

substrate at the time of repair casting was saturated surface dry (SSD), which is consistent with
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the preparation method in Chapter 3. In order to evaluate the influence of curing condition and
shrinkage on the microscale properties of the concrete-FRC interfaces, two different curing
conditions were used. The first condition was 7 days wet curing in a designated curing room (T =
20°C and RH = 100%), and the second one was 7 days dry curing at 50°C and 10% relative

humidity (RH).

Prismatic specimens measured 100 x 50 x 35 mm?® and 100 x 35 x 25 mm?® were used for CT-
scanning and gravimetric tests, respectively. For both tests, samples were dried in an oven at 105
°C until they reached a constant weight. This step is necessary to have consistent initial moisture
content at the start of the experiments [Hall, 1989]. To mitigate probable microstructural changes
in the material due to the high temperature in the oven, the duration of the high temperature drying
process has to be minimized [Ye, 2003]. However, it must also be pointed out that the oven
treatment took place 7 days after casting the repair. The specimens were later cut with a diamond
saw into smaller samples for micro-indentation and SEM analysis. In addition to prismatic
specimens, a set of cylinders were cast and cured for evaluation of the effect of curing condition

on compressive strength.

5.1.2 Experimental Methods and Testing Set-up

5.1.2.1 X-ray Micro-computed Tomography (CT-scanning)

For CT scanning, small prismatic specimens (100 x 50 x 35 mm?®) were left in an oven and their
weight were monitored (every 24 hours) until they reached a constant weight (that is, when weight
measurement variations were below 0.5% as per [ASTM C642]. This was done to ensure that all
water was removed from pores and the initial moisture content of the material was zero. Moreover,

differentiating air-filled pores from bulk concrete in easier than differentiating water-filled pores.
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Samples were scanned using a Scanco Medical pCT100 with voxel size of 25 um. Parameters used
in the setup of X-ray system were: tube voltage 90 kV, tube current 200 pA, spatial resolution 24.6
pum, and 28 minutes exposure time per data set. Projections obtained during scanning were
reconstructed into slices with a thickness equal to the voxel size (25 pm). Each reconstructed 3D
image contains 200 slices, representing 5 mm of the composite element. Image analysis and

porosity evaluation were performed using ImageJ [Ferreira and Rusband, 2012].

By thresholding dark pixels which represent voids in the original image, a thresholded image
showing only voids can be obtained (as described in Section 5.1.2.3.1). The void content in
different places can be quantified. To evaluate the void content, a region of interest (ROI) was

chosen and ratio of voids area to total area was calculated.

5.1.2.2 Gravimetric Water Absorption Test

In order to quantify capillary water absorption of the specimens, they were left in an oven (as
above) to reach a constant weight. After that, they were placed in water, where the water level was
set at 5 mm below the interface. The weight of the specimen was recorded at specific time intervals

over 24 hours, and cumulative water — time curves were obtained.

5.1.2.3 Scanning Electron Microscopy (SEM)

For SEM, smaller specimens (30 x 30 x 20 mm®) were cut from bigger samples using a saw. In
order to avoid damage, specimens were placed in a desiccator under vacuum and submerged in a
layer of epoxy prior to being cut. The epoxy was fed from outside of the vacuum to the top of the
specimen. The upper part of the specimen was covered with epoxy and after 10 minutes, air was
let gently into the desiccator to push the epoxy further into the pore system of the sample. The

impregnated specimen was cured at atmospheric pressure for 24 hours. Afterwards, the cured
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specimens were cut, ground, and polished. The effectiveness of the grinding and polishing were
verified using an optical microscope. Hitachi SU3500 Scanning Electron Microscope (SEM) was
used to examine polished samples. The instrument used an accelerating voltage of 10 kV and the
magnification varies between 50x to 500x. Repaired specimens were evaluated by scanning
electron microscopy (SEM) to investigate the micro-features of the interface such as microcracks

due to shrinkage and overall stability of the interface.

5.1.2.3.1 Image Segmentation by Thresholding

Image processing techniques have a critical role in characterising features of the pore structure and
microcracks in a SEM images. Thresholding is a well-known technique in which a multi-level
image is converted into a binary image [Sahoo et al., 1988]. In this binary image, each pixel value
is defined by a single binary digit. In the simplest model, thresholding is a point-based process
during which the values of 0 or 1 are assigned to each pixel of an image having some global
threshold value, T. Thus, the thresholding process helps with data storage size reduction and

provides binary images which are easier to analyze.

It is quite hard to find a boundary value between pore space and solid structure from an original
grey scale image. However, a grey level histogram can be employed to define a threshold value
and to segment pore space (Figure 5.1). This differentiation is possible due to the difference
between the atomic number of cement hydration products and pores impregnated with epoxy. The
threshold value of the pore structure corresponds to the left peak in the grey level histogram below

(Figure 5.1).
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Figure 5.1: Back scattered electron image of concrete and its corresponding grey level histogram [Ye,
2003]

5.1.2.4 Micro-indentation Test

A Leco LM-310 micro-indenter with a diamond tip was used for micro-indentation tests. The
indenter is a Vickers square-based pyramidal diamond indenter which is capable of producing
geometrically similar impressions, irrespective of size; it is a highly polished, pointed, square-
based pyramidal diamond with face angles of 136° 0’ [ASTM E92]. A standard test block,
provided by the manufacturer, was indented prior to each test series to ensure its calibration. The
local micro-hardness of different types of interfaces which correspond to different repair mix
designs were evaluated. Local mechanical characteristics of the material can be quantified using
indentation load and displacement. A series of indents was performed along the interface and

inside the bulk material.

5.1.2.5 Compression Test

Compressive strength of repair and substrate layers were investigated based on ASTM C39
standard using a Forney machine. At least three specimens with height of 20 cm and diameter of
10 cm were cast and cured for 7 days in curing room and drying chamber and tested for each mix

design.
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5.2 Results and Discussion

5.2.1 Effects of Curing Condition on Material Properties

Figure 5.2 shows the compressive strength for various wet-cured and dry-cured repair materials.
All four mix designs lost around 10 percent of their 7-days compressive strength when subjected
to dry curing. This can be attributed to the negative impact of harsh environmental condition
leading to disruption of the hydration process as well as shrinkage-induced damage within the

material.
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Figure 5.2: Compressive strength for wet-cured and dry-cured specimens

In addition, wet-cured and dry-cured repair materials exhibit different failure modes. In case of
plain material, various diagonal cracks and detachments were observed prior to failure. However,
dry-cured specimens exhibited more cracks at the edges suggesting that specimens were not
properly cured. For specimens with steel fiber, dry-cured specimens showed more cracks prior to

failure. While diagonal and circular cracks were observed in specimens subjected to both curing
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regimes, dry-cured specimens showed extra weakness at their edges. Dry-cured PVA fiber
specimens and steel fiber specimens with superplasticizer were more likely to have an extra
damaged zone at the two edges compared to their wet-cured counterparts. Specimens with higher
compressive strength in wet environment seemed more likely to undergo higher strength loss and

greater damage at their edges. The cracked zones can be observed in Figure 5.3.

PVA " Steel + SP g PVA Steel + SP

Figure 5.3: Failure mode of wet-cured vs. dry-cured specimens. Cracking patterns in wet-cured
specimens are limited to diagonal cracks. In the case of dry-cured specimens, extra damage at their edges
iS present.

5.2.2 Capillary Absorption and Visual Inspection

Figure 5.4 shows the results of water absorption tests for the various composite systems. Almost
all mix designs show higher water absorption when subjected to dry curing condition. Moreover,
the trend of water mass — square root of time curve becomes more nonlinear where moving from

moist cured to dry cured specimens. Higher water absorption and nonlinear trend indicate that
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higher temperature and lower relative humidity employed in dry curing regime has worked as

anticipated and caused further shrinkage in the specimens.
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Figure 5.4: Results of capillary water absorption test
Among wet cured samples, steel FRC without superplasticizer tended to absorb more water. This
can be attributed to higher permeability of steel FRC which has been investigated previously
[Miloud, 2005], and confirmed by the results of this study. Three other mix designs exhibit quite
similar water absorption when cured in the curing room. In the case of dry cured samples, however,
specimens containing PVA fiber showed the lowest water absorption. This may be due to the
ability of PVA fibers to mitigate deterioration by slowing down the evolution of local slippage, as
a result of friction between the fiber and the matrix, and controlling crack widths [Al-Musawi et
al., 2020, Branston et al., 2016; Magnat and Azari., 1990]. This suggests that PVA fibers have
better performance in terms of mitigating shrinkage compared to plain material and steel FRC.
Various factors may be responsible for better performance of PVA fibers including aspect ratio,

modulus of elasticity, specific gravity etc. [Sun et al., 2001]. In the literature, it has been noted that
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fibers with a higher aspect ratio are better at mitigating shrinkage cracks and increasing tensile
strength [Fang et al., 2020; Yoo et al., 2013]. This may explain the better performance of PVA
fibers here which have much higher aspect ratio compared to steel fibers. These results are
consistent with other research including the study performed by Qi et al. [2019] on effectiveness
of steel versus synthetic fibers. Their results indicate that synthetic fibers reduce shrinkage to
greater extent that steel fibers. The addition of synthetic fiber may have caused the cement particles
to mix with coarse particles, leading to further friction and higher tensile strength. Synthetic fibers
may have helped by reducing the movement of water and the rate of water evaporation [Van
Breugel and Van Tuan, 2015] Moreover, PVA fibers have lower specific gravity than steel fibers
which can help with smaller spacing between PVA fibers and their higher effectiveness [Sun and

Mandel, 1989].

Plain and steel FRC with superplasticizer exhibited the biggest jump in absorption when moving
from wet to dry curing conditions. This indicates that these two mix designs are vulnerable to harsh
environmental conditions and are expected to have lower durability if not cured properly. In plain
concrete, this is due to lack of sufficient resisting mechanisms against shrinkage and thermal
cracks. Furthermore, adding superplasticizer to steel FRC shows a positive effect for wet cured
specimens, however, both steel FRC systems exhibit same absorption capacity when subjected to
dry curing regime. This suggests that adding superplasticizer to steel FRC is not a promising
solution for repair works in harsh environments. This is in accord with previous research, which
have demonstrated negative effects of superplasticizers on shrinkage. Such negative effects may
be caused by improved cement dispersion and faster rate of hydration reactions in the matrix. In
other terms, in absence of superplasticizer, heterogeneities within the matrix increase the internal

restraining effect and reduce shrinkage damage [Beltzung and Wittmann, 2002].
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Composite specimens prepared for microanalysis were examined using microscopy, and the
effects of two different curing regimes were assessed visually. Figure 5.5 shows substrate-repair
interface of various composite systems subjected to wet and dry curing regimes. It can be observed
that in almost all cases samples have undergone extra damage due to high curing temperature under
low relative humidity. This extra damage varies from presence of extra superficial and non-
superficial shrinkage cracks to full debonding at the interface. Among four different repaired
systems, the PVA fiber system exhibited the most promising results because full detachment was
not observed in any specimen. This finding accords with the results obtained from capillary
absorption test. Both techniques indicate that as far as shrinkage resistance of repaired systems is

concerned, PVA FRC has a better performance compared to plain repair and steel FRC.

Moist-cured

Figure 5.5: Substrate-repair interface of four different mix designs subjected to wet and dry curing
regimes
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5.2.3 Scanning Electron Microscopy and X-ray Micro-computed Tomography

Evaluating the microstructure of the interface between substrate and repair material helps to gain
a better understanding of interface properties. In this study, SEM was used to investigate crack
pattern and void distribution adjacent to the interface. After preparing specimens, multiple SEM
images were taken from each sample with pixel size of 100 nm. These images were later put
together to form a 4000 x 600 um image (Figure 5.6). By thresholding dark pixels, which represent
voids, a thresholded image containing only voids was obtained. Since concrete is a composite
system, greyscale values of its components are different which complicates thresholding. Although
SEM images have quite high resolution, they only provide information about outermost section of
the specimen; that’s why CT-scan images can be useful in evaluating other sections of the

specimens.
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Figure 5.6: Microstructure of the substrate-repair interface at 500x and 1000x
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As expected, dry-cured specimens exhibited greater damage at the interface. They contained
higher numbers of larger cracks. Higher temperature may have caused more water evaporation in
a shorter period of time period, which have led to shrinkage-induced cracking. Moreover, material
mismatch at the interface might exacerbate crack formation. This was more evident in the
composite systems containing plain repair material where no extra crack mitigating mechanisms
were operated. Adding fiber to the repair layer had a positive impact in mitigating microcracks
nucleation and propagation at the interface. This can be understood by comparing SEM images of

Plain versus FRC repaired systems.

In order to quantify the porosity close to the interface, original images were thresholded using
ImageJ based on their grayscale values. The void ratio is calculated as total void area divided by
total area. All interfaces had higher porosity when subjected to the drying condition. Considering
wet cured samples, adding fibers increased interfacial porosity. This was mitigated by adding
superplasticizer to FRC repair layer. In the dry condition, steel FRC with added superplasticizer
had the lowest porosity followed by PVA FRC. Plain repair material showed the highest increase
in porosity when subjected to an unfavorable curing condition. As a result, adding fiber to repair
material is expected to have a positive impact on durability of composite systems especially in dry

and humid environments.

Some of the specimens were also scanned using CT to evaluate the effect of repair material and
curing condition on microstructure of the composite systems (Figure 5.7). In comparison to SEM,
CT obtains a larger region of interest around the interface. Moreover, microstructure was evaluated
at various depths leading to a 3D perspective, whereas in SEM only external face of the interface

was examined. To construct a 3D structure, all slices were aligned on top of each other covering 5
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mm of the interface. The original images were thresholded and images of voids were obtained. To

quantify void content, void area was divided by the area of region of interest in every image.

Moist-cured

30 mm

Figure 5.7: Structure of internal section of composite systems scanned by CT showing how porosity
changes at the interface and within the bulk material for different composite systems subjected to wet and
dry curing

Figure 5.8 shows how void ratio changes with depth in different composite systems subjected to
wet and dry curing. The negative impact of dry curing can be observed in all cases. Moreover,

better performance can be seen in PVA and Steel + SP mix designs which accords with SEM and

capillary absorption results.
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Figure 5.8: Void content in composite systems at different depths from the surface showing void ratio
variations when going deeper in the specimens
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5.2.4 Micro-indentation

Micro-indentation technique can be used for determining local mechanical properties as described
above. A series of indents were applied to interfaces based on the grid shown in Figure 5.9.
Samples were grinded and polished with sandpapers of increasing fineness (up to 1200 grit) to
decrease surface roughness. After several trials on different combinations of indentation load and
dwelling time, Pmax = 50 gram-force (gf) and dwelling time of 15 s were chosen with loading rate
of 50 um/sec. Locations of indents were chosen in such a way to cover interface and its adjacent

area for both repair and substrate layers. All specimens were studied under microscope prior to

indentation to avoid having aggregate in the regions of interest near the interface.
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Interface

Figure 5.9: Pattern of locations for the micro-indentation test

Hardness data is presented in Figure 5.10. Hardness data range covers values up to 2.5 GPa in
various color levels. Higher levels of hardness are shown using the same color as for 2.5 GPa. In
this way, weak zones can be visualized more detail. Differences between hardness values are due
to multiple phases within the indented grid. Indents with quantified hardness can be employed to
evaluate porosity, microcracking, and general stability of the system [Lukovic, 2016]. The

interface between old and new layers are shown by arrows.
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Figure 5.10: Pattern of micro-hardness alterations close to the interface for various composite systems
subjected to dry and wet curing

In general, the concrete substrate had higher hardness values than the mortar repair layer. Non-

uniform hardness values in concrete substrates are mainly due to the presence of various phases
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and constituent materials including aggregates [Lukovic et al., 2014]. While in the repair layer
such non-uniformity is caused by the weakness of interfacial zone. Areas with lower hardness
values can be linked to the interfacial zone and discrete locations within repair and substrate layers.
It can be anticipated that these weak zones would be the place for initiation of microcracks. Lower
hardness values at the interface are due to presence of weak media at the interface which is partially
due to wall effects and fewer CSH particles. Also, discrete locations with lower hardness value are

partially result of unhydrated cement particles within the system [Lukovic, 2016].

5.2.4.1 Ratio Between Interfacial Hardness of Dry and Wet-cured Specimens

Repair systems can be evaluated in terms of loss of hardness after being subjected to dry curing.
The average hardness value of the interfacial region was calculated and the ratio between average
hardness values compared for each repair mix (Figure 5.11). There is a large difference between

plain repair versus FRC repair materials.

While composite specimens with plain repair material lost 75% of their interfacial hardness as a
result of exposure to high temperature and low humidity, the values obtained for three other mix
designs were much smaller. Among FRC repair materials, FRC containing steel and PVA fibers
exhibited very small loss of microhardness values. However, this was not the case for FRC
containing steel fiber and added superplasticizer. This finding accords with results of other studies,
which have shown that addition of superplasticizer to concrete negatively affects the shrinkage
and slows the development of early-age stiffness [Qian et al., 2020] [Brooks, 1989]. This finding
is thought to be due to inhibiting the formation of hydration products at the early age of hydration
and weakening of the CSH network, which leads to weaker micromechanical properties [Cheah et
al., 2020]. Moreover, denser matrix, in presence of superplasticizer, increases volume of
mesopores in smaller pore diameter inducing higher capillary stresses and higher drying shrinkage
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strains [Zhang et al., 2015]. In other words, there are more mesopores and fewer macropores in
the mix design with superplasticizer which increases shrinkage [Qian et al., 2020]. This suggests
that adding superplasticizer to steel FRC has some beneficial effects on long-term mechanical
properties, but it is not the best option for improving early age interfacial response in concrete-

FRC interfaces subjected to a shrinkage-inducing environment.
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Figure 5.11: Ratio between the average hardness ratios (Hardness Ratio: dry-cured hardness / wet-cured)

5.3 Concluding Remarks
The focus of this chapter was on the microstructure and micromechanics of concrete-FRC
interfaces. In order to study the response of concrete-concrete interfaces at the microlevel, various
testing techniques were employed including capillary absorption test, visual inspection, X-ray
micro-computed tomography, SEM, and microhardness. Based on the results, following
conclusions can be drawn:

1. Curing can have a significant impact on absorption capacity, microstructure, and durability

of repaired systems. In general, a dry curing regime causes more shrinkage-induced cracks
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which in turn increases the vulnerability of repaired structures to penetration of harmful
substances and decreases durability of composite systems. Among investigated repair
materials, composite systems with FRC as repair material exhibited better mitigated the
negative effect of dry curing.

Compressive strength of the repair material is highly dependent on the curing regime. Loss
of compressive strength is observed among all dry-cured repair materials. The loss of
strength in the repair material will in turn adversely affect the response of the composite
system. In addition to having a lower strength, dry-cured specimens tend to exhibit further
cracking and larger damaged zones around the edges which can be attributed to thermal
and humidity effects.

Excessive shrinkage caused by high temperature and low humidity can cause extra damage
at the concrete-FRC interfaces. This extra damage can be limited to only superficial cracks,
major cracks, or even complete debonding. Visual inspection suggests that while all
composite systems with plain, steel fiber, and steel fiber + superplasticizer exhibit some
levels of damage, repaired systems containing PVA fibers did not undergo significant
damage. This suggests efficiency of PVA fiber repaired systems in harsh environmental
conditions.

Curing condition can remarkably affect micromechanical response of concrete-FRC
interfaces. Composite systems with plain repair material are subjected to great loss of
microhardness when subjected to adverse environmental condition. On the other hand,
repaired systems with FRC material can effectively withstand high temperature, low

humidity, and shrinkage cracking and hinder microhardness loss.
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As anticipated, harsh dry curing can adversely affect the micromechanical properties of repaired
systems and their microstructural stability, especially around the interface. In conclusion, adding
PVA and steel fibers enhanced pre-loading stability minimizing changes in void structure and

water absorption, and loss of hardness.
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Chapter 6: Conclusions, Recommendations and Future Work

In this chapter, objectives of the research work are restated followed by associated results and

contributions. Conclusions are drawn and recommendations for further research are suggested.

6.1 Significance of the Research Work

Employing FRC to retrofit old concrete elements is a common technique, however, there is a lot
to do in order to fully understand composite behavior of FRC-concrete systems and develop better
repair systems. Comprehensive experimental work was carried out on the mechanical response in
Mode-1, long-term behavior, micro properties, and failure characteristics of various steel and PVA
FRC-concrete interfaces. Macro and micro scale investigations were also carried out and a design

expression was developed.

Chapter 3 was devoted to the evaluation of concrete-FRC interfaces under mode-1 (tensile)
stresses. Fracture parameters, as well as splitting load - CMOD behavior and maximum load
bearing capacity of concrete-FRC systems containing 0%, 0.5%, and 1% of steel and PVA fibers
were examined using contoured double cantilever beam tests, which is a closed-loop wedge-
splitting test. 0%, 0.5%, and 1% volume fractions of 8 and 12 mm long PVA fibers and 13 mm
long steel fibers were evaluated. The role of different fibers in improving interfacial bond and
crack growth resistance was investigated. The role of crack deviation on tensile strength of
monolithic specimens was investigated, and the impact of interfacial roughness on tensile bond
strength of composite specimens was studied. Using 3D surface scans and optical microscope, the
relationship between the number of fibers intersected at failure plane and tensile bond strength was
investigated. Results of this chapter confirms positive effects of adding steel and PVA fibers,

within the investigated range of fiber content, on crack growth resistance and maximum load
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bearing capacity of monolithic systems and concrete-FRC interfaces in Mode-I. Moreover, within
the investigated range of data, beneficial impact of surface treatment and crack tortuosity on failure
behavior of concrete-FRC interfaces under Mode-I was observed. Also, a correlation between fiber
performance and surface preparation was detected. Based on the results, one can conclude that: (1)
Steel and PVA FRCs are recommended for repair purposes in concrete structures as it can enhance
mechanical performance of the repaired element; (2) Surface preparation is fundamental for having
a strong and durable repair; (3) Impacts of fibers and surface roughness are correlated and they
have to be considered simultaneously in designing a repair plan. The conclusions for this chapter

are further explained in Section 3.3.

The focus of Chapter 4 was to obtain a design expression able to predict the interfacial bond
strength and R-curve of concrete-concrete composite systems under tension. Various input
parameters are addressed including surface texture, strength of the repair material, and level of
ductility of the concrete-FRC system. Proposed models are based on more than 100 CDCB tests
as well as multiple compressive and splitting tests. Results indicate that there is a strong correlation
between interfacial bond and surface treatment. This correlation was further studied by introducing
material properties as the second important variable. Moreover, the impact of ductility and elastic
modulus mismatch was addressed for two different scenarios. Suggestive models are provided for
crack growth resistance curves and maximum load bearing capacity of concrete-concrete interfaces

under tensile stresses. Conclusions for this chapter can be found in Section 4.3.

Chapter 5 was focused on evaluation of properties of FRC-concrete systems at microscale.
Porosity, crack patterns, micro-hardness, and water absorption of interfaces were investigated by
means of SEM, CT-scanning, gravimetric tests, and microindentation techniques. In order to study

the impact of environmental condition, two different curing regimes were employed. Effectiveness
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of steel and PVA fibers in mitigating pre-loading damages and shrinkage-induced cracks are
demonstrated by the experimental results. Fiber addition has shown positive effects on capillary
absorption, void content, and microstructure stability. Moreover, interfaces with FRC repair layers
exhibit improved interfacial micromechanical properties compared to plain concrete. Detailed

conclusions for this chapter can be found in Section 5.3.

With an increasing demand for repair and rehabilitation of deteriorating infrastructure, and the
observed lack of durability and effectiveness of concrete repairs, the overarching goal of this
research project was to provide engineered solutions and an enhanced understanding/predictability
of complex interfacial behaviors in FRC concrete repairs, with special focus on factors’ synergies
and interactions at different scales. For this purpose, failure behavior of concrete-concrete
interfaces under tensile stresses was researched with special focus on the response of FRC repairs,
which represent a promising solution for achieving durable and reliable repaired systems, even
though their interactions with the existing structure has lacked a systematic investigation. The
research work was designed with a multi-faceted engineering approach to interface analysis so as
to address the issue from different perspectives. The impact of steel and PVA fiber addition was
evaluated not only under tensile loads but also in the pre-loading (i.e. curing) stage. Steel and PVA
fibers, different fiber volume fractions, and curing conditions were considered. The behavior of
concrete-FRC interfaces was studied at micro and macro levels; load bearing capacity and crack
resistance of repaired systems in different environments were addressed. Based on the results, one
can conclude that steel and PVA FRCs are promising options for repair and rehabilitation purposes
in deteriorated concrete infrastructure, but their design requires proper consideration of several
factors and their interrelations as discussed and quantified throughout the thesis (e.g. fiber

stiffness, size, bonding, interface roughness, and elastic moduli of materials among other factors).
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Fiber reinforcement positively affects micro and macro behavior of composite structures in terms
of tensile strength and durability. Finally, a semi-empirical model is recommended for the
prediction of the tensile load bearing capacity and crack growth resistance of various concrete-
FRC interfaces, which can be employed for both practical design and more sophisticated numerical
analysis.

The study presented here covers various knowledge gaps in the literature. It shows the synergistic
effect of fibers and surface preparation and the importance of including both of these governing
factors in designing concrete-FRC repairs. This is a continuation of what has already been
demonstrated in previous research works on showing the effectiveness of fibers and surface
preparation separately but not together. This thesis extends the previous knowledge on load-
bearing efficacy of fibers into promising long-term performance of FRC as a repair material by
investigating cracking behaviour and resistivity of concrete-FRC interfaces in harsh environmental
conditions. This further strengthens the literature and helps with better understanding of concrete-
FRC interfaces. The other important milestone of this thesis is providing a predictive model for
failure of concrete-FRC interfaces in tension. This helps the previous efforts in the literature on
modeling the behavior of concrete-FRC interfaces in shear. Moreover, proposed models for crack
growth resistance of concrete-FRC interfaces are quite novel and are expected to inspire more
studies on modelling fracture behavior of cementitious composite systems.

The proposed repair technique and recommendations of this study are expected to help with
improving short-term and long-term effectiveness of concrete repairs. Moreover, showing positive
impacts of FRC as a repair material and providing handy design equations are expected to promote
employing FRC in more repair projects. This will lead into more durable repairs which helps with

decreasing demand for demolishing and rebuilding deteriorated structures. It is expected that these
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changes positively affect carbon dioxide emissions of concrete industry which will improve

sustainability of construction industry as well.

6.2 Limitations of the Current Study

v Although semi-empirical models were verified by comparing them to other studies in the
literature, these models were built on limited types of fibers, fiber volume fractions, and
surface roughness.

v The investigation presented in this thesis was limited to the response of concrete-FRC
interfaces under tensile stresses. This study did not consider mixed-mode loading or
concrete-FRC interfacial response under other modes of loading.

v/ Only monotonic loading regimes were studied; other loading conditions (e.g. fatigue or
impact loading) were not included.

v Crack growth resistance curves and micro analysis provided an indication of the repairs’
durability. However, other factors affecting long term behavior ( such as corrosion, freeze-

thaw) were not investigated.

6.3 Recommendations and Future Work

Based on the results of this study, the following future areas of investigation are recommended:

v In order to improve the semi-empirical model suggested in this study, further research is
required to investigate the effects of other governing factors of FRC-concrete interfaces
including more curing condition, or other types of fiber reinforcement.

v Mechanical response and fracture behavior of concrete-FRC interfaces should be extended
to mixed-mode loading.

v Other loading regimes, such as impact loading, require analysis in the future.
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v Additional microscale testing may be informative to gain a better understanding of
chemical composition and mechanical behavior of FRC-concrete interfaces. It would be
informative to have a test setup which provides information on micromechanical response
of FRC-concrete interfaces under loading.

v' Further durability tests, such as freeze-thaw and corrosion, may improve our understanding
of long-term behavior of FRC-concrete interfaces.

v’ Performing full-scale field tests is highly suggested to capture size effect and include it in
model expressions. A multiscale modelling approach should follow, including for instance
correction factors corresponding to different scales should be obtained and incorporated

into the proposed model expressions.
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Figure Al. Splitting load (SL) vs. crack mouth opening displacement (CMOD) curves of (a) 8 mm
PVA FRC (b) 12 mm PVA FRC (c¢) 13 mm Steel FRC, Crack growth resistance curves (in terms of SIFs,
KIl, vs. effective crack length, aeff) of (d) 8 mm PVA FRC, (e) 12 mm PVA FRC (f) 13 mm steel FRC
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Figure A2. Splitting load (SL) vs. crack mouth opening displacement (CMOD) curves of (a) 8 mm
PVA interface (b) 12 mm PVA interface (c) 13 mm Steel interface, Crack growth resistance curves (in
terms of SIFs, K, vs. effective crack length, aeff) of (d) 8 mm PVA interface, () 12 mm PVA interface
(f) 13 mm steel interface
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